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Abstract

The major histocompatibility complex class | (MHCI) molecule is essential for the
development, homeostatic maintenance, and activation of CD8 T cells. While it is clear
that MHCI molecules are crucial in these processes, it is not clear how the similarities
and differences between MHCI molecules and gene dosage influences the resulting

CDS8 T cell population.

Alloreactive CD8 T cells recognize and are activated by alternative MHCI molecules
that were not expressed during thymic development and these cells can comprise up
to 10% of the CD8 T cell population. It is not clear precisely how instruction on one
MHC determines the number and quality of CD8 T cells specific for an alternative
MHC. In my BSc. (Hons) project, | had characterized a population of alloreactive H-
2DPPA224-specific CD8 T cells that were selected on the mismatched H-2KP molecule
in H-2D""- mice. Here, | further demonstrated that alloreactive H-2D°PAz.4-specific T
cells have lower affinity for H-2D°PA224 and are poorly responsive to stimulation in
vivo. When | attempted the reciprocal experiment, isolating alloreactive CD8 T cells in
H-2K®’- mice, | detected a peptide-independent, pan-H-2K-reactive population of CD8
T cells, characterised by the expression of memory markers, including the NK cell
receptor Ly49C. In vitro analysis illustrated that H-2K" tetramers can interact with
Ly49C and | therefore propose a model where Ly49C is mediating the non-specific
binding to H-2K tetramers. This model also implies a novel mechanism, whereby the
function of conventional memory phenotype CD8 T cells is regulated by the inhibitory

NK receptor.



To investigate the impact of MHCI gene dosage on the generation and survival of
polyclonal CD8 T cell populations, | generated MHCI hemizygous knockout mice
expressing a single allele of one MHCI gene. Hemizygous mice expressed half the
level of MHCI molecules and had half the level of circulating naive CD8 T cells (Tn).
Despite this, hemizygous mice had normal thymic generation and output of Tn cells,
suggesting that MHCI expression in the thymus is in excess of what is required for
optimal CD8 T cell development. In the periphery, Tn cells retained in hemizygous
mice exhibited higher levels of self-reactivity and were superior in cytokine production
during infection. This highlights the importance of MHCI molecules in delimiting the
size of the CD8 Tn pool and it suggests an additional mechanism by which MHC

heterozygosity confers a biological advantage over MHC homozygosity.

Finally, | investigated the effect of immunodomination by one MHCI-restricted
population on another during infection, by infecting H-2K®”- and H-2D"’- mice with
influenza A virus and analysing epitope-specific CD8 T cell responses after infection.
Analyses revealed that immunodominant responses have an improved capacity to
compensate for the loss of an MHCI-restricted response by, in part, increasing
recruitment of high avidity cells from the naive pool. Subdominant responses remained
unchanged despite the loss of an MHCI gene, suggesting that subdominant CD8 T

cells were less flexible in the magnitude of their responses.

Altogether, this thesis has expanded our understanding of MHCI determinants

regulating CD8 T cell selection, maintenance and activation.
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Chapter One — Introduction

Chapter One

1. Introduction

1.1. The adaptive immune system

The immune system plays a critical role in protecting the host against infections and
diseases from microorganisms, such as parasites, bacteria and viruses. It is made up
of multiple, highly specialised cell populations and molecules that mediate defence
against invading pathogens. The immune system can be partitioned into two major

arms: the innate and adaptive immune systems.

The innate immune system is our first line of defence against invading pathogens.
Broadly, the innate immune system encompasses all aspects of the host’'s defence
mechanisms that are encoded by the germline genes of the host. This includes
physical barriers such as epithelial cells that form tight cell-cell interactions, mucus
layers lining the internal cavities of the body, and innate immune cells that survey the
circulation for foreign pathogens. Innate immune cells express Pattern Recognition
Receptors (PRRs) that recognize conserved structures common to many pathogens,
but not self, known as Pathogen-Associated Molecular Patterns (PAMPs; reviewed in
(1)). During an infection, damage to tissue or cell death can also result in the
production of Damage-Associated Molecular Pattern (DAMP) molecules to induce
potent inflammatory responses (reviewed in (2)). PAMPs and DAMPs are recognized
by PRRs on stromal cells and innate immune cells, and this can trigger inflammation

via multiple pathways, such as the inflammasome pathway (3, 4). Upon activation, the
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innate immune response attempts to control the infection, providing the host with
immediate, non-specific recognition and control or elimination of pathogen. The innate
immune response can also generate inflammatory cytokines that augment subsequent

activation of adaptive immune cells (reviewed in (5)).

In contrast to innate immune cells, adaptive immune cells demonstrate exquisite
specificity toward pathogen-encoded protein antigens, and they are capable of forming
a pool of memory cells to more effectively clear pathogens following subsequent re-
infection. Specificity is imparted by antigen-specific receptors expressed on B and T
lymphocytes, known as B cell receptors (BCRs) and T cell receptors (TCRs),
respectively. The sequence and binding sites of these antigen-specific receptors are
incredibly diverse and the mechanisms generating this diversity will be described
below. The combination of a diverse range of receptors with high specificity for
individual foreign antigens means that individual lymphocytes can specifically control
and clear infections by distinct pathogens and eliminate tumours while preserving

normal tissue integrity.

B cells provide humoral immunity through the secretion of antibodies that bind soluble
antigen or antigens on the surface of pathogens and other targets. Once bound, these
antibodies can mediate a number of effector functions, such as complement fixation
(6). T cells, on the other hand, provide cellular immunity, and conventional T cells can
be further subdivided into CD4 (helper) T cells and CD8 (killer) T cells. CD4 T cells
play a number of key roles during the adaptive immune responses, predominantly via
the production of soluble cytokines (7). They can shape the quality of B cell and CD8

T cell responses, by promoting B cell class switching, CD8 T cell activation, and
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memory formation, and CD4 T regulatory cells also play a key role in suppressing
immune responses (8). In addition to cytokine production, CD4 T cells have also been

shown to secrete granzymes and perforin to mediate direct cytotoxicity (reviewed in

(9))-

1.2. CD8 T cells

In contrast to CD4 T cells, CD8 T cells play a critical role in controlling and facilitating
clearance of intracellularly infected or malignant cells (reviewed in (10)). CD8 T cells
are activated in the lymph node following the specific recognition, via the TCR, of a
peptide epitope presented by the major histocompatibility complex class | molecule

(MHCI) on the surface of a professional antigen presenting cell (APC).

Once activated through their TCR, effector CD8 T cells migrate into the periphery and
engage multiple molecular mechanisms to target and kill any cell that presents their
cognate peptide + MHCI (pMHCI) antigen. Activated CD8 T cells can engage two
pathways to induce direct lysis of target cells; the intrinsic pathway and the extrinsic
pathway. The extrinsic pathway is mediated by ligation of death receptors, such as
CD95L (FasL), which can interact with CD95 (Fas) on target cells to initiate apoptosis
of target cells through the caspase cascade (11, 12). However, the intrinsic pathway
is the main mechanism by which CD8 T cells kill target cells. Activated CD8 T cells
produce and store perforin and granzymes, a family of serine proteases, in
cytoplasmic granules. Upon detection of cognate pMHCI antigen, these granules are
released, and perforin assembles into multimeric pores in the target cell membrane to

permit a targeted delivery of granzymes (13, 14). This induces cytolysis of the target
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cell by triggering an intrinsic pathway of apoptosis resulting in DNA fragmentation (15).
Activated CD8 T cells can also secrete cytokines such as interferon-gamma (IFNy)
and tumour necrosis factor (TNF) to control pathogen replication and activity (16, 17).
CD8 T cells therefore possess a number of potent immunological mechanisms for
control of infection and malignancy. Critically, these mechanisms could cause damage
to normal, healthy tissue, necessitating the tight regulation of CD8 T cell activation, in
part by the requirement for the T cell to specifically recognize peptide-MHCI (pMHCI)

ligands via their cell surface expressed TCR.

1.3. The T cell receptor

T cells develop in the thymus, where they first express a TCR required for the
recognition of pMHC ligands. Each T cell expresses a unique TCR that recognises a
specific peptide epitope, which gives rise to a highly diverse repertoire of clonally
expressed TCRs in the T cell population. Indeed, the TCR repertoire must be
extremely diverse to increase the likelihood that a TCR will be available to recognise
and respond to the wide array of peptide antigens encoded by various pathogens and

presented on MHC molecules.

1.3.1. TCR diversity

The remarkable diversity of TCRs is generated during T cell development through
somatic recombination of multiple gene elements at the TCRa (TRA) and TCRp (TRB)

loci. The TRA locus is made up of TCR Variable (V), Junction (J) and Constant (C)
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region genes. In humans, there are 47 TRAV genes, 61 TRAJ genes and a single
TRAC gene. In mice, there are 98 TRAV genes, 60 TRAJ genes and a single TRAC
gene (Figure 1A) (18). The TRB locus is also comprised of TCR V-, J- and C-region
genes and it has an additional set of Diversity (D) genes, further amplifying variability.
In humans, there are 54 TRBV, 2 TRBD, 14 TRBJ and 2 TRBC genes. In mice, there

are 35 TRBV, 2 TRBD, 14 TRBJ and 2 TRBC genes (Figure 1B) (18).
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(A) TCRa (B) TCRB
47/98 2/2 in 54/35 2/2 14/14 2/2
TRAV genes TRAJ genes TRAC genes TRBV genes TRBD genes TRBJ genes TRBC genes
S— ' J|CI— \'/ Dj|J| C
V i CDR3a V i CDR3p
CDR1a: A CDR1a A
AN : A VY
: CDR2«x : : CDR2«
FOA : A
] TCRa [—— — TCRp [—

Figure 1: Genomic organization and somatic recombination of (A) TCRa and (B) TCR in
humans and mice. CDR1 and CDR2 are encoded by TRAV and TRBV gene segments of
TCRa and TCRp respective, and the CDR3 encompasses the junction of V and J (for TCRa)
or V, D and J regions (for TCRp). Non-template encoded nucleotide (N nucleotide) insertions
are represented by grey boxes between V and J for TCRa or between VD and DJ for TCRp.
The number of TRAV, TRAD, TRAJ and TRAC gene segments in humans and mice are
highlighted in red and blue, respectively. This image was adapted from (19).

TCR diversity is facilitated during T cell development through the expression of the
recombination-activating gene (RAG) -1 and RAG-2 enzymes, which is triggered
during T cell development and the enzymes then mediate the process of somatic, or
VDJ, recombination. This is the random splicing and reassortment of individual TRAV,
TRAJ and TRAC gene (Figure 1A) segments with each other, alongside that of the
TRBV, TRBD, TRBJ and TRBC gene segments (Figure 1B) (20). The random

permutations and combinations of the V-, D- and J-genes can generate substantial
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diversity in the resulting TCRs. In addition, the imprecise joining of gene segments
results in overhanging ends of DNA that are repaired by the random insertion of non-
template encoded nucleotides (N nucleotides) by the terminal deoxynucleotidyl
transferase (Tdt) enzyme, contributing up to 90% of the diversity in TCRs (21). Finally,
the independently recombined TCRa and TCRp chains are randomly paired to give
rise to the final aBTCR heterodimer. Collectively, the multiple mechanisms of germline
diversity, somatic recombination, non-template encoded addition of nucleotides, and
ap chain pairing translate to a theoretical diversity of up to 10?" different TCRs in
humans and 10'® TCRs in mice (22). However, only 2.5 x 107 distinct TCRs are found

in the mature peripheral T cell repertoire following thymic development (22—24).

1.3.2. TCR/CD3 structure

The structure of the TCR is essential to its function. TCRs on CD4 and CD8 T cells
are expressed as transmembrane o heterodimers (af TCR). The afTCR is generated
during T cell development, with each chain consisting of a variable and a constant
region (reviewed in (25)). The constant regions of both the a- and -chains anchor the
TCR to the cell membrane via their transmembrane domain (26) and the heterodimer
is held together by a disulphide bond located extracellularly but adjacent to the
transmembrane domain. The three complementarity-determining regions (CDRs) of
the TCR a and B chains are highly variable loops within each of the TCRa and 8
chains. The CDR are the most variable regions of the TCR and so make the contacts
with the pMHCI complex (Figure 2; reviewed in (27)). CDR1 and CDR2 are germline

encoded by individual TCR o and 3 variable genes (TRAV and TRBYV, respectively)
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and typically mediate most of the contacts with MHC molecules. By contrast, the CDR3
regions span the VJ and VDJ gene junctional regions, are therefore highly diverse and

typically play a dominant role in peptide recognition (28).

The recognition by the TCR of its cognate pMHC complex is crucial for T cell activation.
However, the TCR alone lacks the intracellular domains required for signalling
transduction and must associate with the CD3 complex (CD3) to trigger signalling
(Figure 2; discussed in Section 1.5.1). The CD3 complex consists of three dimers
made up of the vy, 9, €,  subunits (29, 30);’ the CD3¢y heterodimer, CD3ed heterodimer
and the CD3({ homodimer, each of which contains intracellular immunoreceptor
tyrosine-based activation motifs (ITAMs). The ITAMs contain tyrosine rich domains
that can be phosphorylated during the engagement of the TCR with the pMHCI
molecule, leading to the downstream signaling cascade and T cell activation. A recent
study by Dong et al (2019) resolved the structure of the TCR in complex with the
various CD3 chains using cryo-electron microscopy, revealing the precise interactions
mediated between the CD3 complex and the afTCR (31). Here, they demonstrated
the importance of the CD3 complex to provide structural support for the TCR via
physical interactions with the constant regions of both TCR o and p chains at the

extracellular and transmembrane domains.
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% —
pMHCI
TCR
_————:-;—-——-'
CDS8T cell W
0] YE

& -ITAMs Lok

Figure 2: Schematic diagram of the conventional interactions between the TCR CDR loops
and pMHCI, and the recruitment of CD3 signalling complex and CD8 co-receptor. The CDR1
and CDR2 domains of both TCRa and TCR} typically contact the MHCI molecule, while the
CDR3a and CDR3 loops interact with the peptide. Upon TCR-pMHCI binding, the CD8 co-
receptor brings the signalling molecule Lck into close proximity with the ITAMs on CD3

cytoplasmic tails to mediate signalling.
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1.3.3. Expression of TCRs during T cell development

T cells develop in the thymus from common lymphoid progenitor cells that migrate
from the bone marrow to the thymus to become thymocytes (reviewed in (32, 33)).
The thymus provides a microenvironment for T cell development and the stages of T
cell development can be broadly categorized into four main stages based on the
expression of co-receptors CD4 and CD8 (34). Thymocytes that lack the expression
of both CD4 and CD8 (termed double-negative; DN) are further subdivided into four
stages (DN1 to DN4) based on expression of CD25 and CD44 (Table 1; reviewed in

(39)).

At the DN1 stage (Table 1), thymocytes have recently arrived the thymus from the
bone marrow and they have the potential to give rise to multiple different T cell
lineages, including aff and v T cells (35). The cell fate decision into aff or yd T cell
lineages is mediated by Notch signalling, which inhibits rearrangement of the y6 TCR

loci but promotes rearrangement the af TCR loci (36-38).

At DN2, thymocytes upregulate the expression of CD25, migrate into the thymic cortex
and somatic recombination is initiated through upregulation of RAG-1 and RAG-2
enzymes. Initially, these enzymes are recruited to mediate gene rearrangement of the
TRB locus, one allele at a time (Table 2). The rearranged TCRp chain is then
expressed, and it forms a heterodimer with an invariant pre-TCRa chain in complex

with CD3 (39, 40), generating a complex known as the pre-TCR.
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At DN3, somatic recombination at the TRB locus continues and signalling from the
pre-TCR is tested. If the pre-TCR is capable of signalling, either by self-pMHC
recognition, self-dimerization, or both, the thymocyte receives a survival signal and it
progresses into the following stages of thymic development (41, 42). In addition,
rearrangement of the second TCRp allele is inhibited, in a process known as allelic
exclusion. This represents a key mechanism that supports the T cell clonal selection
theory, where a T cell expresses only a single type of receptor with unique specificity
(43). If the pre-TCR fails to recognize self-pMHC, it cannot permit TCR signalling,
indicating that the rearranged TCRp chain is non-functional. If this occurs, the second
allele at the TRB locus then undergoes rearrangement and it is tested for functionality
in the pre-TCR. If the second TCRp chain is still non-functional, the thymocyte
undergoes apoptosis (39). If the pre-TCR can permit TCR signalling, then the
rearranged TCRp chain is functional and the thymocyte undergoes several rounds of

division to generate more progenitors, in a process known as B-selection (39).

At DN4, thymocytes that express a functional TCRP chain can initiate the
rearrangement of the TCRa locus. These cells can then start to upregulate the

expression of both CD4 and CD8 co-receptors to become double-positive (DP)

thymocytes (Table 1).
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Table 1: Expression of CD44, CD25, CD4 and CD8 at the various

development.

stages of thymic

Developmental Marker Expression Anatomical
. Key processes
stage CD44 CD25 CD4 CD8 location
DN1 + _ _ _ Cortex
-chain
DN2 + + - - Cortex
rearrangement
B-chain testing
DN3 - + - - Cortex
B selection
a~chain
DN4 _ _ _ _ Cortex
rearrangement
a~chain
DP rearrangement
_ _ + + Cortex
(CD4+CD8+) a~chain testing
(Positive selection)
Cortex/
SP (CD4+CD8-) _ _ + _ Negative selection
Medulla
Cortex/
SP (CD4-CD8+) _ _ _ + Negative selection
Medulla

At the DP stage, the TRA loci undergo further rearrangement and testing of the TCRa

chain (Table 1). Unlike the TCRp chain, genomic allelic exclusion does not apply to

the TCRa chain, where both TRA loci can undergo rearrangement (44). Once

rearranged, the TCRa chain is tested for functionality by pairing it with the functional

TCRp chain. At this point, both rearranged TCRa chains compete for TCRp pairing;

where the TCRa chain with higher pairing affinity for the rearranged TCRf chain

outcompetes the other TCRa chain (45). The paired TCRaf3 chain is tested for its

functionality by binding to self-pMHC. The formation of a functional TCRaf leads to

the down-regulation of the unpaired TCRa chain, and the retention of the functional

TCRa chain on the cell surface (46). If the paired TCRaf chain is non-functional, the
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other TCRa chain is paired with the TCRp chain for a second round of testing. If there
is still no signalling, then the thymocyte undergoes apoptosis in a process known as
death by neglect. The productive rearrangement of a functional - and a-chains
ensures that the T cells that survive express a TCR that can bind and recognize MHC

molecules with a reasonable affinity, in a process known as selection (Section 1.6.1).
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1.4. Major Histocompatibility Complex (MHC)

1.4.1. Human Leukocyte Antigen (HLA) locus in humans

In humans, the MHC genes are encoded at the human leukocyte antigen (HLA) locus,
which is positioned on chromosome 6, distal from the beta-2-microglobulin (f2m) gene
on chromosome 15 (47, 48). The HLA locus is comprised of genes encoding three
classical MHC class | (MHCla) molecules (HLA-A, -B and -C) and three classical MHC
class Il (MHCII) molecules (HLA-DP, -DQ and -DR) (Figure 3A). Of note, the HLA
locus also encodes four non-classical MHC class | (MHCIb) molecules (HLA-E, -F, -G
and -H), but these are not a major focus of this work and will not be discussed further.
Humans can inherit three MHCIla molecules, as well as three MHCII o chains and four
MHCII B chains with multiple isoforms from each parent. Given that MHCIl o and
chains can, in some cases, pair independently for each molecule, then a heterozygote
individual can co-dominantly express six MHCla molecules and up to twelve MHCII
molecules. In addition to the polygenicity of HLA genes, there is massive allelic
variation at each of these genes across the human population: 17,191 HLA Class |
and 6,716 HLA Class Il alleles have been characterised to date (49). This theoretically
results in vastly different complements of HLA molecules between any two individuals.
The polygenicity and polymorphism of MHC genes allow the presentation of a larger
repertoire of peptides, conferring better protection against a variety of pathogens that

an individual can be exposed to throughout their lifespan (50).
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Figure 3: Gene map of the HLA and H-2 locus in humans and mice respectively. (A) The
human HLA locus encodes three MHCla (HLA-A, -B and -C), four MHCIb (HLA-E, -F, -G and
-H) and three MHCII (HLA-DP, -DQ and -DR) molecules. (B) The mouse H-2 locus encodes
three MHCla (H-2K, -D and -L), three MHCIb (H-2M, -T and -Q) and two MHCII (I-A and I-E)

molecules.

1.4.2. Histocompatibility-2 (H-2) locus in mice

In mice, the MHC genes are encoded at the histocompatibility-2 (H-2) locus, which is
positioned at a single locus on chromosome 17, distal from the Bm gene on
chromosome 2 (51, 52). The H-2 locus contains genes for three classical MHCla (H-
2K, -D and -L), three non-classical MHCIb (H-2M, -T and -Q) and two MHCII (I-A and
I-E) molecules (Figure 3B). Like the HLA locus, the H-2 locus can encode a diverse

array of allelic variants at each of these genes in wild and outbred mice.

In inbred strains, mice are homozygous for a specific allelic variant at each gene and

strain-specific MHCI alleles have been well-characterised. The nomenclature for these
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alleles is based on the original strains they were characterized in (53). For example,
the C3H/Hej mouse strain is defined as having the k-haplotype at the H-2 locus, where
all MHC genes have the k allele, while the C57BL/6 mouse strain is defined as having

the b-haplotype, where all MHC genes have the b allele.

Of note, the C57BL/6 mice is a natural knockout for the H-2L gene (53). As a result, a
wildtype C57BL/6 mouse will express only two MHCI molecules: H-2D and H-2KP®
while the C3H/Hej mouse will express three MHCI molecules: H-2D¥, H-2K* and H-
2L%. These inbred mouse models are therefore useful tools for studying MHC and T
cell biology in a highly controlled system, given that polymorphism at the H-2 locus is

limited and can be manipulated through breeding.

1.4.3. MHC structure

MHC molecules are essential to present peptides to T cells to mediate their
maturation, survival and activation (reviewed in (54)). The MHCI molecule is
expressed on all nucleated cells and presents antigen to CD8 T cells, while the MHCII

molecule is expressed on APCs and presents antigen to CD4 T cells.

The structure of the MHC molecule is crucial for its function. The MHCI molecule is a
heterodimer of a large a-chain polypeptide (the heavy chain) (55, 56), which is non-
covalently bound to Bm (the light chain) (57). The MHCI a-chain contains three
domains: a4, a2 and as, with the peptide loading cleft positioned between a4 and a2

domains (Figure 4A). The Bom functions to provide physical support to the peptide-
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binding groove. In contrast, the MHCII molecule is a heterodimer of o and 3 chain
polypeptides (Figure 4B) (58). Both the o and  chains are made up of two regions:
the a1 and a2, and B1 and B2 respectively, with the peptide-binding cleft localized
between and o1 and 31 domains.

Peptlde b|nd|ng
cleft

Mﬂ

/\\\
—

(B)

MHCI MHCII

Figure 4: Schematic diagram of the structure of MHCI and MHCII molecules. The MHCI is
made up of the a-chain, stabilized by the p.m, while the MHCII is made up of an a- and B-
chain. The peptide-binding cleft lies between the a1 and a2 domains and between the o1 and

B+ domains of MHCI and MHCII, respectively.

The peptide-binding cleft of both MHCI and MHCII share a similar structure to
accommodate peptides for presentation. The domains proximal to the peptide-binding
cleft (a1 and a2 for MHCI, a1 and B+ for MHCII) form a curved B-sheet as a base and
two a-helices above, with the peptide-binding cleft between the two a-helices (59).
This cleft can accommodate a polypeptide from the target antigen. For MHCI, the cleft
is closed at both ends by tyrosine residues, resulting in the binding of shorter peptides

of ~8-10 amino acid (a.a.) (60). For MHCII, the cleft is open-ended, allowing longer
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peptides of 13-25 a.a. in length to bind and be presented (60). While the binding of
peptides to an MHC molecule is affected by the characteristics of a given MHC allele,
each MHC allele can accommodate a wide repertoire of different peptides, as long as

residues at certain positions can anchor the peptide into the peptide-binding cleft (61).

1.4.4. Antigen presentation

1.4.4.1. MHCII antigen processing and presentation pathway

Peptide fragments presented by MHC molecules can either be sourced exogenously
(extracellular environment), or endogenously (intracellular environment), and
processed by distinct pathways. The exogenous pathway is used primarily by APCs
to load peptides onto MHCIlI molecules for CD4 T cell activation (62). MHCII is
expressed on APCs, including DCs, macrophages and B cells, as these cells can
endocytose proteins from their extracellular environment. After endocytosis,
exogenous proteins are degraded in early endosomes into peptide fragments by
proteases (62). While the antigen is being degraded, the MHCII molecule is assembled
in the endoplasmic reticulum (ER) and loaded with the Class ll-associated li peptide
(CLIP) to ensure stability of the molecule (63, 64). The stabilised MHCIlI molecule is
then transported to the early endosome in a vesicle, which fuses with the endosome
to give MHCII access to the exogenous antigen-derived peptides. The CLIP peptide
is then displaced from the MHCII molecule by a chaperone protein called HLA-DM in
humans and H-2M in mice, and replaced by an exogenous antigen-derived peptide
(39). Once assembled, the peptide-loaded MHCII molecule (pMHCII) is exported onto

the cell surface for presentation to CD4 T cells.
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1.4.4.2. MHCI antigen processing and presentation pathway

In contrast to MHCII, the endogenous pathway is utilized by all nucleated cells to load
endogenously-derived peptides into MHCI molecules (65). These proteins can be
degraded during normal cell homeostasis by cytosolic proteasomes and are
continuously presented on the cell surface by MHCI. After degradation, endogenously-
derived peptides are further trimmed by aminopeptidases to generate peptides of the
appropriate length (8-10 a.a. long) for loading onto the MHCI molecule (61). Once
processed, peptide fragments are translocated into the ER by the transporter
associated with antigen presentation (TAP) protein. MHCI molecules are expressed in
the ER but must be loaded with peptide in order to exit the ER (66). As a result, newly
assembled MHCI molecules are stabilized by the chaperone molecules ERp57,
tapasin and calreticulin until an endogenously derived peptide can be loaded, at which
point TAP will interact with tapasin to displace the chaperone molecules and permit
peptide binding (67). Once the peptide is loaded onto MHCI, the peptide-loaded MHCI

molecule (pMHCI) is transported to the cell surface for presentation (68).

Importantly, protein degradation can be altered during an infection. Infection-induced
IFNy signalling upregulates the expression of specialized proteasome subunits that
can integrate into the proteasome to form the immunoproteasome (69). Compared to
constitutive proteasomes, immunoproteasomes preferentially cleave proteins into
peptide fragments with amino acid residues that favour binding to the MHCI molecule
(69-71). The loss of the immunoproteasome alters the repertoire of pathogen-derived
peptides presented during an infection, which implies that the immunoproteasome

influences the quality of antigenic peptides loaded on the MHCI molecule (72). In
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addition, recent evidence suggests that the immunoproteasome also enhances the
abundance of antigenic peptides presented on MHCI to promote a robust immune

response during infection (73—75).
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1.5. TCR recognition of pMHCI and downstream signaling

1.5.1. The TCR-pMHCI interaction

The interaction between the TCR and the pMHCI is highly conserved and it is critical
for the selection, maintenance and activation of CD8 T cells (discussed in Section
1.6). The precise mechanisms that underpin TCR-pMHC recognition and signalling
events have been extensively investigated with technological advances driving

significant developments in our knowledge of the biology (reviewed in (19)).

The engagement of the TCR with its cognate pMHCI complex leads to the physical
recruitment of the CD8 co-receptor to the signalling complex, where it binds to the a3
domain of the MHC molecule (Figure 2) (76). This recruitment brings the CD8 co-
receptor into close proximity with the TCR to 1) stabilize the interaction between TCR
and pMHC, and 2) localize the Src family tyrosine kinase, Lck, to the CD3 signaling
complex (discussed in Section 1.5.2). Studies using surface plasmon resonance
(SPR) analysis have demonstrated that, in order to transduce a signal, TCRs typically
exhibit an affinity for pMHCI within the range of Kp = 1-50uM (77, 78). The fact that
such low affinity interactions are able to support signal transduction highlights the

crucial role of the CD8 co-receptor in stabilizing the TCR-pMHCI complex (79).

The docking topology of the TCR over the pMHCI complex is highly conserved. The
TCR conventionally docks diagonally above the pMHCI complex, with the a2 and a3
domain of the TCR positioned over the a1 and a2 helices of the MHCI, respectively

(Figure 2). The CDR1 and CDR2 regions on the TCR are usually positioned directly
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above the MHCI molecule, with the CDR3 region typically making prominent contacts
with the loaded peptide (80, 81). This conventional docking topology permits the most
variable region of the TCR to interact with the diverse repertoire of peptides that may
be loaded into the MHCI molecule. It is also thought to facilitate optimal localization of
CD8-associated Lck with the ITAMs of CD3 for effective phosphorylation and,
thereafter, CD8 T cell activation (82, 83) (discussed in Section 1.5.2). It should be
noted, however, that recent structural studies have demonstrated that a TCR can also
dock in non-conventional, 180° reversed orientations with the MHC molecule, but this

recognition modality does not appear to be conducive to signal transduction (84, 85).

While there are general guidelines for TCR-pMHCI interactions, there are no absolute
rules governing CDR loop interactions with the peptide and MHC molecule. Multiple
studies have demonstrated that certain TCRs position over the pMHCI complex in
such a way that the CDR3 residues contact the MHC molecule, while germline-
encoded CDR1 and CDR2 residues contribute to peptide interactions (28, 86, 87).
This indicates that there is a level of flexibility in the TCR-pMHCI interaction and
suggests that a TCR can utilize various binding strategies to provide optimal TCR-

pMHCI interactions for CD8 T cell development, maintenance and activation (27).
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1.5.2. Signal transduction upon TCR recognition of pMHCI

Upon TCR recognition of pMHCI and engagement of the CD8 co-receptor, the Src
kinase, Lck, which is associated with the intracellular domains of the CD8 co-receptor,
is brought into proximity with the CD3 complex. Lck then phosphorylates the ITAM
motifs on the CD3 chains, resulting in the recruitment and phosphorylation of signalling
kinases, including zeta-chain associated protein kinase 70 (Zap-70), and propagation
of the signalling cascade. TCR/CD3 signaling ultimately results in the activation of a
number of transcription factors, including nuclear factor of activated cells (NFAT),
nuclear factor kB (NF-xB), and activator protein 1 (AP-1) (reviewed in (88)). These
transcription factors translocate into the nucleus of T cells to regulate gene

transcription for T cell activation.
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1.6. TCR-pMHCI interactions: importance in T cell biology

1.6.1. Thymic selection and MHC restriction

The fate of a thymocyte undergoing development is strongly dependent on the affinity
of its TCR for self-pMHC complexes in the thymus (reviewed in (32, 89)). Thymocytes
are “educated” at discrete points in their development in a process known as thymic

selection.

Positive selection is a checkpoint where thymocytes are tested to determine whether
their rearranged TCR is able to recognize and bind self-pMHC expressed on cortical
thymic epithelial cells (cTECs) (reviewed in (90)). If the thymocyte does not express a
functional TCR or express a TCR that does not bind to MHC with sufficient affinity, the
thymocyte dies by apoptosis in a process known as death by neglect. At this stage, up
to 90% of thymocytes express a non-functional TCR that cannot recognize self-pMHC
and are removed from the peripheral repertoire (reviewed in (91). If the rearranged
TCR is capable of recognizing self-pMHC in the thymus, the TCR-pMHC interaction
delivers a survival signal to the thymocyte that up-regulates the pro-survival molecule,
Bcl-2 (92). Of note, DP thymocytes can differentiate into CD4+CD8- or CD4-CD8+
single-positive (SP) thymocytes (discussed in Section 1.3.3). This decision is guided
by whether the TCR on the differentiating thymocyte binds to either MHCII or MHCI,
respectively, during positive selection. Positive selection ensures that mature T cells
express a TCR that is capable of interacting with its selecting MHC molecule in a
phenomenon known as MHC restriction. The concept of MHC restriction was first
proposed by Peter Doherty and Rolf Zinkernagel in 1974, when they demonstrated

that effector CD8 T cells could only lyse virus-infected cells that expressed an MHC
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allele present during their development in the thymus (93). They proposed that these
cells were restricted in the periphery to interact with the MHC that they were positively

selected on during thymic development.

Negative selection eliminates thymocytes that express TCRs that bind too strongly to
self-pMHC. Recent evidence has shown that negative selection can occur in both the
thymic cortex and the medulla. In the cortex, TCRs that interact with self-pMHCI
loaded with ubiquitous self-antigens on cortical DCs are first removed from the
repertoire (94, 95). Following negative selection in the cortex, SP thymocytes migrate
into the thymic medulla where the TCR is tested again by medullary thymic epithelial
cells (mTECs). To access the full complement of self-antigen, mTECs express the
transcription factor, autoimmune regulator (AIRE), which permits expression of all
peripheral-tissue antigens (PTA; reviewed in (96)). PTA-derived peptides can then be
presented on MHCI and MHCII directly by mTECs, or indirectly by thymic DCs, to
developing SP thymocytes (reviewed in (97, 98)). It is proposed that a further 30-50%
of all positively selected thymocytes are deleted by negative selection (99). Thus, only
around 3% of all thymocytes that enter the thymus develop into mature peripheral T

cells (100, 101).
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1.6.2. Homeostatic maintenance of naive CD8 T cells

After mature T cells emerge from the thymus, the maintenance of CD8 T cells in the
periphery is governed by complex homeostatic mechanisms. For naive CD8 T cells,
homeostasis is maintained by 1) the homeostatic cytokine, IL-7 (102, 103), 2)
sphingosine-1-phosphate (S1P) signalling (104) and 3) the transient but repeated

contact of the TCR with self-pMHCI, which is termed tonic signalling (105, 106).

Tonic signalling refers to the sub-threshold signals driven by the interaction of the TCR
with self-pMHCI that do not trigger canonical TCR activation (107), but maintain the
expression of the anti-apoptotic Bcl-2 and other Bcl-2 family members such as Mcl-1
to promote the survival of naive CD8 T cells (108). Adoptive transfers of naive CD8 T
cells into B2m™ recipient mice prevented the survival of transferred cells, implying that
the continuous TCR contact with self-pMHCI ligands is absolutely crucial for the
survival of naive CD8 T cells (105). Furthermore, studies using transgenic mouse
models have demonstrated that tonic signalling is mediated by the same peptide
ligand and MHC molecule that mediated positive selection of that T cell during thymic
development, suggesting that tonic signalling occurs in both a peptide- and MHC-

restricted manner (109).

The interaction between a TCR and self-pMHC in addition to IL-7 signalling in the
periphery can mediate either the homeostatic turnover or rapid proliferation of
circulating T cells. Under conditions of CD8 T cell lymphopenia, residual naive CD8 T
cells undergo rapid lymphopenia-induced proliferation (LIP) and expand to repopulate

the periphery (106, 109-112). LIP of naive CD8 T cells has largely been studied using
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adoptive transfer of a small population of naive T cells (usually transgenic CD8 T cells)
into T cell deficient recipients (RAG”, SCID or irradiated hosts) to simulate a
lymphopenic environment and its effect on LIP. Under lymphoreplete conditions on the
other hand, CD8 T cells undergo a slow homeostatic turnover to maintain the number
of naive CD8 T cells at steady state. Multiple studies using complex mathematical
modelling and BrdU incorporation have determined that the rate of homeostatic
turnover of naive T cells occurs at the slow rate of 5 divisions over a period of 2 weeks

(113-115).

1.6.3. Activation of CD8 T cells for immune protection

Naive antigen-specific CD8 T cells are activated in the lymph node draining the site of
infection, where infected or cross-presenting DCs present pathogen-derived peptides
loaded into MHCI on their cell surface (discussed in Section 1.4.4). The activation,
expansion and differentiation of naive CD8 T cells to acquire effector functions
requires priming by DCs, as demonstrated by experiments depleting DCs in vivo (116—
118). The process of activation requires three critical signals: 1) TCR recognition of

pMHCI on DCs, 2) co-stimulatory interactions and 3) cytokine signalling.

