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Abstract

The HIV-1 Gag p24 protein contains the HLA class-1 B*2705 restricted epitope KK10,
responses to which are associated with delayed progression. Data from in vitro proteasomal
digestion studies from our group has shown the production of a number of C-terminally
extended and truncated epitopes containing KK10, produced in far higher quantities during
proteasomal digestion than this “optimal epitope” and that the amount of antigen made in
proteasomal digestion is instrumental in determining the development of
immunodominance. This work aims to characterise the contribution of these naturally
processed epitope forms to the cellular immune response to this region.

Further proteasomal digestion studies have shown that the common KK10 intra-epitope
escape mutant sequences R132K and L.136M have major effects on epitope production by the
proteasome and that a range of short peptides containing the N-terminal of the KK10
sequence are produced in large quantities by the proteasome. Recognition of the KK10
epitope forms by HLA B*2705 HIV-1 patients were characterised ex vivo and show
recognition of KK10 epitope forms somewhat independent of the presence of KK10
recognition, we also show cross-recognition between KK10 epitope forms by CD8+ T cells, as
well as recognition by CD4+ T-cells. TCR from CD8+ T-cells specific for KK10 epitope forms
were found to share common features in the HLA binding CDR hyper-variable loops.

Structural studies of the HLA B*2705 molecules in complex with the KK10 epitope forms
show a shared binding motif at the N-terminus, and to a lesser extent, the C-terminus of the
binding groove which may facilitate cross-recognition of complexes. In addition these studies
show a potentially novel binding mode for a 14mer peptide, and refolding of truncated KK10
peptides as short as a 4mer with the HLA B*2705 molecule (crystallisation with a 6mer
peptide shown). This demonstrates previously unrecognised flexibility of the HLA class-1 to
bind and present peptides of different lengths to T-cells.

We show that these HLA B*2705 binding-capable truncated peptides do not induce a CD8+
T-cell response in HLA B*2705 HIV-1 patients and may be able to block CD8+ T-cell
responses to the KK10 epitope. This might represent a novel form of viral CTL escape. In
addition we observe the presence of KK10 flanking mutations in patient sequences and
significant associations between the presence of intra-epitope escape mutations, KK10
recognition and patterns of escape in flanking sequences.

Finally we note the reduction in binding of KIR3DL1 to KK10 epitope forms relative to the
KK10 epitope-HLA B*2705 complex. The presence of HLA B*2705 and KIR3DL1 associate
with improved disease course in HIV-1 though the mechanism through which this occurs has
yet to be defined.
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1.1. The Human Immunodeficiency Virus-1 (HIV-1) and Acquired

Immunodeficiency Syndrome (AIDS)

Human immunodeficiency virus-1 (HIV-1) poses one of the greatest global health challenges
we face today, with an estimated 33 million people infected worldwide, and two thirds of
these (22 million) in sub Saharan Africal. Although deaths from AIDS have been significantly
reduced following the development of, and increasing access to, highly active antiretroviral
therapy (HAART) in many of the countries worst affected by the pandemic?, there were still
an estimated 2 million deaths in 2008 alone and over 25 million people have died from AIDS

since 1981.

1.2. Brief outline of the HIV-1 virus, infection and transcription

HIV-1 is a retrovirus of the lentivirus subfamily. Retroviruses are named for their ability to
reverse transcribe their RNA genomes into DNA and to incorporate them into the host
genome through the action of a reverse transcriptase enzyme2. The lentivirus subfamily is a
group of these viruses, which are able to insert their genome into non-dividing cells as well
as those actively undergoing division. Retroviruses infect a range of animals, with several
well-known mammalian retroviruses, including the murine leukaemia viruses (MLV), human
T-lymphotropic viruses (HTLVs)-1-4 and the HIV-1 related simian immunodeficiency virus
(SIV), and human immunodeficiency virus-2 (HIV-2)3. These viruses have a range of effects
on their hosts, though the ability to cause chronic infection and to adversely affect the

immune system is common to many viruses within this family.

The HIV-1 virus particle consists of two copies of the RNA genome of the virus with the

protease, integrase and reverse transcriptase enzymes surrounded by a capsid made from
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the p24 protein. The capsid is surrounded by the p17 protein that forms the matrix and
outside this, the viral envelope. This consists of the host cell membrane with viral gp41 and

gp120 proteins and membrane components derived from the host cell.

HIV-1 entry into the host cell is achieved through the binding of the viral gp120 protein to a
co-receptor (usually CCR5 or CXCR4) along with the CD4-molecule on the cell surface 5. This
binding induces a conformational change in the gp120 protein and exposes gp41, which is
then able to insert its transmembrane region into the cell membrane. Which of the two co-
receptors it is able to bind primarily controls the tropism of the virus: either CCR5 (R5
tropic) or CXCR4 (X4 tropic), or both (dual tropic). R5 tropic viruses are able to bind
macrophages and CD4+ cells, while X4 tropic viruses preferentially infect activated CD4+ T-
cells and are able to induce syncytia formation between cells. X4 tropism is linked to a rapid

decline in CD4+ T-cell count and progression to AIDSé.

Upon entry into the cell, uncoating of the virus occurs and the pre-integration complex (PIC),
consisting of the contents of the viral capsid, is released directly into the cytosol. This
includes Vpr, matrix and integrase, host proteins and two strands of the RNA genome. This
complex remains intact in the cytosol and reverse transcription of the viral RNA into double
stranded DNA occurs. Nuclear localisation signals then result in the transport of the PIC to
the nucleus of the cell through the nuclear pore complex, allowing HIV to replicate in non-
dividing cells with intact nuclear membranes. Following entry, the viral DNA is integrated
into the host genome at sites being actively transcribed as “provirus” through the actions of
the integrase and transactivator of transcription (Tat) proteins? 8 9% 10. Host cell nuclear
factor kappa-light-chain-enhancer (NF-«kB) binds to NF-kB binding sites in the viral DNA act

to promote transcription of the sequence and begin the production of new viral particles!t; 12,

The HIV-1 RNA genome consists of nine genes with long terminal repeats at each end of the

genome. The proteins of HIV are produced from these genes, some in different reading
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frames. This allows the production of many proteins from a small genome. Of the nine genes
present, three are structural genes common to all retroviruses: gag, pol and env. In addition
there are six accessory/regulatory genes present: viral infectivity factor (vif), viral protein R
(vpr), transactivator of transcription (tat), regulator of viral protein expression (rev),

negative regulatory factor (nef) and viral protein U (vpu).

Gag encodes proteins that make up the capsid of the viral particle, including p17 (outer
capsid, the matrix protein) and p24 (inner capsid, the capsid protein). These proteins are
cleaved by the HIV protease in the forming viral particle or the immature virus after release
from the cell. Pol encodes this protease as well as other viral proteins required for the
completion of its lifecycle, including the reverse transcriptase and the integrase. Env encodes
the proteins displayed on the viral envelope, gp41 and gp120. These two glycoproteins are
also cleaved from a gp160 precursor, however, this action is not performed by the viral
protease and instead these proteins proceed through the cellular endoplasmic reticulum and

Golgi complexes, undergoing extensive glycosylation by the host machinery.

1.2.1. HIV-1 Reverse transcriptase and in vivo heterogeneity of the virus

The ability of the virus to transcribe its RNA genome to DNA and integrate it into the host
genome requires the action of the viral reverse transcriptase and integrase enzymes. Once it
was discovered that the virus encoded a reverse transcriptase, it became an immediate
candidate for drug development, as it is vital for viral replication yet its inhibition would
have no effect on normal host cell function. Indeed, two classes of antiretroviral drugs that
target this enzyme, the nucleoside analogue reverse transcriptase inhibitors (NRTIs) were
the first drugs to be shown to be effective and licensed for the treatment of HIV13 14,

However, when used alone, resistance to these drugs can occur relatively quickly.
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The NRTI class of drugs exert inhibition through their incorporation into the nascent DNA
chain during transcription, resulting in the termination of synthesis of the chain. The
incorporation of these inhibitors is allowed due to the relatively low specificity of the reverse
transcriptase for its substrates!S. The same mechanism also results in frequent errors in
substrate-usage during normal, uninhibited replication. These errors mean that the wrong
DNA bases are encoded for the corresponding RNA, resulting in a mutated sequence. The
high error rate of between 1.5 X 10™>and 3 x 10~ >substitutions/site/replication?é results in
an extremely heterogeneous population of virus within an infected individual, and this, in
combination with frequent viral recombination and a relatively high viral load during in
most untreated patients is in fact the mechanism that allows the virus to develop resistance
to antiviral therapies. It has been estimated that in untreated individuals, each possible
mutation in the viral genome will occur every 1 to 2 days, with replicative fitness and

selection pressure shaping the resulting population.

The high mutation rate means that there will be some viral sequences that encode mutations
that will confer resistance to the effects of these drugs, for example blocking the
incorporation of the NRTIs into the nascent DNA chain during synthesis. In an untreated
individual these viral sequences will have no survival advantage over wild-type, however,
once the patient is treated with antiretroviral drugs, viruses containing these mutations will
be able to replicate successfully where others will not, and will become the majority of the
population. In the same way, those viruses with mutations that allow escape from antiviral
responses generated by the adaptive immune system are able to avoid elimination from the
host17:18;19, The selection of viral sequences by immune responses and the fitness cost to the

virus of these mutations will be discussed later in the chapter (Chapter 1.5).

With the advent of HAART, which involves the administration of a combination of drugs,
usually three, targeting different processes essential for completion of the viral life cycle,

viremia can be controlled for extended periods of time20. However, the virus is not
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eliminated by this treatment and treatment breaks usually result in the return of
uncontrolled viral replication?!. Contributing to this rapid resurgence upon treatment
discontinuation is the production of new virus from reservoirs in latent cells. This is
predominantly a population of CD4+ memory T-cells, remaining from the initial expansion of
HIV-1 specific cells formed during acute infection22 23. These long-lived cells will contain the
viral DNA incorporated into the host genome by the integrase enzyme, but as they are not
activated will not have been producing virus and therefore may have avoided destruction by
the immune system. Activation of a percentage of these cells, possibly through antigenic
stimulation if they are CD4+ memory T-cells, at any given time will allow production of virus

and during a treatment break successful replication can occur23.

1.3. The course of infection of HIV-1

Initial infection with HIV-1 can occur through mucosal surfaces during sexual intercourse, or
following direct intravenous inoculation. Over 80% of new infections are thought to occur at
mucosal surfaces24, with varying risks of transmission dependent on intensity and location of
exposure as well as the clade and tropism of the virus to which an individual is exposed25: 26;
27, At these surfaces, HIV-1 is likely to be able to infect Langerhans’ cells within the
epithelium?8 29 and sub-mucosal CD4+ T-cells. Dendritic cells may transport live virus on
their surfaces through attachment to the DC-specific ICAM3-grabbing non-integrin (DC-
SIGN) on the cell surface,3% 31 these viruses may then infect CD4+ T-cells that contact the
dendritic cell (DC)3L. Though macrophages are able to be infected by HIV-1 and are also
present in the sub-mucosa, it has been suggested that newly transmitted viruses are less able
to infect these cells than CD4+ T-cells, and therefore they may not form a primary route of
infection32. Analysis of both the first viral sequences detectable, and populations present in
patients during chronic disease has shown that in the majority of mucosal infections

transmission and successful infection is due to a single viral particle32 33;34:3536;37, Following
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infection, timing of post exposure prophylaxis in animal models shows that a reservoir of
infected cells may be set up in as little as 24 hours, though 3-6 days is the median time for

this to occur3s; 39,

Following initial transmission and regardless of the location of the transmission event, one of
the first sites of infection is the gut-associated lymphoid tissue (GALT), in particular CD4+ T-
cells within this tissue, of which 20% can be infected in the weeks following transmission4%
41,42, Up to 60% of CD4+ T-cells will commit bystander apoptosis as a result of the infection
and the resultant phosphatidylserine* microparticles have been shown to inhibit the immune
response?3. The widespread infection of the GALT allows the establishment of viral
reservoirs and destroys much of the structure of the lymphoid tissues in the region#4. This is

not recovered even with successful HAART40; 41; 42,

During initial infection, viral replication is poorly controlled in the absence of adaptive
immunity, which has not yet been mobilised, and the virus spreads throughout the GALT and
other lymphoid tissues in the body. Viral load increases rapidly and peak viremia usually
occurs three to four weeks following infections (Figure 1). During this phase CD4+ T-cell
counts are severely reduced, and although CD8+ T-cells expand and B-cell numbers are not
significantly affected by the virus, functions of these cell types that rely on CD4+ T-cells, such
as CD4-dependent antibody production, as well as those that require intact germinal centres
(particularly in the gastrointestinal tract) are disrupted by the loss5. The immune activation
caused in this acute period of infection also results in production of several cytokines in large
quantities?6, some of these return to normal levels following acute infection, however others
remain elevated throughout infection including 1L-22, [FN-y and IL-18. Anti-inflammatory
cytokines such as IL-10 exhibit a delayed response to the acute infectiont’. The rise in
cytokines is higher than seen upon infection with other viruses capable of persistence such
as hepatitis-B (HCB) and hepatitis-C (HCV), possibly indicating that they are not making a
beneficial contribution towards effective viral clearance. It has been suggested that the
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immunopathology generated by the response may be counter-productive and may worsen

disease progressions.

Following this peak in viremia, viral load in the body begins to decline and reaches a set-
point, which can vary for each individual, usually by approximately 100 days post-infection#>
(Figure 1). As viral load declines, CD4+ count in the blood will return to near normal levels,
though this is not mirrored in the GALT#2. Following the establishment of viral set-point, the
infection can remain under control for a number of years, although CD4+ T-cell counts slowly
decline during this period. A rapid decline in both CD4+ and CD8+ T-cell counts immediately
precedes the development of AIDS, a stage of the disease defined by CD4+ T-cell counts

below 200 cells/ul and/or the presence of an AIDS defining condition4s.
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Figure 1: Acute HIV infection and the six stages of HIV infection (Roman numerals I-VI). These stages are
based on the appearance of positive immune markers used for detection and staging of HIV infection in
standard laboratory tests, a + sign marks a positive result and a — sign indicates a negative result. The
coloured lines indicate the approximate time post infection that these positive/negative readings are valid.
Reproduced with permission from49, copyright Massachusetts Medical Society.
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1.3.1. Viral Escape from the human immune system

Just prior to peak viremia, the first HIV-1 specific CD8+ T-cell responses can be detected in
the blood5% 51, Prior to this point the viral population is largely homogeneous with few signs
of escape being selected by the immune response3237. The initial CD8+ T-cell responses are
usually directed towards a few peptide epitopes and often generate the rapid selection of
escape mutants leading to loss of the antigen and response, although occasionally patients

have displayed effective initial CD8+ T-cell responses that remain into chronic infection5% 5

53; 54; 55; 56,

Subsequent CD8+ T-cell responses that are seen following this initial wave induce further
selection of the virus and generate greater diversity among viral sequences in the patient5L.
In some patients a minority of these responses in some patients induce changes that appear
to reduce viral fitness and slow replication, providing an effective response57, others show no
or slow selection of escape mutants in their target epitope. This is sometimes due to the
inability of the virus to mutate these regions without inducing significant fitness costs, and
marks an effective immune response58:59. Initial HIV-1 specific antibody responses are also
seen at around the time of peak viremia (Figure 1). These antibodies are almost always non-
neutralising and directed toward the gp41 proteiné0. The appearance of neutralising
antibodies is not usually seen until several months following initial infection; at around the
time that viral set-point is reached. It has further been shown that the majority of selection
pressures associated with reduction of viral load following peak viremia appear to be caused
by CD8+ T-cell responses to the virus5l. Some unexplained mutations could be due to
reversion of mutations transmitted from the previous hosté 62, or could be due to selection
pressure from natural killer (NK) cells which have also been shown to be able to control viral
replication in combination with certain human leukocyte antigens (HLA). For example,

KIR3DL1/KIR3DS1-expressing NK cells have been shown to expand during acute infection in
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HLA Bw4-possessing individuals and are able to control the replication of target cells

expressing these HLA molecules in vitro®3: 64,

The ability and requirement for CD8+ T-cells to control initial viremia and to establish a set-
point for the viral load has been demonstrated in Rhesus Macaques following infection with
SIV. Depletion of CD8+ T-cells in both acute and chronic infection led to the loss of control of
viremia in these animals65. Furthermore, certain HLA class-1 types are strongly associated
with altered disease progression in HIV-1. This was recently confirmed in genome wide
association studies (GWAS) and related studies looking at associations for protection from

HIV-1 disease progression66; 67; 68,

1.4. The human immune system and the response to HIV infection

While neutralising antibodies do eventually appear in many patients, these are usually
strain-specific and are directed towards the founder virus, therefore neutralising only a
small proportion of the virus in the host at the time of their appearancet% 70. However, a
minority of patients will develop antibodies that are broadly neutralising”!. The patient does
not benefit from induction of broadly neutralising antibodies (BNABs) as viral escape occurs
easily for any one antibody?’Z 73, however combinations of BNABs have been tested as
prophylactics and as treatment strategies, and have so far have met with limited success74
While eliciting broadly neutralising antibodies following vaccination remains a significant
area of research?5, and indeed has generated renewed interest following the mixed results of
T-cell vaccine trials in recent years’6: 77, further examination of cellular responses that best
control this disease in natural infection, and particularly of immune responses that are
associated with protective effects?8 79 may provide insight into improving immune control in
all infected individuals. We are therefore concentrating on the cellular response to HIV-1

infection in this study, and in particular the two arms of the immune system that have been
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associated with improved control of the disease in certain individuals, the CD8+ T-cells and

the NK cells.