The signal 1 is delivered through the physical interaction of the TCR with the pMHCI
complex presented on DCs. Signals 2 and 3 are also required for full activation of CD8
T cells to enhance the magnitude of response, but they also shift qualitative aspects
of the response, such as improving memory formation or changing the type of effector
functions engaged (119, 120). Signal 2 is delivered by a triad of co-stimulatory

molecules expressed on professional APCs for effective T cell activation: B7-1 (CD80),
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B7-2 (CD86), ICAM-1 (CD54) and Lymphocyte Function-Associated Antigen 3 (LFA-
3; CD48) (121), where these interactions are prerequisites for T cell activation, and
promote T cell proliferation and cytokine production (122—-124). The absence of co-
stimulatory signals, when T cells are presented with signal 1 only, results in T cell
anergy (a state of unresponsiveness), implying the importance of signal 2 to promote

effective T cell activation (122).

Signal 3 is delivered by cytokines such as interleukin 12 (IL-12), interferon a (IFNa.)
and IFN (125, 126). The presence of these cytokines is critical to promote T cell
clonal expansion alongside the development of effector functions, such as the
production of cytokines (IFNy, TNF, IL-2 and others) and cytolysis (reviewed in (126).
In the absence of signal 3, CD8 T cells survive poorly, fail to develop optimal effector

functions and do not form a robust memory population (125-127).

Together, these three signals trigger the full activation of naive CD8 T cells, leading to

clonal expansion and differentiation into effector CD8 T cells that can produce

cytokines and lyse target cells during an infection.
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1.7. CD8 T cell immunodominance

1.7.1. Determinants of immunodominance

Following infection, only a small proportion of pathogen-derived epitopes can elicit
CD8 T cell responses. Of those responses, the magnitudes of these epitope-specific
CD8 T cell responses fall into a highly reproducible hierarchy known as an
immunodominance hierarchy (reviewed in (128)). A relatively large CD8 T cell
response is described as being immunodominant, while a smaller response is known

as a subdominant response.

The CD8 T cell immunodominance hierarchy is shaped by a number of determinants.
These determinants can be broadly grouped into those that influence the CD8 T cells,
such as the frequency of naive precursor CD8 T cells and the affinity of their TCRs for
antigen, and those that affect antigen presentation, such as antigen dose (128). In
addition, the phenomenon of immunodomination, where the presence of an
immunodominant CD8 T cell response can suppress a subdominant CD8 T cell
response, has also been shown to influence the immunodominance hierarchy (129,

130).

1.7.2. Precursor frequency

The frequency of naive epitope-specific CD8 T cells is considered to be one of the
critical determinants of immunodominance (131, 132). The size of an endogenous

antigen-specific CD8 T cell population is highly reproducible and can range from 1 to
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89 cells per million naive CD8 T cells per mouse (133), which makes detection and
enumeration of naive epitope-specific CD8 T cells challenging. There have been
several studies that have demonstrated a close correlation between the naive CD8 T
cell frequency and immune response magnitude. For instance, in the vaccinia virus
model, CD8 T cell responses against the H-2KPB8R 2027 and H-2KPA47135.146 epitopes
are reproducibly large (immunodominant) after infection (134). The precursor
frequencies of naive H-2KPB8R2o-27- and H-2KPA4713s.146-specific CD8 T cells
correlates with the response magnitude following infection, at ~1,000 and ~120 cells

per mouse, respectively (133-135).

More recently, several studies have demonstrated that the correlation between naive
CD8 T cell precursor frequency and response magnitudes is not absolute (136—140).
In the C57BL/6 model of influenza A virus (IAV) infection, CD8 T cell responses to
nucleoprotein peptide (NPses-374) and acidic polymerase peptide (PAx2s233) are
immunodominant (141). However, naive H-2DPNP3gs-374- and H-2DPPAg24-233-specific
CD8 T cell populations are relatively small, at ~36 and ~64 cells per mouse,
respectively (133, 137). In contrast, the naive CD8 T cell populations specific for the
subdominant epitopes — namely those derived from non-structural protein 2 (NS2114-
121) or polymerase B subunit 1 (PB1703-711) bound to H-2KP, or that derived from a
shifted framework polymerase B 1 protein (PB1-F262-70) bound to H-2D° — are
substantially larger, at ~282, ~308 and ~225 cells per mouse, respectively (133, 136,
137). In a separate model of respiratory syncytial virus (RSV) infection in adult CB6F1
hybrid mice (142), the H-2KM2g».90-specific CD8 T cell response is immunodominant,
comprising up to 40% of total effector CD8 T cell numbers, while the subdominant H-

2DPM1s7-195-specific CD8 T cells make up only 10% of effector CD8 T cells after RSV
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infection. However, the precursor frequencies of both H-2KM2s2.90- and H-2DMysy.
195-specific naive CD8 T cells are similar, at ~400 cells in naive mice (142),
demonstrating another disparity between precursor frequency and immunodominance

hierarchy.

These studies demonstrate that, while the size of a naive epitope-specific CD8 T cell
population is highly reproducible from individual to individual, the size of this population
is not the sole determinant of immune response magnitude following infection.
Importantly, our understanding of how the size of the naive epitope-specific CD8 T cell

population integrates with other determinants is wholly unclear.

1.7.3. TCR affinity for antigen

A second determinant that plays a role in dictating the immunodominance hierarchy
following a viral infection is the intrinsic affinity of the TCR for the pMHCI complex.
Analyses of both CD4 and CD8 T cell responses suggested that the relative expansion
of particular clones during antigen-specific responses may correlate with the TCR
affinity for the pMHC complex, where precursors with low avidity for antigen proliferate

to a lesser extent that those with higher avidity (143—-145).

This notion was elegantly demonstrated in a novel study by Zehn et al (2009) where
C57BL/6 mice were infected with the Listeria monocytogenes bacteria expressing
variants of the H-2K”Ovays7 peptide with varying affinities for the H-2K°Ovazs7-specific
TCR (OTI) (146). While OTI transgenic T cells responding to the WT N4 (SIINFEKL)

peptide, the moderately lower affinity Q4 (SIIQFEKL) peptide, or the markedly
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diminished affinity V4 (SIIVFEKL) variant, were all capable of the same initial rate of
proliferation, the affinity of TCR-pMHCI recognition was significantly associated with
the extent of division. Thus, the final CD8 T cell response magnitude correlated with

TCR-pMHCI affinity (N4 < Q4 < V4).

In the C57BL/6 model of IAV infection, subdominant responses against H-2D°PB1-
F262 and H-2KPNS2114 have been correlated with lower affinity TCR (147), supporting
the idea that low TCR affinity can restrict CD8 T cell response magnitude. In addition,
affinity maturation of TCRs has been observed previously, where CD8 T cells bearing
higher affinity TCRs have been shown to selectively expand during infection, giving
rise to a narrower repertoire of TCRs with increased overall affinity over the course of
infection (148). The affinity of TCR clonotypes utilized in the immune response has
been well-documented in C57BL/6 model of IAV infection (149). The immunodominant
CD8 T cell responses against H-2DPNP3gs- and H-2DPPAz24-epitopes predominantly
utilize TRBV13-1 and TRBV29, respectively, after IAV infection. Both TRBV13-1 and
TRBV29 have been shown to bind their cognate antigen (H-2DPNP3ss and H-2DPPA24,
respectively) with higher affinity than other TRBVs in the antigen-specific CD8 T cell
population, and therefore preferentially expand during the immune response against
IAV (80, 149, 150). Affinity may also impact on the lifespan of effector T cells, as T
cells with lower affinity TCRs have been seen to undergo early apoptosis regulated by
the pro-apoptotic molecules BIM, NOXA and Mcl1 (151, 152). Altogether, there is
strong evidence in current literature to support the hypothesis that the intrinsic affinity
of TCR for pMHC is a strong determinant of the primary CD8 T cell response

magnitude during infection and the longevity of those cells.
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1.7.4. Antigen abundance and peptide presentation

The relative abundance of peptide-antigen presented during infection to stimulate a
given CD8 T cell population is another parameter that influences the magnitude of
response. Several studies have demonstrated a positive correlation between antigen
abundance and the magnitude of CD8 T cell responses, by altering the abundance of
specific epitopes using various strategies, such as 1) infections with increasing doses
of viruses or 2) employing recombinant viruses with the expression of target epitopes
under the control of differentially expressed genes (153—155). However, it should be
noted, that the immunogenicity of antigen plateaus with increasing abundance and
increasing the amount of antigen beyond that level can thereafter reduce the
magnitude of the CD8 T cell response (156). This suggests that although antigen
abundance correlates well with CD8 T cell response magnitude, there is a homeostatic
mechanism at play to curtail the expansion of CD8 T cells when extreme levels of

antigen are presented.

In addition, defective ribosomal products (DRiPs) derived from viral-derived proteins
contribute, in part, to early T responses during infection. During an infection, the rapid
(immuno)proteasomal processing of viral proteins inevitably gives rise to misfolded or
prematurely terminated polypeptides (157). CD8 T cell responses to DRIiP antigens
have been identified across various infection models (134, 158), although the

relationship between DRiP abundance and CD8 T cell magnitude is still unclear.

The level of antigen presentation is not necessarily predictive of the size of the CD8 T

cell response. A recent study by Ting et al (2019) elegantly demonstrated the relative
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abundance and mode of antigen presentation using mass spectrometry and
immunopeptidomics in the IAV model of infection (75). Although the H-2D°PA24
epitope was poorly presented, it was capable of eliciting an immunodominant CD8 T
cell response, demonstrating that the abundance of antigen presented is not predictive
of the magnitude of the CD8 T cell response. In addition, they identified novel peptides
that were presented at adequate levels but were unable to generate a CD8 T cell
response, further illustrating the discrepancy between antigen abundance and CD8 T

cell response magnitude.

Altogether, there have been multiple studies performed to correlate the level of antigen
abundance and mode of presentation with the magnitude of CD8 T cell responses,
there is still a substantial lack of evidence to predict the immunodominance hierarchy

using antigen dose as a primary determinant.
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1.7.5. Immunodomination

Immunodomination describes the phenomenon where the presence of an epitope-
specific response suppresses other T cell responses. It is commonly thought of as
immunodominant CD8 T cell responses suppressing subdominant CD8 T cell
responses. However, within an epitope-specific CD8 T cell population, we can also
observe individual CD8 T cell clones outcompeting other clones after activation (129,
130, 159). Immunodomination therefore impacts CD8 T cells within an antigen-specific
population but it can also influence CD8 T cells across different epitope specificities.
Immunodomination is proposed to be a consequence of multiple mechanisms,
including individual naive CD8 T cells competing for access to APCs, preferential
presentation of certain epitopes on MHCI, suppression of APCs by early effector
responses to inhibit subsequent priming, and the rapid activation of certain responses

that results in poor activation of slower CD8 T cell responses (reviewed in (128)).

The phenomenon of immunodomination occurring within an epitope-specific CD8 T
cell population was demonstrated by the transfer of naive transgenic T cells into
recipients prior to infection, to result in the suppression of endogenous epitope-specific
CD8 T responses cells during infection. For example, Kedl et al (2000) adoptively
transferred transgenic ovalbumin (Ovazs7)-specific (OT-1) naive CD8 T cells into naive
C57BL/6 mice before infection with an Ova-expressing vaccinia virus (160). They
observed the preferential expansion of transferred OT-I cells compared to endogenous
H-2KPOvags7-specific CD8 T cells. Similarly, the transfer of transgenic lymphocytic
choriomeningitis virus (LCMV)-derived H-2DPGP33.41-specific CD8 T cells impeded the

endogenous H-2DPGPs3 responses (161). However, the presence of transferred H-
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2DPGP33.41 transgenic cells failed to inhibit another immunodominant CD8 T cell
response following LCMV infection, suggesting that there are various mechanisms at

play between CD8 T cells within and across distinct specificities.

The effect of immunodomination across CD8 T cells of different specificities is most
easily demonstrated by the impact of 1) the removal of prominent virally-encoded
epitopes, or 2) the introduction of novel epitopes into a virus, on existing CD8 T cell
responses. The removal of the immunodominant H-2D°NPsss and H-2DPPAg4
epitopes during IAV resulted in a compensatory increase of the otherwise
subdominant H-2KPPB1703-specific response, suggesting that the H-2K°PPB17¢3-
specific response is suppressed by the presence of the two immunodominant
responses (162). On the other hand, the introduction of an epitope not usually present
during a viral infection can also modulate the immunodominance hierarchy. The
inclusion of the Ovaysz epitope into IAV resulted in an unaltered immunodominant H-
2DPNP3gs-specific response but it diminished the magnitude of the co-dominant H-
2DPPA224-specific CD8 T cell response, relative to WT 1AV virus (163). Altogether,
these studies suggest that although immunodomination does occur across CD8 T cell
populations with different specificities, some specificities are more sensitive to

immunodomination than others.

Overall, studies in the field of CD8 T cell immunodomination have shown disparate
observations in various models using techniques such as TCR transgenic mouse
models and reverse genetics to create viruses with the removal or introduction of

epitopes. However, the rules governing immunodomination are unclear, warranting
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further investigation to better understand the role of immunodomination in determining

an effective CD8 T cell response during infection.
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1.8. The C57BL/6 model of influenza A virus infection

The IAV infection in the C57BL/6 mouse is a well-characterized experimental system
for the analysis of CD8 T cell responses. Primary intranasal infection causes a
transient, localized acute pneumonia cleared by day 10 with no evidence of persistent
viral antigen (164). Experimentally, the two strains of viruses that are most commonly
used to study immunity against IAV infection are the HKx31 (H3N2) and PR8 (H1N1)
virus. The use of serologically distinct strains allows the analysis of primary and
secondary CD8 T cell responses in the absence of pre-formed neutralizing antibodies

(165).

A distinct advantage of this model for the study of anti-viral CD8 T cell responses is
the fact that IAV infection of C57BL/6 mice induces a number of CD8 T cell responses
that have been extremely well-characterised with respect to 1) epitope specificity
(166), 2) the frequency of naive epitope specific CD8 T cells (133, 136, 137), 3)
response magnitude after infection (167—-171) and 4) the TCR clonotypic repertoire of
naive and immune epitope-specific CD8 T cells (28, 136, 149, 172-177). Following
IAV infection of C57BL/6 mice, the most dominant and well-studied epitopes include
the previously mentioned H-2D°NP3gs, H-2DPPA224, H-2D°PB1-F262, H-2KPPB 1703 and
H-2KPNS2114 epitopes. After primary IAV infection, H-2D°NP3ses and H-2DPPA2z4 are
immunodominant, making up the largest CD8 T cell populations, while all other
responses, including those directed at H-2D°PB1-F2s, H-2K°NS2¢14 and H-
2KPPB1703, make up smaller subdominant populations (137). There is, therefore, a
distinct IAV-specific CD8 T cell immunodominance hierarchy in C57BL/6 mice. Naive

CD8 T cell populations specific for each IAV-derived epitope have been enumerated
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in C57BL/6 mice and are highly reproducible across individual mice (136, 137). As
mentioned, the repertoire of TCRs that comprise the naive and immune CD8 T cell
population has been well-defined for these influenza epitopes. Analysis of TCR
repertoires from several of these epitope-specific populations have revealed that
TCRs within an epitope specificity share remarkably consistent and characteristic
features between individual mice. This reproducibility of pMHCI-specific CD8 T cell
frequency and immunodominance hierarchy and the detailed characterization of
qualitative aspects of the IAV-specific CD8 T cell response, provides an ideal model
with which to study the determinants driving an effective CD8 T cell response during

virus infection.
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1.9. Specific aims of this study

This thesis is a continuation of my BSc. (Hons) work, with the broad aim of
investigating how both the nature and amount of MHCI expression determines CD8 T
cell selection, homeostatic maintenance and activation. In particular, this thesis
addresses how the CD8 T cell response to viral infection is able to compensate in the
absence of either the H-2D° or H-2K® MHCI molecule. It also investigates how
alterations in the level of MHCI gene expression influence CD8 T cell generation and
homeostatic maintenance, and the efficiency with which a non-restricting MHCI
molecule, either H-2KP or H-2DP, influences CD8 T cell selection and activation. Using
a well characterized mouse model of IAV infection in C57BL/6 mice, this thesis
addresses the following aims:
1. To more deeply characterise the functional capacity of alloreactive CD8 T cells
in response to cognate antigen.
2. To identify and characterise a T cell ligand that uniquely binds H-2KP in mice
lacking H-2KP".
3. To examine the impact of physiological MHCI expression levels on the
homeostatic maintenance of naive CD8 T cells.
4. To assess the effect of immunodomination on CD8 T cells, and the relative
capacity of CD8 T cell populations to compensate for the loss of individual
MHCI molecules during infection.
Collectively, this thesis aims to provide an improved understanding of the key
determinants underpinning the development, survival and responsiveness of the

peripheral repertoire of CD8 T cells.
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2. Materials and Methods

2.1. Mice

Chapter Two

All mice used in this thesis (Table 2) were bred and housed under SPF conditions in

the Animal Research Laboratory (ARL) in Monash University, Victoria, Australia.

C57BL/6 mice were sourced from the Monash Animal Research Platform (MARP).

Mice infected with IAV were housed in the QC2 quarantine facility at the ARL. All

animal experimental protocols used in this thesis were approved by Monash University

Ethics Committee. At the commencement of each experiment, mice were aged

between 6 and 12 weeks and mice used within each experiment were age- and sex-

matched.

Table 2: Mouse strains used in the studies described in this thesis.

Strain

Background

MHCla haplotype

MHCla genes expressed

C57BL/6 MARP

C57BL/6

b

2 copies of D gene
2 copies of K gene
Natural knockout of L gene

H-2Db--Kb*+* (Db-/-)

C57BL/6

0 copies of D gene
2 copies of K gene
Natural knockout of L gene

H-2Db--Kb+- (Kb+/-)

C57BL/6

0 copies of D gene
1 copy of K gene
Natural knockout of L gene

H-2Db**Kb-- (Kb-/-)

C57BL/6

2 copies of D gene
0 copies of K gene
Natural knockout of L gene

H-2Db*-Kb-- (Db+/-)

C57BL/6

1 copy of D gene
0 copies of K gene
Natural knockout of L gene

H-2DbKb* (DKO)

C57BL/6

0 copies of D gene
0 copies of K gene
Natural knockout of L gene
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2.2. Viruses

Two strains of influenza A virus were used in this study: A/Puerto Rico/8/34 (PRS,
H1N1) and A/Hong Kong/X31 (HKx31, H3N2) (165). These two strains of IAV differ in
their surface glycoproteins (haemagglutinin (HA) and neuraminidase (NA)) but share
other internal viral proteins (nucleoprotein (NP), acidic polymerase (PA), non-
structural proteins (NS1 and NS2), polymerase B1 (PB1 and PB2)). The use of
serologically distant viruses allows the investigation of secondary T cell responses

without interference from cross-protective neutralising antibody responses.

Recombinant HKx31 and PR8 viruses expressing an epitope from ovalbumin (HKx31-
Ova and PR8-Ova, respectively) were used in some experiments. The Ova epitope
(peptide sequence: SIINFEKL; Ovazsr-264) was inserted into the NA stalk of both
HKx31 and PR8 (163). This insertion introduces an immunodominant H-2KP-restricted

CD8 T cell response directed against Ova during IAV infection.

2.3. Infection and immunization of mice

For primary infection, mice were anesthetised by inhalation of isoflurane and infected
intranasally (i.n.) with 1 x 10* plaque forming units (PFU) of influenza A virus (IAV),
either WT strain HKx31 or HKx31-Ova in 30 uL of PBS. For secondary infections, mice
primed with the above method were re-challenged i.n. 60 days post-primary infection

with 1 x 10* PFU of PR8 or PR8-Ova virus in 30 L of PBS.
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For DC vaccination, mice were intravenously (i.v.) immunized with 1 x 108 activated
bone marrow derived dendritic cells (BMDCs) that had been pulsed with the 1AV-

derived PA224 peptide in 200 uL of PBS.

2.4. Tissue sampling, processing and lymphocyte counting

2.4.1. Lungs

For isolation of lymphocyte populations from the lung parenchyma, mice were killed
via CO2 asphyxiation. Immediately after death, the abdominal section of the vena cava
was cut and lungs were perfused through the right ventricle with 10 mL phosphate
buffered saline (PBS) containing 2 mM ethylenediaminetetraacetic acid (EDTA).
Lungs were harvested into 1 mL of complete Roswell Park Memorial Institute (cCRPMI)
(Appendix 8.3) before being cut into small fragments and digested with lung digestion
media (Appendix 8.3) at 37°C, 5% CO: for 30 mins. Following digestion, lung
homogenates were mechanically disrupted and passed through a 70 um filter (BD
Falcon, BD Biosciences, Bedford, MA, USA). Collagenase activity was quenched with
20ml of cRPMI. Lungs cells were pelleted (515 x g, 6 mins, 4°C), resuspended in
cRPMI and filtered through a 70 pym sieve. The cell suspension was underlaid with
70% Percoll (Appendix 8.3) and centrifuged at 800 x g for 20 mins at room
temperature with minimum deceleration. Density separated lymphocytes at the
interface were harvested into 10 ml of cRPMI, centrifuged (800 x g, 6 mins, 4°C) and

resuspended at the optimal density as required for experiments.
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2.4.2. Spleen and peripheral lymph nodes

For the isolation of lymphocyte populations in secondary lymphoid tissues, pooled
spleen and major lymph nodes (axillary, brachial, cervical, inguinal, mesenteric), or
mediastinal (mLN) were harvested into cRPMI. Tissues were mechanically disrupted
with a 3 mL syringe plunger and passed through a 70 um filter. Cells were then pelleted

(515 x g, 6 mins, 4°C) and resuspended at the optimal density for experiments.

For spleen samples, red blood cells were lysed with Red Blood Cell Lysing Buffer
Hybri-Max™ (Sigma-Aldrich, St. Louis, Missouri, USA) for 2 mins at room temperature
(RT). The lysing reaction was quenched with cold Hanks balanced salt solution
(HBSS), centrifuged at 515 x g for 6 mins at 4°C and resuspended at the optimal

density for experiments.

2.4.3. Thymus

For the isolation of thymocytes from the thymus, mice were killed via CO2 asphyxiation.
Immediately after death, the abdominal section of the vena cava was cut, and the
thymus was perfused through the left ventricle with 10mL PBS containing 2 mM EDTA.
Thymi were harvested into 4 mL of cRPMI, mechanically disrupted with a 3 mL syringe
plunger and passed through a 70 um filter. Thymocytes were then pelleted (515 x g,

6 mins, 4°C) and resuspended at the optimal density for experiments.
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2.4.4. Bone marrow

For the isolation of bone marrow to generate BMDCs, mice were killed via CO2
asphyxiation and the skin around the limbs were removed to harvest the femur and
humerus into sterile HBSS. Excess muscle tissue surrounding the bones was removed
and bone marrow was harvested by removing each end of the bone and expelling the
marrow with 5 mL of PBS containing 2% fetal calf serum (FCS) in a 22-guage needle.
The bone marrow was mechanically disrupted with a 3 mL syringe plunger, passed
through a 70 um filter and pelleted (300 x g, 8 mins, 27°C). Red blood cells were lysed
with Red Blood Cell Lysing Buffer Hybri-Max™ for 2 mins at RT. The lysing reaction
was quenched with cold cRPMI, cell were pelleted again and resuspended at the

optimal density for cell culturing.

2.4.5. Viable lymphocyte counts

Viable lymphocyte counts were determined for tissues by trypan blue exclusion.
Aliquots of cells were diluted in 0.1% solution of Trypan Blue dye (Gibco, Waltham,
Massachusetts, USA) in PBS, and 10 yL was loaded onto a haemocytometer
(Hirschmann, Neckartenzlingen, Germany). Cells were examined under a light
microscope (Leica Microsystems, Wetzlar, Germany). The viable cell count represents
the number of live lymphocytes with the exclusion of dead cells. The total cell number
was determined by the equation:

Average count X dilution factor X total volume of sample (ml) x 10*
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2.5. Cell lines

2.5.1. 2.4G2 hybridoma cell line

2.4G2 supernatant was used to block non-specific binding of fluorescently labelled
antibodies to Fcy receptors. 2.4G2 cells are a B cell hybridoma cell line that produces
a monoclonal antibody specific for a common epitope between CD16 (FcyRIIl) and
CD32 (FcyRIl). 2.4G2 cells were seeded into 175 cm? tissue culture flasks in cRPMI
and cultured at 37°C with 5% CO2 until spent. The supernatant was recovered
following centrifugation (515G for 6 mins) and filtered through a 0.22uym vacuum filter.

Aliquots of 2.4G2 hybridoma supernatant were stored at -80°C until use.

2.5.2. Ag8.653 hybridoma cell line for GM-CSF

GM-CSF was used to culture bone marrow derived dendritic cells (BMDCs) for DC
vaccination. Ag8.653 is a commercially available myeloma cell line transfected with
the GM-CSF gene to constitutively produce the GM-CSF cytokine. Ag8.653 hybridoma
cells were seeded into 175 cm? tissue culture flask in cIMDM containing 1mg/mL of
antibiotic geneticin (G418 sulfate, Gibco) to select for hybridoma cells that have
retained the GM-CSF gene. Cells were cultured at 37°C with 5% CO2 until confluent.
Once confluent, cells were harvested and washed with fresh cIMDM without geneticin
to remove all traces of antibiotics. Cells were reseeded into fresh 175 cm? in cIMDM
without geneticin and cultured at 37°C with 5% CO2 until spent. The supernatant was
recovered following centrifugation (515G for 6 mins at 4°C) and filtered through a

0.22um vacuum filter. The concentration of GM-CSF in supernatant was quantified
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using the ELISA MAX™ Standard Set Mouse GM-CSF kit (Biolegend, San Diego,

California, USA). GM-CSF supernatant aliquots were stored at -80°C until use.

2.5.3. HEK 293T cells

HEK 293T cells are an easily transfected human kidney cell line used to express TCRs
that are identified through multiplex RT-PCR. These cells were grown in cDMEM at
37°C with 10% CO2, passaged when confluent and then transfected with plasmid
constructs encoding for TCR o and 3 chains, as well as the chains of the CD3 complex
and CD8 co-receptors. Successfully transfected cells were used to study the binding

capacity of a TCR against its cognate pMHCI molecule using tetramer staining.
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2.6. Tetramers

Monomeric biotinylated MHCI complexes were refolded with peptides at the Monomer
Facility at the University of Melbourne. All monomers were mouse MHCI molecules
stabilized non-covalently with human pom. 10 pg of monomers (1ug/pL) were
tetramerized with either 15 pg of PE- or 10ug of APC-conjugated streptavidin (both at
1 ug/uL, Invitrogen, Carlsbad, California, USA) in 6 additions at 10 min intervals, with
incubations on ice in the dark. Tetramers were topped up with PBS to a final volume
of 30 uL and left overnight at 4°C in the dark. Tetramers (0.3 ug/uL; Table 3) were
stored in the dark at 4°C until required for tetramer staining of antigen-specific CD8 T

cells (Section 2.7).

Table 3: Tetramers used in the studies described in this thesis’.

Monomers \ Fluorophore conjugate
Influenza A virus tetramers

H-2D°NP366-374 PE

H-2KINP147-155 PE

H-2D°PA224-233 PE

H-2D®PB1-F262-70 PE

H-2KPNS2114-120 APC, PE
H-2K°PB1703-711 APC, PE

Vaccinia virus tetramer
H-2K°B8R20.27 | PE

HIV virus tetramer
H-2K/AMQ1o7-20s | APC

Others
H-2K*Ovazs7-263 | APC, PE

' All monomers were made by Dr. Jie Lin from the Monomer Facility at the Peter Doherty
Institute at The University of Melbourne
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Chimeric H-2KP monomers were refolded with H-2KP-restricted peptides but the MHCI
heavy chain contained mouse a1 and a2 domains from H-2KP and the as domain from

H-2DP (Table 4). Chimeric monomers were tetramerized and stored similar to wildtype

tetramers as described above.

Table 4: H-2K® chimeric tetramers used in the studies described in this thesis'

Chimeric monomers \ Fluorophore conjugate
Influenza A virus tetramers

H-2KPNS2114-120 APC, PE

H-2K°PB1703-711 APC, PE

Vaccinia virus tetramer

H-2K°B8R20-27 | PE
Others
H-2KPOvazs7-263 | APC, PE

' All chimeric monomers were gifts of Dr. Lucy Sullivan at The University of Melbourne
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2.7. Tetramer and surface antibody staining

Cells were stained for tetramer in 96-well U-bottom plates (CoStar® Corning, NY,
USA). For each sample, 1 x 108 cells were aliquoted into plates and then incubated
with specific peptide-MHCI tetramers (0.825 ng/uL) conjugated to either PE or APC
fluorophores (Table 3 and 4). Cells were stained in a final volume of 50 pL in magnetic
activating cell-sorting (MACS) buffer for 1 hr at RT in the dark and then washed twice

in 200 puL of MACS buffer prior to antibody staining described below.

Cells were also stained for surface markers in 96-well U-bottom plates (CoStar®
Corning). For each sample, 1 x 108 cells were aliquoted into plates and cells were
stained with antibodies (Appendix 8.2). Cells were stained in a final volume of 50 uL
in MACS buffer for 30 mins at 4°C in the dark. Cells were then washed twice in 200

pL of MACS buffer and prepared for flow cytometric analysis (Section 2.10).
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2.8. Tetramer-based magnetic enrichment of epitope-specific CD8 T

cells

For the identification and isolation of low frequency epitope-specific CD8 T cells from
naive mice or early timepoints following IAV infection, spleen and major LNs were
individual mice harvested, pooled and processed into a single cell suspension
(Section 2.4.2). Cells were resuspended in Fc block (Appendix 8.3) to prevent non-
specific binding of antibodies to Fc receptors expressed on neutrophils, monocytes,
macrophages, DCs and B cells (178). Cells were then stained with 1 ug of PE- or APC-
labelled tetramers (Section 2.6) for 1hr at room temperature in the dark. Cells were
then washed with cold MACS buffer and resuspended in 400 pL of MACS buffer with
50 uL of anti-PE or anti-APC conjugated microbeads (Miltenyi Biotech, Gladbach,
Germany), and incubated at 4°C for 30 mins in the dark. Cells were washed twice in
cold MACS buffer, passed through a 70 um filter, resuspended in 3 mL of MACS buffer
and passed through a LS column in a QuadroMACS magnet (Miltenyi Biotech). The
flow-through was collected and passed through the column again, followed by three
additional 3 mL washes with cold MACS buffer. Column-bound cells were eluted in 5
mL of MACS buffer, centrifuged (515 x g, 6 mins, 4°C) and stained with a panel of

antibodies for flow cytometry (Appendix 8.2).

For the analysis of epitope-specific CD8 T cell precursors from naive mice, cells were
stained with: anti-B220:FITC, anti-CD11b:FITC, anti-CD11c:FITC, anti-NK1.1:FITC,
anti-F4/80:FITC, anti-CD4:PerCP-Cy5.5, anti-TCRB:APC-Cy7, anti-CD44:PE-Cy7,

anti-CD8:BUV394 antibodies and Live/dead fixable violet dead cell stain (viability
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stain; Invitrogen) (Appendix 8.2). For the detection of epitope-specific CD8 T cells at
early timepoints post-infection, anti-CD11b:FITC, anti-CD11c:FITC and anti-
NK1.1:FITC antibodies were omitted from the panel as activated CD8 T cells may
express these markers. I-AP:FITC antibody was substituted to identify MHCII-
expressing cells. After antibody staining, cells were washed twice in MACS buffer and
resuspended in FACS buffer for enumeration of epitope-specific cells by analysis of

the entire sample by flow cytometry (Section 2.10) or FACS sorting (Section 2.11).

The gating strategy was designed to exclude cells that have bound non-specifically to
the magnetic column. Bona fide naive epitope-specific CD8 T cells are identified as
B220- CD11b-CD11c” NK1.1-F4/80° TCRpB* CD4 CD8" tetramer* (Figure 5). Antigen-
experienced epitope-specific CD8 T cells from mice early after infection are identified

as |-Ab- B220-F4/80- TCRpB* CD4- CD8* CD44" tetramer®.

Singlets Lymphocytes Live cells Dump TCRp* CD8 T cells
] 2 g :
2':)' (<.F> ; 2 % € S s g A
ol a 5 N a o Q of ®i v,
e s [/ E ]
SR S a @
FSC-A FSC-A FSC-A TCRp CD8 Tetramer

Figure 5: Gating strategy to identify epitope-specific tetramer binding cells following tetramer-
based magnetic enrichment. Gating tree identifies live singlets, lymphocytes, dump’, TCRB*
CD4, CD8" tetramer” cells.
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2.9. Peptide re-stimulation of antigen-specific CD8 T cells and

intracellular cytokine staining

To identify antigen-specific T cells through cytokine production, single cell
suspensions of lymphocytes isolated from spleens and lungs of immune mice
(Section 2.4.1, 2.4.2) were aliquoted at 1-2 x 10° cells/well in a 96-well U-bottom
tissue culture plates. Cells were incubated at 37°C for 5 hrs in the absence of peptide
as a control, or in the presence of 1 uM of IAV-specific peptides (Appendix 8.1), along
with 10 U/mL of human recombinant IL-2 (rh-IL-2; Roche Diagnostics, Basel
Switzerland) and 1 yL/mL brefeldin A (BD Biosciences) in cRPMI. Cells were stained
for surface markers (Appendix 8.2), followed by fixation and permeabilization using
the BD Cytofix/Cytoperm Kit (BD Biosciences). Briefly, cells were fixed with 100 uL of
BD Cytofix/Cytoperm buffer for 30 mins at 4°C and then washed twice in 1x BD
Perm/Wash buffer. Subsequently, cells were stained intracellularly with a combination
of antibodies specific for intracellular cytokines: anti-IFNy:FITC, anti-TNF:APC and
anti-IL-2:PE (Appendix 8.2) in 1x BD Perm/Wash buffer for 30 mins at 4°C. To remove
all unbound antibodies, cells were washed twice in 200 uL of 1x BD Perm/Wash buffer,
twice in 200 uL of MACS buffer and resuspended in the desired amount of sort buffer
for analysis by flow cytometry (Section 2.10). Background levels of intracellular
cytokine staining were defined using control samples incubated without peptide and
background was subtracted from statistics (frequency of cytokine™ cells) obtained from

samples incubated with peptides.
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2.10. Flow cytometric acquisition and analysis

Samples were acquired on a BD Fortessa X-20 with FACSDiva software (BD
Immunocytometry Systems, San Jose, CA, USA). For the high-throughput sampler
(HTS; BD Biosciences), samples were resuspended in 200 yL of MACS buffer in 96-
well U-bottom or V-bottom (CoStar® Corning) plates for acquisition. The HTS was
programmed to resuspend the samples prior to acquisition and acquire 150 pL of
sample at a flow-rate of 150 pL/min. To prevent contamination across samples, the
flow cell was flushed with 800 uL of sheath fluid prior to acquiring the next sample.

Data were analysed with FlowJo version 9.9.6 (Tree Star Inc., Ashland, Oregon, USA).

2.11. Isolation of Single Cells by Fluorescence Activated Cell Sorting

(FACS)

Following tetramer-based magnetic enrichment (Section 2.8) and/or antibody
staining, lymphocytes were resuspended at 4 x 107 cells/mL in sort buffer. Cells were
passed through a 40 um filter into 5 mL polypropylene FACS tubes (BD Falcon) for
FACS. Single cell FACS was performed by staff at the Monash FlowCore facility
(Monash University, Clayton campus) using a BD Influx (BD Biosciences). Cells were
sorted directly into 5 mL polypropylene FACS tubes, 96-well twin.tec PCR plates
(Eppendorf, Hamburg, Germany), or 96-well Nunclon cell culture plates (Nunc,

Roskilde, Denmark).
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2.12. Single-cell proliferation assay

To polyclonally expand single-sorted naive CD8 T cells, 96-well Nunclon round bottom

plates (Nunc, Roskilde, Denmark) were coated with anti-CD3¢, anti-CD8a and anti-

LFA-1 mAbs (Table 5), incubated overnight at 4°C to allow mAbs to bind, and excess

mAbs were removed by washing 3x with cold sterile PBS. Coated wells were prepared

prior to FACS sorting (Section 2.11) with 200 pL of cRPMI with 10 U/mL of rh-IL-2.