1.4.1. The cellular immune response

T-cells are cells of the lymphocyte lineage that leave the bone marrow during differentiation
and finish development in the thymus80. These cells recognise antigens through a T-cell
receptor on their surface. This receptor binds peptides in complex with the HLA presented

on the cell surface of antigen-presenting cells (APC).

The development of T-cells is accomplished through a series of stages, from lineage
commitment and thymic colonisation, to co-receptor expression and the formation and
selection of functional T-cell receptor (TCR)8! (Figure 2). Lineage commitment begins before
thymic colonisation and occurs throughout the early stages of thymocyte development. Early
markers of thymocyte potential and thymus-homing are the expression of CCR9 and CCR7
chemokine receptors on the double negative (DN) lymphoid progenitor cell surfaces2 83. The
activation of target genes downstream from the notchl receptor also promotes T-lineage
commitment when the notch ligand delta-like 4 (DL4) is encountered in the thymic
environments4 8586, Thus the T-cell development programme is initiated through the effects
of notch1l activation along with the actions of transcription factors including Runx1 and

GATA-387: 8889 90,
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Figure 2: A basic schematic showing the stages of ap T-cell development from the early double negative
thymocyte to the single positive CD4+ and CD8+ af T-cells following positive and negative selection
processes.

At the DN3 developmental stage of T-lymphocytes, the T-cell receptor begins rearrangement.
The T-cell receptor is made up from two chains that are formed by rearrangement of several
gene segments to form a single functional T-cell receptor sequence, which can then be
expressed. This forms a protein containing four immunoglobulin-like domains with a
transmembrane region and a short cytoplasmic tail. Three hypervariable loops on each of the
TCR chain variable regions are located on the antigen-binding surface of the TCR and
residues in these loops are the contact residues in the interaction between the T-cell
receptor and the HLA-peptide complex?L:92, There are four types of chain encoded for the T-
cell receptor in the genome: the a, , § and y. The a and 8 chains form the T-cell receptor for
conventional CD4+ and CD8+ T-cells, while the y and 6 chains form the TCR of a distinct set

of T-cells largely recognising non-peptide, phosphorylated antigens93; 94.

The constant (C) segment, of which there are 1-2 encoded in the germline for each chain, is
joined to a variable region made up from a combination of variable (V), diversity (D), and

joining (]J) segments (no D segment in the a and y chains), for which there are many
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sequences encoded in the genome. At the DN3 stage, the TCR f3, y and 6 chains are all able to
undergo rearrangementsL; 95. A minority of T-cells forming a functional § and y chain prior to
a functional  chain will go on to form y§ T-cells%, with the remainder forming of3 T-cells.
This process is known as [-selection in aff T-cells and y&-selection in the y§-lineage.
Differential transcriptional activation is seen in these two subsets. This occurs following the
successful production of either y6 or 3 chains at the DN3 stage and may further differentiate
the populations97:98. The rearrangement of these chains is controlled by the gene products
RAG-1 and RAG-2 from the recombination activating genes (RAG). These proteins initiate
and regulate rearrangement using non-homologous DNA end joining (NHE]) machinery to
join the TCR gene segments?. Joining of the ] to D segments occurs prior to the joining of the
V to the D] segments. The joining of the segments in this order is partly controlled by the
recombination signal sequences present at either end of each segment. These can consist of
either 12 or 23 nucleotides, and joining will usually only take place between segment ends
containing heterogeneous signal sequences!%, although this is not the only mechanism of
control. The D segments can be joined to the ] segment through either deletion or inversion

of the segments, however, there is a strong preference for deletional insertion10% 102,

Additional diversity is provided in the TCR by an enzyme known as terminal
deoxynucleotide transferase (TdT), which adds diversity at the junctions of the segments
through the addition of several untemplated nucleotides103; 104 105, The addition of these
untemplated nucleotides can result in frame shifts 3’ of the addition, giving a majority of TCR
sequences that are partly out of frame and unable to form a functional chain. The junctions of
the V, D and ] segments of the TCR chain (V and ] segments in the TCRa chain) encode the
region of the TCR that will become the CDR3 loop in the gene product. The sequence of this
loop is therefore highly diverse in functional TCR and is the region of the receptor that forms
the primary contact with the peptide antigen in the majority of TCR-HLA complexes
observed to datel06 107108, Formation of a functional (§ chain is recognised by pairing the

TCRB gene product with a pre-TCRa chain and the expression of this pre-TCR on the cell
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surfacesl; 109, Recognition of this pre-TCR inactivates the RAG genes and prevents further
TCRf formation!10. The signalling events following the expression of the pre-TCR11% 112 also
induce proliferation of the T-cell and the expression of both the CD4+ and CD8+ co-

receptors. At this stage, the cell is known as a double positive (DP) thymocyte.

Rearrangement of the TCRa chain occurs following proliferation and expression of the co-
receptors with re-activation of RAG-1 and 29% 113, This can occur until a successful
rearrangement is obtained and is not limited by allelic exclusion. T-cells with functional TCR
will then undergo positive and negative selection!!4. T-cells are positively selected for
recognition of HLA molecules, but negatively selected if this recognition is strong in
complexes involving presentation of self-peptides!!5. Presentation of self-peptides, found in
most immunologically accessible sites in the body, occurs on the surface of medullary
epithelial cells of the thymus and is partly governed by the effects of the autoimmune
regulator (AIRE) transcription factor6 and the presence of a thymus-specific proteasomal
subunit B5t, which enhances the production of the HLA class-1 peptide repertoirell’. Some
T-cells possessing strongly self-peptide-HLA reactivity will, instead of undergoing cell death,

become a type of T-regulatory (Trgg) cell118: 119,

1.4.2. The CD8+ and CD4+ T-cells

During the stages of selection following the production of successfully rearranged TCR, cells
that show weak recognition of HLA will down-regulate either the CD8+ or CD4+ receptor.
The decision of which of these co-receptors is down-regulated and how the final HLA class
specificity of the T-cell is decided requires further study, however, several mechanisms have
been proposed as investigation of this process has progressed. The strength of signal model
(Figure 3A) and the kinetic signalling model (Figure 3B) are two recent models. Current

evidence suggests that of these, the kinetic signalling model is likely to be largely correct due
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to the extended signalling time required for the development of CD4+ cells compared with
CD8+ cellst20:121;122. Though some differences in TCR binding to HLA class-1 and class-2 have
been observed!23;124 there is currently no clear distinction between TCR recognising class-1
or class-2, indeed, TCR have been shown to bind both HLA class-1 and class-2 in structural
studies in the absence of the co-receptorl2s. Furthermore in mouse models where CD4+
expression is abrogated, CD8+ T-cells that recognise MHC class-2 have been shown to
develop126. Differential requirements of some TCR for co-receptor signalling also add to the

complexity of this system127.

A. B
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CD8 - TCR CD4 CD8
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Figure 3: A basic schematic of the proposed models for co-receptor selection in thymocytes A. Strength of
signal model and B. Kinetic signalling model.

Functionally, CD8+ and CD4+ cells are divided into distinct phenotypes by their cytokine
secretion patterns and the effector functions that they carry out. The majority of CD8+ T-cells
form a subset known as T¢1 effector cells that are characterised by the expression of genes
for the production of IFN-y and perforin following antigen recognition12s; 129, CD8+ T-cells

may produce additional cytokines such as TNF-a and IL2 following activation, in which case

24



they are known as polyfunctional T-cells and may have modified effector capacity compared

with CD8+ T-cell producing a single cytokine130; 131;132,

Activation of these cells occurs in the lymph node, when they recognise and are activated by
antigen presented in complex with HLA on the surface of a DC that has matured in the
periphery133; 134, This results in the expression of the a chain of the IL2 receptor (CD25) and
CD69. CD25 drives clonal expansion of the T-cell in the presence of IL-2135, which is produced
by the newly activated CD8+ T-cell131:136:137, CD69 functions to retain activated CD8+ T-cells
in the lymph nodes during this initial expansion through the inhibition of SiP;, which is
required to allow lymphocytes to leave the lymph node. This results in dramatic clonal
expansion in the presence of IL-2, antigen and stimulatory receptors such as B7 (CD80/86)
on the surface of DCs, and the acquisition of an effector phenotype. Following this the

activated T-cells are released into the periphery to carry out effector functions38; 139,

An important effector function of CD8+ T-cells is their cytotoxicity, which can be carried out
in one of two ways. The first is the release of perforin and granzymes from granules stored
within the cell; upon exposure to calcium ions in the extracellular fluid, perforin
multimerises and forms pores through which the mixture of proteases including granzyme A
and B can pass through and initiate apoptosis of the cell, this process takes only minutes to
occurl4; 141; 142 The second pathway involves transcriptional activation of the Fas ligand
(FasL) and so requires several hours to induce. This ligand binds to Fas on the target cell

surface and induces apoptosis through activation of the caspase cascadel43.

The differentiation and effector phenotypes of CD4+ T-cells are more diverse than that of the
CD8+ lineage, and differ markedly in effector function. However, a minority of CD4+ T-cells
has been shown to possess cytotoxic effector functions similar to that of the CD8+ T-cell144
145; 146; 147 though the relative use of the pathways of cytotoxicity may differ from that of

classical CD8+ T-cellst47. The majority of CD4+ T-cells are divided into subsets based on their
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pattern of cytokine secretion and include Tul, Tu2, Tul7 and Trec subsets!48. Some studies
have described additional subsets including Tu3, Trl and Tu9 cells, each producing a
signature cytokinel4%150;151;152 Differentiation of these subsets of CD4+ T-cells is mediated
through modification of chromatin structure, partly dependent on the cytokine environment
at the time of antigen exposure!53. This modification allows transcriptional regulators such
as T-bet in Tyl cells and GATA-3 in Tu2 cells to access genes for production of certain sets of

Cytokine5154; 155; 156,

Tul cells are characterised by their production of IFNy and their responsiveness to 1L12157
158 The production of cytokines such as the TNF family, IL-2 and GM-CSF is also
characteristic of this subset!59. Ty2 cells are characterised by the production of IL4 as well as
that of IL13 and IL5 and Tu17 cells by the production of IL17A, F, IL6 and TNF159. The
effector responses of these cells are largely mediated by the effects their cytokine production
have on other cell types, both locally in the tissues and systemically and on immune

responses such as antibody isotype production.

The major cytokine of the Tyl cell subset, IFN-y acts on a number of innate and adaptive
immune cell types to promote a pro-inflammatory response. This acts to induce maturation
and up-regulation of HLA class-2 on DCs, phagocytosis of pathogens and infected cells by
macrophages and up-regulation of the antimicrobial oxidative systems (NADPH oxidase and
iNOS) as well as promoting activation, recruitment and cytotoxicity of CD8+ T-cells and NK
cellstéo; 161 In Ty2 cells the production of IL-4 and IL-13 induces the alternative activation of
macrophages?é2, which produce chemokines that attract eosinophils and basophils to the site
of infection. The response to these cytokines is further characterised by the induction of anti-
inflammatory cytokines such as IL-101¢3, up-regulation of receptors for recognition of fungal
antigens such as dectin, as well as enzymes that degrade chitinl64. IL-4 and IL13 also up-
regulate mucin genes and increase turnover at mucosal epithelia, while IL-5 and IL-9

promote production and survival of eosinophils, basophils and mast cells!65. Finally, the IL-
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17 and IL-6 cytokine produced by the Tu17 cell subset act on local epithelial, stromal and
endothelial cells to up-regulate production of inflammatory chemokines and haematopoietic
growth factors that promote the production and release of neutrophils and monocytes,

initiating a local pro-inflammatory response166; 167,

In their production of this array of cytokines and their promotion of appropriate immune
response to infection, the subsets of CD4+ T-cells provide essential help to other effector
arms of the immune response. Depletion of the CD4+ T-cells in HIV-1 therefore impacts the
entire immune system, including the survival and effectiveness of responses of CD8+ T-cells,
rendering the host vulnerable to a variety of pathogens. This produces the classic symptoms

seen in the development of AIDS.

1.4.3. The antigen processing pathway

As previously mentioned, the development of the cellular responses to foreign peptide
antigens relies on HLA presentation of these antigens to the TCR on the cell surface. The
processes by which these peptides are produced and are transported to the HLA for binding
and presentation are extremely important as they, along with the HLA, determine the parts
of the pathogen that will be exposed to the immune system and so direct the immune
response. The peptides presented by the HLA class-1 and HLA class-2 molecules, while
having some cross-presentation, particularly by DCs in their capacity as a professional
antigen-presenting cell typel68:169, are largely from two different sources. The HLA class-1
molecules present endogenous peptides, while the HLA class-2 molecules present peptides
derived from exogenous sources?0;171;172. HLA class-1 are present on the majority of cell
types of the body, excepting red blood cells, to enable immune recognition of cells that are

infected by intracellular pathogens such as viruses and certain bacteria. HLA class-2
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expression is restricted mainly to cells that are more directly involved in regular antigen

presentation to T-cells, including B cells, DCs and macrophages!73.

Exogenously produced protein antigens will be engulfed by the cell through pinocytosis!74
and enter the endosomal pathway. These proteins will undergo cleavage by a variety of
endosomal proteases including cathespins, aspariginal endopeptidase and IFN-y-inducible
lysosomal thiol reductasel’s: 176; 177, These proteases will continue to cleave the protein to
single amino acids if peptides are not first bound by the HLA class-2 molecules which are
routed to the endosomal pathway by a chaperone protein known as the invariant chain178 179,
The invariant chain is cleaved on entry into the endosome, leaving a peptide in the binding
groove known as the class-2 invariant peptide (CLIP)180. The complex is then bound by a
second chaperone HLA-DM (and in some cell types additional chaperones) which releases
the complex only when a peptide of high enough affinity to displace CLIP and stabilise the

complex binds in the binding groove181; 182; 183; 184; 185,

Endogenous peptides are processed and presented to the class-1 HLA through a very
different pathway involving proteasomal degradation and transport into the endoplasmic
reticulum where loading onto the HLA class-1 occurs. These peptides begin as proteins in the
cell, usually those that have been ubiquitinated after oxidative damage or have reached the
end of the time they are required for (for example, cell cycle related proteins)186:187. There
have been some studies which suggest that newly made proteins that are not translated or
folded correctly also make up a significant portion of the proteins entering the

proteasomel8s,

The proteasome is a multi-subunit ATP-dependent protease complex consisting of two major
parts, the 20S catalytic core and 1 or 2 19S regulatory subunits18% 190, Together these make
up the eukaryotic 26S proteasome. The regulatory subunits are responsible for recognising

ubiquitin tagged proteins and mediating the unfolding of proteins and their translocation
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into the 20S core for cleavagel®t 192, This is achieved with the aid of ATP-dependent
proteasomal activators such as the IFNy induced PA28, which stabilise the open
conformation of the gated ends of the central passage of the proteasome, allowing
translocation193. The 20S core of the proteasome is formed from a-type and (-type subunits,
with the a-type subunits forming a heptameric ring at each end of the structure and the (-
type subunits forming two central heptameric rings, all of which are stacked into a

cylinder194; 195,

Three of the central B-type subunits are responsible for the protease function of the
proteasome, each with two active sites. Two of these cleave in a chymotrypsin-like manner,
two in a trypsin-like manner and two in a caspase-like manner19: 197; 198 This gives the
proteasome the ability to cleave at a wide range of peptide motifs including after
hydrophobic, basic and acidic residues, producing peptides of between 3 and 22 amino acid
residues in length1%. During infection, the production of IFN-y induces the expression of
three alternative B-type subunits with altered cleavage properties20%: 201 these replace the
constitutive subunits to form the immunoproteasome, which is the major form of
proteasome present in IFNyhigh environments292. The altered cleavage has been shown to
favour the production of peptides with carboxy-termini that are hydrophobic or basic203; 204
205; 206, corresponding to the binding preferences of the HLA class-1207. Additionally the

immunoproteasome may have a role in reducing the impact of oxidative damage on cells208.

Proteasomal cleavage is the major determinant of the C-termini of peptides presented by
HLA class-1, as evidenced by the effects of proteasome inhibitors on HLA class-1
presentation209. However, there are several enzymes, both cytosolic and in the endoplasmic
reticulum, that are involved in the generation of HLA class-1 antigen N-termini, in particular
in the trimming of the N-termini of longer HLA class-1 epitope precursors?10. These include
the aminopeptidases, leucine aminopeptidase (LAP), thimet oligopeptidase (TOP),
tripeptidyl aminopeptidase II (TPPII), puromycin-sensitive aminopeptidase, nardilysin and
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bleomycin hydrolase in the cytosol2ll; 212; 213; 214; 215; 216; 217, 35 well as the endoplasmic
reticulum-resident aminopeptidases 1 and 2 (ERAP1 and ERAP2) in this compartment218; 219;
220, Together the preferences of these peptidases create the amino terminal ends of the HLA

class-1 peptides.

The action of the aminopeptidases in the cytosol will eventually degrade the peptide to its
constituent amino acids. Therefore, in order to escape complete degradation, transport into
the endoplasmic reticulum and binding to the HLA class-1 must occur. This transport is
carried out by the transporter-associated with antigen processing (TAP), an ATP-binding
cassette (ABC) transporter consisting of a dimer made up from the TAP1 and TAP2
subunits22L; 222, Transport takes place in a canonical fashion for ABC transporters, with a
central cavity formed between the two subunits providing a binding site for the substrate.
This cavity alternates between the cytosolic and luminal sides of the membrane using ATP to
drive the conformational change?223 224, Unidirectional transport and substrate release is
accomplished by the central cavity having a high affinity for substrate when on one side of
the membrane, with the affinity being lower in the alternate conformation. Binding affinity

for the peptide is therefore the major determinant of transport by TAP223; 225,

Despite the lack of a crystal structure for the core TAP dimer, a combination of mutational
analysis and homology modelling using two related ABC transporters, Sav1866 and MsbA,
and the nucleotide binding domain (NBD) of TAP1 has built up a partial picture of the TAP
binding site223; 226; 227; 228; 229, peptide transport assays have further elucidated the peptide
binding preferences of TAP and their impact on the availability of HLA class-1 epitopes?225; 230,
TAP must balance specificity for its substrate with the need to bind a diverse array of
peptides that will also fit the anchor preferences of the HLA class-1, allowing their
presentation, thus (human) TAP is relatively permissive, but preferentially transports
peptides with particular features?3l. Human TAP shows preference for peptides with basic or

hydrophobic residues at the C-terminus (a preference shared by the majority of class-1 HLA
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and preferentially produced by the immunoproteasome), as well as a weaker preference for
basic residues at the N-terminal residues23z 233, TAP also shows a length preference for
peptide transport, with most of the optimally transported peptides being between 8 and 13

amino acid residues in length?225; 230,

On the luminal side of the endoplasmic reticulum membrane, TAP is associated with the
peptide-loading complex (PLC). This is a complex consisting of the chaperone calreticulin,
the ERp57 oxidoreductase, tapasin and the empty HLA class-1 molecule234. Following
peptide transport, the PLC, and in particular the adaptor protein, tapasin, brings the
translocated peptide into proximity with the unbound HLA class-1 and observations suggest
it may have a quality control function235. In the absence of tapasin, the loading and
presentation of many peptide epitopes is strongly impacted236: 237. Whether this is a direct
reduction in peptide loading effectiveness, or a result of free ERp57, (that usually binds and
maintains the stability of tapasin) reducing the disulphide bond in the a2 domain of HLA
class-1 and the destabilisation of the complex236:237 is unknown. The action of ERAP1 and 2 is
also likely to affect the availability of peptide epitopes for binding to the HLA, as these
aminopeptidases will trim the N-termini of peptide epitopes entering the endoplasmic
reticulum (ER). In some cases this trimming forms an N-terminus suitable for HLA class-1
binding and so will enhance availability, while in others, optimal N-termini may be lost
through trimming. The relative speed of cleavage for different peptide epitopes will affect
their stability in the ER and so their availability to the HLA class-1238. The final step
determining the repertoire of epitopes presented to CD8+ T-cells on the cell surface is

specified by the binding requirements of the HLA class-1 themselves.
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1.4.4. The Human Leukocyte Antigens

The HLA genes in humans are known in other organisms and generically as the major
histocompatibility complex (MHC). The HLA genes are located on chromosome 6 in a gene-
dense region and are the most polymorphic gene family in the genome. They were first
identified as factors controlling the failure of organ transplants, while their role in the

immune system was elucidated at a much later date239.

The HLA gene loci are split into three regions in the genome, HLA class-1, HLA class-2 and
HLA class-3240. The HLA class-1 genes include genes encoding the a-chains of the three
highly polymorphic conventional class-1 molecules, HLA-A, HLA-B and HLA-C. The HLA
class-1 proteins form a heterotrimer, which includes the a-chain encoded here, along with an
invariant f2M domain encoded outside the HLA region and an antigenic peptide for
presentation to CD8+ T-cells. All of these elements are required for the formation of stable
HLA class-1 complexes. The a-chain contains the binding groove for the peptide and the
transmembrane helix, anchoring the complex in the plasma membrane. In addition to the
conventional HLA class-1 the region contains genes for non-conventional HLA such as HLA-E,
HLA-F, HLA-G and HLA-H, these are known as class-1b molecules and share a similar overall
structure to class-1241. These non-conventional HLA have restricted polymorphism and are
not conventionally involved in presentation of peptides to CD8+ T-cells however, the HLA-E,
and perhaps the HLA-G, molecules are involved in interaction with NK cell receptors (HLA-E

and the NKG2A receptor and tentatively HLA-G and KIR2DL4241;242; 243),

The HLA class-2 molecules share a structure analogous to that of HLA class-1, however, the
composition of the complex that forms this structure is somewhat different. In place of a
single a-chain making up the binding groove, the HLA class-2 molecule instead consists of
two similarly sized chains, a and 244. Each of these contains one of the two helices forming

the sides of the peptide-binding-groove; additionally each chain contains a transmembrane
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domain. As with the HLA class-1 genes, there are also three major conventional class-2 loci,
the HLA-DR, HLA-DP and HLA-DQ. With the exclusion of HLA-DRA, these families are also
polymorphic and allow presentation of a range of peptide antigens to CD4+ T-cells244. The
region also includes genes coding for the HLA-DM molecule, a class-2 like chaperone for HLA
class-2 in the endosome and for HLA-DO, an inhibitor of DM that functions in some cell types

to delay HLA class-2 presentation181; 182,

The HLA class-3 region includes a variety of genes, some coding for proteins with
immunological function such as the TNFs and components of the complement system, while

others have functions unrelated to immunity.

The polymorphic nature of the HLA class-1 and 2 molecules allows the presentation of a
wide variety of antigenic peptides to both the CD4+ and CD8+ T-cells. This differs markedly
between individuals as each HLA can present a range of peptides but differ in their binding
preferences. The high polymorphism seen in the region is of benefit as it has been shown
that heterozygosity of the HLA genes improves the immune response of an individual to
certain diseases, including HIV-1245. In addition this diversity decreases the ability of
pathogens to adapt to immune responses and increases the chance that certain members of
the population will survive infection with a given pathogen, so benefitting the population as

a whole.

Particular HLA variants can sometimes present peptides that enable the development of
especially effective or ineffective/harmful immune responses, for example there are many
HLA types associated with reduced or even increased risk for certain diseases, such as
malaria (HLA B*53, reduced severity), HCV (HLA B*27 increased clearance, and others) and
HIV (HLA B*57, HLA B*2705, HLA B*51, HLA B*5801 improved control of disease, HLA
B*3503 reduced control of disease, HLA B*5802 associated with high viral loads)246; 247; 248,

The importance of these molecules in the development of effective immune responses is
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underscored where populations have undergone long-term exposure and selection by a
single disease, for example malaria. Populations in areas where malaria has been highly
prevalent over an extended period can have HLA frequencies skewed towards those that are
most associated with protection from severe disease249. It is likely that many of the
differences in HLA frequencies between populations have occurred due to adaptation to local

disease burdens.

In HIV-1 disease, HLA class-1 is one of the major determinants of clinical outcomess,
Possession of certain HLA class-1 alleles (see previous paragraph) is associated with slow
disease progression and improved control of viremia. Long-term non-progressors with low
to moderate viral load and slowed disease progression as well as people termed elite
controllers, who maintain viral loads of under 50 copies/ml and high CD4+ T-cell counts, are
very likely to possess at least one of these HLA types250: 251,252, Other HLA, such as HLA B*35
are associated with more rapid progression and worse control of viremia in HIV-1
infection?53. The HLA types linked with improved disease course in HIV-1 have been found to
be associated with the presentation of and response to certain HIV-1 CD8+ T-cells
epitopes?54, including three epitopes for HLA B*57 (IW9, TW10 and KF11) and one epitope in
HLA B*2705 (the p24 Gag KK10)58:251;255;256, These epitopes aid the generation of effective
CD8+ T-cell responses to regions of the virus where escape mutation results in reduced viral
fitness or requires compensatory mutations within and outside the epitope in order to

restore replicative capacity58 5% 257,
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1.4.4.1.  Structure of the HLA class-1 molecules

The HLA class-1 molecules have been extensively characterised by structural analysis, with
hundreds of HLA-peptide complexes submitted to the protein data bank in recent years258,
including 5 HLA B*2705 structures complexed with peptides25% 260; 261, These data have
revealed how HLA class-1 molecules are able to bind an impressive number of peptides of

varying length and sequence in an HLA-variant-specific manner.

Peptide epitopes are bound to HLA class-1 in the binding groove, formed by two a-helices, al
and a2, one on either side, and a -sheet making up the base. The groove is approximately
304 long and 124 across at its widest point262 and is closed at both ends, by the bulky side
chains of residues at the ends of the a-helices such as W167 at the N-terminal end of the
groove and Y84 at the C-terminal end (The N- and C- terminal notation refers to the peptide
orientation as presented on the HLA)(Figure 29). The peptide is bound N-terminally by
hydrogen bonds to conserved residues Y7, Y59, Y171 and Y159 and C-terminally by
hydrogen bonds to Y84, T143 K146 and W147. Conservation of these amino acids across
HLA class-1 molecules allows binding of the carboxy and amino termini of peptide ligands
without reliance on specific amino acids. In addition, certain polymorphic residues along the
HLA class 1 groove will also contact the backbone of candidate peptides, adding to their
binding energy and influencing their conformation in the groove without dependence on

specific peptide sequences.

However, HLA class 1 alleles do discriminate peptides by sequence, both at the termini and
along the length of the peptide. Polymorphic residues in the binding groove ultimately
determine what peptide residues are able to bind at particular positions, specifying
interaction with certain types of peptide side chain. This allows HLA class-1 alleles to
discriminate between preferred sequences and determine the type of amino acids an epitope

must have in a given position to be able to bind to a given allele. For example, acidic residues
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such as D116 and D77 located at the base of a deep hydrophobic pocket in the C-terminal
end of the HLA B*27 binding groove give this allele a preference for peptides that have either
a short hydrophobic residue, or a long basic residue (such as lysine or arginine) at that
position26l, This confers a degree of specificity to the epitopes presented, while still allowing
a range of sequences to bind. This selection of peptide epitopes by different HLA class-1
alleles through polymorphism of amino acids along the binding groove has been shown to be
important in determining levels of HIV-1 viremia in a recent study¢’, and in recently
published GWAS studies, amino acid residues at specific sites in the HLA class-1 molecule
were found to be more strongly associated with control of viremia in HIV-1 patients than the
association for whole alleles263 264, Single nucleotide polymorphisms (SNPs) that
corresponded to several amino acid positions along the HLA class-1 groove were associated

with differential disease control.

Along the HLA class-1 binding groove, there are a series of depressions of varying size,
referred to as “pockets”, which are able to accommodate selected peptide side chains. There
are typically 6 of these pockets along the length of the groove labelled from the A pocket at
the N-terminal end of the groove to the F pocket at the C-terminal end262(Figure 29), though
the number occupied may vary with different peptide ligands. The contribution of individual
pockets towards peptide binding varies, depending on the allele. The side chains of amino
acids present in these pockets determine the amino acid sequences that peptides must have
in order to bind in the groove and so affect the repertoire of epitopes that can be presented.
For example, the C pocket of HLA A*68 is negatively charged and large, accommodating a
range of basic residues, however, in HLA B*27, the same pocket is smaller and largely
blocked by the hydrophobic portion of the side chain of K70, meaning it does not contribute

significantly to the binding of most epitopes to this allele (Figure 29C).
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1.4.5. The interaction of the T-cell Receptor with antigen

Recognition of the HLA-peptide complex by the TCR is due to contact with both the HLA and
the peptide by three complementarity determining region (CDR) loops in each chain of the
aff TCR (Chapter 3). Structures of both HLA class-1 and class-2 in complex with specific TCR
have been determined?258; 265; 266; 267; 268 and show how the TCR docks onto the HLA surface in
each case. In addition, analysis of the kinetics of the interaction show that the on-rates of the
TCR are similar whether the HLA complex presented contains a self or antigenic peptide2¢°.
This suggests that the docking mechanism for the T-cell receptor is based on a two-step
mechanism involving weak recognition of the HLA in a concentration-dependent step,
followed by more specific, concentration-independent interactions with the peptide270.
However, the different relative contributions to HLA and peptide recognition of the CDR1
and 2 loops in some of the structures so far as well as analysis of possible transition states
suggests that recognition may be more complex and/or varied than the two-step model

currently indicates106; 271,

Binding of the HLA class-1 molecule typically involves the TCR docking diagonally across the
peptide-binding groove?72. The binding of the HLA class-2 by TCR has been described as
orthogonal, though in the majority of cases it is still slightly diagonally bound, but at less of
an angle from perpendicular than the class-1 TCR123 273, Of the TCR structures so far
completed, there appears to be a single common docking mode, although there is
considerably more divergence in binding angle of the TCR to HLA class-1 than to HLA class-
2124 In each case the Va-domain of the TCR is positioned over the a2 helix of the HLA and the
VB domain over the al helix. In typical binding positions this places the V CDR3 loop over
the central region of the peptide-binding groove, hence the importance of this loop in
peptide-dependent recognition of the HLA-epitope complex. It is not known why the (-chain

is positioned on the same side of the HLA in all of the structures studied so far, but a
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suggestion is that there may be undetected germline bias for recognition of particular

regions of the HLA that contribute to this phenomenon.