Following FACS single-cell sort, cells were incubated at 37°C with 5% CO- for 9 days.

Table 5: Stimulating antibody concentrations for well coating for single-cell proliferation

assay.
Reagent Concentration (ug/mL) Volume per well (uL)
Anti-CD3e 10 0.50
Anti-CD8a 10 0.50
Anti-LFA-1 5 0.25
Sterile PBS - 48.75
Final Volume 50.00
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2.13. Carboxyfluorescein Succinimidyl Ester (CFSE) and Cell Trace

Violet (CTV) labelling of cells

To track lymphocyte division, lymphocytes that were sorted into 5SmL polypropylene
FACS tubes (Section 2.11) were transferred into 50 mL falcon tubes for CFSE or CTV

labelling.

For CFSE staining, sorted cells were washed with warm PBS to remove excess protein
and then stained with 1 uM of CFSE in PBS at 37°C for 10 mins in the dark. The
reaction was quenched with cold PBS and incubated for a further 5 mins on ice. Cells
were washed twice, and centrifuged at 550 x g for 6 mins at 4°C and resuspended into

desired volume for further analyses.

For CTV labelling, sorted cells were washed with warm PBS to remove excess protein
and then stained with 1 yM of CTV in PBS at 37°C for 20 mins in the dark. The reaction
was quenched with 20 mL of cRPMI and cells were further incubated in warm cRPMI
at 37°C for 5 mins to permit modification of the CTV dye. CTV-labelled cells centrifuged
at 550 x g for 6 mins at 27°C were washed in twice in warm cRPMI and resuspended

into a desired volume for further analyses.
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2.14. Adoptive transfer of splenocytes

CFSE or CTV labelled cells were resuspended at the desired number of cells in 200
ML of warm sterile PBS. Recipient mice were placed under a heat lamp for
approximately 10mins until the tail vein was dilated and visible. Cells for adoptive

transfer were administered intravenously in the tail vein using a 27-gauge needle.

2.15. Multiplexed single cell Reverse Transcriptase Polymerase
Chain Reaction (Multiplex RT-PCR)

2.15.1. Reverse transcription of cDNA

The nested multiplex RT-PCR used to amplify TCR CDR3a and CDR3p from
individually sorted T cells was first described by Dash et al (2011) (179). cDNA was
synthesized from individual sorted T cells in 96-well twin.tec PCR plates (Section
2.11; Eppendorf, Hamburg, Germany) for use in the nested multiplex PCR reactions
using a SuperScript™ VILO™ cDNA Synthesis Kit (Invitrogen™, Carlsbad, California,
US). The reverse transcriptase master mix (Table 6) was prepared and dispensed into
individual wells containing single sorted cells. Plates were centrifuged at 1,160 x g for
1 min at 4°C and reverse transcription was performed using conditions in Table 7

using an Eppendorf (Model 5345) PCR machine (Eppendorf).
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Table 6: Reverse transcriptase master-mix for cDONA synthesis

Reagents Volume (pL) per sample
5x VILO™ reaction mix 0.5

10x Superscript® RT (200 U/uL) 0.25

10% Triton X-100 0.275

HPLC Water 1.5

Table 7: Reverse transcriptase reaction conditions for cDONA synthesis

Steps Temperature (°C) Duration (mins)
Primer annealing 25 10
Elongation 42 120

RT enzyme denaturation 85 5

End of reaction 16 Hold

2.15.2. External PCR

Following cDNA synthesis, plates were centrifuged at 1160 x g for 1 min at 4°C.

External PCR master-mix (Figure 8) was dispensed into individual wells. Plates were

centrifuged at 1160 x g for 1 min at 4°C and the external PCR reaction was performed

as in Table 9.

Table 8: External PCR master-mix for multiplex RT-PCR reaction

Reagents Volume (pL) per sample
10x PCR buffer + MgClz 2.5

dNTP mix (10mM) 0.5

TRAV external primers (5 pmol/uL)" 0.5

TRAC external primers (5 pmol/uL)’ 0.5

TRBV external primers (5 pmol/uL)" 0.5

TRBV external primers (5 pmol/uL)" 0.5

Taq DNA polymerase (5 U/uL) 0.15

HPLC Water 17.35

' Primer sequences are available in Appendix 8.4
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Table 9: PCR conditions for external and internal multiplex RT-PCR

Steps Temperature (°C) Duration
Initial denaturation 95 5 mins
Denaturation 95 5 secs
Primer annealing 52 5 secs
Elongation 72 45 secs
Final extension 72 7 mins
End of PCR cycling 16 Hold

2.15.3. Internal PCR

Following the external PCR reaction, plates were centrifuged at 1160 x g for 1 min at

4°C prior to the internal PCR reaction. Amplified external PCR product (2.5 pL) was

added into two new 96-well twin.tec PCR plates, in order to amplify the TCRa and 3

chains separately. Internal master mix o and  (Table 10) were dispensed into

corresponding plates, centrifuged at 1160 x g for 1 min at 4°C and the internal PCR

reaction was performed with the same conditions as external PCR reaction (Table 9).

Table 10: Internal PCR master-mix for multiplex RT-PCR reaction

Reagents o chain mix B chain mix
Volume (pL) per sample Volume (L) per sample

10x Coral load PCR buffer 25 2.5

dNTP mix (10mM) 0.5 0.5

TRAV internal primers (5 pmol/uL)* 0.5 -

TRAC internal primers (5 pmol/uL)" 0.5 -

TRBV internal primers (5 pmol/uL)* - 0.5

TRBV internal primers (5 pmol/uL)* - 0.5

Taq DNA polymerase (5 U/uL) 0.15 0.15

HPLC water 18.35 18.35

' Primer sequences are available in Appendix 8.4

Page | 59



Chapter Two — Materials and Methods

2.15.4. Agarose gel electrophoresis

Following internal PCR, plates were centrifuged at 1160 x g for 1 min at 4°C. 5uL of
samples were loaded onto a 2% agarose gel with SybrSafe (Invitrogen) for
electrophoresis to identify successful amplification reactions. Electrophoresis was

performed at 100V for 30 mins and visualized on a UV transilluminator.

2.15.5. PCR product purification

DNA from positive samples, indicated by a positive band following gel electrophoresis,
was purified and prepared for sequencing. In a new 96-well twin.tec PCR plate, 5 uL
of internal PCR products were added to 1 pL of ExoSAP-IT PCR Product Cleanup
Reagent (Applied Biosystems, Waltham, Massachusetts, USA) and incubated at 37°C

for 15 mins followed by 80°C for another 15 mins.

2.15.6. Sequencing reaction

Plates containing purified PCR product were centrifuged at 1160 x g for 1 min at 4°C.
Sequencing reaction master mix (Table 11) was prepared separately and added into
the corresponding plates — a and p. Plates were centrifuged again at 1160 x g for 1

min at 4°C and sequencing was performed as in Table 12.
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Table 11: Sequencing reaction master-mix

Reagents o chain mix B chain mix
Volume (pL) per sample | Volume (UL) per sample
Big Dye 1 1
5x dilution buffer 4 4
DMSO 1 1
TRAC internal primers (5 pmol/uL)" 1 -
TRBC internal primers (5 pmol/uL)" - 1
HPLC water 7 7
" Primer sequences are available Appendix 8.4
Table 12: Sequencing reaction conditions

Steps Temperature (°C) Duration

Initial activation 95 5 mins

Denaturation 95 5 secs

Primer annealing 52 5 secs

Elongation 72 45 secs

Final extension 72 7 mins

End of PCR cycling 16 Hold

2.15.7. Terminator removal

Excess terminator residues were removed using a DyeEx 96 kit (Qiagen, Hilden,
Germany). A DyeEx 96 plate was centrifuged at 1160 x g for 3 mins at 4°C to remove
storage buffer, then placed onto a half-skirt PCR microplate (Axygen, Corning, NY,
USA). Sequencing reaction products were centrifuged at 1160 x g for 1 min at 4°C,
then 20 pL of amplified products were added directly to the centre of the DyeEx 96
plate column. The plate was centrifuged at 1160 x g for 3 mins at 4°C to elute the

purified sample, which was then dried on a heat block at 95°C for 30 mins.
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2.15.8. Sequencing

Sanger sequencing was performed by Monash Micromon Platform Facility at Monash

University (Clayton campus), Clayton, VIC, Australia.

2.16. DC vaccination

To stimulate alloreactive cells in vivo, we used a DC vaccination approach. To
generate BMDCs for DC vaccination, the bone marrow of mice was harvested
(Section 2.4.4). Bone marrow cells were grown in granulocyte-macrophage colony-
stimulating factor (GM-CSF) to promote BMDC differentiation as previously described
(180, 181). Briefly, bone marrow cells were cultured in cRPMI with 20 ng/mL of GM-
CSF (Section 2.5.2) for 12 days with regular replenishment of media and GM-CSF at
days 1, 3, 6, 8, 10 and 11. Following culture, BMDCs were activated with cRPMI
containing 1 pg/mL of lipopolysaccharide and 20 ng/mL of GM-CSF for 16 hrs.
Activated BMDCs were pulsed with 1 uM of PA224 peptide for 2 hrs at 37°C, washed
and resuspended in PBS to 1 x 10° cells/mL for administration. For DC vaccination,
each mouse received 1 x 10° of peptide-pulsed BMDCs in 200 uL intravenously.

Activated alloreactive cells were recovered 5 days post-vaccination for analysis.
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2.17. NK Cell Depletion using PK136 mAb Administration

To avoid a mixed lymphocyte reaction after DC vaccination, the endogenous NK cell
population was depleted prior to adoptive transfer of peptide-pulsed BMDCs (182).
Anti-NK1.1 (Clone PK136) monoclonal antibody was purchased from the Walter and
Eliza Hall Institute (WEHI) antibody facility. To initially deplete NK cells, mice received
2 doses of 100 ug anti-NK1.1 mAb intraperitoneally at a 2-day interval (day -2 and day
0) prior to DC vaccination (Section 2.16). Mice also received depleting antibodies at

2-day intervals for the duration of the experiment after DC vaccination.

2.18. 5-bromo-2’-deoxyuridine (BrdU) administration to track cell

division in vivo

To track IAV antigen-specific CD8 T cells dividing in vivo during IAV infection, mice
were fed ad libitum 0.8 mg/mL of BrdU (Sigma-Aldrich) in drinking water from day 5
post-infection. Mice were then euthanised at day 7 post-infection, and spleens and all
major lymph nodes including the mLN were pooled for processing (Section 2.4.2). IAV
antigen-specific CD8 T cells were isolated using tetramer-based magnetic enrichment
(Section 2.8) prior to intranuclear staining for BrdU. Proliferating cells that had
incorporated BrdU into their DNA were identified using a BrdU Flow Kit (BD
Pharmingen, Franklin Lakes, New Jersey, USA). Briefly, cells were fixed and
permeabilized with 200 uL of BD Cytofix/Cytoperm buffer for 30 mins at 4°C and then
washed twice in 1 mL of 1x BD Perm/Wash buffer. Subsequently, cells were

permeabilized with 200 pL of BD Cytoperm Permeabilization Buffer Plus for 10 mins
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on ice and wash twice with 1 mL of 1x Perm/Wash buffer. Cells were re-fixed with 200
uL of BD Cytofix/Cytoperm buffer for 5 mins at 4°C. To make DNA-incorporated BrdU
more accessible for antibody staining, cells were treated with 100 pL of 300 pg/mL
DNasel for 1 hr at 37°C, then washed twice in 1 mL of 1x BD Perm/Wash buffer.
Exposed BrdU was stained with either anti-BrdU:FITC or anti-BrdU:APC antibodies in
1x BD Perm/Wash buffer for 30 mins at 4°C. Cell were then washed twice in 1 mL of
1x BD Perm/Wash buffer, twice in 1 mL of MACS buffer and resuspended in FACS

buffer for flow cytometric analysis (Section 2.10).
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2.19. In vivo labelling of Recent Thymic Emigrants (RTEs)

To assess the rate of thymocyte egress from the thymus, mice were administered 1
Mg of PE-conjugated anti-CD8a antibody (clone 53-6.7) in 200 uL of PBS by
intravenous (i.v.) injection. Control mice received 200 pL of PBS by i.v. injection. Mice
were then euthanized 3 mins later via CO> asphyxiation and the thymus was perfused

to remove CD8 T cells in the vasculature, harvested and processed (Section 2.4.3).

To isolate the low-frequency of RTEs in the perivascular space exposed to i.v.
administered anti-CD8a.:PE antibody, single-cell suspensions were incubated with 50
pL of anti-PE microbeads (Miltenyi Biotec) for 30mins at 4°C in the dark. Samples were
washed twice in cold MACS buffer, filtered through a 70um filter, resuspended in 3mL
of MACS buffer and passed through an LS column loaded on a QuadroMACS magnet

(Miltenyi Biotec) as described in Section 2.8.

To distinguish newly matured RTEs in the perivascular space from other SP CD8
thymocytes, samples were stained with a panel of antibodies including an anti-
CD8pB:PE-Cy7 (Clone: YTS156.7.7) and anti-CD103 antibodies (Clone: 2E7). RTEs
were identified by co-staining with both anti-CD8a:PE and anti-CD8p:PE-Cy7
antibodies, and are CD103", while SP CD8 thymocytes only stained positive for anti-

CD8p: PE-Cy7 antibodies and are CD103'°,
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2.20. Statistical analyses

Data analyses were performed using the software GraphPad Prism (v8.2.1; San
Diego, CA), Pestle (v1) and SPICE (v5.35; both Mario Roederer and Joshua Nozzi,
National Institute of Health, Bethesda, Maryland, USA). Normal distribution of variation
was not assumed within experimental groups, hence statistical analyses in this thesis
were performed using a non-parametric two-tailed unpaired Students’ t-test (Mann
Whitney test) unless stated otherwise. A p value of <0.05 was taken to indicate a
significant difference. For all data representation, graphs represent mean + standard

error of the mean (SEM).
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Chapter Three

3. Characterization of Enhanced H-2K Binding by T cells
from H-2K"/- mice

3.1. Introduction

The phenomenon of MHC restriction was first described in 1974 (93). It dictates that
a T cell is restricted in the periphery to interact with the same MHC molecule that it
was positively selected on during thymic development. However, exceptions to this
rule exist, and alloreactive T cells can recognize and become activated by peptide
presented by allogeneic MHC molecules that were not present during thymic selection.
Alloreactive T cells are present at a high precursor frequency of (1 in 103-10* T cells),
which is 100- to 1000-fold more frequent than any single foreign-peptide-self-MHC
complex (183, 184). In an individual, alloreactive cells can constitute up to 10% of
mature T cells (185). The identification of alloreactive T cells therefore highlights that

MHC restriction is not an absolute phenomenon.

Alloreactivity is physiologically relevant in humans, as it is responsible for clinical
consequences such as graft rejection, as well as graft vs host disease (GvHD) and
graft vs leukemia (GvL) (reviewed in (186, 187)). In GvHD and GvL, donor T cells
selected on a particular donor-derived HLA haplotype are activated in the presence of
an alternative host-derived HLA haplotype, resulting in the graft’s rejection of the host

cells (188). Therefore, HLA matching between donor and recipient is of paramount
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importance during transplantation, especially during haematopoietic stem-cell

transplant (HSCT).

The mechanisms mediating alloreactivity have been a subject of longstanding debate
in the field (reviewed in (189)). One model suggests that, over millions of years of co-
evolution, the TCR chains and MHC molecules have evolved to recognise one another
through highly conserved interactions between the TCR and the MHC molecule, to
permit a degree of TCR-pMHC binding that is independent of the loaded peptide (190—
195). Another more recent model suggests that an alloreactive TCR requires the co-
recognition of both the MHC molecule and the loaded peptide (196—199). Indeed,
structural studies indicated that the extent to which the TCR interacts with self- and
allogeneic-pMHC complexes is generally comparable, with no unusual interactions
occurring during allorecognition, and both the allogeneic MHC molecule and the bound
peptide contribute to the pMHC surface exposed to the TCR. Thus, these data tend to
favour the model of co-recognition of peptide+MHC in alloreactive TCR-pMHC

interactions.

The capacity of an alternative MHCII molecule to mediate the selection of an MHCII-
restricted population of alloreactive T cells has been investigated in mouse models. A
seminal study by Jenkins and colleagues used the I-A° (MHCII from C57BL/6 mice)
tetramer loaded with the immunogenic epitope 2W1S to isolate alloreactive CD4 T
cells in allomorphic mouse strains expressing allelic variants of the H-2 locus (200). In
this study, they identified a high frequency of I-A*:2W1S-specific CD4 T cells in various
mouse strains expressing allelic variants of the I-A° molecule, compared to C57BL/6

mice. They also demonstrated that the alloreactive I-Ab:2W1S-specific CD4 T cells
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found in BALB/c mice were specific for I-AP loaded with unknown self-peptides,
suggesting that these cells were highly cross-reactive T cells. Furthermore, these cells
were less-responsive to stimulation when stimulated by I-Ab:2W1S in vivo. This study
suggests that allelic variants of the H-2 genes can mediate the selection of |-AP-
reactive CD4 T cells, although the qualitative response to I-AP loaded with peptide may

be impaired.

Although alloreactive cells are clearly generated in vivo, the impact of selection on one
MHCI molecule on the ability of CD8 T cells to respond to peptide presented by
another MHCI molecule remains unclear. In the first part of this chapter, | aimed to
extend the analyses performed in my BSc. (Hons) year by assessing the functionality
of alloreactive H-2DPPA224-specific CD8 T cells that were selected on the alternative
H-2KP molecule; in particular the ability to respond to cognate antigen in vivo,
compared to syngeneic H-2D°PA2z-specific CD8 T cells. In the second part of this
chapter, my aim was to evaluate the reverse scenario; namely the ability of the non-
restricting H-2DP molecule to mediate the selection of two H-2KP-restricted CD8 T cell
populations, H-2KPNS2114- and H-2K°PB17¢3-specific CD8 T cells, with the ultimate
aim of defining generalisable characteristics attributable to alloreactive antigen-

specific CD8 T cells.
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3.2. Results

3.2.1. Alloreactive CD8 T cells in the H-2D?”- mouse model

In work performed during my BSc. (Hons) year, | investigated the relative ability of one
MHCI molecule (H-2KP) to mediate the selection and peripheral maintenance of CD8
T cells specific for an epitope restricted by a distinct MHCI molecule (H-2DP). To this
end, | used tetramer-based magnetic enrichment to isolate H-2DPA224-specific T cells
from H-2D®"- mice, with the aim of enumerating and characterising the phenotype and
function of these alloreactive cells. Here, | will briefly summarize the findings of that
unpublished work, which provide an experimental basis for the study outlined in this

chapter.

The number of naive H-2DPPA24-specific CD8 T cells has been well-characterized in
WT mice, with an average of 68 +/- 18 cells per mouse (137). This result was
reproduced in the analysis of WT and H-2KP’- mice (Figure 6A), consistent with the
fact that naive H-2DPAx4-specific CD8 T cells are selected on the H-2DP molecule in
both of these strains. In contrast, there was a significantly reduced, but consistently
detectable population of naive H-2DPPAxu-specific CD8 T cells in H-2D"" mice
(Figure 6A), suggesting that these cells could be selected on an MHCI molecule
distinct from H-2DP. The absence of H-2DPPA.2s-specific CD8 T cells in DKO mice
(Figure 6A), lacking both H-2DP and H-2KP, suggested that the small number of
alloreactive naive H-2DPPAxzs-specific CD8 T cells in H-2DP mice were being
selected on the H-2KP molecule. Deeper analyses revealed that alloreactive naive H-
2DPPA24-specific CD8 T cells in H-2DY- mice exhibited a significantly and consistently

lower median fluorescent intensity (MFI) of tetramer staining (Figure 6B) despite
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expressing similar levels of TCR (data not shown), indicative of a lower affinity for H-

2DPPA224.

The TCRap repertoire of naive H-2DPPAx4-specific CD8 T cells from WT mice has
been recently characterized by Cukalac et al, where a strong bias in variable gene
usage for both TCRa (TRAV) and TCRp (TRBV) chains was observed (149). For the
TCRa chain, there was an equal and preferential bias for TRAV6, TRAV9 and
TRAV12, while TRBV29 was predominantly used for the TCRp chain (Figure 6C)
(149, 150). While TCR repertoire analysis of alloreactive H-2D’PA224-specific CD8 T
cells selected in H-2D"" mice showed a retention of relatively dominant TRAVS,
TRAV9 and TRAV12 usage, the TRBV29 was significantly reduced (p=0.006;
Wilcoxon signed-rank sum test). Thus, the selection of H-2D°PA224-specific CD8 TCRs
on the H-2KP molecule resulted in a modified TCR repertoire that could account for a

lowered TCR affinity for the cognate H-2D°PA224 molecule.

Given that alloreactive naive H-2DPAz24-specific CD8 T cells exhibited an altered
TCR repertoire and potentially lower TCR binding affinity, | then assessed the intrinsic
functionality and epitope-driven functionality of these alloreactive cells. To determine
whether selection of alloreactive CD8 T cells on H-2KP impacted on their intrinsic
functionality, | polyclonally expanded single sorted naive H-2DPPA2: CD8 T cells
using stimulation with plate bound anti-CD3, -CD8 and -CD11a mAb. When the clonal
burst size of H-2DPPA24 CD8 T cells was assessed after 5 days of stimulation, there
was no significant difference across the three mouse strains (Figure 6D), suggesting
that the intrinsic proliferative capacity of H-2DPPA22s-specific CD8 T cells was

unaltered by their selecting ligand. To assess epitope-driven functionality, | rested the
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expanded cells and then re-stimulated them with the PA224 peptide loaded on WT
splenocytes. As the concentration of PA224 peptide was increased, the frequency of
cytokine-producing H-2DPPA.2s-specific CD8 T cells from WT and H-2K®/- mice also
increased (Figure 6E). In contrast, H-2D°PAx4-specific CD8 T cells from H-2D®- mice
failed to respond at any concentration of the PA224 peptide, although they did produce

cytokine after stimulation by PMA/lonomycin.

These data suggest that although H-2DPPA4-specific CD8 T cells can be selected on
the allomorphic H-2KP molecule, they have 1) an intrinsically lower TCR affinity for H-
2DPPA224, 2) altered TCRP usage and 3) impaired responsiveness when stimulated by

cognate H-2DPA;4 antigen.
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Figure 6: Alloreactive H-2D°PA2.4-specific CD8 T cells can be selected on the H-2K® molecule, but have lower affinity for H-2D°PA4, altered TCR
repertoire and impaired TCR-dependent functionality. (A) Number and (B) tetramer MF| of H-2D°PA24-specific CD8 T cells in WT (purple), H-2K>"
(red), H-2D"" (blue) and DKO (grey) mice following tetramer-based magnetic enrichment. (C). TRAV and TRBV usage for naive H-2D°PA,24 TCRs from
WT and H-2D"" mice (TCR repertoire data for WT mice taken from (149)). (D) Clonal burst size of single-cell sorted naive H-2D°PA,24-specific CD8 T
cells 5 days after polyclonal expansion. (E) Frequency of cytokine producing cells (IFNy, and/or TNF, and/or IL-2) following stimulation by various
concentrations of PA224 peptides. **** indicates p < 0.0001, *** indicates p < 0.001, ** indicates p < 0.01, * indicates p < 0.05, NS indicates P > 0.05
(Mann-Whitney test). Statistical analysis for (C) was performed using Wilcoxon signed-rank sum test. Lines and error bars represent mean +/- SEM.
Numbers in pie charts represent the frequency of respective TRAV and TRBV usage +/- standard deviation. These results are representative of 2-3
independent experiments. Data was generated and reproduced from my BSc. (Hons) work, for the purpose of providing background to the current
study.

Page | 73



Chapter Three — Alloreactivity and H-2K° Reactivity

3.2.2. Alloreactive H-2D"PA224 CD8 T cells are bona fide CD8 T cells specific for

H-2D"PA224

The following work was performed during my PhD candidature. Naive alloreactive H-
2DPPA224 CD8 T cells are present at an exceptionally low precursor frequency (~9
cells per H-2D" mouse) (Figure 6A), which is close to the limit of detection for the
naive tetramer-based magnetic enrichment assay. Therefore, it was critical to validate
that the TCR sequences | had characterized from H-2D"/- mice were bona fide H-

2DPPA24-specific TCRs.

From the TCRap sequence database obtained from the TCR sequencing of H-
2DPPAz24-specific T cells from H-2DP’- mice (Appendix 8.5), | selected and expressed
a putative alloreactive TCR, along with CD3ydel subunits, in 293T cells and assayed
for TCR expression and H-2DPPAy4 tetramer binding. | selected an alloreactive TCR
that exhibited TCR characteristics that appeared to be largely unique to H-2D?’- mice,
but not WT and H-2K®/- mice, consisting of the TRAV19-TRAJ48 (CDR3a amino acid
sequence: GSNYGNEKI) and TRBV12-1-TRBJ2-5 (CDR3p amino acid sequence:
SLGLGQDTQ) gene segment combinations. As a positive control, | expressed a well-
characterized canonical H-2D°PA24-specific TCR from WT C57BL/6 mice: “6218” that
was previously shown to be highly specific for H-2D?PA224 (80). The 6218 TCR
consisted of the TRAV19-TRAJ53 (CDR3a amino acid sequence: SGGSNYKL) and
TRBV29-TRBJ2-7 (CDR3p amino acid sequence: SFGREQ). As a negative control, |

expressed a TCR specific for an irrelevant H-2DPNP3gs epitope.
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Both of the H-2DPPAx24-specific TCRs were successfully expressed on the surface of
293T cells and both could bind the H-2D°PA224 tetramer (Figure 7A). With increasing
levels of TCRp expression, | observed increasing staining with H-2DPPA224 tetramer
for both alloreactive and 6218 H-2DPPA224-specific TCRs. In contrast, the irrelevant H-
2DPNP3gs TCR failed to bind H-2DPPA:24 at any level of TCRB expression (Figure 7A,
B). This demonstrated that the CD8 T cells identified by H-2DPPAy.4 tetramer binding

in H-2D""- mice, were likely to be bona fide H-2D°PAz24-specific CD8 T cells.

Deeper analysis of the MFI of H-2D"PA24 tetramer binding revealed that the cells
expressing the alloreactive TCR from H-2D®’- mice bound less tetramer than the 6218
WT TCR at a given level of TCR expression (Figure 7A, B). Collectively, these data
indicate that both of the TCRs identified from WT or H-2D°’- mice are specific for H-
2DPPA224 but, in agreement with previous results (Figure 6B), they also suggest that
selection on a mismatched MHCI (H-2KP) results in an intrinsically lower affinity for H-

2DPPA224 antigen.
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Figure 7: A putative alloreactive H-2D°PA;s-specific TCR binds H-2D°PA.,4 tetramer but at a
lower MFI than 6218 TCR. (A) Representative tetramer and TCRp staining on 293T cells
expressing the 6218 (red), alloreactive (blue) H-2D°PA.4-specific, and H-2D°NPags (black)
TCRs. (B) Representative histogram showing H-2DPPA224 tetramer binding for the designated
level of TCR expression. An irrelevant TCR specific for the H-2D°NP3gs was used as a negative

control (white). Results are representative of 2 independent experiments.
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3.2.3. Alloreactive H-2DPPA2:4-specific CD8 T cells are non-responsive after

BMDC vaccination in vivo

My previous in vitro analysis of the functionality of alloreactive T cells indicated a
significantly inferior sensitivity to antigen relative to their CD8 T cell counterparts
selected on H-2DP (Figure 6E). However, that assay relied on an initial polyclonal
stimulation step, which may have caused the cells to become refractory to subsequent
epitope-specific stimulation (201). Therefore, | developed a vaccination strategy with
peptide-pulsed bone marrow-derived dendritic cells (BMDC) to assess the in vivo
functional capacity of H-2DPPA224-specific CD8 T cells selected on a matched versus
mismatched MHCI molecule. Bone marrow of WT mice was cultured in the presence
of GM-CSF for 14 days to promote the differentiation of hematopoietic stem cells into
BMDCs (180, 181). BMDCs were then LPS activated and loaded with PA224 peptide,
before being used to vaccinate WT, H-2K"- and H-2DY’- mice. Epitope-specific CD8
T cell responses were analysed 5 days after vaccination. Prior to vaccination, recipient
mice were depleted of NK cells using an anti-NK1.1 monoclonal antibody to prevent
rapid rejection of transferred BMDCs upon transfer to H-2K"/- and H-2DY" recipients

(188, 202, 203).

At 5 days following vaccination, H-2DPPA22s-specific CD8 T cells in both WT and H-
2K mice upregulated CD44 expression, indicating that the PAx4 peptide pulsed
BMDCs were able to activate H-2D°PA224-specific CD8 T cells in vivo (Figure 8A, B).
In contrast, alloreactive H-2DPPAz24-specific CD8 T cells from H-2DP’- mice failed to
upregulate CD44 (Figure 8A, B). Similarly, a modest expansion of H-2D°PA22s-

specific CD8 T cells in both WT and H-2K"- mice, but not H-2D"’- mice, was observed
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(Figure 8C,D). Of note, since H-2DPPA22:-specific CD8 T cells in H-2K" mice were
activated and expanded to the same degree as WT mice, this indicated that the rapid
rejection of transferred cells as a result of foreign MHCI expression at this early stage,

was not responsible for the lack of response observed in H-2D?- mice (204, 205).

In summary, both in vitro and in vivo functional assays suggest that, while alloreactive
H-2DPPA224-specific CD8 T cells may be able to bind H-2D°PA24 tetramer, they are
substantially less responsive to H-2DPPAzz: stimulation when compared to cells
selected on the matched MHCI molecule. This impaired functionality is not due to an
intrinsic defect in the proliferative capacity in these cells (Figure 6D), but is more likely
to be mediated by the altered TCR repertoire of H-2D?PAz4 CD8 T cells from H-2D

mice, which appeared to be comprised of cells with a lower affinity for H-2DPPA224.
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Figure 8: Responsiveness of naive H-2DPPA,y4-specific CD8 T cells to BMDC vaccination.
(A) Representative tetramer and CD44 staining plot and (B) CD44 MFI of detectable H-
2DPPA,24-specific CD8 T cells from WT (purple), H-2K*" (red) and H-2D"" (blue) mice. (C)
Enumeration of H-2D°-PA-specific CD8 T cells from WT, H-2K*" and H-2D®" mice 5 days
after administration with 10° PA24 peptide-pulsed BMDC. (D) Numbers of detectable H-
2DPPA,24-specific CD8 T cells before and after peptide-pulsed BMDC vaccination. Cells (live,
B220-, F4/80-, CD4-, TCRp+, CD8+ lymphocytes) were isolated from spleen and peripheral
lymph nodes following tetramer based magnetic enrichment. Lines and error bars represent

mean +/- SEM. Results are from a single experiment with n = 3 mice per group.
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3.2.4. Identification of H-2KP-reactive T cells in H-2K"/- and DKO, but not WT and

H-2DP’- mice

From the results generated thus far, | have demonstrated the ability of the non-
restricting H-2K® molecule to mediate the selection of an alloreactive H-2D°PA224-
specific CD8 T cell population. Alloreactive H-2D°PA224-specific CD8 T cells selected
on the mismatched H-2KP molecule appear to bind H-2D°PAz24 tetramer with an overall
lower affinity, and have impaired functional capacity both in vivo and in vitro when
stimulated with antigen, when compared to H-2DPPA224-specific CD8 T cells selected

on the matched MHCI molecule.

Next, | investigated the reciprocal scenario by determining the capacity of H-2D® to
mediate the selection of H-2KP-restricted CD8 T cell populations. For this work, |
focused on the H-2KPNS2114 and H-2KPPB1703 epitopes, as naive and antigen-
experienced CD8 T cell populations specific for these epitopes have been well-
characterized in C57BL/6 mice (136, 137). In addition, they have large precursor
frequencies in C57BL/6 mice of ~282 H-2K°’NS2114- and ~308 H-2KPPB1703-specific
CD8 T cells per mouse but they generate subdominant immune responses (141, 169).
To determine the capacity of H-2DP to mediate the selection of H-2K°PNS2114 and H-
2KPPB1703-specific CD8 T cells, | used tetramer-based magnetic enrichment to isolate

epitope-specific cells from naive WT, H-2DP/-, H-2K?’- and DKO mice.

In both WT and H-2D""- mice, | isolated similar numbers of naive H-2K°NS2114- (283
and 255, respectively) and H-2KPPB1703-specific CD8 T cells (562 and 361,

respectively), to those previously published (Figure 9A-D), and consistent with the
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expression of H-2K® in both of these strains of mice (Chapter 4, Figure 21C, D).
Intriguingly, when | stained cells from mice lacking H-2K? (H-2K"”- and DKO) with H-
2KPNS2114 and H-2KPPB 1703 tetramers, | identified large populations of tetramer+ CD8
T cells, with approximately 7,210 and 4,091 H-2KPNS2114-, and 2,855 and 4,093 H-
2KPPB1703-specific CD8 T cells in H-2K"- and DKO mice, respectively (Figure 9A-D).
This represented an up to 25-fold increase in frequency compared to WT mice and is
well above the established range for MHCI-restricted precursor frequencies (0.8-10
cells per million CD8 or CD4 T cells) (133). In addition, the presence of H-2KP tetramer
staining on cells from DKO mice implies that the tetramer was binding to a population
of CD8 T cells selected on non-classical MHCIb molecules, which was not observed
for H-2DPPA224-specific cells in DKO mice (Figure 6A). These initial observations of
hugely inflated precursor frequencies led me to hypothesise that this was a result of
non-specific H-2KP tetramer binding. However, given that this population of tetramer
binding cells was not observed in the presence of H-2K? (WT and H-2D"" mice), it led

us to further investigate the biology of this H-2K" tetramer interaction.

Page | 81



Chapter Three — Alloreactivity and H-2K? Reactivity

Z

Wildtype

H-2DP"

H-2KP"

394

H-2KPPB1-03
tetramer

255

Lotad il

>

C

403

H-2KPNS2414
tetramer

204

9,525

>

>» TCRpB

G

. 1x 1041

specific

8 x 103

6 x 103

4 x 103

CD8 T cells per mouse

2x 103

# of H-2KPPB 1403

WT

H-2Db

1
1

1
H-2K°  DKO

Mouse Strain

# of H-2KPNS2444.specific
CD8 T cells per mouse

1x10%7 ——*
NS

8 x 1034
6 x 103
4 x 103
2 x 1034

0_

WT  H-2D®~ H-2KkP” DKO

Mouse Strain

Figure 9: Inflated population of H-2K® tetramer staining cells in mice lacking H-2K®. (A, B)

Representative tetramer and TCRp staining, and (C, D) enumeration of (A, C) H-2K°PB1703-

and (B. D) H-2KPNS2414-specific CD8 T cells following tetramer-based magnetic enrichment
in WT, H-2K"", H-2D"" and DKO mice. Cells are gated on live, B220", CD11b", CD11c’, F4/80°
, NK1.1°, CD3"*, TCRp*, CD8 T lymphocytes. * indicates p < 0.05, ns indicates p > 0.05 (Mann-

Whitney test). Lines and error bars represent mean +/- SEM. Results are representative of 3

independent experiment with n = 4 mice per group.
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To determine whether the populations that bound each of the H-2K" tetramers were
distinct or the same population, | performed a dual tetramer-based magnetic
enrichment, simultaneously identifying CD8 T cells that bound H-2K°PNS2114 and/or H-

2KPPB1703 tetramers.