1.4.6. Specificity and cross recognition of epitopes by the T-cell receptor

The ability of the TCR to recognise specific epitopes and the extent to which these receptors
can cross-recognise epitopes similar in structure or sequence is of great interest in a number
of immunological fields, from tolerance and autoimmunity, where cross-recognition between
pathogen-derived peptides and host epitopes may drive disease, to cancer immunology and

infectious disease.

As research into adaptive immunity has progressed it has become clear that the limited pool
of T-cells circulating in a human body at a given time (>108)274 is insufficient for each
response to be generated by an individual TCR for each possible peptide epitope-HLA
combination27% 276, Yet it is also clear that TCRs are to some degree specific in their
recognition and are restricted by HLA type and the bound peptidel07: 273; 277; 278, Cross-
reactivity of TCR has been examined from both a structural and functional perspectivel08; 124
265; 267; 272; 275; 279; 280; 281; 282; 283, Recognition of the bound peptide will, to a certain extent
restrict the HLA recognition of the TCR as HLA types skew peptide presentation through type
dependent sequence requirements for peptide binding. Several studies have also sought to
examine determinants on the TCR surfaces for recognition of HLA itself107; 108; 125; 277; 280; 284;
285; 286; 287; 288; 289(see chapter 5.1.1), yet a comprehensive understanding of the relative
contributions made by the a and (-chain hyper-variable loops remains elusive for many

interactions.
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1.4.7. Killer immunoglobulin receptors

The Killer immunoglobulin receptors (KIRs) are a group of receptors encoded in humans by
14 genes present within the leukocyte receptor complex on chromosome 19q290; 291;292; 293,
These receptors consist of two or three extracellular C2-type immunoglobulin domains
connected by a transmembrane helix to a cytoplasmic domain. The cytoplasmic domains of
the receptors differ depending on whether the KIR is an activating or inhibitory receptor,
with inhibitory receptors containing immunoreceptor tyrosine-based inhibitory motifs
(ITIM) while activating receptors lack these motifs and contain a positively charged lysine
residue in their transmembrane regions2%4. The receptors are present on NK cells as well as
some types of T cells. Excepting several KIRs for which the ligand has not yet been identified,
each has been found to bind a subset of HLA class-1 molecules (Table 1). Binding of these
receptors to their HLA class-1 ligands on a target cell affects the likelihood of lysis by NK
cells. To date, crystal structures exist for KIR2DL1, KIR2DL2, KIR2DS2, KIR2DL3, KIR2DS4
and KIR3DL1295;296;297; 298;299;300; 301, Of these structures KIR2DL1, 2DL2 and 3DL1 have also
been shown in complex with their HLA ligand and this, along with extensive mutational
analyses (selected references25% 302 303; 304 reviewed in304) particularly for the KIR3D

molecules, show how the ligands are recognised by these receptors.
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Gene name Number Recognition of HLA ligands
of alleles

KIR3DL2 25 HLA A*03, A*11

KIR3DL3 56 Unknown

KIR2DL5A 10 Unknown

KIR2DL5B 21 Unknown

KIR2DL4 27 HLA G?

KIR2DS1 15 HLA-C group 2 (C*02, 04, 05, 06)
KIR2DS2 20 HLA-C group 1 (C*01, 03, 07, 08),
KIR2DS3 12 HLA-C group 1 (C*01, 03, 07, 08),
KIR2DS4 30 HLA-C*0501, 1601, 0202 and HLA A*1102
KIR2DS5 14 Unknown

KIR3DS1 16 (Bw4 epitope containing HLA)?

Table 1: Table of KIR gene products and their HLA ligands, pink shading shows inhibitory KIR, grey shading
shows KIR forms with crystal structures. Reproduced with updates from ***. Sources 2% 2% 297 298 300 301,
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The KIR2D group were the first to be crystallised and all show similar patterns of binding
with HLA, though the binding of the KIR2DL forms are of higher affinity than in the 2DS
group. This is partly due to mutation of residues in two hydrophobic patches that also
contact the HLA. Changes in packing caused by these mutations reduce the KIR2DS affinity
for the ligand301. Despite the difference between activating and inhibitory KIR being caused
by alteration to the hydrophobic interactions, the KIR/HLA interface is actually dependent
on hydrogen bonding and charge complementarity to a larger extent than HLA/TCR
interactions305. The KIR receptor was found to bind across the C-terminal end of the binding
groove of the HLA ligand?98, TCRs typically bind in a more central position, but there is
variation between different TCRs. In this position, the KIR D1 domain is positioned over the
al helix of the HLA and the D2 domain is positioned over the a2 helix. Both KIR2DL1 and
KIR2DL2 have been shown to provide 6 acidic residues that form salt bridges with conserved
basic residues on the al and a2 helices of the HLA29%: 298, [n total, at least 16 residues are

found to interact directly with HLA in the KIR2DL structures30e.
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1.5. Interaction of HLA and HIV

1.5.1. Immune control of HIV-1 by T-cell responses

As discussed previously (Chapter 1.3), the discovery that CD8+ T-cell depletion results in
loss of control of viremia and progression to AIDS in HIV-1 infected non-human primates65
led to the identification of the CD8+ T-cell response as one of the arms of the immune system
most involved in control of HIV-1 disease. Further studies have subsequently identified HLA
class-1 alleles and CD8+ T-cell responses to particular regions and peptide epitopes of the
virus which result in improved or reduced control of viremia7”8 7% 252, Despite the discovery
that responses to specific HLA class-1 epitopes can be protective as in the case of the HLA
B*2705 restricted KK10 response?8 79 and that viral epitopes in certain conserved regions of
its genome are more likely to elicit this protection30?, a complete understanding of the

mechanisms involved in protection is still missing.

This is highlighted by the fact that while these discoveries are associated with control of
viremia and delayed disease progression, there are many patients with these HLA alleles and
even T-cell responses to protective epitopes that nevertheless fail to control the disease308.
An important part of this component may be the nature of the CD8+ T-cell responses
generated in response to these protective epitopes in a patient. Previous studies into the
generation of protective responses have shown that the CD8+ T-cells that give protection
have a number of characteristics that contribute to this efficacy. A study of the CD8+ T-cell
response to the HLA B*2705 restricted KK10 epitope found that the cells are more likely to
be poly-functional, secreting a number of cytokines, to have greater proliferative capacity, a
higher avidity for the epitope and in some cases to have a higher turnover of clonotypes30°.
This increase in poly-functionality was directly linked to the concentration of KK10 peptide
used for stimulation of the cells ex vivo. In addition studies have shown a decreased Treg
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population associated with these effective responses and decreased exhaustion of CD8+ T-

cells (though whether this is a contribution to effectiveness or a result of it is not known)310;

311;312; 313

A recent study assessed these and other aspects of the CD8+ T-cell response to the HLA
B*2705 restricted epitope KK10. This study looked at patients who were either elite
controllers or who failed to control disease, but possessed a wild-type consensus sequence
for the KK10 region and carried a CD8+ T-cell recognising the epitope. While failing to
replicate some of the characteristics of effective T-cell control found in previous studies398, it
did find that an important correlate of protection in this group was the ability of the patient
CD8+ T-cell responses to cross-react with escape variants of the epitope ex vivo, even when
viral sequencing did not reveal these variants in the population at the time of sampling. This
increased cross-recognition was associated with TCR sequences that had a decreased
number of nucleotide additions in their CDR3 loops compared with the non cross-reactive
TCR, possibly decreasing specificity of the receptor in this case. The cross-recognition of
responses and differences in the characteristics of the CDR3 sequence in effective CD8+ T-
cell populations was also associated with the ability of these T-cells to up-regulate perforin

and granzyme B and to neutralize HIV infected cells ex vivo398,
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1.5.2. The response to the KK10 epitope

The “optimal” HLA B*2705 restricted KK10 CD8+ T-cell epitope was initially identified
through the detection of a p24 Gag response associated with HLA B*2705. The location of the
epitope was then refined through testing of CD8+ T-cell responses to overlapping 15-20mer
peptide pools within the region. Once the peptide producing the response was identified,
increasingly short peptide epitopes were tested until a maximum in the level of response by
the CD8+ T-cells was seen using a 10mer version of the epitope (131KRWIILGLNK41,
abbreviated to KK10)314 The HLA B*2705-restricted response to the p24 Gag region
containing the KK10 epitope is detected in up to 94% of HIV-1 infected patients possessing
the B*2705 allele315, and 92% of patients in the study responded specifically to the KK10
epitope315. The response to this region has been observed to develop in early infection,
within 50 days of the onset of symptoms57:310 and responses to the region can account for up

to 50% of the total HIV-1 specific CD8+ T-cell response in HLA B*2705 individuals315.

It has been shown that the response to KK10 results in an increased time taken for
progression to AIDS; this is particularly evident in the stage of disease from a CD4+ count
<200 to first AIDS defining illness316. This containment of HIV-1 infection is associated with
constant KK10 specific CD8+ T-cell responses throughout the disease course and the late
appearance of escape mutations in the KK10 epitope. These escape mutations are associated
with a reduction in replication rate of the virus3!7 until compensatory mutations occur58. The
compensatory mutations reduce the fitness cost of escape and at this point loss of control of

viral replication can occur256; 318,

The best-known escape mutations in the region are the R132K mutation and the L136M
mutation within the KK10 epitope. The L136M mutation is often seen before the R132K
mutation31% 320 and has been associated with loss of TCR recognition for some CD8+ T-cell

clonotypes32L. In addition, it has been associated with an increase in binding to the inhibitory
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Ig-like transcript 4 (ILT4) receptor3zl. It has recently been observed that HLA B*2705
controllers and elite controllers more frequently possess CD8+ T-cell clonotypes that cross-
recognise the L136M escape variant sequence than patients that do not control viremia308.
The R132K escape mutation is associated with the loss of ability of the KK10 peptide to bind
the HLA B*2705 groove as this residue is an anchor residue (see chapter 5) for this
molecule322:323, The majority of HLA B*2705 patients respond to the KK10 and when present
this response is immunodominant34 however some studies have suggested that other
epitopes may also contribute to the suppression of viremia associated with the HLA B*2705

allele324,

1.5.3. Interaction of KIR and HIV

KIRs have a number of HLA ligands, including both Bw4 and Bw6 HLA. However, there is
only one KIR and HLA combination that has been found to have a significant impact on the
course of HIV-1 disease to date. This is the possession of KIR3DL1/KIR3DS1 and an HLA Bw4
ligand325. The possession of both this KIR and its HLA ligand is associated with improved
disease control and slower progression of the disease compared with individuals who have
only one of these. It has furthermore been observed that the possession of KIR3DS1 protects
against opportunistic infections at later stages of the disease course326. This association
remains even when conventionally protective HLA such as HLA B*57 and HLA B*27 are
removed from the analysis325. The possession of KIR3DS1 has been shown in some studies to
have a beneficial effect, in addition to that of KIR3DL1 in individuals possessing both of these
molecules327:328, That both an activating and an inhibitory KIR are shown to have a beneficial
effect may seem counter-intuitive, but the development of NK cells suggests that strong
inhibitory responses encountered in development lead to the generation of mature NK cells

that are capable of high levels of activation and efficient responses32%330;331 The lack of this
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inhibitory stimulus has shown to result in NK cells incapable or less capable of activation and

effector function332; 333,

The Bw4 motif is present on a number of HLA including HLA B*2705 and HLA B*57. There
are two variants of this motif, Bw4-801 and Bw4-80T, of which HLA B*57 possesses the
former and HLA B*2705 the latter. This is of interest as the binding of Bw4-80I to many
alleles of KIR3DL1 is of higher affinity than that to Bw4-80T and the protective effect of
KIR3DL1 has been observed to be particularly robust in the subset of patients with this
motif. However, it has also been shown that protection is provided in Bw4-80T possessing
individuals326 and that for some alleles, binding to the Bw4-80T motif may be strongeré4.
Although the effect of KIR3DS1 is primarily observed with Bw4-801327 there is some debate
as to whether these HLA are in fact ligands for this molecule, despite homology with

KIR3DL1334,

This raises the question as to whether the protective effect is mediated by direct interaction
of KIR and HLA335. Further observations which call into question the exact mechanism of this
protective effect are firstly that the allele of KIR3DL1 providing the strongest association
with protection, KIR3DL1*004, is in fact known not to be presented on the cell surface,
suggesting either an intracellular interaction or an alternative mechanism325. Secondly, in the
same study, it was observed that while more robust protection was provided by highly
expressed KIR3DL1 alleles in Bw4-801 possessing individuals than alleles with lower
expression, this situation was reversed for Bw4-80T individuals; only those alleles
associated with lower expression of the gene products gave significant protection in this
group325. Despite these irregularities, the observed binding of KIR3DL1 to their HLA ligands
and the correlation of this with protection suggests that for KIR3DL1, the ability of the NK
cell to bind these ligands is an important feature of the mechanism of protection. Though this
does not exclude the possibility of other factors/mechanisms being involved in this

protection, particularly in the case of the KIR3DL1*004 allele325.

46



2. Antigen processing analysis for the p24

Gag amino acid 126-150 25mer peptide

and TAP transport of digestion products

Work in this chapter was a collaborative project between Dr Stefan Tenzer,
Professor Peter van Endert and ourselves. Dr Tenzer carried out proteasomal
digestions; Prof. van Endert performed TAP transport assays. Analysis of the

proteasomal digestions was my own work.
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2.1. Introduction

2.1.1. Escape from immune responses through modulation of antigen processing

The generation of effective CTL responses to viral epitopes like KK10 results in killing of
infected cells and therefore exerts selective pressure on the viral sequence319 336; 337; 338; 339;
340; 341, Virus with sequence mutations that reduce the anti-viral effect of these immune
responses will be able to replicate better than the original virus in the presence of these
immune responses and so will be selected for at the level of the viral population within an
individual. The common escape mutations of the KK10 epitope demonstrate frequent
mechanisms of escape from effective immune responses. The R132K and L136M changes
limit the recognition of the KK10 epitope by T-cells by affecting the ability of the epitope to
bind to HLA B*2705 in the case of R132K and through reduction of TCR affinity for the
complex in the case of L136M256;318;321;342, [n addition to these mechanisms of viral escape,
other parts of the cellular machinery that affect the ability of the immune system to

recognise and respond to epitopes may also provide a means of escape.

A particularly important part of this process is the production of epitopes in the proteasome,
which cleaves polypeptide chains according to their sequence. This cleavage is affected by
the sequence of the polypeptide as it passes through the central channel of the proteasome
where it may be cleaved multiple times, meaning that the sequence along the entire length of
the polypeptide chain is involved in determining the pattern of cleavage18% 343; 344; 345; 346; 347,
Indeed several studies have shown that selection pressure can result in viral escape through
mutation of both intra—epitope and flanking mutations that reduce the production of the
epitope targeted by the immune response62; 238;348;349; 350; 351 [n addition to the proteasome,
other cellular machinery is involved in the production and presentation of epitopes including
aminopeptidases that trim epitopes and the TAP complex which transports peptides into the
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ER; because both display sequence preferences for their epitope substrates and so the
production and presentation of epitopes can be similarly modulated by sequence changes

that affect these processes?238; 349; 352,

The maintenance of these escape mutations is of benefit to the virus while immune pressure
is applied for the given region, which is usually the case within individual patients, though
introduction of HAART may result in the reduction of the host responses through the
reduction of antigen stimulation associated with lower viral loads353. The maintenance of
these escape mutations following transmission to a new host will depend on several factors.
Firstly, whether the donor and the recipient carry the same HLA variants (are ‘HLA matched’
or if not are ‘HLA mismatched’). Escape mutations that carry a viral fitness cost because they
hamper viral replication will only remain in the virus if they are overall advantageous to
viral survival and spread. Thus, in an HLA matched recipient they may allow the virus to
escape immune detection and will therefore remain, whereas in an HLA mismatched
recipient they may only be disadvantageous for viral growth and will therefore likely revert.
The rate of reversion is found to differ depending on the effect the mutations have on viral
fitness17: 59 61; 257; 349; 354, Accumulation of escape mutations over time at a population level
may be reduced due to the polymorphic nature of the HLA creating very different selection
pressures with different HLA allele combinations and driving reversion to the consensus
sequencel” 62, However, a few studies have shown that for some HLA variants in some
populations, adaptation by the virus may occur at this level355 356 357, If these escape
mutations, while no longer advantageous, are not a disadvantage in a new host (for example
due to the presence of compensatory mutations), they may be maintained or exhibit slow
reversion or be lost through genetic drift. The HLA B*2705 R132K mutation when alone
incurs a large viral fitness cost3!7, however, when the sequence also contains compensatory
mutations reducing this cost (and allowing better replication in the original host) the

sequence is often maintained following transmission58; 59 320,
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Proteasomal processing of the wild-type KK10 sequence has been analysed previously by
our group?38. We found that in addition to small amounts of the KK10 epitope, many KK10
containing epitopes with differing C-termini were produced and these were made in much
larger amounts in the assay than the KK10 epitope itself. For the HLA A*02 restricted SL9
epitope and overlapping epitopes present in pl7 Gag, the amount of production by the
proteasome was linked to the immunodominance hierarchy of the CD8+ T-cell response in
the region238. Further analysis of the production of epitopes by proteasomal digestion of the
KK10 region and the effects of common escape mutations in the region on this production
were therefore carried out in order to better understand the role that this epitope and KK10

containing epitope forms play in the immune response in vivo.

2.2. Proteasomal digestion of sequence and sequence variants

The HIV-B consensus sequence of the p24 Gag protein was used to create 25mer peptides
containing the amino acid residues 126-150, which include the KK10 epitope. Peptides were
created carrying two common escape mutations observed in the KK10 epitope in patients
with a response to this peptide, R132K and L136M, either alone or in combination. Purified
constitutive and immunoproteasomes (from LCL721.174 and LCL721 human Epstein-Barr
virus-transformed B cell lines) were used to digest the 25mer amino acid sequence
(positions 126-150 in p24 Gag, HXB2 sequence numbering). The processing results from
these assays was compared with the previously published238 proteasomal digestion of the
25mer containing the KK10 wildtype sequence. This allowed the determination of the effects
of these mutations on antigen processing in the KK10 region. The epitopes present in this

region are shown below (Figure 4).
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Epitope HLA restriction Figure 4: Epitopes present between amino
GEIVKRWII B*08 acid resid.ue.s 126-150 in HIV-1 p24 and their
HLA restriction.
GEIYKRWIIL A*24, B*08
EIYKRWIILGL A*24
KRWI B*27
KRWII B*27
KRWIIL B*27
KRWIILG B*27
KRWIILGL B*27
KRWIILGLNK B*27
KRWIILGLNKI B*27
[ILGLNKIV A*02
KRWIILGLNKIVR B*27
KRWIILGLNKIVRM B*27
[ILGLNKIVRM A*33
ILGLNKIVRMY B*15, B*62

2.2.1. Production of KK10 and KK10 epitope forms in the wild-type P24 Gag digest

The proteasomal digestion of the KK10 wild-type containing sequence results in the
production of a number of epitopes238. These include several KK10 containing epitope forms
that are either C-terminally extended or truncated. The amounts of these naturally processed
epitope forms is greater in the wild-type sequence than the KK10 epitope itself (Figure 5A.
and B.). Previously published data showed one epitope form with a truncated C-terminus,
the KL8 epitope. However, further investigation of the ability of HLA B*2705 to refold with
and present truncated epitope forms (see Chapters 4 and 5) has revealed additional peptides
which may be presented by HLA B*2705. These are the peptides KRWI (KI4), KRWII (KI5),
KRWIIL (KL6) and KRWIILG (KG7). Refolding was achieved with all of these truncated
epitope forms and confirmed with mass spectrometry for the KI4 and KI5 peptides,

additionally we were able to crystallise and obtain structures for the KL6 and KG7 peptides
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in complex with HLA B*2705. Re-analysis of the KK10 wild-type proteasomal digestion
assays was therefore carried out to include these truncated epitope forms (all or part of

Figure 8, Figure 9, Figure 5 and Figure 7).

Analysis of the data to include these epitope forms shows that in addition to the previously
noted high levels of KL.8 epitope production238 (Table 2) the smaller truncated forms are also
all produced in greater quantities than the KK10 epitope. The KL6 (or 6mer) is produced in
the highest amount of any epitope form (Figure 5A and B) and at some time-points following
immunoproteasomal digestion, the number of these fragments being produced is 733 times
greater than the amount of the KK10 epitope (Table 2). The KL6 epitope form alone at these
time-points accounts for over 50% of the total HLA B*2705 restricted epitope production.
The KI5 epitope is also produced in considerably higher quantities (Table 2) and moderate
amounts of the KI4 and KG7 epitopes are also seen (1.81% and 3.39% being their respective

highest percentages of epitope production).

Ki4 KI5 KL6 KG7 KL8 KI11 KR13 KM14
. Immunoproteasome 24.9 129 733 7.84 415 5.59 3.46 534
Relative
number of Constitutive 6.86 27.6 254 156 59.4 238 441 683
epitopes proteasome
produced
Mean 14.0 679 445 12.5 201 16.5 4.03 62.4
. Immunoproteasome 51.3 224 1098 11.0 516 5.13 2.67 38.1
Relative
molar Constitutive
. 14.1 4738 381 219 738 21.8 3.40 48.7
production proteasome
of epitopes
Mean 28.9 118 666 17.6 250 15.1 3.11 44.5

Table 2: Production of KK10 epitope form relative to the production of the KK10 epitope (total production
observed for each epitope form over the time-course relative to total production observed for KK10).
Given in number of epitopes produced and relative molar amounts. The greatest epitope production in
each case is shown in bold.
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The addition of these truncated epitope forms to the region means that truncated forms are
the most commonly produced epitope forms at all but one time-point when the wild-type
sequence is digested. There are also differences in production profiles of these epitopes
between the constitutive and immunoproteasomal digests. There is greater production of the
truncated epitopes by the immunoproteasome than by the constitutive proteasome, with
95.4% of B*27 epitopes produced throughout the digestion being C-terminally truncated
compared with 78.9% in the constitutive digest. The relative proportions of the individual
epitopes also differs between the proteasomal forms, with greater proportions of KL6 and
KG7 being produced by the constitutive proteasome and greater proportions of K14, KI5 and

KL8 being produced by the immunoproteasome (Table 2).

The inclusion of these epitope forms gives rise to several new overlapping epitopes with the
same C-terminal end e.g. the HLA B*08 restricted epitope GEIYKRWII shares the same C-
terminus as the KRWII HLA B*2705 restricted 5mer peptide. This epitope must now be
considered as both a B*08 epitope and an N-terminally extended B*2705 epitope form which
may be trimmed or cleaved to the KRWII sequence. The speed at which this peptide will
undergo trimming by ERAP in the ER or possible cleavage by nardilysin in the cytosol358 is
not known and will be a factor in how much of each epitope will be generated at any one
time. Here 1 consider all of the N-terminally extended fragments produced from the
proteasome as being potential HLA B*2705 epitope forms (as we have done previously?238).
The truncated KK10 epitope forms are referred to as “B27-short” epitopes in our data
(Figure 8, Figure 9 panels A-D for both). However, the distinction between the truncated and
extended KK10 epitope forms is not made when considering total production of B*2705

restricted epitope forms (Figure 5 and Figure 7).

In addition to the production of C-terminally truncated KK10 epitopes, there is considerable
production of the C-terminally extended forms at some time-points (Figure 7). The most

abundant of these in both the immunoproteasome and the constitutive proteasome is the
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KM14 epitope (Table 2), followed by the KI11 epitope in the constitutive digest and the KR13

epitope in the immunoproteasomal digest. KK10 is produced in the lowest amounts of any

B*2705 restricted epitope in both the immunoproteasomal digest and constitutive digests

(Table 3). The C-terminally extended fragments are produced in greater percentages (of total

epitopes) as a group and individually in the constitutive proteasome compared with the

immunoproteasome and in both datasets the proportion of epitopes decreases over time

compared with the truncated forms (Table 3).

Constitutive proteasome Immunoproteasome

lhr 2hr 4hr 6hr Total 1lhr 2hr 4hr 6hr Total

Kl4 0.48 1.02 1.77 1.98 1.49 0.30 0.50 1.96 4.41 1.81

KI5 9.20 9.26 4.69 3.98 5.98 7.81 12.6 9.71 5.33 9.38

KL6 21.8 45.8 63.1 70.2 55.1 46.1 42.0 60.9 64.1 53.4

KG7 1.06 2.41 4.53 3.94 3.39 0.30 0.43 0.66 0.82 0.57

KL8 11.0 11.1 14.9 12.6 12.9 27.6 39.1 25.8 25.0 30.2

KK10 0.61 0.42 0.07 0.06 0.22 0.30 0.03 0.04 0.04 0.07
K11 145 6.87 2.83 1.42 5.15 1.89 0.31 0.10 0.08 0.41
KR13 3.13 1.21 0.33 0.26 0.96 0.96 0.19 0.14 0.08 0.25
KM14 38.2 21.8 7.81 5.59 14.8 14.8 4.87 0.73 0.16 3.89

Table 3: Production of KK10 epitope forms in the wild-type sequence at each time-point and in total for
constitutive and immunoproteasomal digests. Given as a percentage of total KK10 epitope forms produced.
The KK10 epitope form with greatest percentage production is shown in bold text.
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2.2.2. Production of KK10 and KK10 epitope forms in the 132 R-K p24 Gag Digest

As described above (Chapter 1), the R to K mutation at position 2 of the KK10 epitope has
been characterised as an HLA binding escape mutation as it greatly reduces the affinity of the
peptide for HLA B*270525. However, as we know that weak recognition of this mutated
epitope has been seen in certain assays?56, we wanted to see whether the mutation

additionally affected antigen processing in the region.

The proteasomal digests show that production of HLA B*2705 containing epitopes is
changed dramatically by the inclusion of this mutation into the sequence, with the
production of C-terminally extended epitope forms being completely abrogated by the
mutated position (Figure 5C, D and Figure 7). The KK10 epitope is still produced by the
constitutive proteasome, with total production being 0.36% (Table 4); none is produced by
the immunoproteasome in this digest. The relative proportion of KK10 produced is therefore

actually slightly higher than in the wild-type constitutive proteasomal digest at 0.22% (Table

3).

The proportion of C-terminally truncated KK10 epitope forms is greatly increased in this
sequence, accounting for all of the HLA B*2705 epitope production by the
immunoproteasome and over 99.6% of the production by the constitutive proteasome
(Table 4). Despite these large differences in processing between this sequence and the wild-
type, there are still some similarities in the patterns of production of the C-terminally
truncated forms (Figure 5). The proportion of KL.8 produced by the constitutive proteasomal
digest is 16.6% of B*27 restricted epitopes, and in the immunoproteasomal digest is 31.6%
(Table 4). This is very similar to the wild-type levels (Table 3). The patterns for the KG7
peptide are also similar, with a higher proportion of the epitope production being KG7 in the
constitutive digest (12.3%) compared with the immunoproteasomal digest (3.88%), though

the proportions produced in the wild-type are lower in both digests (Table 3).
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The proportions of other epitope forms are not as closely linked to wild-type levels, a larger

increase in production by the constitutive digest than the immunoproteasomal digest (Table

4) for the KL6 epitope occurs. This is possibly due to the loss of C-terminally extended

epitope forms that were produced in larger proportions by the constitutive proteasome

(Table 3). In addition we observed a decrease in production for KI5 in the R132K

constitutive proteasomal digest (0.32% versus 5.98%) and the loss of production of KI4.

However, for all of the truncated epitope forms that are seen, the pattern of

increased/decreased production between the constitutive and immunoproteasomal digests

remains unchanged (i.e. if relative production of an epitope form increases in the

immunoproteasome for the wild-type sequence, it will also be increased compared to the

constitutive digest for the RK mutant sequence).

Constitutive proteasome Immunoproteasome

1lhr 2hr 4hr 6hr Total 1lhr 2hr 4hr 6hr Total

Kl4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

KI5 0.00 0.37 0.47 0.30 0.32 2.40 5.17 4.66 8.79 6.84

KL6 75.0 71.5 65.6 71.0 70.4 57.1 47.4 51.3 62.5 57.7

KG7 13.7 13.6 14.1 11.8 12.3 3.07 3.29 2.98 4.44 3.89

KL8 11.3 14.4 18.5 16.7 16.6 37.4 441 41.0 24.2 31.6

KK10 0.00 0.00 1.32 0.22 0.36 0.00 0.00 0.00 0.00 0.00
K11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
KR13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
KM14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table 4: Production of KK10 epitope forms in the R132K sequence at each time-point and in total for
constitutive and immunoproteasomal digests. Given as a percentage of total KK10 epitope forms produced.
The KK10 epitope form with greatest percentage production is shown in bold text.
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2.2.3. Production of KK10 and KK10 epitope forms in the 136 L-M p24 Gag Digest

The proteasomal processing analysis performed on this sequence shows that in addition to
providing TCR escape and compensation for the R132K mutation, this mutation has a
significant impact on the production of KK10 epitope forms (Figure 5E and F). In particular,
the production of KK10 and KK10 C-terminally extended epitope forms is completely
abolished in this sequence (Figure 6)(Table 5), a more severe effect than seen with the
R132K mutation. However, as with the R132K sequence, the production of C-terminally
truncated KK10 epitope forms is not reduced by the mutation and they make up all of the

HLA B*2705 restricted epitopes produced in the region.