In WT and H-2DP’ mice, the precursor frequencies of both H-2KPNS2114- and H-
2KPPB1703-specific CD8 T cells (Figure 10A, B) were similar to those observed
previously (Figure 9C, D) and those previously published (133, 136, 137). In H-2K""
and DKO mice, | observed that the vast majority of CD8 T cells that bound the H-
2KPNS2114 tetramer simultaneously bound the H-2K°PB1703 tetramer and vice versa,
suggesting that the CD8 T cells were intrinsically “H-2KP-reactive” (Figure 10C, D).
Notably, this phenomenon was only observed in the absence of H-2K" (H-2K"/- and

DKO mice).

Of note, there was a population of CD8 T cells in H-2K"/- mice that bound exclusively
to H-2KPNS2114, but not the H-2KPPB 1703, tetramer, and this population of CD8 T cells
was completely absent in DKO mice (Figure 10C, D). This suggested that H-2K®"
mice did contain a bona fide alloreactive CD8 T cell population selected by the non-
restricted H-2D" molecule. However, the presence of the large numbers of H-2KP-
reactive cells limited the ability to reliably resolve this potential alloreactive population

and thus to characterise them further.

While | had previously focused on CD8 T cells, | noted that H-2KP-reactive cells were
also present within the CD4 T cell population in H-2K®”- and DKO mice (Figure 10G,

H) but not WT and H-2D"" mice (Figure 10E, F), albeit at a significantly reduced
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frequency compared to the CD8 T cell subset (Figure 101). Within the CD8 T cell
subset, the frequency of H-2KP-reactive CD8 T cells was approximately 1,700 H-2KP"-
reactive cells per million CD8 T cells, whilst there were only 173 H-2KP-reactive CD4
T cells per million CD4 T cells, 10-fold lower than the proportion of H-2KP-reactive CD8
T cells. Therefore, a small population of CD4 T cells was also capable of binding

simultaneously to both H-2KP tetramers in the absence of H-2K®.

It is important to note that, in cells from mice lacking H-2KP, the phenomenon of pan-
H-2KP reactivity was limited to this MHCI gene. Thus, cells from H-2K" deficient
animals did not show an inflated number of H-2DP binding cells (Figure 6A). Indeed,
the number of naive H-2DPPAx2s-specific CD8 T cells was similar in WT and H-2K""
mice, and negligible in DKO mice. This suggests that the phenomenon of pan-MHCI

reactivity was exclusively directed at H-2K®.
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Figure 10: H-2K"-reactive CD8 and CD4 T cells in the absence of H-2KP. Representative dot
plots of (A-D) CD8 and (E-F) CD4 T cells following dual tetramer-based magnetic enrichment
with H-2K°NS2114 and H-2KPPB17¢3 tetramers from (A, E) WT, (B, F) H-2D"", (C, G) H-2K*"
and (D, H) DKO mice. Cells are gated on live, CD19", F4/80, CD11b", CD11c’, NK1.1", CD4",
TCRp*, CD8" or CD4" lymphocytes. Results are representative of 3 independent experiments

with n = 3 per group.
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3.2.5. Increased binding of H-2K MHCI occurs independently of CD8 co-receptor

and H-2K allele

| had identified a substantial population of H-2KP-reactive CD8 and CD4 T cells in mice
that lacked H-2KP, which could be explained by two potential hypotheses. Firstly, it is
possible that the absence of the H-2K molecule has abrogated negative selection of
T cells that are intrinsically reactive to H-2K®, resulting in the generation of a population
of T cells with TCRs that bind to the H-2KP molecule independently of peptide.
Secondly, it is possible that the binding of the H-2K* MHCI was being mediated by a
ligand other than the TCR. For example, the CD8 co-receptor and Ly49 molecules,

both expressed by T cells, are known to be bound by MHCI (206-209).

To firstly confirm that H-2KP-reactive TCRs were broadly reactive to all H-2KP
tetramers independent of the peptide loaded, | performed tetramer-based magnetic
enrichment using another H-2KP tetramer loaded with the vaccinia virus derived H-
2KPB8R2o-epitope. It has previously been shown that C57BL/6 mouse strains contain
a remarkably large frequency of H-2KPB8R2o-specific cells (~300-1,000 cells per

mouse) (134).

| was able to isolate similar frequencies of naive H-2KPB8R2o-specific CD8 T cells from
WT and H-2D" as compared to previous reports, at ~451 and ~546 cells per mouse,
respectively. However, the loss of the H-2KP molecule once again led to a substantially
inflated number of H-2KPB8R2o-binding CD8 T cells in H-2K"”- and DKO mice (~16,269
and 9,116 CD8 T cells respectively), as | had previously observed for H-K°PB 1703 and

H-2KPNS2114 (Figure 11). This phenomenon of H-2KP-reactivity was again absent in
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WT and H-2D®’- mice, which indicated that tetramer binding by H-2KP’-reactive cells

was mediated through the H-2KP molecule itself, independently of the loaded peptide.
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Figure 11: Elevated numbers of H-2KPB8Rxo-specific CD8 T cells following tetramer-based
magnetic naive enrichment in H-2K®"- and DKO mice. Representative dot plots showing H-
2K"B8Ry tetramer staining and TCRp staining on live, CD19", F4/80°, CD11b", CD11c’, NK1.1°
, CD4", TCRpB*, CD8" T lymphocytes from naive WT, H-2D", H-2K*" and DKO mice after
tetramer-based magnetic enrichment. Results are representative of 2 independent

experiments with n = 4 per group.

The MHCI molecule is known to mediate a number of non-specific interactions with
molecules other than the TCR (206-209). In particular, the a3 domain of the MHCI
molecule contains key bindings sites for the CD8 co-receptor (207, 208). Given the
substantially increased binding of the tetramer by CD8 T cells in H-2KP’- and DKO
mice, | considered the possibility that the tetramer may be binding directly to the CD8
co-receptor, independently of TCR. While the asz domain is highly homologous
between H-2DP and H-2KP (31), it was clear that the H-2D® a3 domain could not
mediate this widespread T cell binding (Figure 6A). Therefore, | used a chimeric H-
2KP tetramer, which contained the o3 domain of H-2DP (gift of Lucy Sullivan and

Andrew Brooks) (Figure 12).
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Figure 12: Schematic representation of the WT and chimeric H-2K® monomer. (A) The WT H-
2K® monomer consists of the heavy o chain (red) comprising the a4, a2 and a3 domains and
is stabilized by the pom (blue). (B) The chimeric H-2K® monomer has the a;; domain substituted

with the H-2D° oz domain (green).

Tetramer-based magnetic enrichment using chimeric H-2K°NS2114 and H-2K°PB1703
tetramers yielded similar numbers of naive antigen-specific CD8 T cells in WT mice,
demonstrating that the substitution of the H-2KP a3 domain with the H-2D® oz domain
did not impact the detection of bona fide antigen-specific cells (Figure 13A, B).
However, the chimeric tetramers failed to prevent binding of the H-2KP-reactive CD8
T cells in H-2K""- mice, resulting in a similarly inflated population of CD8 T cells binding
to both chimeric H-2K°NS2114 and H-2KPPB1703 tetramers, simultaneously (Figure
13C). This suggests that the region of the H-2K" that is being targeted by H-2KP-

reactive cells lies outside the az domain. In particular, it implicates the a1, and/or a2
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domains of the H-2K" molecule, since the tetramers are routinely refolded with human

B2m to prevent non-specific binding and promote stability (210).

To further eliminate the possibility that H-2KP tetramer binding was mediated by the
CD8 co-receptor, | blocked the ability of H-2KP tetramers to bind the CD8 co-receptor
using an anti-CD8B mAb (Clone: 53-5.8), previously shown to block the interaction
with MHCI (211). Since blocking the CD8-MHCI interaction decreases the stability of
canonical TCR-pMHCI interactions, it can also result in substantially decreased
conventional TCR-pMHCI binding. Consequently, addition of the anti-CD8f antibody
almost completely abrogated the binding of H-2KPNS2114 and H-2KPPB 1703 tetramers
to CD8 T cells from WT mice (Figure 13D). Similarly, in H-2K®’- mice, inclusion of the
anti-CD8p blocking antibody prevented the detection of epitope-specific CD8 T cells
that bound exclusively to the H-2KPNS2414 tetramer (Figure 13E), suggesting that the
CD8-MHCI interaction was required for the tetramer-based identification of bona fide
alloreactive cells, and that the addition of the antibody was blocking the CD8-MHClo
interaction. However, the addition of the CD8p blocking antibody failed to abolish the
binding of the H-2KP-reactive CD8 T cells to H-2K" tetramers (Figure 13E). This
implies both that the CD8 co-receptor does not facilitate tetramer binding by the H-
2KP-reactive cells, and that these cells do not require CD8-MHCI association in order

to bind the H-2KP tetramers.
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Figure 13: H-2K’-reactive cells bound chimeric H-2K® tetramers, and its interaction is
independent of CD8 co-receptor binding. (A) The number of H-2K°NS2114-specific CD8 T cells
in naive WT mice following tetramer-based magnetic enrichment with WT or chimeric tetramer.
Representative dot plots showing H-2KPNS2+14 and H-2KPPB 1703 staining in CD8 T cells from
WT and H-2K"" mice following magnetic enrichment in the absence (B, C) or presence (D, E)
of blocking aCD8p antibody. NS indicates p > 0.05 (Student’s t-test). Cells are gated on live,
B220, NK1.1, F4/807, CD11b", CD11c” CD3*, TCRp", CD8" T lymphocytes. These results are

representative of 3 independent experiments with n = 3 per group.

Given the broad reactivity of H-2KP-reactive cells, | then aimed to determine if these
cells were reactive to H-2K molecules regardless of the allelic variant. To address this,
| performed tetramer-based magnetic enrichment of cells from WT and H-2K®- mice
using two H-2Kd tetramers: the human immunodeficiency virus (HIV)-derived epitope

H-2KIAMQ197 and IAV-derived epitope H-2KINP147.
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In WT C57BL/6 mice, | detected a small number of uniquely H-2K¢AMQ197 and H-
2K9INP47-specific CD8 T cells (13 and 23, respectively), as evidenced by their mutually
exclusive tetramer staining (Figure 14A). These cells are likely to be bona fide
alloreactive CD8 T cells selected on the H-2° allelic variant (unpublished data). By
contrast, in H-2K®’- mice | detected the presence of a substantial H-2K?-reactive CD8
T cell population binding simultaneously to both H-2K® tetramers (Figure 14B), as |

had observed for H-2KP tetramer binding.

To determine whether the H-2K?- and H-2KP-reactive cells were distinct or the same
population, | performed a dual-enrichment using one H-2K? and one H-2KP tetramer
on cells from an H-2K" mouse. My results show that H-2KP-reactive cells were indeed
the same population that was cross-reactive to H-2K® tetramers (Figure 14C),
suggesting that the population of H-2KP-reactive CD8 T cells that appear in the

absence of H-2KP are broadly reactive to H-2K molecules.

{(A) wt | {(B) H-2K> {(C) H-2K>

Tetramer

H-2KIAMQ1 g7
Tetramer
H-2KPNS2114

T
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Figure 14: H-2K -reactive CD8 T cells are cross-reactive with H-2K°. Representative dot plots
of CD8 T cells following dual tetramer-based magnetic enrichment with (A, B) H-2K°AMQ1g7-
and H-2KNP14 tetramers or (C) H-2K°NS2114- and H-2K NP4 tetramers in (A) WT and (B,
C) H-2K"" mice. Cells are gated on events that are live, B220", NK1.1", F4/80", CD11b", CD3",
TCRp*, CD8" T lymphocytes. Results are representative of 3 independent experiments with n

= 3 per group.
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3.2.6. TCR repertoire analysis showed NKT cell repertoire bias in CD4, and no

V-region bias in CD8 T cells

To investigate the possibility that H-2K-reactive T cells are a result of abrogated
negative selection due to the absence of the H-2KP molecule, | analysed the paired
TCRapB composition of H-2K-reactive CD4 and CD8 T cells in H-2K"”- mice. | cloned
and sequenced TCR from H-2K-reactive cells and looked for specific characteristics
that might confer binding to H-2K tetramers. | profiled the TCR repertoire using a
multiplexed, nested RT-PCR (179) on individual sorted H-2K-reactive CD4 and CD8
T cells from H-2K®’"- mice following dual H-2K°NS2114 and H-2K’PB1703 tetramer-
based magnetic enrichment. | also sequenced the TCRa3 repertoire of the global non-
antigen-specific CD8 T cell population from H-2KP mice to define a baseline

comparison for this analysis.

The TCR repertoire of the global CD8 T cell population in H-2K/ mice revealed
moderate biases in both the TCRa and TCRp chain toward usage of TRAV6 (~22.0%),
TRAV9 (~12.2%) and TRAV12 (19.5%) (Figure 15A), and TRBV13-3 (~17.1%),
respectively (Figure 15B). When the H-2K-reactive CD8 T cell population was profiled,
| observed broadly similar V-region usage for both the TCRa and TCRp chain as
compared to the total CD8 T cell population, possibly with modest increases in the
TRBV29 and TRBV13-2 usage (Figure 15C, D). Moreover, clonotypic analysis of H-
2K-reactive CD8 T cells (Table 13) revealed no CDR3a or CDR3p3 sequences or
motifs that were enriched relative to the background repertoire (Table 14), and that

may have imparted preferential binding of H-2K® molecule. Thus, detailed analysis of
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TCR characteristics in the H-2K-reactive CD8 T cell population offered no indication

of features associated with H-2K binding.

In contrast, when the H-2K-reactive CD4 T cell population was profiled, | observed a
dominant TRAV11 bias (~55%) in the TCRa chain and these TRAV11 TCRs
consistently utilized the TRAJ18 gene and gave rise to a clonal CDR3a sequence:
GDRGSALGRL (Table 15). These TRAV11 TCRs also preferentially paired with TCRj
chains that used TRBV13-2 (~58%) (Figure 15E, F). Intriguingly, the TRAV11
(CDR3a:: GDRGSALGRL)-TRAJ18-TRBV13-2 TCR combination has been previously
reported to be the semi-invariant TCR expressed by canonical NKT cells (212),
indicating that the H-2K-reactive CD4 T cells are predominantly NKT cells. These data
suggest that, at least for CD4 H-2K-reactive cells, the canonical NKT TCR is either
well suited to H-2K binding, or that the expression of another ligand that is responsible

for H-2K binding is preferentially expressed on NKT cells.
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H-2K®’ mouse, whereas data for H-2K-reactive CD4 and CD8 were generated from two H-2K®" mice.
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Table 13: Ex vivo analysis of paired and unpaired TCR CDR3 amino acid residues in the H-

2K-reactive CD8 T cell population from H-2K®" mice using multiplex RT-PCR.

TRBV CDR3p TRBJ Le:gth TRAV CDR3a TRAJ Le:gth
1 SAGGLSL 13 7 |9 SALAVVENS 44 9
1 SAGLGGGEQ 2 9 |10 | SMGGNTGKL 37 9
2 SQVTGGYAEQ 21 0 |4 EDYGNEKI 48 8
2 SQDRDPPQGLGVNQDTQ | 25 17 |6 GTGGYKV 12 7
2 SQDLGGHAEQ 2 0 |6 AANSGTYQ 13 8
3 SFRDRSSYEQ 2 10 |16 | REGLGNEKI 48 9
4 SFDWASNYAEQ 21 1 |13 | EGEYANKM 47 8
4 SPTENSDY 12 7 |9 INNYAQGL 26 8
5 SQDSGLGDSQNTL 2 13 |10 | STNTGKL 27 7
14 | SFRVPYEQ 27 8 |21 RVGTGGNNKL 56 | 10
15 | SRGRKDTQ 25 8 |6 VPPPNSGSYQ 13 | 10
16 | SPRLGGRRQNTL 27 12 |9 SAWLSGSFNKL 4 11
6 | SLSGINTEV 1 9 |17 | ASGGSNYKL 53 9
17 | SSPGLGGREQ 27 10 |10 | QGRAL 15 5
23 | RDWGENTL 24 EIE SMDNYAQGL 26 9
26 | SLGTVSNERL 14 0 |6 FNYAQGL 26 7
29 | SLWGQGERL 14 9 |16 | RGPNYGNEKI 48 | 10
29 | SSWGNTGQL 2 9 |4 GGNTGYQNF 49 9
29 | SYRGCTL 24 7 |6 GDPSGGSNYKL | 53 | 11
29 | SPGTANSDY 12 9 |6 SATNAYKV 30 8
29 | SFADNSGNTL 13 0 |6 DTNAYKV 30 7
29 | SLWGDNSPL 16 9 |7 TGYQNF 49 6
29 | SRDKYEQ 27 7 |9 SPEGADRL 45 8
29 | RFNQDTQ 25 8 |9 SMDNYAQGL 26 9
31 SFGRDEQ 21 7 |5 SAYQGGRAL 15 9
31 SLEQGYNSPL 16 10 |13 | EPGANTGKL 52 9
131 | SGRDNQDTQ 25 9 |10 | RNNYAQGL 26 8
131 | SDWGGRHEQ 27 9 |9 SMFLSNYNVL 21 10
131 | SDGTGGYEQ 27 9 |16 | RENYAQGL 26 8
131 | SDRGGANDTQ 25 10 | 16 | RGRDNNAGAKL | 39 | 11
131 | SEVGANTEV 1 9 |16 | RPYNAGAKL 39 9
122 | SLGNQDTQ 2 8 |2 TSNTNTGKL 27 9
122 | SPNTGQL 22 9 |9 SMDNYAQGL 26 9
122 | SLRPNQDTQ 25 9 |9 SMRRGTGSKL 58 | 10
122 | SLRDRGYEQ 2 9 |9 SASATGGNNKL | 56 | 11
132 | GDLGRGGQAP 15 0 |6 GGPGGSNAKL 42 10
132 | GDHEQ 27 5 |6 SENYNQGKL 23 9
132 | GDWGGEQ 27 7 |9 SEASSSFSKL 50 | 10
132 | GDTGLGCGQNTL 24 12 |9 PHTEGADRL 45 9
132 | GDGGTKDTQ 25 9 |16 | RENYAQGL 26 | 08
133 | SASGTK 2 6 |6 RIASSGSWQL 22 | 10
133 | SDAWGNQDTQ 25 0 |6 SDGTGGYKV 12 9
133 | TGNTEV 1 6 |12 | SDLGPSGSwaL | 22 | 11
2 SQGLGGPYEQ 27 10

2 IQGLGGSEQ 27 9

2 SHPGTGGNSDY 12 11

2 SQGTGIHEQ 2 9
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2 SQEGQTNTEV 1 10

2 SQDFSQGAGNTL 1 12

3 SLDWGGDQNTL 2 11

4 SWGHNSDY 1 8

5 SQGLGAHQDTQ 2 11

14 SFGRGYNSPL 1 10

16 SLEVGGPNQDTQ 2-5 12

16 SLEWGGNQDTQ 2-5 11

17 SRWFNQDTQ 2 9

19 SNRWDTQ 2-5 7

19 SIPNTEV 1-1 7

19 SILTGNNNQAP 1 11

19 SIVGASERL 1 10

26 SLGQGAAP 1-5 8

29 SSGFNERL 1-4 8

29 SLGPSGTGCTL 1 11

29 SSEQ 2 4

29 SPGQNSGNTL 1 10

29 SRDRMYEQ 2 8

29 SPGTAANSDY 1 10

121 SGTGGTETL 2-3 9

121 SRDWGFYAEQ 2 10

121 SPADWGSETL 2 10

12-2 SPWDRGYNSPL 1 11

13-1 SDRVSYEQ 2-7 8

131 SRSYEQ 2 6

131 SDGLGSAETL 2 10

13-1 SETGGPETL 2 9

13-2 DATGDTGQL 2-2 9

13-2 GVGGDAETL 2-3 9

13-2 GGTGGAIDTQ 2-5 10

13-2 GMWDNQAP 1-5 8

13-2 GGPGSQDTQ 2 9

13-2 GGYAEQ 2 6

13-2 GDLGGSSYEQ 2 10

13-3 SVGNTQ 2-5 6

13-3 SDAGEV 1-1 6

13-3 KSTNSDY 1 7

13-3 SEGVAETL 2 8

13-3 SDMGGLTGQL 2 10

13-3 SNNQDTQ 2 7
2 TDIPYSNNRL 7 10
3 SATQVVGQL 5 9
6 GQGGRAL 15 7
6 GASSSFSKL 50 9
6 GDWNSNNRI 31 9
6 TPSSNTNKV 34 9
6 GTGYQNF 49 7
6 GASSGSWQL 22 9
6 SADSGTYQ 13 8
6 SAYNNAGAKL 39 10
6 GATSSGQKL 16 9
6 GTGYQNF 49 7
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6 GGAGSGGKL 44 9
7 SERGNTGKL 37 9
9 EGSNNRI 31 7
10 SIGGGTGGNNKL 56 12
10 ANYNTGNYKY 40 10
10 SMTGSSGNKL 32 10
12 SELSGSFNKL 4 10
12 SGPCGSWQL 22 9
12 SVPSGSWQL 22 9
12 SDPSGSWQL 22 9
13 GGGSWQL 22 7
14 SEGLSGSFNKL 4 11
16 REGVGSNNRI 31 10
16 REGNTGKL 37 8
16 RDYSNNRL 7 8
21 RVGGGTGSKL 58 10
21 RATGGNNKL 56 9

* Sequences in red were selected for in vitro expression.

Table 14: Ex vivo analysis of paired and unpaired TCR CDR3 amino acid residues in the total

CD8 T cell population from H-2K""- mice using multiplex RT-PCR.

TRBV CDR3p TRBJ Le:gth TRAV CDR3da TRAJ Le:gth
2 SRDTLSAETL 23 10 |6 GERNSGTYQ 13 9
2 SQDGWGSAETL 23 1|16 REGQQGTGSKL | 58 11
3 SLDWGQDTQ 25 9 |10 RTGYQNF 49 7
5 SQDPWGAYEQ 27 0 |7 STDTNAYKV 30 9
5 SQDWGGADTGQL | 22 12 |12 SRNYAQGL 26 8
5 SAPTGYEQ 27 8 |13 | SGGNYKP 6 7
14 | SLGGNQDTQ 25 9 |10 SRSNNRI 31 7
17 | SLDSSAETL 23 9 |6 GESSGSWaL 22 10
17 | SSRDWESSYEQ 27 1 |6 SDGSNNRI 31 8
17 | SSGDQNTL 24 8 |16 REGAGYQNF 49 9
19 | SIGGNYAEQ 21 9 |12 SDRLATGGNNKL | 56 12
20 | RDGGAGNTL 13 9 |6 RDTNKV 34 6
23 | TTGLEQ 27 6 |10 SNMGYKL 9 7
29 | SWGNTEV 11 7 |3 TGYQNF 49 6
29 | STGVEQ 27 6 | 14 RGANKM 47 6
31 SLVWAPYEQ 27 9 |6 SPMNYNQGKL 23 10
121 | SLSGVTGQL 22 9 |9 SLGTGGYKV 12 9
121 | SLGGTNERL 14 9 |9 SSTTASLGKL 24 10
121 | FGGAREQ 27 7 |13 | SGGSNYKL 53 8
122 | SLEGGGDTQ 25 9 |6 GDNSGGSNYKL | 53 11
122 | SSSTGGARAEQ 21 1|7 SEPDRGSALGRL | 18 12
132 | GDGTGASYNSPL 16 12 |6 GEANSAGNKL 17 10
133 | NPDWGNYAEQ 21 1 |6 GDATNAYKV 30 9
2 SQEKLGGDTQ 25 11

2 SQDGWGGASEQ 27 11

3 SPHWGGGQDTQ 25 11

122 | SRTGANTEV 11 9
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13-1 SDDWGVQDTQ 2-5 11

13-1 SDTGGAYTGAQL 2-2 11

13-3 | SGLGGREQ 2-7 8

13-3 | SDTGVEQ 2-7 7

13-3 | SEGWGTGQL 2-2 9

13-3 | SGDSYEQ 2-7 7

13-3 | SDAGEAETL 2-3 9

20 REGQNSPL 1-6 7
4 LSGSFNKL 4 8
6 ASSGSWQL 22 8
7 SISTGYQNF 49 8
9 SPLSSNTNKV 34 10
9 SAEEAGNTGKL 37 11
9 STSSSFSKL 50 9
10 RDSNNRI 31 7
12 SDPNNNNAP 43 9
12 REVSSGSWQL 22 10
12 SGLSSGSWQL 22 10
12 TGGEGGRAL 15 9
12 SAPFRAQGL 26 9
12 RHDTNAYKV 30 9
13 EPNSGTYQ 13 8
13 ERGNYQL 33 7
14 RASSGSWQL 22 9
14 SAREATGGNNKL 56 12
17 ENYGNEKI 48 8

Table 15: Ex vivo analysis of paired and unpaired TCR CDR3 amino acid residues in the H-

2K-reactive CD4 T cell population from H-2K®" mice using multiplex RT-PCR

TRBV CDR3p TRBJ Le:gth TRAV CDR3a TRAJ Le:gth
5 SHDNSQNTL 24 9 |6 GAWNSNNRI 31 9
132 | VPGRTSGNTL 13 0 |6 GRGSALGRL 18 9
132 | GDPWGGGEQ 27 9 |7 SGSFNKL 4 7
132 | GDWGKNTL 24 8 |7 DRGSALGRL 18 9
131 | SGGLGGRASAETL | 23 13 |9 SSPLQGTGSKL | 58 | 11
132 | GNTGQL 22 6 |9 KGNMGYKL 9 8
132 | GAYWGGSQNTL 24 ™ |9 SMLSAGNKL 17 9
132 | GEWQGASGNTL 13 THRIE RSSGSFNKL 4 9
132 | GDAGTNTGQL 22 0 |9 RGNMGYKL 9 9
133 | TARHTEV 1 7 |9 SSNMGYKL 9 8
132 | GDWRAGNTL 13 9 |10 | RSGSFNKL 4 8
1 SAEQGAGTL 24 9 |11 GDRGSALGRL 18 | 10
29 | SLRNHSGNTL 13 0 |11 GDRGSALGRL 18 | 10
29 | SSGAPTNERL 14 0 |11 GDRGSALGRL 18 | 10
29 | SLYRGGAETL 23 0 |11 GDRGSALGRL 18 | 10
132 | GELGGRGDTQ 25 0 |11 GDRGSALGRL 18 | 10
132 | GDVQNQDTQ 25 9 |11 GDRGSALGRL 18 | 10
132 | GAPGQGYEQ 27 9 |11 GDRGSALGRL 18 | 10
132 | GDATGGGGTEV 1 TR KK GDRGSALGRL 18 | 10
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13-2 GDRASSDY 1-2 8 1" GDRGSALGRL 18 10
13-2 GAAGTGGWNNQAP 1-5 13 1" GDRGSALGRL 18 10
13-2 GDAQGAYEQ 2-7 9 11 GDRGSALGRL 18 10
13-2 GETLTSNSDY 1-2 10 11 GDRGSALGRL 18 10
13-2 GDVEQ 2-7 5 1" GDRGSALGRL 18 10
13-2 | WGDINQAP 1-5 8 1" VDRGSALGRL 18 10
13-2 GDWTGVSGNTL 1-3 11 11 GDRGSALGRL 18 10
13-2 GALDRGGAETL 2-3 11 1" GDRGSALGRL 18 10
13-2 GDAWGYSYEQ 2-7 10 1" GDRGSALGRL 18 10
13-2 GGTGGYAEQ 2-1 9 11 GDRGSALGRL 18 10
131 SEVWGGGSAETL 2-3 12 12 RRNNYAQGL 26 9
5 SQDWGSQNTL 24 10 14 GGTNSAGNKL 17 10
13-2 SGDRDWQDTQ 2-5 10 14 RPFYTGNYKY 40 10
13-2 GDWGGAEQ 2-7 8 16 REGAGQGGRAL 15 11
1 SADVGAETL 2-3 9

3 SRPGTGITGQL 2-2 11

5 SQPGTGGPLAEQ 21 12

19 TRLGGREQ 2-7 8

20 RGTENTL 24 7

29 TRTGRDTQ 2-5 8

29 SLVRDRKNTL 24 10

29 SLPGQKSSGNTL 1-3 12

29 TSYAEQ 21 6

29 SLPQGAYAEQ 21 10

29 SWAGNEQ 2-7 7

29 SLYGTGDNQAP 1-5 11

29 SLSLTEV 1-1 6

31 SRQGAFSGNTL 1-3 11

121 SLGQPGNTL 1-3 9

131 SGSGRYEQ 2-7 8

131 SDVTISNERL 1-4 10

13-1 SEWGGTEV 1-1 8

13-1 SDPLGGRYAEQ 2-1 11

131 SGRDFSYEQ 2-7 9

13-2 GDVLGDTGQL 2-2 10

13-2 GGTGGDYAEQ 2-1 10

13-2 GDGGASSYEQ 2-7 10

13-2 GGQGEEQ 2-7 7

13-2 GDADWASSYEQ 2-7 11

13-2 GDAQGGNTEV 1-1 10

13-2 GDESTGISGNTL 1-3 12

13-2 GDAAKNSDY 1-2 9

13-2 GEWGGREQ 2-7 8

13-2 GDALGRNQDTQ 2-5 11

13-2 GETINQDTQ 2-5 9

13-2 GDQDTQ 2-5 6

13-2 GELGLGNYAEQ 2-1 11

13-2 GTTGGNAETL 2-3 10

13-2 GEGPGRHNSPL 1-6 11

13-2 GDRWDWGNYAEQ 2-1 12

13-2 GGETKEV 1-1 7

13-2 GDHNSGNTL 1-3 9

13-2 GEGRGYEQ 2-7 8
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13-2 GDAHWGGQNTL 24 11

13-3 SRLGVYSYEQ 2-7 10
1 SADALGSSQNTL 24 2
5 SIPGSFNKL 4 9
6 GDQTGNTGKL 37 10
6 GVSVTTASLGKL 24 12
9 SAPFGGKL 27 8
9 SMRYNQGKL 23 9
9 RGNMGYKL 9 8
1" GDRGSALGRL 18 10
11 GDRGSALGRL 18 10
1" GDRGSALGRL 18 10
1" GDRGSALGRL 18 10
1" GDRGSALGRL 18 10
11 GDRGSALGRL 18 10
1" GDRGSALGRL 18 10
1" GDRGSALGRL 18 10
13-3 SPGTGGFYAEQ 21 2

*

Sequences in red were selected for in vitro expression.

** Sequences boxed in red are the semi-invariant canonical NKT cell receptor a chain

TRAV11-TRAJ18 (212).
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3.2.7. TCRs on H-2K-reactive T cells cannot bind H-2K" tetramers

Given that | had cloned paired TCRa and TCRp chains from H-2K-reactive CD8 and
CD4 T cells, | could now conclusively test whether the pan-H-2K interaction was
mediated by a bona fide TCR binding with H-2KP tetramers. To do this, | transfected
and expressed selected H-2K-reactive CD8 and CD4 TCRs (Table 13, 15, sequences
in red), along with the CD3y3¢ complex, in 293T cells and tested their capacity to bind
H-2KPNS2114 and H-2KPPB 1793 tetramers. The 293T cell line is a human cell line that
does not express other T cell-associated markers and will thus directly test TCR
binding to tetramer by eliminating any non-TCR mediated tetramer binding. Based on
the TCR clonotypic analysis described in Section 3.2.6, | selected three H-2K-reactive
CD8 and two H-2K-reactive CD4 TCRs from H-2K"’- mice that were representative of

the broader repertoire.

All of the H-2K-reactive CD8 and CD4 TCRs from H-2K" mice were successfully
expressed on the surface of 293T cells, as evidenced by TCRp staining (Figure 16).
However, none of the TCRs could bind either H-2KPPB 1703 or H-2KPNS2114 tetramers
despite high levels of TCR expression (Figure 16). These data conclusively
demonstrated that the interaction between the T cells from H-2K®- mice and the H-
2KP tetramer was not mediated by TCR recognition of the H-2K® molecule. It also
indicates that the H-2KP tetramers are binding a molecule that is expressed on subsets
of CD8 and CD4 T cells, and that is either upregulated, or becomes available for

binding, only in the absence of the endogenous H-2K® molecule.
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Figure 16: Representative dot plots showing TCRp expression and tetramer staining of TCRs
identified from H-2K-reactive CD8 and CD4 TCRs from H-2K®" mice. Selected TCRs were
transiently expressed, along with CD3yde and { chains, in 293T cells. At 3 days after
transfection, cells were stained with H-2K’PB 1703 and H-2K°NS2114 tetramers and anti-TCRp
mAb. Cells are gated on live, GFP* 293T cells. These results are representative of 2

independent experiments.
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3.2.8. H-2K-reactive CD8 and CD4 T cells express markers of Tmem and NKT

cells, respectively

Given that the H-2K tetramer binding was not being mediated by the TCR, | wanted to
further investigate the phenotypic characteristics of H-2K-reactive CD8 and CD4 T
cells to see whether this could provide clues as to which ligand(s) might be mediating
the H-2K interaction. To determine whether H-2K-reactive T cells were actually NKT
cells, | characterized the expression level of several NK cell markers and activation
markers. Specifically, | measured expression of CD8, TCRp and CD44 on H-2K-
reactive CD8 T cells, and NK1.1 on H-2K-reactive CD4 T cells from naive H-2K°"
mice, comparing these expression levels to those seen on the total CD8 and CD4 T

cell populations.

H-2K-reactive CD8 T cells had decreased expression of CD8a and TCRp (Figure
17A, B), but expressed higher levels of CD44 (Figure 17C) than total CD8 T cells,
consistent with the phenotype of a previously activated CD8 T cell (213). This suggests
that a receptor broadly expressed on activated or memory CD8 T cells may be binding
H-2KP tetramers non-specifically. H-2K-reactive CD4 T cells consistently expressed
the NK and NKT cell marker, NK1.1, as compared to total CD4 T cells, which did not
express the marker (Figure 17D). This data was in line with my TCR clonotypic

analysis, which showed a bias towards invariant NKT TCR usage.
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Figure 17: Phenotypic characterization of H-2K-reactive CD8 and CD4 T cells in H-2K*" mice.
Representative histograms and mean MFI of (A) CD8a, (B) TCRp and (C) CD44 expression
on the total CD8 T cell (purple) and H-2K-reactive CD8 T cell population (orange) in H-2K®"
mice. (D) Representative histograms and mean MFI of NK1.1 expression on total CD4 T cells
and H-2K-reactive CD4 T cells. These results are representative of 2 independent experiments
with n = 3 per group.
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3.2.9. H-2K-reactive NK cells persist in pom” mice, suggesting a non-TCR-

mediated interaction

Given that the major populations exhibiting the H-2K® binding appeared to be memory
CD8 T cells and CD4* NKT cells, | used B2m” mice to eliminate both classical and
non-classical MHCI molecules. The B2m” mice have a similar phenotype to DKO mice
with a complete absence of MHCIa, but pm” mice additionally lack non-classical
MHCIb molecules, including the non-classical CD1d molecule required for NKT cell
maturation (214). To evaluate whether MHCIb was necessary for the generation of H-
2K-reactive cells, | performed a dual H-2KP tetramer-based naive magnetic enrichment
in B2m” mice. In Bam” mice there was an almost complete absence of CD8 T cells,
consistent with the dependence of CD8 T cell development on MHCIla or MHCIb
molecules (Figure 18A). As a result, the H-2K-reactive CD8 population was also
absent in Bom”- mice. The total CD4 T cell population was still present in fm~ mice,
but H-2K-reactive CD4 T cells were effectively absent (Figure 18B). Given that the
vast majority of CD4 T cells are MHClI-restricted (and therefore unaffected in pom
mice), this suggested that the H-2K-reactive cells within the CD4 population were
limited to NKT cells or similar unconventional T cells that are dependent on MHCIb for
development. Further analysis in Bzm”- mice revealed the simultaneous binding of both
H-2KPNS2114 and H-2KPPB17¢3 tetramers in the CD3- NK1.1* NK cell population
(Figure 18C). This further demonstrates that the H-2K reactivity in mice lacking H-2KP
is not likely to be mediated by specific TCR interactions but is instead likely to be

mediated by other interactions, possibly an NK cell-related marker that is broadly
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expressed on activated/memory CD8 T cells, NKT cells and NK cells, in the absence

of H-2K®.
-
Bom mouse
< < 1A CD8 Tcells| |(B) CD4Teels| |(C) NK cells
=
Z © 7
o = E
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b
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Figure 18: H-2K-reactive cells are present in the NK cell population from a p.m” mouse.
Representative dot plots of H-2K-reactive (A) CD8, (B) CD4 T cells and (C) NK cells from om’
" mouse. Cells are gated on live, B220", F4/80", CD11b", CD11c” lymphocytes. These results

are representative of 2 independent experiments with n = 3 per group.
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3.2.10. H-2KP tetramers simultaneously bound Ly49C expression in CHO cell

line

My analyses thus far indicate that the H-2K ligand in H-2K’- mice is expressed on
memory or activated CD8 T cells, NK cells and NKT cells. Analysis of the literature
identified the Ly49 family of molecules as inhibitory receptors highly expressed on NK
cells for the recognition of MHCI and MHCI-like molecules (206, 215, 216). In
particular, Ly49C is a ligand for both H-2KP and H-2D" molecules but it binds H-2KP
with a stronger affinity than H-2DP (206, 217). Ly49 molecules can bind MHCI in two
orientations, namely in cis (on the same cell) and in trans (on different cells) (216).
The interaction between Ly49 and MHCI occurs via the Ly49 molecule interacting with
the a2 and a3 domains, and the fm molecule of the MHCI molecule (218-220). The
interaction of Ly49 with MHCI in cis plays a predominantly inhibitory role to regulate
NK cell activation (216, 221). In addition to cis binding, Ly49 and MHCI can interact in
trans, where the binding is mediated by the same recognition sites as cis binding to
enable the detection of alterations in the expression of self-MHCI molecule (215, 218).
Thus, it is possible that, in the absence of H-2KP, Ly49C could bind H-2K tetramers
through their unoccupied binding sites that would otherwise be occupied by H-2KP cis

interactions.

Given that the H-2KP tetramers contained the oz domain from H-2DP and the human
B2m molecule, Ly49C might not be able to bind the chimeric H-2KP tetramers. To
determine whether Ly49C could bind to H-2KP tetramers regardless of oz domain or

Bom, and regardless of the loaded peptide, | used a Ly49C-expressing Chinese
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Hamster Ovary (Ly49C-CHO) cell line (gift from Dan Andrews) and evaluated the
ability of H-2KPNS2114 and H-2KPPB1703 tetramers to bind simultaneously to Ly49C.
Indeed, both H-2K°NS2114 and H-2KPPB17¢3 tetramers were able to simultaneously
bind Ly49C transfected, compared to untransfected, CHO cells (Figure 19A, B). To
demonstrate that H-2KP binding was mediated directly by interaction with Ly49C, |
added an anti-Ly49C/I mAb (clone 5EB) prior to H-2KP tetramer staining. The anti-
Ly49C/I mADb is known to inhibit the interaction between Ly49C/I and MHCI (217, 222)
and indeed tetramer binding was substantially diminished (although not abrogated) by
addition the mAb (Figure 19C-E). It is possible that the inability to completely block H-
2KP tetramer binding was due to the over-expression of Ly49C on CHO cell lines, and
further experiments are warranted to attempt to inhibit the interaction with saturating
levels of anti-Ly49C/I mAb. This demonstrates that H-2K" tetramers, even when
refolded with human B.m and expressing the H-2D® a3 domain, are still capable of
binding Ly49C. Accordingly, Ly49C was the prime candidate ligand responsible for

mediating the H-2K reactivity observed in T cell populations from mice lacking H-2K®.
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Figure 19: Binding of H-2K°NS2444 and H-2KPPB 1703 tetramers to Ly49C-expressing CHO cell
line. Representative dot plots showing Ly49C-CHO cell lines (A) unstained or (B, C) stained
simultaneously with H-2K°NS2114 and H-2K°PB17¢; tetramers. (C) Ly49C-CHO cell lines were
stained with the anti-Ly49C/I (Clone: 5E6) blocking antibody prior to dual-H-2K® tetramer
staining. The (D) H-2K’NS2114 and (E) H-2K°PB17o3 tetramer staining MFI on Ly49C-CHO cell
lines unblocked (white) or blocked (grey) with anti-Ly49C/I mAb. Cells are gated on events

that are live Ly49C-CHO cells. These results are representative of a single experiment.
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3.2.11. Ly49C/IIF/H blocking antibody failed to abrogate binding of H-2K-

reactive cells

Given that | had validated that Ly49C is able to bind to H-2KP tetramers in an in vitro
system, | then tested whether a H-2KP-Ly49C interaction was mediating H-2KP"-
reactivity on ex vivo cells from H-2K®/- mice. In order to block this interaction, and any
interaction between a broader spectrum of Ly49 family members and H-2K®, | used an
anti-Ly49C/I/F/H mAb (Clone: 14B11). This antibody binds to a conserved site across
four Ly49 family members: Ly49C, Ly49I, Ly49F and Ly49H, and has been previously
shown to inhibit the interaction of multiple Ly49 molecules, including Ly49C, with the

H-2KP molecule (206).

Dual H-2KPNS2114 and H-2KPPB1703 tetramer staining of cells from H-2K°/ mice
showed the characteristic H-2KP binding as previously described (Figure 20A). The
addition of the blocking anti-Ly49C/I/F/H mAb prior to dual tetramer enrichment failed
to abrogate or even diminish the binding of H-2K-reactive cells to H-2KP tetramers
(Figure 20B, C). Of note, H-2K-binding CD8 T cells were highly enriched for
Ly49C/I/F/H* cells (Figure 20D), indicating that binding of H-2KP tetramers was at least
coincident with expression of Ly49C/I/F/H molecules. The failure of the anti-
Ly49C/I/F/H mAb to inhibit H-2K-reactivity raises two possible explanations: 1) that the
binding of H-2K-reactive cells to H-2KP tetramer is not mediated by Ly49C, Ly49l,
Ly49F or Ly49H or 2) that the anti-Ly49C/I/F/H mAb binds to Ly49C at a site that is
distal to its interaction with H-2K. Further experiments are required to verify the

blocking action of this particular antibody against the Ly49 molecules.

Page |110



Chapter Three — Alloreactivity and H-2K? Reactivity

Ly49C/I/F/H

(©) NS
Unblocked blocked o 6000 —
<«
S 1B 1) 0 % —_
52 | 58
: 3]
Zg 65.9 : 66.1 S 4000 \
X 0 o : S a
AN o]
T X o
+ 8 2000-
P }_
O
H*+ 0O
™ T T T T ™ T T T T O 0 T T
> H-2KPB1703 blcl)irll-ed plocked
tetramer
(D) —— Unstained
—— Total CD8 T cells
(>t<; —— H-2K-reactive CD8 T cells
S
Y
O |
S
Ly49C/I/F/H

Figure 20: H-2K-reactive cells bound H-2KP" tetramers despite the presence of a blocking anti-
Ly49C/I/F/H mAb (clone: 14B11). Representative dot plots showing binding of H-2K’NS2114
and H-2K°PB17¢; tetramers to live, B220", F4/80", CD3", TCRpB*, CD8" T lymphocytes from H-
2K"" mice in the (A) presence of (B) absence of anti-Ly49C/I/F/H mAb. (C) The number of H-
2K-reactive CD8 T cells in the absence or presence of the anti-Ly49C/I/F/H mAb blockade.
(D) Representative histogram plot of Ly49C/I/F/H staining on H-2K-reactive and total CD8 T
cells in H-2K"" mice. NS indicates p > 0.05 (Mann Whitney test). These results are

representative of 2 independent experiments with n = 3 per group.
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3.3. Discussion

The interplay between MHC restriction and alloreactivity is a pivotal immune axis that
controls rejection of MHC mismatched tissues, with clinical consequences such as
transplant rejection, GvHD and GvL (186, 187). The capacity of a mismatched MHC
molecule to impact on the selection of T cells specific for another MHC haplotype is of
paramount importance to patients receiving a bone marrow transplant, making HLA
matching between a donor and recipient during transplantation of high clinical
importance. The HLA match between donor and recipient should be as close as
possible at both MHCI and MHCII loci to minimize graft rejection and GvHD mediated
by alloreactive T cells. On the other hand, a positive outcome of MHC mismatch during
transplantation is GvL, where donor T cells facilitate the elimination of leukemic cells
(187, 223). Both GvHD and GvL are clinically important outcomes mediated by
alloreactive T cells. Therefore, a deeper understanding of the mechanisms and drivers

of alloreactivity will contribute to our understanding of GvHD and GvL during HSCT.

Work performed during my BSc. (Hons) year addressed the question of whether an
allomorphic MHCI molecule can mediate the selection of an alloreactive MHCI-
restricted CD8 T cell population, and the functionality of that population. | identified the
presence of a smaller, but reproducible population of naive H-2D°PA.24-specific CD8
T cells selected on the H-2D® molecule. However, alloreactive H-2DPPA224-specific
CD8 T cells exhibited lower tetramer binding MFI than cells from WT mice despite
similar TCR expression, suggesting that these cells had an intrinsically lower affinity

for the H-2DPPA224 tetramer. Alloreactive H-2D°PAz24-specific CD8 T cells were non-
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responsive when stimulated by the PA224 peptide in vitro, indicating that they were

poorly- or non-functional despite their capacity to bind to H-2D°PAz24.

The first part of this chapter represented an extension of this project by further
validating the capacity of alloreactive H-2DPPA224-specific TCRs to bind to H-2DPPA224
in vitro and testing their response to cognate antigen in vivo. An alloreactive TCR H-
2DPPA224-specific TCR expressed in vitro was able to bind H-2DPPAg24 tetramer but it
exhibited a reduced H-2DPPA.24 tetramer MFI, suggestive of a lower tetramer binding
capacity. Moreover, in vivo analysis of T cells responsiveness following peptide-pulsed
DC vaccination demonstrated that alloreactive CD8 T cell failed to upregulate CD44
or expand, despite their ability to bind H-2D°PA224. Collectively, these data suggest
that although selection on the H-2KP molecule can generate alloreactive H-2D°PAy24-
specific CD8 T cells, the binding affinity and subsequent functionality of these

alloreactive CD8 T cells is limited.

Clonotypic analysis of alloreactive H-2DPPAx4-specific TCRs revealed unaltered
TRAYV usage but diminished TRBV29 usage compared to H-2D°PA24-specific TCRs
selected on the matched H-2D® molecule. This aligns with the crystal structure of the
canonical “6218” H-2DPPAx4 TCR in complex with the H-2D°PA224 molecule showing
that the TCRa chain and CDR3a loop dominates the contact with the PA224 peptide,
whilst the TCRp chain interacts extensively with the H-2D° molecule (80). Thus, it
follows that, with selection on a distinct MHCI molecule, the TCRp repertoire is most
likely to be affected. Precisely how the recognition has been altered by selection on a
distinct MHCI molecule can only really be definitively resolved by structural resolution

of the ternary structure of the alloreactive H-2DPPA224-specific TCR in complex with
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the H-2DPPA24 molecule. To that end, | am currently collaborating with structural
biologist Jamie Rossjohn (Monash University) to solve the ternary structure of the
alloreactive H-2DPPAs-specifc TCR in complex with the H-2DPPA224 molecule. A
recent study by Gras et al (2016) revealed that the docking topology of a TCR-pMHCI
is crucial for its function to permit optimal T cell signalling and activation (84). It is
possible that the lack of alloreactive H-2DPPA224 CD8 T cell activation shown in this
study is the result of a non-conventional docking orientation of the alloreactive TCR to
the pMHCI molecule. The alloreactive TCR docking topology may permit binding to
pMHCI but be sub-optimal for subsequent T cell signalling and activation. In addition,
to investigate the presence and function of analogous populations of alloreactive T
cells in humans, | am collaborating with Paul Thomas from St. Jude Children’s
Research Hospital in Memphis, Tennessee, USA. The Thomas Lab has access to
peripheral blood mononuclear cells (PBMCs) from patients who have undergone an
MHC mismatched bone marrow transplant. CD8 T cells in these patients undergo
selection on an HLA (recipient: HLA-X) that is distinct to the one expressed by their
BM-derived cells (donor: HLA-Y). Thus, these patients have the potential for in vivo
alloreactive CD8 T cell responses (HLA-Y-specific responses by HLA-X-restricted T
cells). Cells from these patients will be analysed for frequency and functionality of viral

epitope-specific cells restricted to the HLA from the transplant donor.

In the second part of this chapter, | observed H-2KP tetramer binding by cells from
mice lacking H-2KP, that occurred independently of the TCR, the bound peptide, or the
CD8 coreceptor. The cells were cross-reactive across multiple H-2K alleles regardless
of the loaded peptide. One hypothesis was that this phenomenon was due to defective

negative selection of pan-H-2K-reactive T cells in mice lacking the self-ligand H-2K®,
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This was refuted when TCRs from H-2K-reactive cells were expressed in vitro and
they were unable to bind to H-2K tetramer. | also showed that H-2K reactivity was
enriched in activated/memory CD8 T cells, CD4 NKT cells, and NK cells. Based on
the literature available, | deduced that the most likely candidate was a member of the
Ly49 family. In particular, the Ly49C molecule is known to interact strongly with the H-
2KP molecule (224). While | have shown that Ly49C was highly expressed on H-2K
reactive cells, | was unable to verify that this molecule was responsible for the H-2KP

reactivity observed in H-2K"/- and DKO mice.

The Ly49 family of receptors are innate MHCI receptors family highly expressed on
NK and NKT cells (225). Coles et al (2000) have also detected the expression of
multiple Ly49 family members (including Ly49C) on a polyclonal subset of memory
phenotype CD8 T cells, but the expression is completely absent in conventional CD4
T cell populations (213). The Ly49 molecules are inhibitory receptors that regulate the
activation of NK cells through detection of their ligand, MHCI, in a phenomenon known
as the “missing-self” (reviewed in (226)). In this phenomenon, NK cells ubiquitously
survey the periphery for normal levels of MHCI expression, which in turn inhibits NK
cell activation when the Ly49 inhibitory molecules are engaged with MHCI. Down-
regulation of MHCI molecules is a common escape mechanism employed by viruses
to avoid detection from the immune system (227). Consequently, downregulation of
MHCI is a key indicator of viral infection, which leads to loss of the inhibitory Ly49
interaction with MHCI molecules and hence NK cell activation. Activated NK cells then
assist in mediating viral clearance via the secretion of anti-viral molecules: perforins,
granzymes and cytokines such as IFNy and TNF (228). The binding of Ly49 to MHCI

molecules occurs in a peptide-dependent, but not peptide-specific manner, where the
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peptide is necessary to merely stabilize the MHCI molecules expressed on the surface
of cells (206). In particular, Ly49C has been shown to interact strongly with H-2KP but
it binds H-2DP poorly (206, 217), which fits with my observation of pan-H-2K binding
in H-2K"" mice but not pan-H-2D binding in the absence of H-2DP. Multiple crystal
structures of Ly49 molecules binding to MHCI molecules have been solved to date.
There is evidence from site-directed mutagenesis studies that Ly49C makes
prominent contacts with residues on the a2 and a3 domains on both H-2KP and H-2DP
and with Bam (215, 218), again providing an explanation for my observation of H-2K

tetramer binding even with the a3z domain of H-2DP and refolded with human pm.

The Ly49 family of molecules can bind MHCI in two orientations: in cis (on the same
cell) and in trans (on other cells) (216). Ly49C molecules are predominantly
sequestered by H-2KP in cis to limit the number of free Ly49C molecules available for
trans binding (229) to regulate NK cell activity by lowering the threshold for activation,
making NK cells more sensitive to minute changes in MHCI expression in the
periphery. Hence, the loss of H-2KP likely frees up Ly49C molecules, that now allows
H-2KP tetramer binding in trans. My data is consistent with the hypothesis that the loss
of endogenous H-2K° (in H-2K°’- and DKO mice) results in populations of Ly49C-
expressing cells that can bind to H-2K tetramers regardless of the loaded peptide.
While cis binding of MHCI by Ly49 molecules has been widely demonstrated on NK
cells and NKT cells, there has been no demonstration of this in conventional CD8a.3
T cells. By extension, this would suggest that the expression of Ly49C on conventional
T cells may act in a similar fashion to suppress innate-like activation. In essence, the
loss of H-2KP could potentially result in a lower activation threshold of memory CD8 T

cells and NKT cells. While it remains to be formally demonstrated that the ligand for
Page |116



Chapter Three — Alloreactivity and H-2K° Reactivity

H-2K tetramer binding is the Ly49C molecule, | will pursue this by blocking
experiments such as those outlined here, using a range of different antibody clones

with differential specificity for various Ly49 molecules.

The anti-Ly49C/I/F/H mAb (clone: 14B11) has been shown to inhibit the binding of
Ly49C to the H-2K° molecule (206). However, the inclusion of the anti-Ly49C/I/F/H
mADb prior to H-2KP tetramer-based magnetic enrichment failed to abrogate the binding
of H-2KP tetramers to H-2K-reactive CD8 T cells. The alternative anti-Ly49C/I mAb
(clone: 5E6) has also been shown to block the interaction of Ly49C to the H-2KP
molecule (222). While | have successfully used the anti-Ly49C/I mAb to reduce H-2K-
reactivity with a Ly49C-CHO cell line in vitro, it remains to be seen whether the anti-
Ly49C/I mAb can also reduce H-2K-reactivity with H-2K-reactive cells from H-2K""
mice. As it stands, the anti-Ly49C/I mAb appears to be a better candidate to inhibit

any potential Ly49C-H-2K? interaction in H-2K"- mice than the anti-Ly49C/I/F/H mAb.

The generation of MHCI monomers have traditionally substituted the mouse om with
the human p2m fragment. Although the 2m protein is highly conserved across different
vertebrates with a 70% homology between humans and mice (48, 52, 230), the
substitution of the mouse Bom with the human B2m fragment has been shown to
abrogate non-specific binding by the Ly49 molecules in mice and reduce background
staining with tetramer (210). It was intriguing that the H-2KP tetramers, refolded with
the human Bom fragment, still bound Ly49C molecules in the in vitro assay with the
Ly49C-CHO cell line. This highlights the potential that H-2KP tetramers could in fact
be binding Ly49C, even in WT mice, rather than an antigen-specific population of CD8

T cells.
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In conclusion, in the absence of H-2KP, | have observed the binding of H-2K tetramers
by a non-TCR ligand expressed on NK, NKT and memory phenotype CD8 T cells. |
have identified the most likely ligand: the Ly49C molecule, that is predominantly
sequestered by endogenous H-2KP in cis. | hypothesize that, in the absence of H-2K®,
Ly49C is likely to be freely available to bind H-2K tetramers in frans, resulting in an
inflated population of cells (particularly memory CD8 T cells) binding to H-2K tetramers
in a non-TCR mediated interaction. If this hypothesis is accurate, this would be the
first evidence of cis binding with an inhibitory NK cell receptor on CD8 T cells and,
intriguingly, it may imply a similar role for the ligand in functionally suppressing

conventional CD8 T cell activity.
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4.1. Summary

Naive CD8" T cell survival in the periphery is critically dependent on tonic T cell
receptor (TCR) signaling through peptide + MHC class | (MHCI) recognition however
little is known about how natural variation in MHCI levels impacts on the naive CD8*
T cell repertoire. Using mice that are hemizygous or homozygous for a single MHCI
allele, we showed that, despite a reduction in peripheral CD8* T cell numbers of ~50%
in MHCI hemizygous mice, MHCI levels had no notable impact on the rate of thymic
generation or emigration of CD8 single positive (SP) T cells. Moreover, the peripheral
T cell repertoire in hemizygous mice showed selective retention of T cell clonotypes
with a greater competitive advantage, as evidenced by increased expression of CD5
and IL-7Ra. The qualitative superiority of CD8" T cells retained in hemizygous mice
was also seen during influenza A virus (IAV) infection, where epitope-specific CD8* T
cells from hemizygous mice had higher avidity for pMHCI and increased cytokine
polyfunctionality, despite a reduced response magnitude. Collectively, this study
suggests that natural variation in MHCI expression levels has a notable and
biologically relevant impact on the maintenance, but not generation, of the naive CD8*

T cell repertoire.

Keywords: MHC class | dose, hemizygous and homozygous MHCI expression, naive

CD8* T cells, T cell homeostasis, CD8* T cell development.
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4.2. Introduction

The peripheral maintenance of naive CD8" T cells is dependent on both tonic TCR-
pMHCI signalling (105, 231-233) and homeostatic IL-7 cytokine signaling (234—-236).
The impact of IL-7 dose on naive CD8" T cell survival is well-defined. IL-7 is not only
essential for naive T cell survival — adoptive transfer of T cells into IL-7-/- mice or
blockade of IL-7Ra results in the loss of transferred T cells (235, 236) — but available
IL-7 levels delimit the size of the naive CD8* T cell pool. Constitutive expression of IL-
7Ra results in a reduced niche size because it limits the availability of IL-7 to the wider
naive T cell pool (237). Additionally, overexpression of IL-7 drives an increased

number of naive T cells (238, 239).

By comparison, relatively little is known about the role of MHCI levels in delimiting the
size and quality of the naive CD8" T cell pool. Certainly, the recognition of pMHC by
naive T cells must be specific to the selecting pMHC ligand (240, 241), and competition
for pMHC ligands is evident under conditions of adoptive transfer of large numbers of
precursor populations or TCR transgenic T cells with differing affinities (238, 241, 242).
However, how physiological levels of MHCI expression, driven by homozygous or
hemizygous allelic expression, control the generation, survival and homeostatic

maintenance of endogenous naive CD8" T cell populations remains unknown.

The relevance of this biological question to the human condition becomes evident
when considering MHC polymorphism. A human individual can inherit and co-

dominantly express up to 6 different MHCI genes (2 HLA-A, B and C genes from each
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parent), with massive polymorphism across these HLA genes. As a consequence of
the co-dominant expression of the HLA genes, individuals can be either homozygous
or heterozygous at each of the HLA-A, B, and C gene loci. HLA heterozygosity is
largely considered to be beneficial for protection from infections (243-246), while
homozygosity has been associated with exacerbation of several autoimmune
diseases (247-249). Despite this largely anecdotal evidence around the impact of
MHC dose on protective and detrimental immune responses, there has been no
detailed analysis of how physiological shifts in MHC levels, driven by hemizygous or
homozygous gene expression, impact the development, peripheral maintenance and

function of T cells.

Here, we have investigated the impact of MHC class | dose on the development and
peripheral maintenance of polyclonal naive CD8" T cells. We used a reductionist
model in which mice are homozygous or hemizygous for one MHC | gene and lack
expression of the other MHCI gene. We show that physiological levels of MHCI, like
IL-7, delimit the peripheral CD8" T cell niche, largely by limiting peripheral survival
rather than thymic export. Moreover, limiting the dose of MHCI resulted in the retention
of qualitatively superior CD8" T cells. Thus, challenge with IAV elicited an antiviral
CD8* T cell response that, while diminished in magnitude compared to MHCI
homozygous mice, showed increased pMHCI avidity and cytokine functionality upon
viral challenge. This study suggests that hemizygous MHCI expression does not result

in a proportional loss of T cell efficacy.
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4.3. Materials and Methods

Mice and Influenza A Virus Infection

Female C57BL/6 mice (6-8 weeks old) were bred and housed in specific-pathogen
free conditions in the Monash Animal Research Platform (MARP) and the Animal
Research Facility (ARL) at Monash University. H-2Db"-, H-2K"" and H-2K?/-D®/- mice
(250) were obtained with permission from Institut Pasteur. H-2K"/-D°*- and H-2Db’
KP*- hemizygous mice were generated by crossing homozygous H-2D°" or H-2K""
mice with H-2DP”-KP”- double knockout mice. For influenza A virus infection, mice were
anesthetized by isoflurane inhalation and infected intranasally with 1 x 10* plaque-
forming-units of HKx31 or HKx31 NP-N5Q mutant (H3N2) in 30uL of PBS (251). All
experimental procedures were approved and conducted under guidelines set by the

Monash University Animal Ethics Committee.

Flow Cytometry

Spleen and thymus from naive uninfected mice were harvested and processed into
single cell suspensions for analysis. Tissues were labelled with fluorophore-
conjugated antibodies from eBioscience, Biologend or BD Pharmingen. Antibodies to
the following list of molecules were used: CD4 (GK1.5), CD8a (53-6.7), CD8p (53-
5.8), TCRp (H57-597), CD103 (2E7), CD11b (M1/70), CD11c (N418), F4/80 (BM8),
NK1.1 (PK136), B220 (RA3-6B2), CD44 (IM7), H-2K (AF6-88.5), H-2D" (KH95),
CD49d (R1-2), CD127 (A7R34), CD5 (REA421), IFNy, TNF (MP6-XT22), IL-2, VB2

(B20.6), VB4 (KT4), VP10 (B21.5), VB5.1 and VB5.2 (MP9-4), VB8.3 (1B3.3), VpS.1
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and VB8.2 (MR5-2), V13 (MR12-3) , VB11 (RR3-15), VB9 (MR10-2), VB6 (RR4-7),
VB17 (KJ23), VB3.1 (KJ25), VB7 (TR310) and VB14 (14-2). Biotinylated H-2DPPA224
monomers were tetramerized with PE-conjugated streptavidin for identification of H-
2DPPA224-specific CD8* T cells. The median fluorescence intensities (MFI) of CD5,
TCRB and CD127 (IL-7Ra) on cells from DP+/- mice were normalized to the

corresponding MFIs from DP+/+ mice.

Magnetic enrichment and isolation of epitope-specific CD8* T cells

Tetramer-based magnetic enrichment was performed to isolate and identify naive H-
2DPPA224-specific CD8* T cell precursors (137, 138, 252). Spleen and major lymph
nodes (auxiliary, brachial, cervical, inguinal and mesenteric) were pooled from naive
mice and stained with phycoerythrin (PE)-labelled influenza-specific H-2D°PA224
tetramers. Cells were washed to remove excess tetramer and incubated with anti-PE-
conjugated magnetic microbeads (Miltenyi Biotec) and tetramer-bound cells were
enriched over an LS column (Miltenyi Biotec) on a magnetic platform. Enriched cells
were stained with a cocktail of conjugated antibodies to identify H-2D°PAz24-specific
CD8* T cells (tetramer* CD8a* TCRp*, CD11b", CD11c, B220", F4/80- CD4"). Entire
samples were acquired on a BD LSRFortessa X-20 for analysis or BD Influx for single-

cell sorting for multiplex RT-PCR.
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Single-cell multiplex RT-PCR

Individual naive D°PA224-specific CD8* T cells were sorted into 96-well plates following
magnetic enrichment. Multiplex single-cell reverse transcription and PCR amplification
of TCRa and TCRp chains were performed using a panel of TCR a chain variable
region (TRAV)- and TCR B chain variable region (TRBV)-specific oligonucleotides as
previously described (179). Briefly, mRNA was reverse transcribed into cDNA using
the SuperScript Il VILO cDNA Kit (ThermoFisher) and incubated at 25°C for 10 mins,
42°C for 120 mins then 85°C for 5 mins. Samples were then used in a 25uL nested
PCR reaction including 1.5 U Taq DNA polymerase, 1x PCR buffer, 1.5 mM MgCly,
0.25 mM dNTPs and panel of 24 TRAV-specific external sense primers and a TCRa
chain constant region (TRAC)-specific external antisense primer, together with 19
TRBV external sense primers and a TCR B chain constant region (TRBC)-specific
external antisense primer (each at 0.1 pmol/uL) at standard PCR conditions. For the
second-round of nested PCR reaction, 2.5 uL of the first-round PCR product was used
in separate TRAV- and TRBV-specific PCRs using the same reaction mix describe
above. However, a set of 24 TRAV-specific internal sense primers and an TRAC-
specific internal antisense primer, or a set of 19 TRBV-specific internal sense primers
and a TRBC-specific internal antisense primer were used. Products from the second-
round PCR were subjected to gel electrophoresis and products were purified with
ExoSAP-IT reagent. Purified products were used in Sanger sequencing reactions with
internal TRAC- or TRBC-specific antisense primers. Sequenced TCR gene segments

were assigned using the IMGT (International ImMunoGeneTics) database (253).
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Intracellular Cytokine Staining

For analyses of cytokine production, cells were stimulated in vitro for 5 hrs in the
presence of GolgiPlug and were surface stained for CD4 and CD8. To assess cytokine
production, cells were stained intracellularly for cytokines IFNy, TNF and IL-2 using
the Cytofix/Cytoperm kit (BD Pharmingen). Data were analysed using FlowJo version
9.6 (Flowdo LLC, Ashland, OR), Pestle version 1.8 and SPICE version 5.3 (Mario

Roederer, National Institutes of Health, Bethesda, MD).

Intravenous labelling of CD8* T cells in the thymic perivascular space

This procedure was described previously (254, 255). Briefly, PE-conjugated anti-
CD8a (Biolegend, Clone 63.6-7) was injected intravenously (1 pg per mouse), and
mice were humanely euthanized 3-4 mins later. Mice were perfused with PBS to
remove excess unbound antibody prior to thymus collection. Thymi from 4 mice were
pooled, labelled cells were isolated from single-cell suspension with anti-PE
microbeads (Miltenyi) before labelling for flow cytometry analysis. Anti-CD8a:PE-
labelled cells were further confirmed to be bona fide emigrating CD8" T cells by
staining with anti-CD8B:PE-Cy7 (Biolegend, Clone YTS156.7.7) and anti-CD103:APC
(Biolegend, Clone: 2E7), which is known to be increased on recent thymic emigrants

in the blood.
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Tetramer Dissociation

Lymphocytes from H-2Db**Kb-- (H-2DP+/+) and H-2DP*-Kb-- (H-2DP+/-) mice at day 10
post-IAV infection were stained with 5ug/mL of H-2DPPA22-PE tetramers for 1hr at
room temperature. Cells were washed and incubated for various timepoints at 37°C
with anti-H-2DP/KP antibody (28-8-6; Pharmingen) (25 pg/mL) to prevent tetramer
rebinding. Cells were then washed and stained with anti-CD8a., anti-TCRf and anti-

CD44 antibodies for flow cytometric analysis.

Statistical analyses

GraphPad Prism (version 8.2.1) was used for all data analyses and arrangements.
Pestle (version 1) and SPICE (version 5.35) were used for TRBV data analyses. The
Mann Whitney U test or Student’s 2-tailed unpaired ¢ test (with Bonferroni’s correction
for multiple comparisons) was used for to determine significance for all individual

statistical comparisons.
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4.4. Results

4.41. Gene Dosage of MHCI Controls the Expression Level of Protein

To alter the abundance of MHCI expression in vivo, we generated MHCI hemizygous
mice on the C57BL/6 (WT) background by crossing either H-2D°**K""- (DP+/+) or H-
2Db-KP** (KP+/+) mice with H-2DP-K®/- (double knockout (DKO)) mice (250)). These
crosses generated F1 mice that were hemizygous for one MHCI gene and knocked-
out for the other: H-2DP*-Kb-- (Db+/-) and H-2DP/-KP*- (KP+/-), respectively. To verify
that changes in MHCI dosage led to changes in MHCI protein expression, we
quantified the level of MHCI expression on splenocytes from H-2DP and H-2KP
homozygous (DP+/+ and KP+/+) and hemizygous (DP+/- and KP+/-) mice. Both H-2DP
and H-2K° homozygous mice showed similar levels of H-2DP and H-2KP protein
expression to WT mice, demonstrating that the loss of one MHCI gene had no impact
on expression of the other (Figure 21A, B) (250). However, cells from hemizygous H-
2D® and H-2KP mice showed a 44% and 43% reduction in expression of H-2DP and H-
2KP, respectively, relative to cells from WT mice and their homozygous counterparts
(Figure 21C, D). These data confirm that the expression of distinct MHCI genes is
independently regulated, and that MHCI gene dosage dictates the level of protein

expressed on the cell surface.
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Figure 21: Expression of MHCI genes is independently regulated and dependent on gene dose. Surface expression of H-2K® (A, C) and H-2D" (B, D)

was assessed on splenocytes from naive WT, homozygous H-2D° (D°+/+) and H-2K® (K°+/+) mice, hemizygous H-2DP (DP+/-) and H-2K® (K°+/-) mice,

and DKO mice. ***, p<0.001; **, p<0.01; *, p<0.05; NS= not significant. Bars and error bars represent mean +/- standard error of the mean (SEM). Data

are representative of 3 independent experiments with n = 4 mice per group.
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4.4.2. MHCI Expression Levels Control Peripheral Naive CD8* T cell Number

To investigate the impact of altered MHCI expression on the size of the peripheral
naive CD8+ T cell compartment, we enumerated splenic CD8" T cells in WT,
homozygous, hemizygous and DKO mice. As shown previously (250), both H-2D® and
H-2KP homozygous mice had an approximately 40%-60% reduction in CD8* T cell
numbers (Figure 22A) compared to WT mice, with the loss of each MHCI gene
reducing CD8* T cell numbers to a similar extent. The H-2D® and H-2KP hemizygous
mice showed a further reduction in CD8" T cell numbers by 40% and 35%,
respectively, relative to their homozygous counterparts. These data suggest that the
level of MHCI expression determines the size of the peripheral CD8" T cell population
in a dose-dependent manner. The number of peripheral CD4* T cells remained
unchanged in homozygous and hemizygous mice compared to WT mice

(Supplementary 4.9.1).

To determine whether reducing the level of MHCI led to the selective loss of particular
CD8" T cell subsets, we classified the CD8" T cell population into three subsets based
on the expression of CD44 and CD49d: phenotypically naive (Tn; CD44"), virtual
memory (Tym; CD44MCD49d"°), and conventional memory (Tmem; CD44"CD49d") T
cells (Figure 22B) ((256, 257). While the numbers of Tym and Tuem cells remained
relatively unchanged with altered MHCI expression, there was a significant reduction
(37% for H-2D® hemizygous mice and 40% for H-2KP hemizygous mice) in the
numbers of Ty cells (Figure 22C). Thus, reduced MHCI expression selectively

impacted on CD8* Tn cells.
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Figure 22: MHCI expression level delimits naive CD8" T cell number in the periphery but not
CD8" T cell development or thymic output. (A) Total splenic CD8" T cells from naive WT,
homozygous H-2D® and H-2K® mice, and hemizygous H-2D and H-2K" mice and DKO mice.
(B) Representative density plot of CD8" T cells that are Ty (CD44"°), Tum (CD44" CD49d"°) and
Tumem (CD44" CD49d™) cells. Cells are gated on single, live, CD4 TCRB* CD8" lymphocytes.
(C) Number of splenic Tn, Tvm, and Tuem CD8" T cells from naive WT, homozygous H-2DP and
H-2K® mice, and hemizygous H-2D® and H-2K® mice (D) Representative dot plots of single,
live, thymocytes from WT, homozygous H-2DP and hemizygous H-2DP mice. Cells are gated
on single, live thymocytes. (E) Number of CD8" CD4 thymocytes and (F) MFI of H-2D°
expression on thymocytes in WT, homozygous H-2D° and hemizygous H-2D° mice. (G)
Representative dot plots of PE-enriched singlet, live, CD8 SP thymocytes from mice injected
intravenously with anti-CD8a.:PE, and then stained ex vivo with anti-CD8p. A representative
stain of the blood is used as a positive control. Cells are gated on single live B220~ CD4"
CD11b- CD11c F4/80° NK1.1" lymphocytes. (H) Total number of perivascular CD8 SP
thymocytes based on dual-staining with CD8a. and CD8p. (I) Representative dot plot (left) and
collated data (right) showing CD103 expression of blood-derived CD8" T cells (red dots) and
perivascular CD8 SP thymocytes (black dots). ***, p<0.001; **, p<0.01; *, p<0.05; NS= not
significant. Bars and error bars represent mean +/- SEM. These results are representative of

2 independent experiments with n = 4-8 per group.
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4.4.3. Reduction in naive CD8* T cells in MHCI hemizygous mice is not due to

reduced CD8"* T cell generation or thymic output

The impact of altered MHCI expression levels on the numbers of Ty cells could be the
result of changes in thymic output and/or peripheral homeostatic maintenance. To
explore these mechanisms, we focused on H-2DP homozygous and hemizygous mice,
with validation of some key observations in H-2K® homozygous and hemizygous mice.
An initial analysis of CD8 T cell generation in the thymus revealed a substantial
reduction in mature CD8 single positive (SP) T cells in both H-2D® homozygous and
hemizygous strains compared to WT controls, which is likely due to the loss of H-2KP-
restricted CD8" T cells (Figure 22D, E). In contrast, we observed no difference in CD8
SP thymocytes between H-2DP homozygous and hemizygous mice (Figure 22D, E)
despite a reduction in H-2DP expression in the thymi of hemizygous mice (Figure 22F).
This illustrates that MHCI gene dosage does not impact on CD8" T cell generation in

the thymus.