Production of the truncated epitope forms is similar, but not identical to that in the R132K
sequence, with the most commonly produced epitope being KL6 (up to 67.3% total)(Table
5). The proportion of KL6 produced from digestion of this sequence is slightly lower than
that made after processing of the R132K sequence (up to 70.4% total)(Table 4) and the
proportion of production of KI5 and KG7 is increased (Table 5). The production of the KL8
epitope is similar for the immunoproteasomal digest at 32.5% as it is for the R132K and
wild-type sequences (Table 3 and Table 4), however, the proportion produced by the
constitutive digest is reduced by a considerable amount when compared with these
sequences at 7.18%. As with the R132K sequence, the K14 epitope is not seen and despite the
differences in proportions of some epitopes between these sequences, the relative
differences in production between the constitutive and immunoproteasomal digests are
again in the same direction. The same epitope is therefore always more or less abundantly

produced by the same form of the proteasome.

57



Constitutive proteasome Immunoproteasome

1lhr 2hr 4hr 6hr Total 1lhr 2hr 4hr 6hr Total

Ki4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

KIS 12.9 16.4 1.99 2.06 2.29 20.7 19.0 17.4 11.3 13.7

KL6 38.0 41.8 47.7 69.7 67.3 49.9 28.5 315 54.0 46.7

KG7 49.1 41.8 39.1 21.3 23.2 9.97 5.03 6.19 7.53 7.10

KL8 0.00 0.00 11.2 6.95 7.18 19.4 47.5 45.0 27.1 325

KK10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
KR13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
KM14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table 5: Production of KK10 epitope forms in the L136M sequence at each time-point and in total for
constitutive and immunoproteasomal digests. Given as a percentage of total KK10 epitope forms produced.
The KK10 epitope form with greatest percentage production is shown in bold text.

58




o

% Total Epitope Production
% Total Epitope Production

100+ 1001
804 k 80+
60 60
404 : 404
204 20

0 0

X
Hours Hours

@)
O

100+ " 100+
c c
2 8
S 804 S 804
© kel
<] <]
o 60 & 60
Q Q
2 2
S 401 S 401
5 3
=~ 204 = 204
R R
04 [} T T T T
Hours Hours
* 1004 * 1004
c c
9 8
S 804 S 804
el el
<] <]
& 601 % 601
Q Q
2 2
g 401 g 401
3 3
= 204 = 204
R R
04 0~ T T
Hours Hours
G' 100+ * 1001
c c
i) S
S 804 S 804 .
© el
<] <]
& 601 % 601
Q Q
2 2
S 401 S 401
3 3
= 209 = 209
R R
04 o] T T
Hours Hours

B 4mer [] 6mer [ 8mer B 11mer B 14mer
Bl 5mer Bl 7mer I 10mer B 13mer

Figure 5: HLA B*2705 restricted epitope production shown in A. W/T immunoproteasome B. W/T
constitutive proteasome C. RK mutant immunoproteasome D. RK mutant constitutive proteasome E. LM
mutant immunoproteasome F. LM mutant constitutive proteasome G. RKLM mutant immunoproteasome
H. RKLM mutant constitutive proteasome.

59



2.2.4. Production of KK10 and KK10 epitope forms in the 132 R-K/136 L-M p24 Gag

Digest

In a large number of patients with the L136M mutation, the R132K escape mutation is also
present320. We therefore incorporated both of these mutations into the same sequence to
determine the effect they have in concert on KK10 epitope form production. As with the two
mutant sequences alone, there are considerable effects on the KK10 epitope form production
in this sequence (Figure 5G and H), with production of C-terminally extended epitope forms
severely curtailed (Figure 6). Surprisingly, given the complete abolition of production of
these epitopes by both single mutant sequences, KI11 is produced in the constitutive digest
(Table 6) though this is in a very small amount compared with that made following the wild-
type digests (Table 3). Of all of the digests the R132K, L136M sequence gives the greatest
proportion of KK10 epitope production, with 1.72% of all production in the constitutive
digest being the KK10 epitope and 0.62% in the immunoproteasomal digest (0.22% wild-

type constitutive and 0.36% R132K constitutive).

1.8+
1.6+
1.4+
1.24
1.0+
0.8+
0.6
0.4+

0.2+
0.0-.-_—

% Total Epitope Production

Sequence

Figure 6: KK10 production as a percentage of total HLA B*2705 restricted epitope production.
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Though production of C-terminally extended KK10 containing epitope forms is higher for
this sequence than for either of the mutants alone, the majority of B*2705 restricted
production still consists of the truncated epitope forms (Figure 5G and H). Once again, the
KI4 epitope is not produced and the KL6 epitope remains the most commonly produced
fragment in both digests (Table 6). The KI5 epitope is produced in similar proportions to its
production in the L136M sequence, with slightly higher proportions produced by the
immunoproteasome (Table 6) while the KG7 epitope is produced in proportions between
those of the R132K and L136M sequences (Table 4 and Table 5). The KL8 epitope form is
produced in very similar proportions to the L136M sequence (Table 5). Finally, the relative
productions of both the C-terminally extended and truncated KK10 epitope forms in this
sequence remain the same with respect to which proteasomal form produces the greater
proportion of the epitope. Selection pressure to generate only the truncated KK10 epitope
forms through sequence combinations that are adapted to proteasomal preferences may be
less in case of virus with these double intra-epitopic escape mutations (R132K, L136M) due
their combined effect on HLA-binding and TCR-recognition, respectively, which already

decrease or abolish any HLA-B2705 restricted KK10 response.

The epitope production patterns shown by the R132K, L136M double mutant sequence are
an interesting mix of the patterns seen for the R132K and L136M mutant sequences alone,
with some epitope proportions more similar to one or the other of these sequences. The
preserved patterns of differences in which epitopes are favoured for production by the
constitutive and immunoproteasomal forms, particularly among the truncated epitope
suggest that underlying cleavage preferences of the proteasomal forms are similar between
the sequences, as might be expected given the sequence similarity. This is of particular
interest given the large effect on production that these modest sequence changes have on the

C-terminally extended KK10 containing epitope forms.

61



Constitutive proteasome Immunoproteasome

1lhr 2hr 4hr 6hr Total 1lhr 2hr 4hr 6hr Total

Kl4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

KI5 1.82 3.91 3.58 2.20 2.50 15.7 20.7 22.2 19.9 20.1

KL6 51.3 46.6 50.3 74.6 68.8 41.3 29.1 32.7 42.8 40.0

KG7 42.7 38.3 345 13.7 18.9 3.72 4.16 3.98 6.82 5.98
KL8 4.22 10.9 10.4 7.34 7.92 39.2 45.7 40.4 29.7 33.2

KK10 0.00 0.25 0.64 2.10 1.72 0.00 0.00 0.47 0.77 0.62
KI11 0.00 0.00 0.56 0.00 0.08 0.00 0.32 0.25 0.00 0.07
KR13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
KM14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table 6: Production of KK10 epitope forms in the R132K/L136M sequence at each time-point and in total
for constitutive and immunoproteasomal digests. Given as a percentage of total KK10 epitope forms
produced. The KK10 epitope form with greatest percentage production is shown in bold text.
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2.2.5. Production of epitopes restricted by other HLA alleles in the p24 Gag digests.

In addition to the HLA B*2705 restricted KK10 epitope forms produced in this region, there
are epitopes restricted by other HLA present in the region, and may partly overlap the KK10
epitope forms. Analysis of production of these epitopes and how they vary with mutations of
the KK10 epitope may provide additional information on how these mutations affect
processing of this 25mer region of p24 Gag. When analysing epitopes restricted by another
HLA that share a C-terminus with an HLA B*2705 restricted epitope, it is important to note
that, if the epitope begins N-terminal to the HLA B*2705 restricted epitope, the total
production of these epitopes will also be counted as B*27 epitopes. However only those

containing the N-terminus of the other epitope will be included in the total for that HLA.

The HLA B*08 restricted epitope GI9 (Figure 4) is produced in all of the sequence digests,
however, the amounts vary substantially between the sequences, ranging from 0.31% in the
R132K constitutive digest to 189% in the R132K, L136M double mutant
immunoproteasomal digest (Table 7, Table 8, Table 9 and Table 10). The proportions of this
B*08 restricted epitope produced (Figure 9A) account for all of the KI5 epitope seen in the
three mutated sequences (Figure 10B) (Table 11). However, in the wild-type sequence the
amount of the B*08 restricted epitope produced accounts for only a small amount of the total

production of KI5, the majority being the KI5 fragment in this sequence (Table 11).

The A24 /B8 restricted epitope GL10 (Figure 9B), shares the same C-terminus as the KL6
HLA B*2705 restricted epitope. The proportions of this epitope produced vary from 27.6%
(Table 9) of total epitope production to 67.2% (Table 8). The percentage of total KL6
accounted for by production of this epitope differs between the sequences (Table 11). In the
wild-type digestion up to 78.3% of the total KL6 epitope production is GL10 (Figure 10C)
and in the L136M sequence, the epitope accounts for up to 94.8% of production in the

constitutive digest, with the remainder being the K N-terminal form (Table 11). This trend is
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increased in both the R132K and R132K, L136M double mutants, where even smaller

proportions of KL6 production is accounted for by the K N-terminal form (Table 11).

In addition to the GL10 epitope, A24 can also recognise an epitope slightly C-terminal in the
region, IL10. These epitopes share the same C-terminus as the HLA B*2705 restricted KL8.
The proportion of total epitopes that are IL10 ranges from 6.40% in the L136M constitutive
digestion to 29.5% in the immunoproteasomal digestion of the same sequence (Table 9).
This pattern of production is similar in the R132K, L136M double mutant, though more of
the epitope is produced in this digest, particularly by the immunoproteasome (Table 10). In
the R132K sequence there is higher production in the constitutive digest and similar levels of
production in the immunoproteasomal digest (Table 8) compared with the two L136M
containing mutants. The wild-type digest has slightly higher levels of production in the
constitutive digest than the L136M mutants but has much lower production by the

immunoproteasome (Table 7).

The proportion of the KL8 epitope that is not produced from the IL10 epitope differs
between the 4 sequences. Strikingly, the pattern of these differences is quite similar to the
pattern seen for the KI5 epitope (Figure 10E). The largest proportions of epitope production
from short, non-IL10 fragments being in the wild-type digests, the next highest proportion in
the L136M immunoproteasomal digest, and the proportion is much lower in both the
constitutive digest for the L136M sequence and the R132K and R132K, L136M double

mutant digests (Table 11).

Though the other two truncated KK10 epitopes (KI4 and KG7) do not share restrictions with
any other HLA alleles, in order to see whether this production pattern might be affected by
the presence of an overlapping HLA restriction, [ also looked at proportions of N-terminally
extended epitope production compared with those which start with the K N-terminus. The

pattern of production with more short epitopes being produced by the wild-type digest held
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for both of these epitopes (the KI4 is only produced in the wild-type digest) (Figure 10A and

D) showing that this effect does not depend on additional restriction by other HLA alleles.

In addition to the non-HLA B*2705 restricted epitopes of which share C-termini with HLA
B*2705 restricted truncated epitope forms, there are also several epitopes produced which
are not restricted by HLA B*2705. Of these epitopes, only one set is found in the digests of all
of the sequences. These are the B15/B62 HLA restricted epitopes GY9 and LY8 (Figure 4).
These epitopes are produced at 3.47% to 9.43% of total epitope production across the
sequences (Figure 5E), with the proportion produced in the wild-type digests being higher

than in the mutant sequences (Table 7, Table 8, Table 9 and Table 10).

Two other non-HLA B*2705 restricted epitopes are found in some of the sequences digested,
with the HLA A*02 restricted epitope IV9 (Figure 4, Figure 5G) found following digestion of
the R132K, L136M double mutant and the HLA A*33 restricted epitope MR8 (Figure 4,
Figure 5F) found after processing of the L136M and the R132K, L136M double mutants.
These epitopes are produced at 1% or less of total epitope production (Table 7, Table 8,
Table 9 and Table 10). Their presence in only the sequences containing escape mutations
demonstrate that the changes in antigen processing caused by these HLA B*2705 related
mutations may produce novel epitopes for immune recognition as well as abolishing those

present in wild-type sequences.
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Constitutive proteasome Immunoproteasome
1hr 2hr 4hr 6hr Total 1lhr 2hr 4hr 6hr Total
B8, B27 short 0.11 0.31 0.58 0.49 0.43 1.10 1.81 3.22 2.82 2.39
A24, B8, B27 short | 16.4 30.5 41.8 44.4 36.5 30.5 26.8 334 27.8 29.5
A24, B27 short 9.13 8.34 10.4 8.41 9.22 18.1 25.9 15.1 4.69 16.4
B27 only 67.3 52.1 37.9 35.6 44.4 38.2 35.7 44.4 60.6 44.8
B15, B62 7.11 8.74 9.32 11.1 9.43 12.2 9.78 3.79 4.09 6.90

Table 7: Production of Epitopes by HLA restriction in the wild-type p24 Gag AA126-150 sequence at each
time-point and in total for constitutive and immunoproteasomal digests. Given as a percentage of total
epitopes produced. The HLA with greatest percentage production is shown in bold text.

Constitutive proteasome Immunoproteasome
1lhr 2hr 4hr 6hr Total 1lhr 2hr 4hr 6hr Total
B8, B27 short 0.00 0.37 0.47 0.29 0.31 2.40 5.16 4.62 8.06 6.49
A24, B8, B27 short | 74.5 69.8 63.9 67.3 67.2 56.2 46.1 49.4 51.1 50.6
A24, B27 short 11.3 14.2 18.0 15.6 15.7 36.4 42.6 39.8 20.5 28.5
B27 only 14.3 14.1 16.3 12.6 13.3 4.99 5.89 5.42 12.0 9.37
B15, B62 0.00 1.49 1.36 4.16 3.47 0.00 0.27 0.77 8.28 5.03

Table 8: Production of Epitopes by HLA restriction in the R132K p24 Gag AA126-150 sequence at each time-
point and in total for constitutive and immunoproteasomal digests. Given as a percentage of total epitopes
produced. The HLA with greatest percentage production is shown in bold text.
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Constitutive proteasome Immunoproteasome

1hr 2hr 4hr 6hr Total 1hr 2hr 4hr 6hr Total

B8, B27 short 12.9 16.4 1.90 1.92 2.13 20.7 19.0 17.2 10.4 12.9
A24, B8, B27 short 38.0 41.8 44.1 61.2 59.5 45.9 22.6 19.3 29.8 27.6

A24, B27 short 0.00 0.00 9.82 6.20 6.39 15.5 40.0 35.4 19.7 24.6

B27 only 49.1 41.8 39.6 23.6 25.2 17.9 18.5 27.4 31.8 29.2
B15, B62 0.00 0.00 4.02 6.22 5.93 0.00 0.00 0.68 6.69 4.63
A33 0.00 0.00 0.54 0.88 0.84 0.00 0.00 0.00 1.60 1.08

Table 9: Production of Epitopes by HLA restriction in the L136M p24 Gag AA126-150 sequence at each
time-point and in total for constitutive and immunoproteasomal digests. Given as a percentage of total
epitopes produced. The HLA with greatest percentage production is shown in bold text.