Mature SP T cells are thought to emigrate to the periphery at perivascular spaces at
the corticomedullary junction (254, 255). Thus, to measure thymic emigration, we used
an established method to identify and enumerate mature CD8 SP thymocytes in these
perivascular spaces (Supplementary 4.9.2). An anti-CD8a-PE antibody was injected
intravenously into mice to label all blood-derived CD8* T cells, as well as emigrating
CD8 SP thymocytes. Animals were sacrificed 3 minutes later and immediately
perfused to deplete blood-derived CD8* T cells from the thymus. Emigrating CD8 SP
thymocytes residing in the perivascular channels (anti-CD8a-PE*) were magnetically

enriched using PE-specific beads. Cells were subsequently co-stained with anti-
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CD8B-APC and the number of dual-labelled cells was taken as an indication of the
rate of thymocyte egress (Supplementary 4.9.2). There were significantly fewer
emigrating CD8 SP thymocytes in both H-2D® homozygous and hemizygous mice
compared to WT mice, but there was no difference in the number of emigrating CD8
SP thymocytes between H-2DP homozygous and hemizygous mice (Figure 22G, H).
The identified cells were newly formed CD8 SP thymocytes (as opposed to
contaminating blood cells) was verified by their high level of CD103 expression

(Figure 221) (258).

Collectively, while the loss of one MHCI gene had a substantial effect on the
development and emigration of mature CD8 SP T cells, these data show that the rate
of thymic development and emigration of mature CD8 SP T cells were not substantially
influenced by halving the expression of the remaining MHC gene. Thus, we conclude
that the reduction in naive CD8" T cell number in the periphery of MHCI hemizygous

mice is not a consequence of reduced thymic export.
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4.4.4. Qualitative changes in peripheral T cell repertoire from MHCI hemizygous

mice

To determine whether the peripheral loss of CD8* T cells in MHCI hemizygous mice
was selective or stochastic, we analysed the TCR repertoire. The global TRBV usage
of naive CD8" T cells was assessed by flow cytometry using a panel of VB-specific
antibodies in both the thymus and spleen of WT mice, and H-2D® homozygous and
hemizygous mice. In the thymus, TRBV usage was surprisingly similar across all
mouse strains. These data suggest firstly that thymic selection on H-2DP and H-2KP
molecules does not drive overtly different TRBV usage (Figure 23A, Supplementary
4.9.3A) and supports our earlier data that CD8" T cell generation and thymic output
are not influenced by MHCI dosage (Figure 22D — I). In contrast, analysis of TRBV
usage in the spleen revealed significant differences in the usage of particular TRBVs
by CD8" T cells from homozygous and hemizygous mice. In particular, H-2DP
hemizygous mice showed a significant increase in the usage of TRBV16, TRBV24

and, most strikingly, TRBV29 (Figure 23B).

Of note, a similar pattern was seen when TRBV usage was assessed across H-2KP
homozygous and hemizygous mice. There was no difference in the thymus
(Supplementary 4.9.3A) but H-2KP hemizygous mice exhibited modest increases in
TRBV16, TRBV24 and TRBV29 usage on peripheral T cells compared to their
homozygous counterparts (Supplementary 4.9.3B). The TRBV repertoire of CD4* T
cells in the periphery was not impacted by MHCI expression levels, indicating that
these shifts are a consequence of altered peripheral CD8* T cell recognition of pMHCI

(Supplementary 4.9.4A, B). These shifts in the peripheral TRBV repertoire usage
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under conditions of reduced MHCI expression indicate that naive CD8* T cell

populations are selectively retained in a TCR dependent manner.

Selective retention of naive CD8" T cells may be mediated by increased competition
for the two major survival signals: TCR recognition of pMHCI and IL-7 signaling. Thus,
we analysed markers denoting the capacity of the cells to compete for these signals.
To evaluate pMHCI/TCR signalling, CD5 expression was assessed as an indicator of
the strength of signal received through TCR recognition of pMHCI, and thus
competitiveness for pMHCI binding (259-261) and TCRp was assessed as a marker
of TCR density. On CD8 SP thymocytes, there was no difference in CD5 or TCRp
expression between H-2D° homozygous and hemizygous mice (Figure 23C, D)
suggesting that TCR/pMHCI signaling during thymic selection was unaltered.
However, peripheral naive CD8* T cells from H-2D° hemizygous mice showed
significantly elevated expression of CD5, despite similar TCR levels as their
homozygous counterparts (Figure 23E, F). CD5 expression was similarly increased
on peripheral CD8* T cells from H-2KP hemizygous mice (Supplementary 4.9.3C) but
CD5 levels were unchanged on peripheral CD4* T cells from H-2D° and H-2KP
hemizygous mice (Supplementary 4.9.4C, D). To evaluate IL-7 signalling capacity,
the expression of IL-7Ra (CD127) was evaluated by flow cytometry. Expression of IL-
7Ra (CD127) was significantly upregulated on cells from mice that were hemizygous

for either H-2DP (Figure 23G) or H-2K" (Supplementary 4.9.3D).

Collectively, these data indicate that naive CD8" T cells with a higher capacity to bind

self pMHCI and compete for IL-7 are preferentially maintained under conditions of

Page |136



Chapter Four — MHCI Dose and CD8 T cell Homeostatic Maintenance

limited MHCI expression. As a result, MHCI dose substantially influences both the

frequency and quality of peripheral naive CD8" T cells.
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Figure 23: MHCI expression level influences the composition of the peripheral naive CD8" T cell repertoire. TRBV usage was assessed by flow
cytometry on (A) CD8 SP thymocytes and (B) peripheral splenic CD8"* T cells from WT, homozygous H-2DP and hemizygous H-2D° mice. Normalized
median florescence intensity (MFI) for (C) CD5 expression and (D) TCRp expression on CD8 SP thymocytes. Normalized MFI for (E) CD5 expression,
(F) TCRB expression and (G) IL-7Ra expression on naive splenic CD8" T cells. ***, p<0.001; **, p<0.01; *, p<0.05; NS= not significant. Bars and error
bars represent mean +/- SEM. These results are representative of 2 independent experiments with n = 4-6 mice per group (A, B) and pooled and
normalized to D®/D° MFI (C-F).
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4.4.5. During IAV infection, CD8* T cells from MHCI Hemizygous Mice Exhibit

Improved Functionality

To understand how the observed changes in the CD8" T cell repertoire in MHCI
hemizygous mice might impact on an antigen-specific population, we took advantage
of the pronounced increase in TRBV29 usage in H-2D° hemizygous mice. We have
previously shown that CD8" T cells specific for the influenza A virus (IAV)-derived H-
2DP-restricted acidic polymerase epitope (PA224-233) predominantly utilize TRBV29 in
the naive repertoire, and this is accentuated in the immune repertoire (137, 141, 149).
This suggests that the naive TRBV29* CD8" T cells that are preferentially retained in

H-2DP hemizygous mice may confer superior H-2DPPA224 recognition and activation.

To evaluate whether naive TRBV29* H-2DPPAgus-specific CD8* T cells are
preferentially retained in H-2DP hemizygous mice, total H-2DPPA22s-specific T cells
from naive H-2DP homozygous and hemizygous mice were enumerated and single
cell sorted to assess TRBV29 expression via multiplex nested RT-PCR. H-2DP
hemizygous mice had significantly fewer naive H-2D°PAx24-specific CD8* T cells than
homozygous mice (Figure 24A, B), consistent with the reduction observed for total
CD8* T cells (Figure 22A). Intriguingly, the reduction of naive H-2DPPA224-specific
CD8* T cells was mediated predominantly through loss of TRBV29- cells, while the
number of TRBV29" cells was maintained (Figure 24B). Thus, while a similar
proportion of the naive H-2DPPA.24-specific repertoire used TRBV29 in the WT and H-
2D homozygous mice, a significantly larger proportion of the repertoire used

TRBV29* in the H-2DP hemizygous mice (Figure 24C). These data demonstrate that
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the selective maintenance of cells under conditions of reduced MHCI expression

impacts on naive antigen-specific CD8* T cell populations.

To determine how the preferential retention of naive TRBV29* H-2DPPA224-specific
CD8"* T cells impacted on the immune response to AV infection, H-2D® homozygous
and hemizygous mice were infected intranasally with IAV, and CD8" T cell responses
to the dominant H-2DPPA224 epitope were assessed 10 days post-infection. The H-
2DPPA24-specific CTL response in H-2DP hemizygous mice was significantly reduced
when compared to that observed in homozygous mice (Figure 24D), in line with
reduced frequency of naive cells. Analysis of TRBV usage in the epitope specific
response showed that the magnitude of the TRBV29" response in hemizygous mice
was not significantly affected, while the magnitude of responses generated by
TRBV29 cells was significantly reduced (Figure 24D). This selective loss of the
TRBV29  response to H-2DPPA2x: was confirmed after infection of mice with a
recombinant IAV in which the competing co-dominant NP3s6.374 epitope was removed

via a single point mutation (N5Q) to prevent H-2DP binding (Figure 24E) (169, 173).

As a qualitative measure of functionality, we assessed the capacity of H-2D°PAg24-
specific CD8" T cells to secrete IFNy, TNF and IL-2 cytokines after short-term
restimulation with the PA224 peptide ex vivo (Figure 24F). The ability of CD8* T cells
to simultaneously produce multiple cytokines has been correlated with more effective
protection against virus infection (262, 263). H-2D® hemizygous mice preferentially
retained multifunctional (3+) H-2DPPAx4-specific CD8* T cells, capable of secreting
all three cytokines, and showed a proportional loss of dual- (2+) and mono-functional

(1+) CD8* T cells compared to H-2D° homozygous mice (Figure 24G). In addition,
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after staining cells from H-2D® homozygous and hemizygous mice with H-2D°PA224
tetramer, we assessed the relative rate of tetramer dissociation in the presence of an
anti-H-2D" antibody. We found that H-2DPPAs-specific CD8* T cells from H-2DP
hemizygous mice exhibited a slower dissociation rate, or higher avidity, relative to cells

from H-2DP homozygous mice (Figure 24H).

Collectively, these data demonstrate that while the reduced expression of MHCI
results in the loss of a substantial number of naive H-2DPPAy4-specific CD8* T cells,
there is preferential retention of naive CD8" T cells that are better able to respond to

antigen following virus infection.
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Figure 24: Reduced MHCI expression leads to alterations in I1AV-specific naive CD8" T cell
repertoires and IAV-specific CD8" T cell immune responses. (A) Representative dot plots of
naive H-2D°PA4 tetramer® CD8" T cells, gated on single live lymphocytes that are B220°
CD4" CD11b" CD11c F4/80° NK1.1- and CD8" T cells from pooled spleen and major lymph
nodes of naive H-2D® homozygous and hemizygous mice. (B) Numbers of naive H-2D°PA2s-
specific CD8" T cells isolated from naive H-2DP homozygous or hemizygous mice, with the
proportion of TRBV29" cells indicated. (C) TRBV usage of naive H-2D°PA,2s-specific CD8* T
cells from naive WT, H-2D° homozygous and hemizygous mice, where n = 133, 111, and 27
sequences from 5, 3, and 3 mice for each mouse strain, respectively. Number of immune
TRBV29" H-2DPA.s-specific CD8" T cells isolated from H-2D° homozygous and hemizygous
mice after (D) HKx31 and (E) HKx31 NP-N5Q IAV infection, with the proportion of TRBV29*
cells indicated. (F) Representative dot plots and (G) number of cytokine-producing H-
2DPPA,24-specific CD8" T cells isolated from H-2DP homozygous or hemizygous mice 10 days
after HKx31 infection. (H) Kinetics of H-2D°PA,24 tetramer dissociation for splenic CD8" T cells
on day 10 after primary HKx31 infection showing data points and line of best fit. ***, p<0.001;
** p<0.01; *, p<0.05; NS= not significant. Bars and error bars represent mean +/- SEM. These

results are representative of 2-3 independent experiments with n = 5-6
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4.5. Discussion

Early studies investigating the role of MHCI in peripheral CD8" T cell maintenance
demonstrated that pMHCI recognition in the periphery is essential for survival of naive
CD8" T cells (105, 231-233). There is also compelling evidence, in models of adoptive
transfer of TCR transgenic T cells and lymphopenic-induced models, for a level of
competition amongst naive CD8* T cells for tonic TCR-pMHCI signalling. Those T cells
with higher affinity for self pMHCI compete better when pMHCI is limiting and thus
exhibit a survival advantage (109, 242) However, these early studies typically
transferred large numbers of cells with a single specificity, all competing for survival
signals from the same pMHCI (240, 242) or they transferred large numbers of
polyclonal cells into TCR transgenic mice (240, 242). Thus, it remained unclear from
these early transfer experiments the extent to which endogenous, in situ, polyclonal
CD8* T cell repertoires, which have an exceedingly small number of T cells specific
for any given pMHCI (133, 137), normally compete for pMHCI at physiologically
relevant levels of expression (driven by either homozygous or hemizygous expression
of a particular MHCI allele). Here, we show that modulating the expression level of an
MHCI molecule is sufficient to cause substantial changes in peripheral CD8" T cell
number, independent of thymic generation and output. These changes arise in the
periphery due to TCR-dependent competition that leads to selective loss of CD8" T
cells expressing TCRs with low affinity for pMHCI. This peripheral selection directly

influenced the ability of the CD8" T cells to respond to a viral challenge.

Other studies have also highlighted that affinity for selecting pMHCI in the thymus

correlates with restricting pMHCI in the periphery and foreign pMHCI during challenge.
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Studies with mice expressing a single pMHC have suggested that the signal driving
positive selection in the thymus and survival in the periphery appears to be delivered
by the same pMHCI complex (109, 111, 264). More recently, a correlation between
the strength of signal received via recognition of self pMHC in the thymus and that
received after recognition of foreign cognate pMHC has also been observed, indicating
that the nature of the TCR-pMHCI interaction during positive selection programs an
intrinsic T cell responsiveness to foreign pMHCI (260). Furthermore, MHC
heterozygosity in mice have been demonstrated to confer better protection against
viral infections by generating a diverse T cell repertoire (265). It is clear that the
TRBV29* subset represent an optimal solution for TCR recognition of H-2DPPA224.
TRBV29* cells represent ~ 40-50% of the H-2DPPAzz4-specific repertoire in naive
mice, but ~70% in the immune repertoire (137, 149), corresponding to a significant
increase in avidity for pMHCI (144). The selective retention of this subset in the naive
H-2DPPA224-specific pool in H-2DP hemizygous mice therefore supports the idea that
limiting tonic signaling by self pMHCI in the periphery results in the preferential survival
of CD8* T cells that are not only more competitive for self-pMHCI (as evidenced by

CD5 expression) but also for foreign cognate pMHCI.

It was striking that we observed no significant change in the number, egress, or
phenotype of mature CD8 SP thymocytes from MHCI homozygous and hemizygous
mice. Although not significant, we observed a trend for a very modest drop in SP and
perivascular CD8* T cells in the thymus of H-2D" hemizygous mice. Given that our
analysis represents a snapshot of the thymic microenvironment, it is possible that the
accumulation of very modest changes may contribute to the effects observed in the

periphery. However, in contrast to mature peripheral CD8* T cells, mature CD8 SP T
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cells from H-2DP homozygous and hemizygous mice did not exhibit any change in
either TRBV usage or CD5 expression. Thus, on balance our data indicates that MHCI
gene dosage controls the homeostatic maintenance of CD8" T cells in the periphery
and does not substantially impact CD8* T cell development in the thymus. This seems
to stand in contrast with our understanding of thymic selection, as the density of
specific pMHCI ligands has been shown to influence both positive and negative
selection (266—268). However, it is supported by analyses of mice lacking the [5i
immunoproteasome subunit, in which there is a 25-50% reduction in MHCI levels.
These mice showed no effect on CD8 SP cell numbers or TCR expression levels (269,
270). Collectively, our data suggest that MHCI levels in hemizygous mice are well
above that which is required for normal thymic selection, allowing them to maintain the
breadth of self pMHCI epitopes needed to support the production of a diverse CD8* T
cell repertoire. The discrepancy between this and the limited ability to maintain cells in
the periphery may be explained by the fact that thymocytes are more sensitive to TCR
mediated signals than their mature peripheral counterparts (271, 272), or by the vastly

increased numbers of CD8" T cells that must be maintained in the periphery.

With regard to the mechanisms that drive this preferential CD8" T cell retention, we
observed elevated levels of CD5 and IL-7Ra on cells that were selectively retained in
the periphery of MHCI hemizygous mice. This indicates that CD8" T cells that are
retained with reduced MHCI expression have a superior capacity to compete for both
of the signals that are critical for naive T cell survival; pMHCI and IL-7. Indeed,
previous studies have demonstrated that CD5" cells, as opposed to CD5"° cells,
exhibit increased responsiveness to multiple cytokines, including IL-7, IL-2 and IL-15

(257, 260, 273). Moreover, a seminal study showed that CD4" and CD8" T cells
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stimulated with strong, as opposed to weak, TCR signals subsequently exhibited
heightened sensitivity to IL-7, IL-15 and IL-2 to promote survival (274), indicating a
clear causal link between TCR sensitivity to pMHC and cytokine responsiveness. Of
note, ageing causes a dramatic decline in naive CD8" T cells but CD5" CD8* T cells
are preferentially retained over the course of ageing in mice (136, 275). As a result, it
would be of interest to evaluate whether heterozygote mice exhibit better retention of

naive CD8" T cells with age.

Our work is particularly relevant for understanding the impact of MHCI dose in the
outbred human population. HLA heterozygosity in humans has been shown to confer
a distinct advantage, based on multiple studies in which heterozygous individuals
show superior viral control or protection from diseases including HIV, HSV1, HTLV-1
and HBV (243-246), or improved responses to checkpoint blockade immunotherapy
in cancer patients (276), compared to homozygous individuals. This ‘heterozygote
advantage’ is thought to be actively selected for through MHC-disassortative mating
preferences (277-279) and is thought to be due to an increased capacity to respond
to a broader array of epitopes. On the other hand, homozygosity of HLA genes has
been positively correlated with the incidence and/or severity of several autoimmune
diseases such as multiple sclerosis (247), celiac disease (248) and rheumatoid
arthritis (249), suggesting that an increased dose of particular MHC molecules can
augment T cell responses. These anecdotal findings appear, prima facie, to be
contradictory, with HLA homozygosity associated with both poorer and augmented
responses. However, we contend, in light of the data presented here, that while HLA
homozygosity can result in a proportional increase in naive T cell frequencies and

immune responses, HLA hemi- or heterozygous individuals may selectively retain
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naive T cell populations that can generate qualitatively superior immune responses.
As a result, HLA hemi- or heterozygous individuals may have two distinct
immunological advantages that optimize pathogen control: i) they can respond to a
broader array of epitopes and ii) they selectively retain qualitatively superior CD8* T

cells.

Collectively, this study demonstrates that physiological variation in the expression of
a given MHCI allele is a delimiter of peripheral CD8* T cell numbers, by regulating the
survival signal accessible to mature peripheral T cells, but not T cell development.
Moreover, this study provides clear evidence of clonal competition under physiological
conditions of CD8" T cell composition and frequency, and MHCI expression, with
limited MHCI expression driving selective survival of CD8* T cells with superior pMHCI
recognition capacity. This work furthers our fundamental understanding of the nature
of naive CD8* T cell repertoires maintained by homozygous and heterozygous MHC
allelic expression and thus has implications for understanding the impact of MHCI

dose on homeostasis, disease and ageing.
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4.9. Supplementary Figures

4.9.1. Supplementary Figure 1
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Figure 25: MHCI expression level does not influence peripheral CD4* T cell population. Total
splenic CD4" T cells from naive WT, homozygous D° (D°D) and K® (K°/K®) mice, and

hemizygous D° (D-) and K° (K"/-) mice. Results are representative of 2-3 independent
experiments with n = 4-6
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4.9.2. Supplementary Figure 2
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Figure 26: Gating strategy for perivascular CD8" thymocytes. WT, homozygous D° and hemizygous D° mice were injected intravenously with
1ug of PE-conjugated anti-CD8a antibody and mice were humanely euthanized 3-4 mins later. Mice were perfused with PBS to remove excess

unbound antibody prior to thymus collection. Shown is the gating strategy for the identification of single cells, lymphocytes, live cells, CD4° TCRp",

CD8a*, CD8p" perivascular thymocytes.
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4.9.3. Supplementary Figure 3
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Figure 27: MHCI expression level influences the composition of the peripheral naive CD8" T cell repertoire. (A) TRBV usage on CD8 SP
thymocytes and (B) peripheral splenic CD8" T cells of WT, homozygous KP, and hemizygous K® mice. (C) MFI of CD5 expression on naive splenic
CD8" T cells. (D) MFI of CD127 expression of naive splenic CD8" T cells. ***, p<0.001; **, p<0.01; *, p<0.05. These results are representative of

2 independent experiments with (A, B) n = 5-6 and (C, D) were pooled and normalized to K°+/+ MFI.
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4.9.4. Supplementary Figure 4
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Figure 28: MHCI expression level does not influences the composition of the peripheral naive CD4" T cell repertoire. (A) TRBV usage on
peripheral splenic CD4" T cells from WT, homozygous DP, hemizygous D, and (B) WT, homozygous K® and hemizygous K° mice. MFI of CD5
expression on naive splenic CD4" T cells from (C) D*/DP and D/- mice, and (D) K°/K® and K"/- mice. Results are representative of 2 independent

experiments with (A, B) n = 4-6, and pooled and normalized to (C) DP+/+ and (D) K°+/+.
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Chapter Five

5. Analysis of Immunodomination in Anti-Viral CD8 T cell
Responses During IAV Infection

5.1. Introduction

The overall magnitude of a polyclonal CD8 T cell response is governed in part by the
dynamics of individual antigen-specific responses and their influence on each other.
In particular, subdominant responses can be diminished by concurrent large or
immunodominant responses (reviewed in (128)), in a phenomenon known as
immunodomination. Various studies have provided evidence of immunodomination by
showing that subdominant responses are augmented in the absence of other

immunodominant pMHCI complexes (246—249).

There have been various mechanisms proposed to underpin the phenomenon of
immunodomination: 1) competition within CD8 T cell populations for access to pMHCI,
costimulatory signals and cytokines produced by APCs, 2) the preferential MHC
presentation of certain epitopes over and above others, 3) the killing of APCs following
activation of CD8 T cells of a particular specificity, and 4) the superior elimination of
virus by early-responders (reviewed in (120, 246)). Of note, immunodomination can
occur between CD8 T cells with either the same epitope specificity or distinct

specificities.
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Immunodomination occurs most readily within CD8 T cell populations with the same
specificity. This is exemplified following the adoptive transfer of a large number of TCR
transgenic cells CD8 T cells specific for Ovalbumin-derived H-2KPOvays7 prior to
infection with virus expressing this epitope. The presence of the TCR transgenic cells
significantly diminished the magnitude of the endogenous H-2KPOvaas7-specific CD8
T cell response during challenge (160, 163). The same effect was also seen following
adoptive transfer of TCR transgenic CD8 T cells specific for the LCMV-derived H-
2DPgps3 epitope (161). Of note, the robust expansion of these TCR transgenic CD8 T
cells had little effect on the concurrent responses from CD8 T cells of other
specificities, suggesting that immunodomination within, rather than between, epitope

specificities occurs more readily.

However, competition amongst CD8 T cell populations of different specificities has
been shown to occur. Studies in multiple infection models have demonstrated that
mutation and loss of one immunodominant epitope can lead to compensatory shifts in
the immunodominance hierarchy (153, 162, 280-282). For example, Webby et al
(2003) introduced point mutations into the immunodominant NP3ss and PA224 epitopes
in 1AV, which abrogated presentation by the H-2DP molecule after infection (162). With
loss of these immunodominant epitopes, they observed a compensatory increase in
the otherwise subdominant H-2KPPB1703-specific CD8 T cell response. This effect was
further exacerbated during secondary challenge, where the absence of H-2D°NP3gs
and H-2DPPAu-specific CD8 T cell responses lead to a robust increase in the H-
2KPPB1703-specific CD8 T cell response (280). As another example, Stock et al. (2006)
introduced point mutations into the immunodominant gBaes epitope from LCMV that

again abrogated presentation by the H-2DP (283). This did not lead to a decrease in
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the total magnitude of the anti-viral CD8 T cell response, suggesting that other CD8 T
cell responses were compensating for the loss of the H-2DPgBags-specific response.
Taken together, these studies suggest that there is a level of interaction across CD8
T cells populations of various specificities, where the presence of a particular CD8 T
cell population suppresses the expansion of others. Thus, it is important to understand
more precisely how the quantity and quality of other CD8 T cell responses are affected

by the presence or absence of other anti-viral responses.

As described above, many murine studies of immunodomination have used reverse-
engineering to generate viruses lacking specific epitopes to look at the impact across
epitope specificities. However, the impact of the loss of one MHCI gene on remaining
polyclonal CD8 T cell responses with regard to immunodominance hierarchies has
been under-studied. Of note, one relevant study by ven der Most et al. (2003)
demonstrated significant shifts in the immunodominance hierarchy following chronic
LCMV infection with the loss of the H-2DP allele (153). The loss of H-2DP, which would
otherwise present the immunodominant H-2DPNP3gs and H-2DPGPs3 epitopes,
resulted in the significant increase in the size of otherwise subdominant responses to
H-2KPGP34, H2KPNP2gs, H-2KPNP235 and H-2K°GP11s epitopes. While MHC allele-
specific immunodomination was clearly demonstrated in this chronic model, the impact
of MHC allele-specific immunodomination in an acute model of infection and during

secondary responses has not been addressed.

Although immunodomination remains a key determinant of CD8 T cell response
magnitude during infection (discussed in Section 1.7.5), the factors that govern

immunodomination are still unclear. IAV infection of C57BL/6 mice represents a highly
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controlled model within which to dissect these factors. C57BL/6 mice co-dominantly
express both H-2DP and H-2KP MHCI molecules and IAV infection results in a highly
reproducible CD8 T cell immunodominance hierarchy following both primary and
secondary challenge. This CD8 T cell response is generated against both H-2DP and
H-2KP-restricted IAV-derived peptides (164, 169, 171, 175). In this chapter, | tracked
compensatory shifts in the magnitude and quality of the CD8 T cell response following
IAV infection in mice lacking either H-2DP or H-2K® MHCI molecules to ascertain how
CD8 T cell responses restricted to one MHCI molecule impact on responses to

another.
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5.2. Results

5.2.1. Modest compensation in the magnitude of H-2D’NP3s¢ response after

HKx31 virus infection

In order to determine the impact of a non-restricting MHCI molecule on a MHCI-
restricted CD8 T cell population during infection, | infected WT, H-2D"/- and H-2Kb-"
mice with the HKx31 strain of influenza A virus (IAV) and measured the magnitude of
epitope-specific responses 10 days post-infection using tetramer staining. Primary IAV
infection of C57BL/6 mice results in a well-characterized CD8 T cell
immunodominance hierarchy; larger responses are targeted against the H-2DPNP3s6
and H-2DPPA224 epitopes (immunodominant), and smaller, but significant responses
against H-2D°PB1-F262, H-2KPPB1703 and H-2KPNS2114 (subdominant) (141, 251). It
was the magnitude of these five largest CD8 T cell responses that were tracked
following 1AV infection: H-2D°NP3sgs, H-2D°PAg24, H-2DPPB1-F26, responses in WT
and H-2KP’- mice, and H-2KP-restricted H-2KPNS2114 and H-2K°PB1703 responses in
WT and H-2DY’- mice (Table 16). It should be noted that IAV infection also results in
a host of other peptide-specific CD8 T cell responses, all of which induce reproducibly

minor responses that were not tracked in this study (75).
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Table 16: Amino acid sequences and MHCI restriction of IAV-derived epitopes investigated

in this study
Peptide Amino acid sequence MHCI restriction
NP366.374 ASNENMETM H-2DP
PA224-233 SSLENFRAYV H-2D®
PB1-F262-70 LSLRNPILV H-2D®
NS2114-121 RTFSFQLI H-2KP
PB1703-711 SSYRRPVGI H-2KP

First, | characterized of the number of CD8 T cells in the spleens and lungs of WT, H-
2K’ and H-2D"" mice 10 days after HKx31 infection. In the spleens of uninfected
mice, the loss of H-2K® and H-2D® reduced the number of peripheral CD8 T cells by
approximately 40% and 60%, respectively, due to the loss of each of the CD8 T cell
populations restricted to these alleles (Section 4.4.2) (250). In the spleen of IAV
infected mice, the loss of one MHCI gene (H-2KP or H-2DP) resulted in a similar ~60%
and ~45% reduction in CD8 T cell numbers (Figure 29A), which is most likely due to
the lower starting number of naive CD8 T cells. In contrast, in the lungs of IAV infected
mice, there were similar numbers of CD8 T cells in WT, H-2K®"- and H-2D"’ mice
(~1.5 x 10° CD8 T cells per mouse), all of which were significantly higher than
uninfected WT mice (p = 0.016). This illustrates that the loss of one MHCI gene does

not impair the recruitment of CD8 T cells to the site of infection (Figure 29B).
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Figure 29: Absolute numbers of CD8 T cells in IAV-infected WT, H-2K"'- and H-2D""" mice at
day 10 post-infection. Total CD8 T cells were enumerated in the (A) spleen and (B) lungs of
IAV-infected WT (purple), H-2K*" (red) and H-2D"" (blue) mice 10 days after IAV infection.
The lungs of uninfected WT mice (grey) were used as a control. ** indicates p < 0.01, NS
indicates p > 0.05 (Mann-Whitney test). For all panels, lines and error bars represent mean

+/- SEM. These results are representative of 3 independent experiments with n =5 per group.

In H-2D"- mice, analysis of the IAV antigen-specific populations revealed a significant
increase in the proportion of H-2K°NS2114 and H-2KPPB1703 CD8 T cells in both the
spleens and lungs relative to WT mice (Figure 30A, E). However, the increase in
frequency reflected only a trend for increased numbers of antigen-specific CD8 T cells
(Figure 30C, G) that was not significant (p = 0.20 for H-2K’NS2114 and p = 0.30 for H-
2KPPB1703 responses). In H-2K® mice, the frequency of H-2D°NPsgs-specific cells
was significantly increased in the spleen (p = 0.0159), but only showed an increase
trend in the lungs, compared to WT mice (Figure 30B, F), and neither of which
translated to significantly increased numbers of cells Figure 30D, H). In contrast, the
frequency of H-2DPPA.24- and H-2DPPB1-F2s2-specific CD8 T cells did not change in
the spleen in H-2K®’- mice. In the lungs, however, there was a significant increase in

frequency but not numbers of H-2D°PA224- and H-2DPPB1-F2s2-specific CD8 T cells
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in H-2K*”'mice. Collectively, these data indicate that IAV infection of mice lacking
either H-2KP or H-2DP does not appear to markedly or significantly alter the absolute
magnitude of the remaining epitope-specific populations in the spleen and lungs

following primary acute infection.
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Figure 30: Magnitude of epitope-specific CD8 T cell responses after intranasal (i.n.) infection
with 10* pfu of HKx31 virus. The frequency (A, B, E, F) and number (C, D, G, H) of H-2K"-
restricted (A, C, E, G) and H-2D-restricted (B, D, F, H) epitope-specific CD8 T cells were
measured in the spleen (A, B, C, D) and lungs (E, F, G, H) of WT (purple), H-2D"" (blue) and
H-2K"" (red) mice at 10 days post-infection. ** indicates p < 0.01, * indicates p < 0.05 (Mann-
Whitney test). For all panels, lines and error bars represent mean +/- SEM. These results are

representative of 2 independent experiments with n = 6 mice per group
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| then measured the functional capacity of antigen-specific CD8 T cell populations from
H-2D®’- and H-2K"’ mice during an IAV-driven immune response by measuring the
ability to secrete IFNy, TNF and IL-2. Simultaneous secretion of multiple cytokines has
been previously shown to correlate with increased T cell-mediated immune protection
(284). Splenocytes of infected mice were re-stimulated directly ex vivo for 5hrs with
specific peptides and the level of IFNy, TNF and IL-2 was assessed by intracellular
cytokine staining and flow cytometry (Figure 31A). | then used Boolean gating to
identify CD8 T cells that were 1+ (producing a single cytokine, predominantly IFNy) 2+
(producing two cytokines, predominantly IFNy and TNF) or 3+ (producing IFNy, TNF

and IL-2).

In WT mice, each epitope-specific population exhibited distinct cytokine profiles after
IAV infection. For the H-2DP-restricted responses, H-2D°NPsg6-specific CD8 T cells
had a higher proportions of 1+ cells, while H-2D?PA224 and H-2DPPB1-F2s2-specific
CD8 T cells had a higher proportion of 3+ cells (Figure 31B), as has been seen in
previous studies (173, 251). For the H-2KP-restricted responses, H-2KPNS2114 and H-
2KPPB1703 CD8 T cells had a higher proportion of 1+ cells (Figure 31C), again as has

been seen in previous studies (170).

When H-2DP-restricted cytokine responses were assessed in H-2K"/- mice, profiles
were similar to WT mice (Figure 31B). Specifically, the proportions of 1+ cells was
similar between WT and H-2KP’ mice for H-2D°NPsgs- (WT 42.5%, H-2K®/- 37.9%),
H-2DPPA224- (WT 30.5%, H-2K" 24.5%) and H-2DP-PB1-F262-specific CD8 T cells

(WT 41.4%, H-2K"" 35.7%). The proportions of 3+ cells were also similar for H-
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2DPNP3gs- (WT 24.4%, H-2KP- 26.5%), H-2D°PA224- (WT 40.5%, H-2K'- 43.1%) and

H-2DPPB1-F2e2-specific CD8 T cells (WT 30.7%, H-2K®- 30.1%) (Figure 31B).

When H-2KP-restricted cytokine responses were assessed in H-2D"/ mice, profiles
were again similar to WT mice (Figure 31C). Specifically, the proportion of 1+ CD8 T
cells in H-2KPNS2114 (WT 59.6%, H-2D""61.8%) and H-2K°PB 1703 (WT 71.1%, H-2D®"
- 65.5%), and 3+ CD8 T cells in H-2K’PNS2114 (WT 18.3%, H-2D"" 21.9%) and H-

2KPPB1703 (WT 9.7%, H-2D%- 9.1%) populations were similar (Figure 31C).

These data therefore demonstrate that the loss of H-2KP and H-2DP does not result in
the qualitative compensation of H-2DP- and H-2KP-restricted responses, respectively.
This is consistent with the absence of any significant quantitative shift in epitope-
specific CD8 T cell responses (Figure 30). Collectively, this demonstrates that the loss
of a non-restricting MHCI did not have a significant impact on quantitative or qualitative

features of epitope-specific CD8 T cell responses during IAV infection.
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Figure 31: Cytokine production by epitope-specific CD8 T cells at 10 days after i.n. infection
with 10* pfu HKx31 virus. (A) Representative dot plot of cytokine-producing H-2D°NP3es-
specific CD8 T cells isolated from WT mice. Splenocytes from infected (A and B) WT, (A) H-
2K and (B) H-2D""" mice were re-stimulated for 5hrs with NP3es, PA224, PB1-F252, PB1703 Or
NS2114 peptides directly ex vivo 10 days post-infection. Colours represent the secretion of a
single cytokine (predominantly IFNy) (blue), two cytokines (predominantly IFNy and TNF)
(orange) and all three cytokines (red). Cells are gated on single live, CD4", CD8" lymphocytes.
NS indicates p > 0.05 (Wilcoxon rank sum test). These results are representative of 2

independent experiments with n = 6 per group.
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5.2.2. Compensation by the immunodominant H-2D’NP3es and H-2KPOvazs7 CD8
T cell responses in mice lacking the alternative MHC gene, after primary

acute infection with IAV-Ova virus

One limitation with the WT IAV infection lies in the fact that the H-2KP-restricted
responses are all subdominant, and therefore removal of these may be insufficient to
drive compensatory H-2DP-restricted responses and where minor shifts in the
magnitude of these small responses (in the absence of H-2DP) may fall below our limit
of detection. To better assess the effect of H-2D? on H-2KP-restricted responses, |
used IAVs that have been engineered to express an H-2KP-restricted
immunodominant epitope derived from ovalbumin (OVA2s7.264, SIINFEKL) in the

neuraminidase stalk (HKx31-Ova and PR8-Ova) (163).

Because the HKx31 and PR8 IAVs are serologically distinct but share the same
internal ribonucleoprotein components (284), mice can be primed and challenged with
these strains (Figure 32A) for analysis of secondary CD8 T cell responses against
conserved internal antigens (165) in the absence of cross-protective antibody
responses. This is particularly advantageous in the study of immunodomination since
secondary responses may amplify any modest differences in CD8 T cell epitope-

specific populations that are seen after primary responses.

Infection with either HKx31-Ova or PR8-Ova gives rise to an immunodominant H-
2KPOvazs7-specific CD8 T cell response similar to the magnitude of the H-2DPNP3g6-
specific response and larger than the response directed toward H-2DPA224 following

both primary and secondary challenge with Ovazs7—expressing IAV (163). | therefore
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used the OVAzs7—expressing IAVs to study the impact of an immunodominant H-2KP-
restricted response on H-2DP restricted responses, and vice versa, during the acute

primary, long term memory, and secondary response to infection.

Weight loss, used to indicate the severity of infection, was similar across WT, H-2K®
and H-2D"" mice following both primary and secondary infection with IAV-Ova, with
all groups showing moderate weight loss over the course of infection, and full recovery
of their original weight at days 10 and 7 after primary and secondary infection,
respectively (Figure 32B, C). This indicates that the loss of IAV-specific CD8 T cells

that are restricted by one or the other MHCI molecule does not impair the ability to

recover from IAV infection.
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Figure 32: Timeline and weight loss following i.n. primary and i.n. secondary challenge with
HKx31-Ova and PR8-Ova IAV, respectively. (A) Mice were primed i.n. with 10* pfu of HKx31-
Ova and rechallenged i.n. with 10° pfu of PR8-Ova virus at 60 days post-infection. Analysis of
the primary and secondary immune responses were performed 10 and 7 days post-primary or
-secondary challenge, respectively. (B) Percentage of original body weight at day 0 of WT
(purple), H-2K*" (red) and H-2D"" (blue) mice following primary and secondary IAV infection.

These results are representative of 2 independent experiments with n = 5 per group.
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| then measured the peak magnitude of epitope-specific CD8 T cell responses
following primary challenge with HKx31-Ova. In the spleens and lungs of H-2D""- mice,
there was no significant change in either the frequency or number of H-2K°NS2+14 and
H-2KPPB1703-specific CD8 T cells after infection (Figure 33A, C, E, G). There was,
however, a striking 3- to 4-fold increase in the frequency and number of H-2KPOvays7-
specific CD8 T cells in both the spleen and lung of H-2D"- mice compared to WT mice
(Figure 33A, C, E, G). This demonstrates that the loss of the H-2DP-restricted
responses, including the immunodominant H-2DPNPzgs- and H-2DPPAx4-specific
responses, resulted in preferential compensation by the immunodominant H-

2KPOvaysy response.

In the spleens of H-2K"/- mice, there was a significant increase in the frequencies and
a trend for increased numbers (although not significant) for all H-2DP-restricted
epitope-specific CD8 T cell populations analysed (Figure 33B, D). The loss of H-2KP
appeared to drive a more marked increase in the H-2D°NP3gs specific population,
compared to the H-2D°PA224 or H-2DP-PB1-F26, specific populations. A similar result
was observed in the lungs of infected animals (Figure 33F, H), with a greater impact
of H-2KP loss on H-2DPNPsgss-specific, compared to H-2D°PAg24- and H-2DPPB1-F26,-
specific ,CD8 T cell responses. Collectively, these data suggest that the
immunodominant H-2DPNPsgs response is modestly more susceptible than other H-

2DP-restricted responses to immunodomination by H-2KP responses.
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Figure 33: Magnitude of epitope-specific CD8 T cell responses after i.n. infection with 10* pfu
of HKx31-Ova virus. The frequency (A, B, E, F) and number (C, D, G, H) of H-2K®- (A, C, E,
G) and H-2D° (B, D, F, H) epitope-specific CD8 T cells were measured in the spleen (A, B, C,
D) and lungs (E, F, G, H) of WT (purple), H-2D"" (blue) and H-2K"'~ (red) mice 10 days post-
infection. ** indicates p < 0.01, * indicates p < 0.05. For all panels, lines and error bars
represent mean +/- SEM. These results are representative of 2 independent experiments with

n =5 per group.
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5.2.3. Impaired IAV-specific CD8 T cell memory formation in mice lacking H-2D",

but not H-2KP

| next assessed the relative ability of CD8 T cells to form memory populations in the
presence or absence of the non-restricting MHCI molecule. WT, H-2K"/- and H-2D""
mice were infected with HKx31-Ova virus and memory CD8 T cell populations were

assessed 60 days later.

In the spleens of H-2D"" mice, the frequency of H-2K°NS2114, H-2KPPB1703 and H-
2KPOvazs7-specific CD8 T cells in the spleen was comparable to WT mice (Figure
34A), despite the observation of markedly higher frequencies of H-2K°Ovaas7-specific
CD8 T cells at day 10 (Figure 33A). In the lungs, the frequency of all of the epitope-
specific populations was significantly reduced in H-2D"’ mice relative to WT mice
(Figure 34E). When numbers of epitope-specific CD8 T cells were assessed, there
was a significantly reduction for all epitope-specificities in both the spleen and lung for
H-2D®’- mice compared to WT mice (Figure 33C, G). Thus, despite an augmented
effector response, particularly in the H-2KPOvazs7-specific CD8 T cell population, H-

2KP-restricted memory formation was drastically impaired in the absence of H-2DP.

By contrast, in the spleens of H-2K"- mice, the frequencies of H-2D°NP3gs- (WT 0.3%,
H-2K®" 0.9%), H-2D°PA22s- (WT 0.1%, H-2KP 0.4%) and H-2D°PB1-F2¢- (WT
0.07%, H-2K®"- 0.2%) specific CD8 T cells were all significantly increased in the spleen
(Figure 34B). These populations also trended towards an increase in the lungs (H-
2DPNP3ss: WT 2.8%, H-2K®'- 5.2%; H-2D°PA224: WT 1.7%, H-2K"" 2.3%; H-2D°PB1-

F262 WT 0.7%, H-2K®" 1.9%) (Figure 34F), largely recapitulating the relative
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differences observed during the effector response (Figure 30B, F). Despite this, the
loss of H-2KP did not alter the absolute number of epitope-specific memory CD8 T cells
in either the spleen or lung (Figure 34D, H). Taken together, this highlights a distinct
variation in the biology of H-2DP and H-2KP®, with H-2D® selectively influencing the
memory formation of H-2KP-restricted memory populations to a larger extent than H-

2K" influences the H-2DP-restricted memory population.
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Figure 34: Magnitude of epitope-specific memory CD8 T cell populations 60 days after i.n.
primary acute infection with 10* pfu of HKx31-Ova virus. The frequency (A, B, E, F) and
number (C, D, G, H) of H-2K"- (A, C, E, G) and H-2D° (B, D, F, H) epitope-specific CD8 T cells
were measured in the spleen (A, B, C, D) and lungs (E, F, G, H) of WT (purple), H-2D"" (blue)
and H-2K®" (red) 60 days post-infection. ** indicates p < 0.01, * indicates p < 0.05 (Mann
Whitney test). For all panels, lines and error bars represent mean +/- SEM. These results are

representative of 3 independent experiments with n = 6 per group.
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5.2.4. The H-2KPOvaas7-specific CD8 T cell response is markedly augmented in H-

2D"-- mice after secondary challenge with PR8-Ova virus

| then assessed the ability of IAV-primed WT, H-2K®’"- and H-2D"" mice to mount
secondary responses when challenged with PR8-Ova virus. Mice were primed with
HKx31-Ova virus then challenged with PR8-Ova 60 days later, and analysed 7 days

post-secondary infection.

In WT mice, the immunodominant H-2DPNP3gs and H-2KPOvazs7-specific CD8 T cell
responses comprised most of the secondary CD8 T cell response (Figure 35C, D, G,
H). As has been observed previously, the H-2DPPA-specific CD8 T cell response
becomes subdominant and the H-2KPNS2114-, H-2K’PB1703- and H-2D°PB1-F2e.-
specific CD8 T cell responses remain subdominant following secondary infection

(171).

In the spleens of H-2D® mice, the frequencies and numbers of H-2KPPB17¢3 and H-
2KPOvazs7-, but not H-2KPNS2114-specific CD8 T cells, were significantly increased in
the spleen compared to WT mice (Figure 35A, C). In the lungs, while the frequencies
of H-2KPPB1703-, H-2K°NS2114- and H-2KPOvaysr-specific CD8 T cells were
significantly increased (Figure 35E), only the number of H-2KPOvays7-specific CD8 T

cells was significantly increased in H-2D"- mice compared to WT mice (Figure 35G).

In the spleens of H-2K°’- mice, the frequencies of H-2D°NP3ss, H-2D°PA224 and H-
2DPPB1-F262-specific CD8 T cells were significantly increased in the spleen (Figure

35B), but the absolute number of cells was comparable to WT mice (Figure 35D). In
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the lungs, the frequency and number of epitope-specific CD8 T cells was again

comparable to WT mice (Figure 35F, H).

Of note, there was a marked 5- to 10-fold increase in the frequency and number of H-
2KPOvags7-specific CD8 T cells in the spleens and lungs of H-2D®/- mice compared to
WT mice following secondary challenge. This is notable as these cells have expanded
dramatically during the secondary response, despite their impaired ability to form a
memory population in H-2D’- mice (Figure 34A, C, E, G). Given the low number of
H-2KPOvazs7-specific CD8 T cells in H-2D"/- mice at the memory timepoint, these cells
must expand to an even larger extent, thereby amplifying the effect of compensation
on secondary H-2KPOvays7-specific CD8 T cell responses. This also suggests that
there is a qualitative shift in memory H-2K°Ovaas7-specific CD8 T cells with the loss of

H-2Db.
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Figure 35: Magnitude of epitope-specific CD8 T cell responses after i.n. prime and i.n.
challenge with 10* pfu of HKx31-Ova and 10* pfu of PR8-Ova viruses, respectively. The
frequency (A, B, E, F) and number (C, D, G, H) of H-2K®- (A, C, E, G) and H-2D° (B, D, F, H)
epitope-specific CD8 T cells were measured in the spleen (A, B, C, D) and lungs (E, F, G, H)
of WT (purple), H-2D"" (blue) and H-2K* (red) mice 7 days post-secondary infection. **
indicates p < 0.01, *indicates p < 0.05. For all panels, lines and error bars represent mean +/-

SEM. These results are representative of 2 independent experiments with n = 6 per group.
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5.2.5. Quality of compensatory H-2D’NP3s and H-2K°Ovazs; responses are

similar to those observed in WT mice following IAV-Ova infection

To assess one aspect of the quality of epitope-specific CD8 T cells, | measured their
ability to produce cytokines after short term peptide re-stimulation, as previously
described (Section 5.2.1). | took lymphocytes from spleens and lungs of mice at days
10 (peak primary) or 60 (memory) after HKx31-Ova infection, and 7 days after PR8-
Ova infection (peak secondary) and measured IFNy, TNF and IL-2 cytokine

production.

At peak primary infection with HKx31-Ova, the proportions of 1+ and 3+ CD8 T cells
were similar for H-2D°NPs3gs-, H-2DPPA224- and H-2DPPB1-F2s; in the spleen and lung
of H-2K® mice as compared to WT mice (Figure 36A, C). Likewise, the proportions
of 1+ and 3+ CD8 T cells were similar for H-2K°PB 1703 and H-2K°PNS2114 in the spleens
and lungs of H-2D"" mice compared to WT mice (Figure 36B, D). This is also
consistent with observations with the parental HKx31 (Figure 31) and it indicates that
the inclusion of the Ovazs7 epitope during IAV infection does not alter the cytokine

profile of IAV epitope-specific responses.

At peak primary infection for H-2K°Ovaasr-specific CD8 T cells in WT mice, the
frequencies of 1+ and 3+ cells (Figure 36B, D) were similar to that seen in previous
studies (163). In H-2D"" mice, the frequencies of 1+ and 3+ cells were similar to WT
mice, indicating that the quality of H-2KPOvays7-specific responses is unaffected by the

loss of H-2DP-restricted responses during HKx31-Ova infection (Figure 36B, D).
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Finally, when cytokine profiles were assessed at memory and peak secondary, they

also did not differ based on the absence of H-2D or H-2KP (data not shown).

Taken together, these data indicate that the loss of one MHCI molecule does not
impact on the cytokine profile of the remaining CD8 T cells during primary, memory or
secondary responses. This is striking for the H-2K°Ovags7-specific responses, as it
demonstrates that the loss of H-2DP affects the magnitude of the response but not the

quality of the response, as assessed by cytokine production.
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Figure 36: Cytokine production by epitope-specific CD8 T cell responses after i.n. infection
with 10* pfu HKx31-Ova virus. Lymphocytes from the (A and B) spleen and (C and D) lungs
of infected (A-D) WT, (A and C) H-2K*" and (B and D) H-2D""" mice were re-stimulated with
H-2D°NP36s, H-2D°PA224, H-2D°PB1-F24, H-2K°PB 1703, H-2KPNS2414 or H-2KPOvays; directly
ex vivo 10 days post-infection. Colours represent the secretion of a single cytokine (blue), two
cytokines (orange) and all three cytokines (red). NS indicates p > 0.05 (Wilcoxon rank sum

test). These results are representative of 2 independent experiments with n = 5 per group.
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To assess another measure of quality, | quantified the amount of IFNy produced on a
per cell basis in H-2K*Ovazs7- and H-2DPNPses-specific CD8 T cells using the MFI of

IFNy at the peak of primary and secondary response.

Similar to the cytokine profiles (Figure 36), the IFNy MFI of H-2KPOVAzs7-specific CD8
T cells in the spleen and lungs after both primary and secondary IAV challenge was
not significantly different across both WT and H-2D®" mice (Figure 37A, C). In
addition, the IFNy MFls of H-2D°NPsgs-specific CD8 T cells in the spleen and lungs
was not significantly different across WT and H-2K°’- mice (Figure 37B, D). This
further indicates that the loss of one MHCI molecule results in a quantitative, but not

qualitative compensation by some CD8 T cell restricted by the alternative MHCI.
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Figure 37: MFI of IFNy production by H-2KPOvass7- and H-2D°NPsse-specific CD8 T cells after
Ovaazsz and NP3gs peptide stimulation respectively. IFNy MFI the spleen (dark purple, blue and
red) and lungs (pale purple, blue and red) of WT (purple), H-2D"" (blue) and H-2K®" (red)
mice after stimulation with (A, C) Ovazsy and (B, D) NP3ss peptide (A, B) 10 days post-HKx31-
Ova infection and (C, D) 7 days post-PR8-Ova infection. ** indicates p < 0.01, * indicates p <
0.05, NS indicates p > 0.05. For all panels, lines and error bars represent mean +/- SEM.

These results are representative of 2 independent experiments with n =5 or 6 per group.
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5.2.6. Diminished capacity of H-2KPOvazs7-specific CD8 T cells in H-2D"/- mice

is not influenced by the proportion of MPECs and SLECs.

As previously discussed in Section 5.2.3, the formation of the H-2KPOvazs7 memory
population after primary IAV infection was diminished in the absence of the H-2DP
molecule. The decline in the size of the memory population was observed in both the
spleen and lungs of H-2D®- mice compared to WT mice despite having an expanded
number of effector H-2K°Ovazs7-specific CD8 T cell population following primary and

secondary infection with the IAV virus (Figure 38A, B).

A - W
( ) 6 Spleen , Wildtype
e 1x105 - H-2D"*
é’&g 5x10, . ,./I
Eg 1.5x10_» ’
5 e 5
5 E 2 1_0)(104-
o,
g%% 5.0x10 : /3\ /
28 maao’y LTSN S
=
£5 s Y
Y 0 M 3] T 6}
T Unchallenged 1 Memory 2

acute acute
(B) e 5 Lungs
S o 1.5%105 *
22 1.0x10 i
P 5 4 g
5 E E 4)(104 *
g% § 3><104
5hg 2x10, /
Z 8- 1x10; S AN/
00 1x102 e \ 5/"
ﬁ o SX’IOOI /
T t T T T
Unchallenged 10 Memory 20
acute acute

Figure 38: Kinetics of H-2KPOvaas7-specific CD8 T cell response after IAV infection. The
number of H-2KPOva,s7-specific CD8 T cells in the (A) spleen and (B) lungs of WT (purple)
and H-2D"" (blue) mice after primary acute, memory and secondary acute timepoints. For all
timepoints, points and error bars represent mean +/- SEM. * indicates p < 0.05 (Mann Whitney
test). These results are representative of 2-3 independent experiments with n = 5-6 per group.
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Given the impaired development of memory populations in H-2D" mice, | assessed
the memory potential of effector H-2KPOvays7-specific cells using expression of killer
cell lectin-like receptor sub-family G member (KLRG1) and IL-7 receptor (CD127) at
day 10 post-primary infection. KLRG1°CD127" CD8 T cells have been defined as
memory-precursor effector cells (MPECs), which are effector cells that have a greater
potential to persist into memory populations (183, 285). KLRG1"CD127'° CD8 T cells
are defined as short-lived effector cells (SLECs), which are highly differentiated
effector cells that undergo apoptosis following viral clearance. | hypothesized that
there would be fewer H-2KPOvazs7-specific MPECs in H-2D°/- mice, which would lead

to decreased memory cell formation.

In IAV-infected WT mice, H-2KPOvazs7-specific CD8 T cells predominantly exhibited
the MPEC phenotype in both the spleen and lungs (spleen 48.6%; lungs 33.5%)
(Figure 39A, B), while a minor proportion of H-2KPOvaas7-specific effector CD8 T cells
exhibited the SLEC phenotype (spleen 11.1%; lungs 7.2%). In IAV-infected H-2D"
mice, there was a no significant difference in the proportion of MPECs or SLECs in
both the spleen and lungs compared to WT mice (Figure 39A, B), although there was
a consistent minor trend for fewer MPECs. It is possible that a minor decrease in
MPECs may have a pronounced effect on the generation of the memory pool (285).
However, previous studies have also suggested that the MPEC and SLEC phenotype
is not a good predictor of memory potential in the C57BL/6 model of IAV infection (183,

184).
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Figure 39: Proportion of MPECs and SLECs in the H-2K°Ovaas7-specific CD8 T cell population
10 days after i.n. primary acute infection with 10* pfu HKx31-Ova. H-2KOvayss-specific
effector CD8 T cells were subdivided into MPECs (KLRG1°CD127") and SLECs
(KLRG1"CD127") in the (A) spleen and (B) lungs of WT (purple) and H-2D*" (blue) mice.
Bars and error bars represent mean +/- SEM. ns indicates p > 0.05 (Mann Whitney test). This

result is generated from a single experiment with n = 5 per group.
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5.2.7. Unaltered H-2KPOvaas; presentation with the lack of H-2DP

One key determinant of CD8 T cell response magnitude is the level of antigen
presented on the surface of APCs, where more presented antigen can boost the CD8
T cell response (269, 270). To determine whether the increase in H-2K°Ovazs7-specific
responses in |IAV-infected H-2D?’- mice was a consequence of increased level of H-
2KPOvays7 epitope presentation on APCs, | measured the level of H-2KPOvagsy
presented on APCs 5 days after primary IAV infection of WT and H-2D"/- mice using
an antibody specific for the H-2KPOvazsz complex (25-D1.16). Dendritic cells (DCs)
from the spleen and lungs of WT and H-2D""- mice at 7 days after HKx31-Ova infection
were stained with the antibody and H-2KPOvags; presentation analysed by flow

cytometry.

Following primary infection with the HKx31-Ova virus, DCs were identified in the
spleen of WT and H-2D"" mice by the co-expression of CD11c and MHCII (I-AP).
Analysis of the level of H-2KPOvays7 presentation on the DC surface showed no
significant difference in MFI either in the spleen (Figure 40A) or lungs (Figure 40B)
(spleen and lungs p = 0.7). These data suggest that there was no significant difference
in H-2KPOvays7 presentation with the loss of H-2DP at day 5 after infection. As a result,
the compensatory increase in the magnitude of the H-2K°Ovaas7-specific response is

not likely to be driven by differences in antigen presentation.
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Figure 40: Similar presentation of H-2K°Ova,s7 on DCs from WT and H-2DP"" mice following
HKx31-Ova infection. Representative histogram MFI summary plots of H-2K°Ova: PE-Cy7
expression in the (A) spleen and (B) lungs of WT (purple) and H-2D®" (blue) mice. ns indicates
p > 0.05 (Mann Whitney test). Cells are live, CD11c", I-A** DCs. For all panels, lines and error
bars represent mean +/- SEM. These results are representative of 2 independent experiments

with n = 4 or 5 per group.
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5.2.8. The compensatory increase in the H-2KPOvazsr-specific CD8 T cell
response is driven by augmented recruitment of naive cells in H-2Db"

mice

Another key determinant of CD8 T cell response magnitude is the efficiency of
recruitment from the pool of circulating naive epitope-specific CD8 T cells (137). To
measure the efficiency of recruitment of H-2KPOvays7-specific CD8 T cells after 1AV
infection, | tracked the early divisions of these cells using BrdU, a thymidine analog
that can be incorporated into dividing cells as previously described (137). Briefly, mice
were infected intranasally with the HKx31-Ova virus and administered BrdU in drinking
water at days 5 and 6 post-infection. Spleens and lungs of mice were harvested at day
7 post-infection for analysis of recruitment and division of epitope-specific CD8 T cells
(Figure 41). Epitope-specific CD8 T cell populations were isolated using tetramer-
based magnetic enrichment and naive (CD62L"CD44"°) and activated
(CD62L'°CD44") were analysed for BrdU incorporation. Both H-2KPOvags7- and H-
2KPPB1703-specific populations were analysed to compare two epitope-specific
populations that are differentially impacted by the loss of the H-2DP, exhibiting either

robust or no increase in number, respectively.
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Figure 41: Schematic of BrdU treatment strategy. WT and H-2D®" mice were infected i.n. with
HKx31-Ova then administered BrdU in drinking water from day 5 post-infection. Mice were
killed and spleen and peripheral lymph nodes were harvested at day 7 post-infection for

analysis of early cell division.

To measure the efficiency of recruitment of naive epitope-specific CD8 T cells, |
enumerated H-2KPOvags7- and H-2KPPB1703-specific CD8 T cells that had retained a

naive phenotype (CD62L"CD44") and that were undivided (BrdU-).

For H-2K"PB1703-specific CD8 T cells, there are reported to be ~308 naive CD8 T cells
in WT mice (136). In IAV infected WT mice, most of the H-2KPPB1703-specific CD8 T
cells had been recruited by day 7, with an average of 73 cells remaining unrecruited
(Figure 42A, E). In IAV infected H-2D®" mice, an average of ~64 cells remained
unrecruited by day 7 (Figure 42B, E). These data suggested that loss of H-2D® did
not have an impact on the recruitment of naive H-2K°PPB17¢3-specific CD8 T cells into
the immune response. This is also consistent with an unchanged magnitude of the H-

2KPPB1703-specific CD8 T cell response in H-2D"/- mice (Figure 33C).

For H-2K"Ovaas7-specific CD8 T cells, there are reported to be ~130 naive CD8 T cells

in WT mice (133, 138). In IAV infected WT mice, most H-2KPOvays7-specific CD8 T
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cells had again been recruited by day 7, with an average of ~40 cells remaining
unrecruited (Figure 42C, E). In contrast, in IAV infected H-2D"’- mice, there were
significantly fewer cells remaining unrecruited, at an average of ~16 cells (Figure 42D,
E). These data suggested that loss of H-2DP leads to an increase in recruitment of
naive H-2KPOvags7-specific CD8 T cells following IAV infection, consistent with the

increased magnitude of the naive H-2KPOvays7-specific CD8 T cell response.

To determine if there were specific characteristics of naive CD8 T cells that remained
unrecruited, | assessed expression levels of CD5. CD5 can be used to indicate the
TCR affinity for both self-pMHCI as well as foreign cognate pMHCI molecules (260).
Unrecruited cells that were H-2KPOvagzs7-specific, but not H-2KP-PB1703-specific, cells
had a significantly lower MFI for CD5 in H-2D"’ mice when compared to WT mice
(Figure 42F). These data indicate that the increased recruitment of naive H-
2KPOvazs7-specific CD8 T cells is facilitated by recruitment of CD5" cells with higher

affinity for antigen.
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Figure 42: Increased recruitment of H-2K°Ovags7-specific CD8 T cells in the absence of H-
2DP. (A) Representative dot plots of WT (A, C) and H-2D®" (B, D) splenocytes that were
magnetically enriched using H-2K’PB1703 (A, B) and H-2K°Ovays; (C, D) tetramers. Data
shows BrdU incorporation vs CD44 expression on live, CD19, F4/80°, TCRp*, CD4", CD8"
tetramer*, CD62L" lymphocytes after tetramer-based magnetic enrichment. (E) Number and
(F) CD5 MFI of CD62L"CD44"BrdU" naive H-2K°PB1703 H-2KPOva,s7-specific CD8 T cells in
WT (purple) and H-2D"" (blue) mice at day 7 post-infection. * indicates p < 0.05, ns indicates
p > 0.05 (Mann Whitney test). Bars and error bars represent mean +/- SEM. These results are

representative of 2 independent experiments with n = 4 per group.
Page |196



Chapter Five — CD8 T cell Compensation

5.3. Discussion

This study has defined the relative capacity of different epitope-specific responses to
compensate for the loss of responses restricted by another MHCI following IAV
infection. Briefly, the loss of H-2KP-restricted responses following infection with an IAV-
Ova virus, resulted in a modest, but reproducible compensation in the magnitude of
the immunodominant H-2DPNP3ss-specific CD8 T cell response after primary infection.
In contrast, the loss of H-2DP-restricted responses led to a striking increase in the
magnitude of the H-2KPOvays7-specific CD8 T cell response after primary challenge.
This compensatory response was amplified by up to 10-fold after secondary infection,
despite a reduction in memory cells. Despite the increase in magnitude of H-2D°NP3s6-
and H-2KPOvags7-specific CD8 T cell responses with the loss of H-2KP and H-2DP
respectively, this did not reflect a qualitative change in these epitope-specific CD8 T
cells. The cytokine profiles and MPEC/SLEC profiles of all epitope-specific CD8 T cell
populations remained unaltered despite the loss of H-2DP or H-2KP. The compensatory
increase in the magnitude of the H-2K°Ovaas7-specific response was due, at least in
part, to enhanced recruitment of the relatively high affinity cells from the naive pool,
however there was no evidence that this was driven by increased H-2KPOvaasy
presentation in the absence of H-2DP. Overall, | observed modest compensation by
remaining CD8 T cell responses with the loss of one MHCI molecule, with
immunodominant responses compensating to a greater extent than subdominant
responses. This indicates that there is a level of flexibility in immunodominant
populations, providing a better capacity to compensate for the loss of other CD8 T cell

responses.
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Immunodomination is a biological phenomenon that can be a key determinant of CD8
T cell response magnitude and it may also be relevant to a number of physiological
scenarios, including 1) immune escape, 2) MHCI downregulation during infection and
3) interactions between diverse HLA alleles in outbred human populations. During viral
infection, prominent epitopes can become mutated, which allows mutant viral variants
to “escape” detection by the immune system (286-289). This occurs during many viral
infections, including the human immunodeficiency virus (HIV), hepatitis C virus, herpes
simplex virus (HSV) and influenza A virus (IAV). This loss of immunodominant
epitopes during immune escape could potentially decrease immunodomination of
other epitope-specific responses. During viral infection, MHCI can also be
downregulated by certain viruses, such as HSV and IAV, with preferential
downregulation of specific HLA genes and alleles (290, 291). Selective MHCI
downregulation may again potentially reduce an immunodominant epitope-specific
response restricted by one MHC complex which may then reduce immunodomination
of responses restricted by other MHC genes. Finally, humans express a vast number
of HLA allelic variants across the population, with 18,694 HLA Class | alleles known
to date (292). An understanding of the effect of individual MHCI-specific responses on
the magnitude or quality of other non-restricted CD8 T cell responses is essential to
predict the magnitude and quality of CD8 T cell responses in individuals with a specific
HLA haplotype. Therefore, to more effectively manage immune escape, MHCI
downregulation and HLA diversity during viral infection, it is critical to understand
immunodomination and the complexities of the interaction between CD8 T cell

responses restricted by different MHC genes.
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The insertion of the Ovazs7 peptide (SIINFEKL) into the neuraminidase stalk of the
influenza A virus introduces an H-2KP-restricted immunodominant response in
C57BL/6 mice (163). The introduction of the Ovazs7-epitope was shown to modestly
decrease the H-2DPPA2-specific CD8 T cell response during infection (163). This
suggests that the H-2DPPAx24-specific response is more sensitive to the introduction
of H-2KPOvays7-specific responses. Intriguingly, the removal of the global H-2KP-
restricted responses (including the H-2K°Ovags7) resulted in compensation by one
immunodominant epitope, H-2D°NPsgs, but not H-2DPPA24. On the other hand, the
complete removal of the global H-2DP-restricted responses resulted in the significant
compensation in magnitude of H-2K°Ovaas7-specific responses, but not other H-2KP-
restricted responses. | have shown that the H-2K"Ovaas7-specific response, which is
highly immunodominant, is more sensitive to the loss of other two immunodominant
responses when compared to the subdominant H-2KPNS2i14 and H-2KPPB1703

responses.

It appears that the immunodominant H-2KPOvagzs7- and H-2D°NP3gs-, but not H-
2DPPA224-specific responses, are more sensitive to immunodomination and therefore
more able to compensate in the absence of other MHC-restricted responses. This is
contrary to previous studies where they observed compensation by subdominant
responses in the absence of other immunodominant responses (162, 280, 281). On
the contrary, CD8 T cells that generate immunodominant responses during infection
express TCRs of higher affinity. It is likely that the TCR properties of immunodominant
CD8 T cell responses, at least in the model of 1AV, provide them with the capacity to
compensate for the loss of other CD8 T cell responses. Furthermore, the capacity of

immunodominant responses to expand is amplified by the total loss of other MHCI-
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restricted responses (144, 148). In particular, H-2KPOvags7-specific CD8 T cells
expanded to a greater extent following secondary infection from a diminished pool of
memory population. To this end, a detailed analysis of the rate of expansion following

primary and secondary infection is warranted to address this hypothesis.

The recruitment of epitope-specific naive CD8 T cells into the immune response is a
well-established determinant of CD8 T cell response magnitude (137, 293). The
comprehensive recruitment of naive H-2DPNP3g6- and H-2DPPA24-specific CD8 T cells
into the immune response correlates strongly with theirimmunodominance during IAV
infection, while the partial recruitment of H-2D?PB1-F2s; correlates with a subdominant
response (137). It is possible that subdominant responses are incapable of expanding
further due to limitations in their intrinsic ability to respond to antigen. This is supported
by previous studies that have shown that subdominant responses have an overall
lower TCR affinity for its cognate antigen (147). Despite high levels of peptide
presentation during infection (75), subdominant responses are incapable of forming
large magnitude of responses, suggesting that they are limited in their capacity to
respond likely due to their lower TCR affinity. The increased magnitude of H-
2KPOvags7-specific CD8 T cells in H-2DP- mice also correlated with better recruitment
of naive CD8 T cells into the immune response in WT mice. BrdU analysis showed an
incomplete recruitment of naive H-2KPOvags7-specific CD8 T cells when H-2DP is
present, suggesting that there is a set point in the effector response during an infection,
where there is a fixed number of effector CD8 T cells that can be present in the immune
response. This may represent a mechanism to prevent excessive accumulation of

activated CD8 T cells. Excessive accumulation could result in bystander killing of other
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cells and could lead to clinical manifestations, such as autoimmunity and

immunopathology (reviewed in (294)).

A strong correlation has been previously described between the naive precursor
frequency and the magnitude of T cell responses for multiple models of infections
(reviewed in (128, 133)). This correlation, however, does not apply during IAV infection
where there is an inverse correlation between naive precursor frequency and the
immunodominance hierarchy (137). The present study makes the assumption that the
loss of H-2DP® has no influence on the selection and maintenance of the naive H-2K"-
restricted population. This assumption was based on the data generated in Section
3.2.1, where the loss of H-2KP had negligible impact on the frequency of naive H-
2DPPA224-specific CD8 T cells. However, it will be important to verify that loss of H-2DP
similarly has no impact on the frequency of naive H-2K°Ovaas7-specific CD8 T cells.
Additionally, given the increased recruitment from the H-2KPOvazs7-specific response,
it will be important to characterize the qualitative differences in the H-2KPOvags7-
specific TCRaB repertoire in both naive and immune WT and H-2D"/- mice. While | did
not find evidence that the loss of H-2K" influenced naive H-2DPPA24-specific CD8 T
cell selection (Section 3.2.1), there may be distinct mechanisms that govern naive H-

2KPQOvays7-specific CD8 T cell selection with the loss of H-2DP.

One striking observation from this study is that memory formation of all H-2KP
restricted responses was impaired in the absence of H-2DP. | hypothesised that this
impairment was due to a reduction in MPECs and increased SLECs frequency, but
this was not the case. The size of the memory population that persists after an infection

is influenced by multiple factors including 1) antigen dose, 2) duration of antigen
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presentation, 3) co-stimulatory signalling and 4) cytokines, such as IL-2, IL-12 and
type | IFNs, provided by DCs and CD4 T cells (295-297). Others and | have shown
that the loss of H-2DP or H-2KP has no influence on the number of CD4 T cells (Section
4.9.1; (250)), suggesting that memory formation impairment is not due to a loss of CD4
T cells. However, a detailed characterization of the different DC subsets and the level
of antigen presented is warranted to determine whether the loss of H-2DP impacts on

DC cytokine secretion or antigen presentation.

Finally, | observed an amplification of compensation following the secondary infection,
which has been observed in other systems (280). This amplification was in spite of the
decreased memory pool, suggesting that the memory H-2K°Ovaas7-specific CD8 T
cells generated in H-2DY’- mice are higher quality, possibly with higher affinity for H-
2KPOvaysy. Thus, the compensatory increase in the effector response did not
correspond to the size of the memory CD8 T cell pool, however the diminished memory
pool was able to drive a significantly larger recall response after challenge indicative

of a qualitatively superior functional capacity, compared to that generated in WT mice.