Constitutive proteasome Immunoproteasome

1hr 2hr 4hr 6hr Total 1hr 2hr 4hr 6hr Total

B8, B27 short 178 3.84 348 208 237 | 157 206 22.0 183 189
A24,B8,B27short | 593 457 489 70.0 65.1 | 413 284 319 354 346

A24, B27 short 414 107 101 691 751 | 388 445 387 254 295

B27 only 419 378 349 152 199 | 419 603 655 128 109
B15, B62 191 173 171 474 408 | 000 021 061 7.05 520
A2/B27 000 000 055 000 007 | 000 032 025 000 0.6

A33 000 022 037 109 091 | 000 000 000 112 081

Table 10: Production of Epitopes by HLA restriction in the R132K/L136M p24 Gag AA126-150 sequence at
each time-point and in total for constitutive and immunoproteasomal digests. Given as a percentage of
total epitopes produced. The HLA with greatest percentage production is shown in bold text.
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Figure 8: Total epitope production by HLA restriction shown for each sequence over time. A. Wild-type
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W/T W/T R132K R132K L136M L136M RKLM RKLM

C | C | C | C I
Ki4 100 100 0.00 0.00 0.00 0.00 0.00 0.00
KI5 91.5 68.7 0.00 0.00 0.00 0.00 0.00 0.00
KL6 21.7 31.9 1.05 7.60 5.23 37.2 0.35 7.85
KG7 54.7 55.9 0.00 0.00 4.59 5.12 0.00 0.00
KL8 155 33.3 2.12 5.04 4.55 19.9 0.00 5.41

Table 11: Proportion of truncated KK10 epitope form production consisting of peptide fragments with N-
terminal K residue as a percentage of total production of that epitope form. Non-zero figures shown in
bold. C=Constitutive Digest, = Immunoproteasomal digest.

2.3. TAP transport of KK10 epitope forms

The Transporter associated with Antigen processing (TAP) is responsible for determining
which peptide epitopes are taken into the ER and are then able to bind to empty HLA class-1
molecules. The transporter selects substrates at the three N-terminal residues and at the C-
terminus of the peptides, it has relatively low sequence specificity, however, there are some
sequence and length preferences which affect the ease of gaining access to the ER for
different peptide epitopes?33. It has been shown that of the two stages of peptide interaction
with TAP, binding and translocation, the binding step determines substrate specificity and
that once selected, bound peptides will be transported immediately225. TAP binding is
therefore important to consider for our KK10 epitope forms as, transport into the ER is a

prerequisite for HLA B*2705 binding and subsequent presentation on the cell surface.
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2.3.1. C-terminally truncated KK10 epitope forms display ability for TAP transport

TAP binding assays233 were carried out using synthetically produced peptides of each of the
KK10 epitope forms identified during antigen processing. Binding was measured relative to a
standard peptide (RL9), results were then adjusted to give binding relative to the KK10
epitope (Figure 11). Binding of TAP to the various KK10 epitope forms (Figure 11) was
shown to be of moderate to high affinity, with affinity generally increasing with epitope
length. Previous work has considered all peptides with an RL9 relative IC50 of less than 372
to be at least moderate affinity for TAP230. The lowest affinity epitope form was KI5, this
peptide was transported with a RL9 relative IC50 of 51.9 (103.8 relative to KK10) and is
comparable to several well-known immunodominant epitopes restricted by other HLA
alleles. The KK10, KI11 and KR13 epitope forms all bind TAP with a greater affinity than the
standard RL9 peptide and KR13 binds slightly better than KK10 (relative binding 0.8) so
make extremely good TAP binders. This will result in efficient transport into the ER and

loading of the peptides onto HLA B*2705.
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Figure 11: Binding affinity for the TAP transporter measured relative to the RL9 standard peptide as
described and shown relative to the IC50 for the KK10 peptide.
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2.4. Discussion

2.4.1. The impact of escape mutations R132K and L136M in the HLA B*2705 KK10
epitope on antigen processing and the production of KK10 and extended KK10

epitope forms.

Many sequence mutations have been found that affect antigen processing and the
presentation of epitope, both within the epitope and in flanking regions of the sequence6 238;
348;349;350;351, Some of these antigen processing mutations have also been found to enhance
escape through other mechanisms, such as the reduction of HLA binding or T-cell
recognition, either for the same epitope as the antigen processing effect, or for another
epitope348. However, despite the extensive study of the KK10 epitope and the effectiveness of
the R132K mutation in mediating escape from the CD8+ T-cell response, its effect on antigen

processing has never before been studied.

The analysis here shows that both the R132K and L136M mutations, either alone or in
combination, have a profound effect on antigen processing of the region. In all three of these
sequences, complete, or almost complete abolition of the production of extended KK10
epitope forms was observed (Figure 5). This abolition extended to the KK10 epitope itself in
the L136M sequence, though production continued in the R132K and R132K, L136M double
mutant sequences (Figure 6). Despite this depletion of KK10 and the extended epitope forms
in the escape mutant sequences, the overall production of truncated KK10 epitope forms did
not decrease in any of the mutant sequences, indeed it more than doubled when considering
the percentage of total epitopes produced in these digests (Table 7, Table 8, Table 9 and
Table 10). In particular, the KI5, KL6 and KG7 rose considerably as percentages of total KK10

epitope forms in the mutant sequences (Table 3, Table 4, Table 5 and Table 6).
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The selective abolition of the KK10 epitope forms by these escape mutation containing
sequences is of interest as it suggests that this may be a deliberate consequence of the escape
mutation rather than an unintended side effect of escape through HLA binding and TCR
recognition. That the extended epitope forms are particularly affected while the production
of truncated KK10 epitope forms from the mutant sequences are maintained relative to the
wild-type sequence, suggests that the combination of escape from T-cell responses to these
extended epitope forms and maintenance of production of shorter epitope forms may be

beneficial for viral replication.

Further to this, the production of the KK10 epitope is not abolished in either the R132K
sequence or the R132K, L136M sequence, instead it increases as a percentage of KK10
epitope forms. However it is completely abolished in the L136M sequence. The L136M
mutation is often seen before the R132K mutation appears in the epitope320 and has been
proposed as either a TCR escape mutation321:342 or as a necessary compensatory change to
maintain replication with the R132K mutation58. However, it has also been demonstrated
that many patient TCR can cross recognise the KK10 epitope containing the L136M change
and furthermore that patients with this cross recognition are more likely to be long term
non-progressors, which would increase selective pressure to reduce or abolish KK10
production3%8, In contrast, the later R132K mutation has been demonstrated to significantly
reduce binding of the KK10 epitope to HLA B*2705 and can thereby prevent CTL recognition
of the epitope?56. Consequently, the production of the KK10 epitope with R132K, or a
combination of R132K and L136M, would not be expected to invoke immune recognition of
the region and selection to reduce production of the KK10 epitope form will therefore be less

(or non-existing) than in patients carrying virus with only the L136M mutation.

The complete abolition of KK10 production in this particular sequence therefore introduces
the compelling idea that this may be the main function of this early mutation. The cross

recognition seen in some assays may be indicative of a general ability of these TCR to cross
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recognise similar peptide sequences in complex with the TCR, indeed it is possible that these
cross-reactive TCR are induced by the presence of the extended KK10 epitope forms
produced in the region, and that it is the ability to recognise these epitope forms, rather than

the L136M mutation that provides additional protection from disease progression.

However, several problems arise when considering this hypothesis. Patients generally do not
lose control of viremia until after the R132K mutation and compensatory mutations have
occurred58; 256; 318, [n addition, maintenance of T-cells specific for KK10 and generation of new
KK10 recognising TCR following the L136M mutation have been observed3!8: 321, Finally, the
effectiveness of the L136M mutation in providing escape from recognition of this epitope is
underscored by the later development of the R132K mutation, if the L136M mutation was
completely effective in removing immune pressure from this sequence, development of new
escape mutations would not be driven. Given that it has been demonstrated that
presentation of epitopes continues to some extent in the absence of proteasomal function
and that the aminopeptidase nardilysin is able to cleave at a motif that would create the
correct N terminus for the epitope3s8. One possibility may be that the L136M change does
prevent production of KK10 by the proteasome, but that proteasome independent

production of the epitope is sufficient for some continued recognition by CTL.

The maintenance of production of the truncated KK10 epitope forms suggests that, in
contrast to the extended forms, these peptides are at best not a source of selection pressure.
The possibility also exists that these peptides could be beneficial for viral survival and
replication. Large amounts of the KL6 and KL8 forms in particular are produced in all
sequences, including the wild-type, while the largest increases in relative production occur
for the KL.6 and KG7 epitope forms in certain digestions (Table 7, Table 8, Table 9 and Table
10). There are also differences in how these epitope forms are produced between the wild-
type sequence and in the sequences containing escape mutations. In the wild-type sequence,

significant proportions of the epitopes are produced with the lysine residue forming the N-
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terminus; in the escape mutant sequences, far more of the epitopes are produced in N-
terminally extended forms (Figure 10). In contrast to previous studies359, the N-terminally
extended forms are preferentially produced by the constitutive proteasome for all the
truncated forms apart from KI5. Production of N-terminally extended forms has been
associated with improved presentation of epitopes3¢® and that this occurs primarily in the
constitutive proteasome with escape mutant containing sequences may be of note. This
pattern of presentation does not seem to depend on whether these extended epitope forms
are also presented by another class-1 HLA. However, the N-terminally extended forms of the
KI7 peptide that are produced do contain an HLA class-2 DRB1*1301/1302 epitope36! which
may be presented in some patients. The epitope has been linked to strong CD4+ T-cell
responses in patients and the possession of this HLA in association with DQB1*06 was
associated with better control of viral replication following treatment36l. However, there is
still some uncertainty as to the contribution of CD4+ T-cell responses to the control of HIV-1

given their status as the target cell type for infection362 363; 364; 365; 366; 367,

The production of novel epitopes seen in the L136M and R132K, L136M sequences means
that the immune escape given by these mutations may not be complete for all patients,
particularly as we see an HLA A*02 restricted epitope being produced in the R132K, L.136M
sequence. However, the expansion of viral populations containing this sequence and
continued presence of these mutations in both the patient and in HLA mismatched
individuals following transmission329, suggests that the presentation of these epitopes does

not significantly affect viral replication.
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3. Functional studies of HLA B2705

positive HIV-1 patient responses to

naturally processed KK10 containing

epitope forms.

Clonotyping work in this chapter was completed with the kind assistance of
Professor David Price and his lab, particularly Dr. James McLaren and Dr.

Kristin Ladell.
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3.1. Introduction

In this chapter, we have used pMHC multimer technology368 (Immudex) to analyse the
recognition of KK10 epitope forms in HLA B*2705 HIV-1 positive patient PBMC. We have
used dextramer combinations and TCR clonotyping to determine the extent and control of

cross-recognition of these responses.

3.1.1. Studies on cross-recognition of epitopes by the T-cell receptor

Approaches taken in assessing the degeneracy of TCR have included both sequential
modification of amino acid residues in a known peptide ligand (this approach was also
recently used to assess the HLA-B*57 /KIR3DL1 interaction36? and the use of combinatorial
peptide libraries08:370; 371, This combination of approaches has shown that the TCR binds
through recognition of both the HLA and the peptide, but often only a few contact residues in

the peptide are bound.

In the case of HLA class-2 specific TCR, similarities in a small structural motif in the peptide
epitope have been shown to be sufficient for cross-recognition372. Outside of these primary
contact regions, substitutions are more readily accepted. In a study using a combinatorial
peptide library, a type-1 diabetes derived auto-reactive HLA A*0201 restricted TCR showed
ability to bind more than a million peptide epitopes within a 100 fold range of sensitivity of
the index peptide37L. This study showed that the contact residues at positions 4-6 were more
highly conserved, but that outside this region, many substitutions were possible. Indeed one
sequence, differing at 7 of 10 residues, gave up to 100 fold better sensitivity than the index

peptide.
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That the study used an auto-reactive TCR may partially explain the enormous degree of
degeneracy seen in this case, as a major contributor to auto-reactivity is thought to be cross
recognition of a self-epitope by a TCR generated in response to a pathogen derived peptide
during infection372:373. Other aspects of the immunological context of the TCR may also be
important to consider when looking at T-cell cross reactivity, with one study showing
variability in the extent of cross recognition depended partly on the activation state of the
antigen presenting cells (APCs)374. A study examining 3 TCRs recognising the same HLA-
peptide complex but with differing degrees of cross-recognition of other peptides showed
that differences between the cross-reactive TCR and the specific TCR in this system
depended on the type, location and total area of receptor-ligand contacts288. The more cross
reactive the TCR in this study, the smaller the total area of interaction on the surface of the
HLA complex, the more the contacting residues focussed on HLA residues instead of peptide
interaction and the higher the percentage of the total interaction surface being mediated
through Van-der-Waals (VDW) forces. The increase in the percentage of VDW type
interactions is interesting as it may partly offset the decrease in interaction area, with VDW

interactions being quite strong when concentrated in the same area?28s.

Further insight into how the structure of the TCR modulates its ability to recognise HLA-
peptide complexes has recently been given by studies examining the conformation of the
CDR loops of the well-characterised A6 TCR in complex with different HLA A*02-bound
epitopes107: 282, For this TCR, the CDR3B loop was found to adopt several different
conformations when bound to the different epitopes. The range of conformations for the
CDR3a loop was more restricted, while the conformations of both the CDR1 and 2 loops
appeared to be fixed. Molecular dynamics simulations of the two CDR3 loops in the TCR
showed that CDR3a adopts a “binding capable” or a “non-binding capable” conformation,
separated by a large energy barrier. In contrast the CDR3f3 loop had a wide range of binding

capable conformations with small energy maxima/minima. This would allow the CDR3[ loop
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to modify its conformation to best fit the peptide being bound, termed a conformational-

selection model of TCR binding107

This analysis shows that, for this TCR, cross-recognition is determined largely by the ability
of the CDR3f3 loop to exhibit conformational flexibility, however, binding studies also showed
that the CDR3a loop has only one conserved interaction with peptide in the structures
studied!97 and several interactions with HLA-A*02 residues. These interactions may serve to
restrict the TCR specificity by HLA and to a peptide subset; however, the small number of
peptide residues contacted consistently by this loop gives considerable scope for recognition
of alternate peptide sequences. This study correlates well with the finding in HLA B*2705
KK10 specific TCR that increased cross recognition was associated with changes in the

nature of the CDR3f3 loop308.

3.2. Flow cytometry analysis of patient responses using dextramer

staining

The T-cell responses of patients to the naturally processed KK10 epitope forms were
assessed through the use of HLA B*2705 dextramer staining of patient PBMC (Method in
Chapter 7.3.2). Patients were HLA B*2705 positive individuals identified from an HIV-1
infected Danish cohort from this cohort, we obtained 10 patients who carried HLA B*2705
and were all assessed at one or more time-points during chronic disease (Table 12, Table 13

and Table 14).
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Patient Time since first . . CD4+ .
g Time-point Viral load Treatment Group

Number positive test count
101074 9 months 13/03/2007 330 112171 No 1
100967 11 years 5 20/11/2007 | 630 91258 No 1

months

16 years 1

241242 26/07/2007 540 34704 No 1

month
050875 4 years 11/12/2006 580 87342 No 2
170466 10 months 12/10/2006 190 1843 No 2
060473 2 years 4 months | 11/10/2006 760 16625 No 1
030869 1 year 5 months | 27/03/2008 540 12614 No 1
030778 1year 22/10/2007 | 470 190 Viramune, 2

Kivexa
T d
081077 | 4 years 2 months | 26/08/2008 | 419 39 ruvaaa, 1
Efavirenz

111156 19 years 7 08/05/2006 | 1000 Non- VIGEG) 2

months detectable Kaletra

Table 12: Viral load (copies/ml), CD4+ count (cells/ml), length of infection and treatment information on
patients used in the study at the first time-point examined.