Taken together, this study has tracked how the immune response compensates for
the absence of an MHCI molecule and provides a deeper understanding of
mechanisms that govern the generation of polyclonal primary, memory and secondary
CD8 T cell responses. This study is particularly relevant for understanding human
responses, where a wide repertoire of HLA alleles is expressed. The presence or
absence of certain HLA alleles may lead to immunodomination on remaining CD8 T
cell responses during infection. In addition, the loss of key epitopes during viral

mutation, or virus-induced MHCI downregulation, may selectively remove the
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suppression on certain CD8 T cell responses and allow the ability of remaining

responses to mount an effective CD8 T cell response during infection.
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Chapter Six

6. Concluding Remarks

MHC genes exhibit the highest degree of polymorphism known in higher vertebrates
(298), with up to 18,697 different HLA Class | alleles alone within the human population
(299). Phylogenetic analyses of the MHC genes in humans and mice have shown that
the individual genes and alleles have evolved over time to accumulate mutations
localized predominantly within the peptide-binding cleft (190, 300). The accumulation
of mutations within the peptide-binding cleft has enabled different MHC molecules to
present distinct repertoires of peptides to T cells (301). The diversity of repertoires
across MHC alleles confers an advantage in an outbred population, where individuals
likely present distinct peptide repertoires from each other and the population is more
likely to contain an individual capable of presenting a protective epitope (302). The
structure of the MHC molecule is also crucial for its function (298), which is exemplified
by the fact that, despite the vast number of MHC allelic variants, MHC molecules share
up to 93% structural homology (195). While MHC alleles are structurally homologous,
distinct MHC alleles drive development of distinct populations of T cells in a

phenomenon known as MHC restriction.

MHC restriction implies that MHC molecules play a dominant role in modulating
selection of TCR repertoires but the exact interactions that govern the selection
process are still being defined. Specifically, it is unclear how T cell selection is shaped
by 1) TCR interactions with MHC molecules, 2) TCR interactions with self-peptides

presented by MHC molecules and 3) the net effect of both interactions. The MHC
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molecule clearly plays a fundamental role in T cell selection, where T cells expressing
TCRs with affinity for MHC but not self-antigen are able to mature and circulate in the
periphery (reviewed in (303-305). MHC allelic differences can influence the TCR
repertoire directly, by biasing the TCR repertoire to accommodate contacts with the
MHC molecule, or indirectly, due to the distinct peptide repertoire loaded on the MHC
molecule. In humans, studies have shown a strong correlation between TCR V-region
bias (distinct TRAV and TRBV usage) and variations in the MHC locus (306—308). In
addition, the TCR residues that were predominantly responsible for the association
with MHC variation were focused on the TCR-MHC interface. This suggests that HLA
haplotypes play a significant role in skewing the peripheral TCR repertoire to shape
MHC reactivity. In addition, there are studies that showed unique peptide-binding
modalities that confers TCR-pMHC specificities (196, 309, 310), in line with the
hypothesis that the TCR repertoire is, at least, partially shaped by interactions with the
peptide. However, whether the TCR repertoire is skewed to facilitate direct contacts
with the MHC molecule, or the unique peptide repertoire loaded by distinct MHC

molecules cannot be dissected here.

Given the complexity of MHC allelic variants and their clear relationship to T cell
selection, it is essential to gain more insight into the MHC determinants that influence
T cell biology. This PhD project has explored the influence of MHCI expression on
CD8 T cell populations and can be broadly grouped into the influence on CD8 T cell
selection (Chapter 3), homeostatic maintenance (Chapter 4) and activation during

infection (Chapter 5).
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This thesis has provided a detailed examination of alloreactive CD8 T cell populations
(Chapter 3), by assessing the capacity of an alternative MHCI molecule to mediate
the selection of an epitope-specific CD8 T cell population. | characterised the binding
capacity and function of a population of alloreactive H-2DPPA2-specific CD8 T cells
that were selected on the mismatched H-2KP molecule compared to the matched H-
2D® molecule. The presence of these alloreactive CD8 T cells has clinical
consequences in conditions such as transplant rejection, GvHD and GvL. It also
highlights that there is a level of similarity between MHC allelic variants that is capable
of mediating the selection of an alloreactive T cell population. Of note, alloreactive
CD8 T cells often appear to recognize multiple MHCI molecules (196, 197), which
implies that they are recognizing highly conserved structural features of MHC
molecules. Previous studies have assessed alloreactivity in the CD4 T cell population,
where antigen-specific CD4 T cells can be selected on allelic variants of the MHCII
genes in allomorphic mice (200). They also demonstrated a level of similarity across
multiple MHCII molecules sufficient to mediate the selection of alloreactive CD4 T
cells, so similarities in MHC clearly contributes to the selection of alloreactive T cells

in general.

One key outstanding question is whether selection of alloreactive H-2DPPA224-specific
CD8 T cell population is only mediated by similarities in H-2K° and H-2DP, or whether
the selecting self-peptide presented on H-2KP also contributes. This can only be
determined with identification of the selecting self-peptide, which is technically
challenging. However, we can define how alloreactive T cells bind to foreign-derived
epitopes loaded onto allogeneic MHC by solving the crystal structure of the

alloreactive TCR in complex with H-2DPPA224. Since contacts mediate foreign-derived
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epitopes may reflect contacts on self-derived epitopes that mediated positive selection
(311, 312), the resolved crystal structure will likely provide insights into the specific
interactions mediating the positive selection of alloreactive TCRs. This in turn will
provide insights into how differences between MHC molecules influence cognate

pMHC recognition.

The data presented in this thesis also highlights that there is a distinction between
alloreactive cells that are capable of binding tetramer and those that were capable of
being activated by allogeneic MHC. The alloreactive population detected in my study
was incapable of responding to antigen stimulation both in vitro and in vivo (Figure 6,
8), as compared to cells selected on matched MHCI. Our data therefore suggests that
the vast majority of alloreactive cells that bind to allogeneic MHC do not respond to
stimulation by becoming activated in our systems. However, the existence of GvHD
and GvL suggests that some alloreactive cells must be capable of becoming activated.
To account for these observations, | advance 3 possible, not mutually exclusive,
scenarios; 1) that alloreactive cells capable of becoming activated by allogeneic MHC
are very rare, 2) that different antigen targets may have differing frequencies of
alloreactive cells capable of both binding and being activated by allogeneic MHC
and/or 3) that our in vitro and in vivo model systems are not sufficiently sensitive to
drive or detect activation of alloreactive T cells. To explore these 3 scenarios, | would
perform a number of experiments. Firstly, alloreactive T cells that are capable of
activation may be rare due to an increased frequency of atypical TCR-pMHC docking
topologies that do not permit optimal TCR signalling required for T cell activation
(Figure 43) (84, 313). With regards to GvHD, | speculate that pathogenic alloreactive

T cells happen to bind allogeneic pMHC molecules in a conventional orientation, which
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permits them to expand and cause disease. Hence, if | am able to define the crystal
structure of a number of alloreactive TCRs in complex with an allogeneic pMHC
molecule, this will both define the frequency of atypical binding topology and identify
key binding residues for alloreactive T cell populations. This knowledge may enable
us to detect naive alloreactive T cells and may enable us to identify targets for TCR
blockade or specific depletion during GvHD to control disease. Secondly, | could
assess the frequency and activation capacity of alloreactive cells for other antigen
specificities, to see if the capacity for activation of alloreactive cells is a function of the
target peptide. Finally, | chould test the activation of alloreactive T cells in an allogeneic
transplantation model, which may more closely model the conditions that support

activation of alloreactive cells in GvHD.
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Figure 43: Schematic diagram of alloreactive H-2D°PA.4-specific TCR in complex with H-
2DPPA224. (A) Altered TCRp usage and/or (B) atypical TCR-pMHCI docking topology permits
binding, but may not be optimal for CD8 docking, TCR signalling and activation of alloreactive
H-2DPA24-specific CD8 T cells.

One outstanding question arising from this observation is whether alloreactive H-
2DPPA224-specific CD8 T cell population are capable of responding to H-2D°PAg24
during a physiological immune response. To model an immune response in vitro, | first
expanded the cells with anti-CD3. This is a robust TCR cross-linking stimulus, which
may have driven activation induced non-responsiveness (201), resulting in these cells
being refractory to further TCR signalling. To model an immune response in vivo, |
used DC vaccination with activated peptide-loaded WT BMDCs in NK cell-depleted
mice (Section 3.2.3). However, DC vaccination has been shown to elicit a poor CD8
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T cell response in multiple models of infection (314-318), including IAV infection (147).
The overall poor efficacy of DC vaccination combined with the lowered affinity of the
alloreactive H-2DPPAx24-specific TCRs for its cognate antigen (Figure 6) may have
resulted in the impaired responses observed in this study. Hence, it is entirely plausible
that alloreactive H-2DPPA224-specific CD8 T cells are capable of responding to H-
2DPPA224, but that the sensitivity of the assays used to detect responses here (DC

vaccination and in vitro expansion/stimulation) were insufficient to detect it.

Another outstanding question is whether alloreactive CD8 T cells found in mice that
only express H-2KP (H-2DP- mice) are also capable of being generated in mice that
express H-2DP (i.e. WT mice). | could confirm this if public clonotypes were seen the
TCR repertoire of H-2DPPA24-specific CD8 T cells from both H-2D® mice and WT
mice, but | did not observe such sequences. However, a more definitive result on this
question would require more sequences to ensure deeper coverage of the diverse

TCR repertoire.

Alloreactive CD8 T cells in WT mice are not only positively selected on an alternative
MHCI molecule, but they may also be negatively selected differently in the presence
of other MHCI molecules. As a result, the identification of alloreactive CD8 T cells in
mice expressing multiple MHCI genes is not an accurate representation of the positive
selection processes of alloreactive T cell populations. To address these two issues, |
would aim to use bone marrow chimeras (319) generated using irradiated H-2K®”- mice
or H-2D"" mice reconstituted with bone marrow from WT mice. This will allow the
positive selection of H-2DPPA22s-specific CD8 T cells on either matched H-2DP or

mismatched H-2KP, because positive selection is mediated exclusively by cortical
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thymic epithelial cells, and negative selection on both H-2KP and H-2DP derived from
WT bone marrow. In this way, | could directly assess the impact of positive selection
on a mismatched MHCI as compared to a matched MHCI, in the presence of multiple
ligands for negative selection. Characterisation of alloreactive H-2DPPAx4-specific
CD8 T cells in these chimeric mice will provide a better understanding of precisely how
MHC shapes the repertoire of epitope-specific CD8 T cells. In addition, chimeric mice
would express H-2DP in the periphery, which would allow the generation of an
endogenous IAV response during infection, providing a useful tool to assess

alloreactive TCR-dependent functionality.

While the expression of particular MHCI molecules in the thymus is paramount for CD8
T cell development, the effect of MHCI expression levels on thymic selection is under-
studied. Despite modulating the amount of MHCI expressed in hemizygous mice (H-
2Db*-Kb- and H-2DP’K°*-), thymic development and output were unaffected with
limiting MHCI levels (Chapter 4). This may be due to a known degree of flexibility in
the selection process, whereby the TCR avidity threshold for selection adapts to the
global average TCR avidity threshold in an individual (320). As a result, if MHCI
expression levels in the thymus are globally reduced, relative signalling threshold for
selection would also be reduced, to result similar development and output thymocytes.
As such, MHCI expression in the thymus is still sufficient to generate peripheral T cells.
However, it is possible that T cells with autoreactive TCRs are more likely to survive
selection with the adapted TCR avidity threshold. It would therefore be informative to
evaluate susceptibility to autoimmune disease and to assess the frequency of cells
with more autoreactive TCRs, such as T cells reactive to self-antigen and natural

Tregs, in hemizygous mice.
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Despite normal thymic development and output, MHCI expression levels influenced
the size of the naive CD8 T cell pool in the periphery (Chapter 4). During maintenance,
naive CD8 T cells require tonic signalling via the transient TCR-pMHCI interaction,
which can potentiate IL-7 signalling and promote naive T cell survival (105, 321). The
number of naive CD8 T cells in circulation decreases by approximately 50% in
hemizygous mice, suggesting that the level of MHCI expressed delimits the number
of naive CD8 T cells that can be maintained in the periphery. Perhaps unsurprisingly,
naive CD8 T cells in hemizygous mice express TCRs of higher self-reactivity (based
on their CD5 MFI) and higher expression of the IL-7 receptor a chain. They also
exhibited superior functional capacity to secrete cytokines during infection as
homozygous mice. This suggests that reducing the level of MHCI signalling leads to
selective survival of the ‘fittest’ T cells, that are most sensitive to both MHCI and IL-7

signalling and that are most functional during an immune response.

Humans co-dominantly express individual MHCla genes (HLA-A, -B and -C) on both
chromosomes. Up to six independent MHCla allele-specific naive CD8 T cell
populations can be maintained in each individual. The vast number of HLA alleles in
the population (253, 299) and such heterozygosity at the HLA loci provides a selective
advantage. Heterozygosity at the HLA locus has also been correlated with superior
viral control and protection from diseases including HIV (246, 322), HSV1 (244) and
HTLV-1 (245), and improved checkpoint blockade immunotherapy (276) compared to
homozygous individuals. This is known as the “heterozygote advantage” and it has
been assumed to reflect that a larger repertoire of peptides can be presented on MHC

molecules in heterozygotes during infection (50). On the other hand, homozygosity of
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the HLA genes can positively correlate with severity in autoimmune diseases such as
multiple sclerosis (247), celiac disease (323) and rheumatoid arthritis (249). Therefore,
MHCI heterozygosity may have conferred a selective advantage during evolution, by
mediating a delicate balance during CD8 T cell immunity: to both ensure effective viral

control and clearance, as well as preventing autoimmune diseases in humans.

As a result, this work allows me to propose a model, where homozygous and
heterozygous individuals may have similar numbers of total CD8 T cells, but
heterozygosity at all three MHCla genes enables the selection and maintenance of six
distinct repertoires of MHCla-restricted CD8 T cells (Figure 44). As a result, the CD8
T cell repertoire in heterozygous individuals can engage with a broader array of
peptides during infection and neoantigens during cancer, which increases the
likelihood of generating a protective response. In addition and as previously outlined,
CD8 T cells in heterozygous individuals would have TCRs with higher affinity for self
(and possibly foreign) peptides, they would be more sensitive to the homeostatic
survival cytokine IL-7 and secrete more IFNy, TNF and IL-2 during infection (Figure
44). Thus, despite reducing the number of CD8 T cells specific for a given pMHCI, my
work suggests that heterozygosity likely retains CD8 T cells with superior functionality,
as well as increasing the breadth of epitope presentation. As a result, heterozygosity
at the HLA locus in humans may confer dual advantages to augment the breadth and

quality of CD8 T cell immunity during infection.
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Figure 44: Heterozygosity and homozygosity at the HLA locus impacts the quality of
peripheral naive CD8 T cells. Homozygosity at the HLA locus results in a naive CD8 T cell
repertoire with more low affinity TCRs than heterozygous individuals. Heterozygosity at the
HLA locus results in six different CD8 T cell repertoires with the same overall number of naive
T cells but more diversity of MHC haplotype restriction, more high affinity TCRs, increased

sensitivity to IL-7 and increased cytokine multifunctionality after activation.

This thesis also provided an in-depth analysis of the interactions between CD8 T cells
of different specificities, specifically how the loss of one MHCI molecule influences

remaining CD8 T cell populations during an infection (Chapter 5).

The impact of immunodomination across distinct MHCla alleles is readily observed
and is highly relevant in humans. One example of this occurs during IAV infection in
HLA-B*0801* individuals, where the HLA-B*0801-restricted NP3g3 epitope typically
generates a subdominant but measurable CD8 T cell response (283). However, in

individuals that co-express the HLA-B*2705 allele, the frequency of HLA-B*0801-
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NP3g3-specific CD8 T cells is threefold lower on average (324, 325). This is thought to
be due to competition for presentation of overlapping epitopes by HLA-B80801 (NP3ss-
391) and HLA-B*2705 (NPs3g1-388) (326). Similarly, during IAV infection in HLA-A*0201*
individuals, the CD8 T cell response against the HLA-A*0201-NPa44 epitope is threefold
higher in individuals that do not co-express HLA-B27 or HLA-AQ3 (323). This suggests
that the HLA-A*0201-NPas-specific CD8 T cell response is somehow suppressed by
HLA-B27 and/or HLA-AO3. Analogous findings are seen in hepatitis C virus (HCV)-
infected patients, where a number of HLA-A2 epitopes are used to predict CD8 T cell
responses during HCV infection (292). However, only a minority of the population
(~45%) have detectable HCV-specific responses to these HLA-A2 epitopes in the
presence of other HLA alleles (326). These observations are suggestive of
immunodomination, where the presence and/or absence of certain HLA alleles can

modify other HLA-restricted responses during infection.

In animal studies, the loss of immunodominant responses can result in compensation
by subdominant responses (156, 272), suggesting that sub-dominant responses were
otherwise supressed by the presence of immunodominant epitopes. Intriguingly, |
observed compensation by the immunodominant H-2DPNP3ss- and H-2KPOvaasr-
specific CD8 T cell responses, rather than subdominant responses, with the loss of H-
2KP and H-2DP, respectively. This suggests that, in this IAV infection model, sub-
dominant responses are intrinsically programmed to respond in an inferior way even
with the loss of an entire MHCI-restricted population. This is supported by the finding
that subdominant CD8 T cell populations have more low avidity CD8 T cells, leading
to a lower magnitude response during infection, while CD8 T cells that give rise to

immunodominant responses are comprised predominantly of high avidity TCRs,
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leading to greater expansion (147). One could postulate that if immunodominant
responses are immunodominant because of a superior capacity to respond, their
ability to compensate for the loss of an entire MHCI-restricted response could be
increased over sub-dominant responses after infection (147). Although subdominant
responses have been shown to increase in magnitude following the elimination of
other IAV-specific epitopes during infection (162, 280, 281), subdominant responses
in mice lacking one MHCI-restricted population were comparable to WT mice,
suggesting that there are other factors driving the immunodominance hierarchy.
Hence, whether the capacity of immunodominant responses to compensate for the
absence of other MHCI-restricted responses holds true across other systems remains
to be investigated. This work is relevant to providing a deeper understanding of the
determinants mediating an effective CD8 T cell response, especially in vaccine design
where the efficacy of vaccination may vary across individuals with the diverse
combinations of HLA that can be expressed in the population. Additionally, this work
suggests that vaccine design should be targeted towards immunodominant, rather
than subdominant MHCI-restricted epitopes given their capacity to expand further,

especially with the vast diversity of HLA alleles expressed in the human population.

Finally, | identified a population of cells, including memory CD8 T cells, NKT cells and
NK cells that bind H-2K, but not H-2DP, tetramers in the absence of H-2KP (Chapter
3). This interaction is not TCR-mediated but | propose that it is mediated through the
interaction of H-2K tetramers with the Ly49C molecule. Ly49C has been shown to
interact strongly with H-2KP and it has also been demonstrated to bind H-2D® poorly
(206, 217), which highlights that there are differences in the basic biology of distinct

MHC molecules. The Ly49 family of receptors are expressed on NK cell populations
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and play an inhibitory role in regulating NK cell activation through detection of their
ligand, MHCI, in a phenomenon known as the “missing-self’ (226). Ly49C molecules
are predominantly sequestered by H-2KP in cis, limiting the number of Ly49C available
for trans binding, making NK cells more sensitive to minute changes in MHCI
expression by lowering the activation threshold (216, 221). Ly49C has also been
shown to be expressed on memory CD8 T cell subsets (213), with its expression
correlating with increased sensitivity to IL-15 and antigen-independent proliferative
capacity (327), but the precise function of the Ly49C molecule on memory CD8 T cells
is unclear. The phenotype of Ly49C+ memory CD8 T cells is similar to the virtual
memory CD8 T cell subset, which is highly sensitivity to IL-15 and accumulates with
age (257). This suggests that the identified population of H-2KP-binding CD8 T cells
could in fact be virtual memory T cells. Since the loss of H-2KP (in H-2K®’- and DKO
mice) likely frees up Ly49C molecules available for frans binding, the non-antigen
specific activation threshold for Ly49C* CD8 T cells may be lowered in the absence of
H-2KP. If the molecule mediating the H-2KP binding is verified to be Ly49C, it may act
in a similar way on these conventional CD8 T cells as it does on NK cells, that is to
inhibit functionality. Therefore, | postulate that in the absence of H-2KP, with a deficit
in cis binding of Ly49C, the T cells may have a decreased activation threshold and this
could drive a virtual memory-like phenotype. Accordingly, a thorough investigation of
the activation state, or stimulation threshold of Ly49C* CD8 T cell populations in the
presence or absence of H-2KP, will provide a deeper understanding of the function of

Ly49C on CD8 T cells.

Overall, this thesis has expanded our understanding of MHCI determinants regulating

CD8T cell selection, homeostatic maintenance and activation. While there is a general
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understanding of the roles played by individual MHCI molecules in these processes,
there is still a lack of understanding in how the similarities and differences between
MHCI molecules influence CD8 T cell populations. The consequences are perhaps
most apparent in the CD8 T cell populations that the MHCI molecules selected for in
the thymus and maintain in the periphery. Furthermore, this thesis provided a
mechanistic explanation as to how gene dosage influence CD8 T cell maintenance
and function and expands our understanding of how MHC heterozygosity may provide
an advantage during human evolution. Finally, while it has been widely accepted that
cell-mediated components are crucial to induce a T cell response in vaccination,
differential HLA genes expressed in each individual is a major complication to vaccine
design. Thus, it is critical to understand how CD8 T cell responses restricted by
different MHC molecules impact on one another, so that optimal MHC restricted
peptide repertoires may be selected for future vaccine strategies. In summary, this
thesis provides information that has advanced our fundamental understanding of
precisely how changes in the nature and abundance of MHCI determines effective

CD8 T cell immunity during infection.
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8. Appendices

8.1. Peptides

Appendices

Lyophilised peptides (Genscript Biotech Corp, Nanjing, China)) had a minimum purity

of 70%, and were reconstituted to 100uM in HBSS and stored at -80°C until use (Table

17).

Table 17: Peptides used in the studies described in this thesis.

Abbreviation Protein Amino acid sequence MHC Restriction
NP366-374 Nucleoprotein ASNENMETM H-2DP
PA224-233 Acidic polymerase SSLENFRAYV H-2DP
PB1703-711 Polymerase subunit B1 SSYRRPVGI H-2K®
PB1-F26270 Polymerase subunit 51 - LSLRNPILV H-2DP
Frameshift 2
NS2114-120 Non-structural protein 2 RTFSFQLI H-2K®
Ovazsr-263 Ovalbumin SIINFEKL H-2KP
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8.2. Antibodies

Rat anti-mouse monoclonal antibodies used in this study for flow cytometry are listed

below (Table 18).

Table 18: Mouse-specific antibodies used for flow cytometry analyses

Antibody Clone Fluorophore conjugate Manufacturer
Anti-B220 RA3-6B2 FITC, Pacific Blue eBioscience
Anti-BrdU BU20A FITC Invitrogen
Anti-CD3 145-2C11 BV711 BD
Anti-CD4 GK1.5 AF700, PerCP-Cy5.5, BUV395 BD
Anti-CD5 REA421 PerCP-Vio700 Miltenyi Biotech
Anti-CD8a 53-6.7 BUV395, Pacific Blue, PE Biolegend
Anti-CD8p 53-5.8 PE-Cy7 Biolegend
Anti-CD11a 2D7 PE-Cy7 Biolegend
Anti-CD11b M1/70 FITC, Pacific blue eBioscience
Anti-CD11c N418 FITC, Pacific blue eBioscience
Anti-CD19 6D5 Pacific Blue Biolegend
Anti-CD44 M7 APC-Cy7, PE-Cy7 BD
Anti-CD49d R1-2 AF647 Biolegend
Anti-CD62L MEL-14 BV570, FITC BD
Anti-CD103 2E7 APC Biolegend
Anti-CD122 TM-b1 PE BD
Anti-CD127 A7R34 PE eBioscience
Anti-F4/80 BM8 FITC, Pacific Blue eBioscience
Anti-Granzyme B GB11 AF647 Biolegend
Anti-H-2DP KH95 FITC, PE Biolegend
Anti-H-2KP AF6-88.5 FITC, PE Biolegend
Anti-H-2KP:SIINFEKL | 25-D1.16 PE-Cy7 eBioscience
Anti-l-A° AF6-120.1 FITC, Pacific Blue BD
Anti-IFNy - FITC BD
Anti-IL-2 - PE BD
Anti-KLRG1 2F1 FITC eBioscience
Anti-Ly49C/I/F/H 14B11 FITC eBioscience
Anti-NK1.1 PK136 FITC, Pacific Blue BD
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Anti-TCRbeta H57-597 APC-Cy7 BD
Anti-TNF MP6-XT22 APC Biolegend
Anti-PD1 29.F.1A12 PerCP-Cy5.5 Biolegend
Anti-VB2 B20.6 FITC, PE BD
Anti-V33.1 KJ25 FITC, PE BD
Anti-Vp4 KT4 FITC, PE BD
Anti-VB5.1, 5.2 MR9-4 FITC, PE BD
Anti-VB6 RR4-7 FITC, PE BD
Anti-VB7 TR310 FITC, PE BD
Anti-V38.1, 8.2 MR5-2 FITC, PE BD
Anti-V[38.3 1B3.3 FITC, PE BD
Anti-VB9 MR10-2 FITC, PE BD
Anti-VB10 B21.5 FITC, PE BD
Anti-V311 RR3-15 FITC, PE BD
Anti-VB12 MR11-1 FITC, PE BD
Anti-VB13 MR12-3 FITC, PE BD
Anti-Vp14 14-2 FITC, PE BD
Anti-VB17 KJ23 FITC, PE BD
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8.3. Medias and Buffers

Complete Roswell Park Memorial Institute media (cRPMI)

RPMI 1640 media (Gibco) supplemented with 10% FCS, 2mM L-glutamine, 1TmM
MEM sodium pyruvate, 100uM MEM non-essential amino acids, 5mM HEPES buffer
solution, 55uM 2-mercaptoethanol, 100U/mL penicillin (all Gibco) and 100ug/mL

streptomycin (Invitrogen).

Complete Dulbecco’s Modified Eagle’s Medium (cDMEM)

DMEM media (Gibco) supplemented with 10% FCS, 2mM L-glutamine, 1TmM MEM
sodium pyruvate, 100uM MEM non-essential amino acids, 5mM HEPES buffer
solution, 55uM 2-mercaptoethanol, 100U/mL penicillin (all Gibco) and 100ug/mL

streptomycin (Invitrogen).

Complete Iscove’s Modified Dulbecco’s Medium (cIMDM)

IMDM media (Gibco) supplemented with 10% FCS, 2mM L-glutamine, 1mM MEM
sodium pyruvate, 100uM MEM non-essential amino acids, 5mM HEPES buffer
solution, 55uM 2-mercaptoethanol, 100U/mL penicillin (all Gibco) and 100ug/mL

streptomycin (Invitrogen).

Fc Block
2.4G2 supernatant (Section 2.5.1) with 1% normal mouse serum and 1% normal rat

serum (Stem cell technologies, Vancouver, Canada). Fc block was diluted 1:2 in

MACS buffer for use.
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Hanks buffered salt solution (HBSS)

HBSS was purchased from the Media Preparation Unit from the Biomedicine

Discovery Institute at Monash University, Clayton campus.

Lung digestion media
Lung digest media was made with 2.5mg/mL of Type | collagenase (Gibco) and

105U/mL of recombinant DNase | (Sigma-Aldrich) in RPMI-1640 media.

MACS buffer

PBS with 0.5% BSA and 2mM EDTA.

Red Blood Cell Lysing Buffer Hybri-MaxTM
Red blood cell lysing buffer Hybri-Max™ was purchased from Sigma-Aldrich (St. Louis,

Missouri, USA).

70% Percoll density gradient media
70% Percoll density gradient media was made with 63% Percoll® (Sigma-Aldrich), 7%

10x PBS, 30% 1x PBS and 2mM EDTA.
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8.4. PCR Primers for Multiplex RT-PCR

Primers directed against the mouse TCR sequence were previously designed and

described (Table 19, 16). All primers were synthesized by Sigma-Aldrich and

reconstituted to a final concentration of 5pmol/uL in Ultrapure Distilled Water

(Invitrogen) and stored at -20°C until use.

Table 19: Mouse multiplex primer sequences for amplifying the CDR3a region by single-cell
multiplex RT-PCR".

Primer External Forward? Internal Forward?

TRAV1 GCACATACAGCACCTCAG AACGTGAAGGCCAAGC

TRAV2 CCACCAGGGACCACAG ACTCTGAGCCTGCCCT

TRAV3 GGCGAGCAGGTGGAG GCCCTCCTCACCTGAG

TRAV4 TCTGSTCTGAGATGCAATTTT GGITIMAGGAACAAAGGAGAAT
TRAV5-1/5- CTTCCYTTGGTATAAGCAAGA ATYCGTTCAAATATGGAAAGAAA
4(D)

TRAV6-1/6-2 CAGATGCAAGGTCAAGTGAC GGAGAAGGTCCACAGCTC
TRAV6-3/6-4 AAGGTCCACAGCTCCTTC CAACTGCCAACAACAAGG
TRAV6(D)-5 CTTCTCTGACTGTGAACTGTTC CAGTACCCAACCCTGTTCTG
TRAV6-6 AGATTCCGTGACTCAAACAG ACGGCTGGCCAGAAG
TRAVG6(D/N)-7 | GCCTCAAGGGACAAAGAG AAAGGAAGCAGCAGAGG
TRAV7 AGAAGGTRCAGCAGAGCCCAGAATC | CAKGRCYTCYYTCAACTGCAC
TRAVS TGAAYTGYAGTTACAAGAC TAATCTTAATACGTTCAAATGAG
TRAV9 CTCKSTGSAGCTGAGATGCAA CAGYTKCTCCTCAAGTACTAT
TRAV10 GGAGAGAAGGTCGAGCAAC GAGGGAGACAGCGCTG
TRAV11 AAGACCCAAGTGGAGCAG AACAGGACACAGGCAAAG
TRAV12 GACCCAGAMRGAAGGCCTG GCTGAACWGCACCTATCAG
TRAV12-4 GGGAGGAGCAATGGAGATGG CAGTGACCCAGAAGGAAGG
TRAV13 TCCTTGGTTCTGCAGG TGCAGTGGTTTTACCAA
TRAV14 GCAGCAGGTGAGACAAAG CTCTGACAGTCTGGGAAGG
TRAV15 CTGSAYTGTTCATATRAGACAAGT TTAGTGGAGAGATGGTTTT
TRAV16 GTACAAGCAAACAGCAAGTG ATTATTCTCTGAACTTTCAGAAGC
TRAV17 CAGTCCGTGGACCAGC TATGAAGGAGCCTCCCTG
TRAV18 CAAGATTTCACTGCACG TACTGGTACCGACAGGTC
TRAV19 CAAGTTAAACAAAGCTCTCCATC GCTGACTGTTCAAGAGGGA
TRAV21 GTGCACTTGCCTTGTAGC AATAGTATGGCTTTCCTGGC
Primer External Reverse? Internal Reverse?

TRAC GGCATCACAGGGAACG GCACATTGATTTGGGAGTC

' Primer sequences were obtained from (179).

2 Primer sequences are 5’ > 3’

Page |275




Appendices

Table 20: Mouse multiplex primer sequences for amplifying the CDR3p region by single-cell
multiplex RT-PCR".

Primer External Forward? Internal Forward?

TRBV1 TACCACGTGGTCAAGCTG GTATCCCTGGATGAGCTG
TRBV2 CAGTATCTAGGCCACAATGC GGACAATCAGACTGCCTC
TRBV3 CCCAAAGTCTTACAGATCCC GATATGGGGCAGATGGTG
TRBV4 GACGGCTGTTTTCCAGAC CAGGTGGGAAATGAAGTG
TRBV5 GGTATAAACAGAGCGCTGAG GCCAGAGCTCATGTTTCTC
TRBV12 GGGGTTGTCCAGTCTCC CCAGCAGATTCTCAGTCC
TRBV13 GCTGCAGTCACCCAAAG GTACTGGTATCGGCAGGAC
TRBV14 GCAGTCCTACAGGAAGGG GGTATCAGCAGCCCAGAG
TRBV15 GAGTTACCCAGACACCCAG GTGTGAGCCAGTTTCAGG
TRBV16 CCTAGGCACAAGGTGACAG GAAGCAACTCTGTGGTGTG
TRBV17 GAAGCCAAACCAAGCAC GAACAGGGAAGCTGACAC
TRBV19 GATTGGTCAGGAAGGGC GGTACCGACAGGATTCAG
TRBV20 GGATGGAGTGTCAAGCTG GCTTGGTATCGTCAATCG
TRBV23 CTGCAGTTACACAGAAGCC GCCAGGAAGCAGAGATG
TRBV24 CAGACTCCACGATACCTGG GCACACTGCCTTTTACTGG
TRBV26 GGTGAAAGGGCAAGGAC GAGGTGTATCCCTGAAAAGG
TRBV29 GCTGGAATGTGGACAGG GTACTGGTATCGACAAGACCC
TRBV30 CCTCCTCTACCAAAAGCC GGACATCTGTCAAAGTGGC
TRBV31 CTAACCTCTACTGGTACTGGCAG | CTGTTGGCCAGGTAGAGTC
Primer External Reverse? Internal Reverse?

TRBC CCAGAAGGTAGCAGAGACCC CCTCCTTGCCATTCACCCAC

' Primer sequences were obtained from (179).

2 Primer sequences are 5’ > 3’
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8.5. Alloreactive H-2DPPA22-specific TCR sequences from H-2D"'-

mice

Table 21: Ex vivo analysis of paired and unpaired TCR CDR3 amino acid residues from naive
H-2D°PA224-specific CD8 T cells from H-2D°” mice (M1-M6). Data was generated and

reproduced from my BSc. (Hons) work for the purpose of this current study.

Frequency'
TRBV CDR3g TRBJ | Length | ypav CDR3a TRAJ | Length MM MM ™
aa aa

23456
2 SQEWQGTNTEV | -1 11 7 | LSNYNVL 21 7 - - - -

2 SQDWTYEQ 27 8 12 | SYGSGGSNYKL | 53 | 11 T - - |-
2 SQELGGLAEQ 21 10 12| TGNNYAQGL 26 9 NP
4 RQYEQ 27 5 9 | SONYNQGKL 23 9 - -1~
12| SPPDWGAPETL | 23 11 3 | SGTGGYKV 12 8 NEEEE
12| SRQGNSDY 12 8 14| SASYGNEKI 18 9 NE
12| SLGLGQDTQ 25 9 19| GSNYGNEKI 48 9 T - -1 -1
13 | SETGANGQL 22 9 9 | SPYNYAQGL 26 9 NP
14| RDYAEQ 21 6 6 | GDPGTNTGKL 27 10 N
15 | SLAMHEQ 27 7 6 | GEGAGNKL 17 8 N PE
16 | SLEGLAGDTL 2.4 10 13| GNNYAQGL 26 8 NEEEE
19 | SIGGAV 11 6 12| STSSGQKL 16 8 NP
20 | REGSPSYEQ 27 9 16| REDSGYNKL 11 9 N
23 | SQGIDAETL 23 9 7 | SNMGYKL 9 7 - - -
29 | WGSSYEQ 2.7 7 6 | GDGSNYQL 33 8 N
29 | SFGDTV 14 6 6 | GDSGSWaL 22 8 NEEEE
29 | WGYEQ 27 5 6 | SGGSNYKL 53 8 N
29 | SSSGGYTEV 11 9 10| PSSGSWQL 22 8 NE
2 SQELGGSSYEQ | 27 11 NEEEE
3 GDRGLEQ 2.7 7 NEEEEEE
3 SAGQDYEQ 27 8 NEEEEEE
12| SHTEV 11 5 HEEE
12| SLSGGRRAEQ 21 10 NEEEEEE
12| SLPGSYAEQ 21 9 N
13| LGRARQDTQ 25 9 NEEEE
13 | SDKAWGSAETL | 2-3 11 HEEE
13| SDWGGGAEQ 21 9 N
29 | WGYEQ 27 5 NEEEE
31 | TLWGGAGAETL | 23 11 NEEEEEE
6 | SDGGNMGYKL 9 10 3 NE
6 | GDPSGSWQL 2 9 R

* Sequence in red was selected for in vitro expression.

Page |277