Patient

Time since first

CD4+

.\ Time-point Viral load Treatment Group

Number positive test count

101074 1 year 11/06/2007 320 112397 No 2

060473 >vears 1l 43052011 | 680 20 Truvada, 2

months Viramune

T d

081077 | 6 years 2 months | 04/08/2011 | 490 19 ruvada, 1
Efavirenz

21 years 9 Non- Viread,
111156 months LG R 610 detectable Kaletra 2

Table 13: Viral load (copies/ml), CD4+ count (cells/ml), length of infection and treatment information on

patients used in the study at the second time-point examined.
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Group Patient Number Time-point 1 Time-point 2 Interval (Months)

1] 101074 13/03/2007 11/06/2007 3
060473 11/10/2006 03/05/2011 55
030869 27/03/2008
100967 20/11/2007
241242 26/07/2007
081077 26/08/2008 04/08/2011 35

2 | 111156 08/05/2006 01/07/2008 26
050875 11/12/2006
030778 22/10/2007
170466 12/10/2006

Table 14: HLA B*2705 HIV-1 positive patient numbers and sample time-points tested for responses to KK10
epitope forms using HLA B*2705 dextramer complexes.

Dextramers consist of multiple (usually 10) HLA molecules that have been refolded around

the peptide of interest linked to a dextran backbone via a biotin-streptavidin 1ink375. The

dextran backbone is then tagged with a fluorophore to enable analysis by flow cytometry.

Dextramers were used both alone and in combination in addition to phenotypic and viability

markers to assess responses to the epitopes and levels of cross-recognition.
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3.2.1. CD8+ T-cell responses are seen to a variety of C-terminally extended and

truncated epitope forms

Our antigen processing analysis238 (Chapter 2) of the p24 Gag aal126-150 HIV-1 B consensus
sequence demonstrated that a number of different KK10 epitope forms were being produced
by both the constitutive and immune-proteasomes in addition to the optimal KK10 epitope.
These epitope forms included KL8, KK10, KI11, KR13 and KM14 and these forms were
incorporated into dextramers and assayed for recognition by CD8+ and CD4+ T-cells in
patient PBMC. Additional shorter epitope forms identified by antigen processing were
assessed by intracellular cytokine staining (ICS) or enzyme-linked immunosorbent spot

(ELISpot) rather than through dextramer staining (Chapter 5.2.2).
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Figure 12: CD8+ T-cell responses to KK10 containing epitope forms in A. HLA B*2705 patients recognising
KK10 B. Those without KK10 recognition C. All patients.

Defintion of recognition was difficult to accurately determine due to the heterogeneous
nature of some populations (Figure S 12A) and differences between individual dextramers. A
clear population above the gated background level of mismatched dextramer controls was
therefore regarded as positive. In accordance with this definition CD8+ T-cell responses to
the KK10 epitope were seen in 6 of the 10 patients tested (Figure 12C, Figure 14). The
presence or absence of KK10 recognition has been used to group the patients for several
analyses throughout this chapter (group 1 = KK10 responders, group 2 = KK10 non-
responders). These responses varied from 1% up to nearly 11% of all CD8+ T-cells and are
characterised by being highly fluorescent and clearly separated from the non-responding

population. In one patient, 241242 we see both a highly fluorescent population of KK10
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positive cells and a moderately fluorescent population (Figure 22) both clearly distinct from
the negative population and from each other. This may indicate a difference in the number or

avidity of the T-cell receptors on the surface of cells between these two populations.

Patients that we have classified as being without a KK10 response (group 2) (Figure 12B,
Figure 13) show no significant positive population above levels for irrelevant dextramer
controls. Any population seen at this level may represent slight differences in background
binding between dextramers as a different HLA allele - HLA A*0201 was used for the
irrelevant peptide control stains (patients were tested for recognition of this epitope prior to
tests with HLA-B*2705 and no recognition was seen). Any slightly positive cells could also be
due to slight cross recognition from TCR responding to other epitopes or possibly small, very
low affinity populations. The absence of KK10 response in such a large proportion of our
patients (40%) differs markedly from the 92% response rate seen in an earlier study31s,
however, this could be due to the staging of patients in our cohort, which are in the chronic
phase of disease and have been infected for many years at the time of sampling, as compared

with the acutely infected individuals in the previous study cohort.

In addition to the recognition of the KK10 epitope in group 1, we also observed a range of
responses to the naturally processed epitope forms that were tested. The two forms with the
highest mean response among all patients are the KM14 epitope (1.74% CD8+ T-cells, SD
0.76) and the KI11 epitope (1.68% CD8+ T-cells, SD 1.49). The response to the KM14 epitope
is more similar among the patients than that of either the KI11 or the KK10 response (SD
3.69), with the total binding ranging from 0.65% CD8+ T-cells to 3% CD8+ T-cells (Table 15).
The fluorescent Intensities of the CD8+ T-cells that recognise KM14 are quite heterogeneous,
with T-cells seen at all ranges of fluorescent intensity from near negative to moderate-highly
fluorescent (Figure S 12). This broad spread of fluorescence suggests that there may be quite
different numbers of dextramers bound to the CD8+ T cells within the KM14 positive

population. This may indicate that the T cells in this population belong to a number of
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different clonotypes with differing affinity or levels of TCR expression. However, distinct
populations with a smaller spread of fluorescence are seen in some patients (060473,
081077 TP2). The response to KI11 has a wider range than that of KM14 in terms of the
percentage of total patient PBMC recognising the dextramer (from 0.35% to 5.26% total
CD8+ T-cells)(Table 15) with some patients that respond having over 5% of CD8+ T-cells
binding. KI11 recognition was also variable in terms of Mean Fluorescent Intensity (MFI)
with some patients displaying clearly separate positive populations with a high mean

fluorescence.

The response to the KL8 epitope showed the second highest mean percentage of CD8+ T-
cells binding, with a mean across all patients of 1.44%, ranging from 0.47% to 3.58% (SD
0.90) (Figure 12)(Table 15). Dextramer staining for this epitope form gave positive
populations having a continuity of fluorescent intensity with the negative cells rather than
being distinct (Figure S 12), it was therefore difficult to determine an exact cut-off for
positive staining which was possible in most patients for the KK10 and KI11 epitope forms.
The KL8 response was seen in all of the patients to some extent, but there were no patients
that showed a clearly defined CD8+ T-cell KL8 positive population. Few patients recognised
the KR13 epitope form and observed responses had the lowest mean CD8+ T-cell binding of
any epitope form, though two patients, 101074 and 241242 had higher recognition levels,
with 1.81% and 1.67% of CD8+ T-cells binding respectively (Figure 14A and E)(Table 15).
Some patients recognising this epitope form, including 241242 showed clear separation

from the negative cells, however for others, the staining was heterogeneous (Figure S 12).

Comparison of CD8+ T-cell recognition of epitope forms between the patients in groups 1
and 2 did not show any significant differences in responses (using a Mann-Whitney test) to
the other KK10 epitope forms. However some trends were observed, with KK10 responders
having a smaller percentage of CD8+ T-cells binding the KL.8 dextramer (P=0.1143), and also

having a greater number of CD8+ T-cells binding to the KI11 dextramer (P=0.0582)(Table
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16). Though this result was not significant, it does approach significance and repeating the

experiment with a greater sample number may show whether or not this is a genuine

difference.
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Group Patient number KL8 KK10 KI11 KR13 KM14

1 101074 1.12 0.89 2.56 1.81 2.07
100967 0.47 10.88 5.26 0.55 2.42
060473 2.23 4.56 0.55 0.33 3.00
081077 1.27 1.39 1.48 0.21 1.87
241242 0.57 7.60 2.15 1.67 1.79
030869 1.06 2.35 2.14 0.17 0.73
Mean 1.12 4.61 2.36 0.79 1.98
Standard Deviation 0.63 3.94 1.59 0.75 0.75

2 111156 1.22 0.80 0.44 0.35 1.25
030778 1.65 0.06 0.35 0.30 1.27
170466 3.58 0.12 1.25 0.58 2.30
050875 1.28 0.16 0.64 0.13 0.65
Mean 1.93 0.28 0.67 0.34 1.37
Standard Deviation 1.11 0.34 0.41 0.19 0.69

All Mean 1.44 2.88 1.68 0.61 1.74
Standard Deviation 0.90 3.70 1.49 0.61 0.76

Table 15: CD8+ T-cell responses to KK10 epitope forms in group 1 (KK10 recognition) and group 2 (no KK10
recognition) patients.
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Epitope form

KL8

KK10

Ki11

KR13

KM14

Group 1 mean Group 2 mean P value
1.1200 1.9310 0.1143
4.6100 0.2848 0.0095
2.1100 0.6708 0.0582
0.7913 0.3382 0.6095
1.9790 1.3690 0.2571

Table 16: Comparison of mean patient responses for each epitope form between patients in groups 1 and 2
using a Mann-Whitney test. Significant differences are shown in bold text.
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3.2.2. CD4+ T-cell responses are seen to a variety of C-terminally extended and

truncated epitope forms
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Figure 15: CD4" T-cell responses to KK10 containing epitope forms in HLA B*2705 patients grouped by A.
Patients with a CD8+ KK10 response B. Patients without a CD8+ KK10 response and C. All patients.

The dextramers used for the staining performed on our patient PBMC were HLA class-1
B*2705 alleles loaded with our peptide of interest. According to current understanding of
recognition by TCR, these should be exclusively seen by CD8+ T-cells, even if the epitopes
themselves are able to induce CD4+ T-cell responses when bound to HLA class-2376; 377,
However, analysis of our data showed specific CD4+ T-cell responses for some epitope forms
despite being bound to HLA class 1 and these responses were not seen in negative controls
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with mismatched HLA-peptide complexes. It should be noted that the negative controls used
in these assays were HLA class-1 complexes with irrelevant peptides that were designed for
mismatching of HLA class 1 presentation and were not designed with these responses in
mind. Therefore, while no recognition was seen by CD4+ of these controls and they proved
suitable in this case, HLA class 2 recognition may still be possible in other patients given the
recognition we have seen for the B*2705 epitope forms. An improved set of controls should

be used in future studies investigating these responses.

The CD4+ T-cell recognition patterns and frequencies varied between patients. However,
recognition of the short KL8 epitope and the long KM14 epitope forms were most commonly
detected (Figure 15 and Figure S 14). That the largest CD4+ T-cell responses (1.45% CD4+ T-
cells, range 0.47%-3.58%) were seen to the KL8 epitope is unexpected as HLA class-2
responses are usually associated with longer peptide epitopes378:379 relative to class-1380;38%
382, though recent work has suggested that cross-recognition motifs for CD4+ TCR can consist
of just a small commonly structured area of two peptide epitopes3’2. The CD4+ responses to
the epitope forms seen were all of a similar nature, with a heterogeneously fluorescent
positive population (Figure S 14). There are no significant differences between the responses
of CD8+ KK10 responders and non-responders among the CD4+ responses. Though KL8 and
KM14 epitopes are the epitope forms most commonly recognised by CD4+ T-cells, one
patient, 170466 (Figure 16G) also had a relatively large CD4+ response to the KI11 epitope

(1.16% CD4+ T-cells)(Table 17).
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Figure 16: CD4" T-cell responses to KK10 containing epitope forms in HLA B*2705 patients A. 111156 B.
111156 (later time-point) C. 060473 D. 030869 E. 081077 F. 030778 G. 170466 and H. 050875.
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Group Patient number KL8 KK10 KI11 KR13 KM14

1 060473 2.28 0.38 0.31 0.27 0.63
030869 0.93 0.15 0.17 0.09 0.42
081077 1.32 0.07 0.14 0.13 0.80
Mean 1.51 0.20 0.21 0.16 0.62
Standard Deviation 0.69 0.16 0.09 0.09 0.19

2 111156 0.94 0.55 0.23 0.18 0.83
030778 1.50 0.11 0.32 0.30 1.26
170466 2.31 0.42 1.16 0.51 1.38
050875 0.90 0.12 0.24 0.08 0.83
Mean 1.41 0.30 0.49 0.27 1.08
Standard Deviation 0.66 0.22 0.45 0.19 0.29

All Mean 1.45 0.26 0.37 0.22 0.88
Standard Deviation 0.62 0.19 0.35 0.15 0.33

Table 17: CD4+ T-cell responses to KK10 epitope forms in group 1 (KK10 recognition) and group 2 (no KK10
recognition) patients.
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3.2.3. Cross-Reactivity of T-cell responses between subsets of KK10 epitope forms

. g 60 ) ,02_.,) 60
3 S o
2 504 < 50
@ %)
3 @ ®
S 407 5 401
2 ¢ ——
g 304 8 30+
o 2
g ® e 20 o
© [} ©
8 104 ® g 104 .. Q0
3 o
2 | P 5.e® 8500 0gsS_ 'v 2 ? ®  scee '?o
2> N )
& & & & & & & &
Ry N ® ® O o O o
& € & ® & & & &
Dextramer combinations Dextramer combinations
C. . D. |,
2 60 2 60
& o 3
2 50 2 50
g ° 3
S 40 5 404
3 o @
I —— ® ° £ a0 ®
& ° ® @
Q 204 Q 204
2 e ° ® - ° °
a 104 —® (] e 10 ® ——
e oa® @ ° e ® 2 . o0 ¢ ©
o S S oG wee o0 —et
N N N\ W\ N\ N\ N W\
& o8 & & & & & &
N34 & & & & {_{5 & @
Dextramer combinations Dextramer combinations
E.
>
g 604
@©
2 5 @ 101074 @ 170466
[72]
S a0 @ 100967 @ 050875
N ) O 111156 © 081077
o
- ° @ 060473 @ 241242
o b © 030778 @ 030869
8 104 [} Q9 () °
° ®
R loged YOO O g
> > > n>
N N S S
%‘b Q’J“ \{. “;;b
N\ N N N
= & N &

Dextramer combinations
Figure 17: Cross reactive CD8+ T-cell responses between pairs of KK10 containing epitope forms in patients

with a KK10 response. A. Cross reactivity with KL8 B. Cross reactivity with KK10 C. Cross reactivity with KI11
D. Cross reactivity with KR13 E. Cross reactivity with KM14.
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Figure 18: Cross reactive CD8+ T-cell responses between pairs of KK10 containing epitope forms in patients
without a KK10 response. A. Cross reactivity with KL8 B. Cross reactivity with KK10 C. Cross reactivity with
KI11 D. Cross reactivity with KR13 E. Cross reactivity with KM14.
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In order to further characterise the response to the KK10 epitope forms in HLA B*2705
patients, we also assessed the cross reactivity of these responses by performing staining with
two dextramers on different fluorophores. These data enabled us to assess whether
responses to the KK10 epitope forms were independent of each other or relied on a shared,
cross reactive set of T-cells. The levels of cross recognition were assessed for each epitope
pair in all patients for both CD8+ T-cell and CD4+ T-cell populations. The levels of cross
reactivity observed show marked differences depending on both the epitope pairs and the T

cell subsets involved in the response.

3.2.4. CD8+ T-cell cross recognition patterns in KK10 responders and non-responders

Cross recognition of CD8+ T-cell responses to the epitope forms (Figure 17, Figure 18 and
Figure S 13) differs between all patients to some extent, with individual patients occasionally
displaying cross recognition which is not seen in the group as a whole (patients 081077- TP2
KK10/KM14, 060473 - TP1 KL8/KI11). However, across the patients there are several

shared cross recognition patterns, particularly within the two patient groups.

The most notable difference between groups 1 and 2 is the high frequency of cross
recognition between the KI11 epitope form and other epitope forms in group 1 (Figure 17C).
To compare the overall levels of cross recognition in patients with responses of differing
magnitudes, the sum of all dextramer positive cells in the dual-dextramer stains was taken
and the cross-reactive population (i.e. those T-cells that were doubly fluorescent) was
divided by this to give cross-reactivity as a percentage of the total response in each stain.
When this cross-recognition is grouped by epitope form there are significant difference
between the two groups for both KI11 and KK10 (though as patients are grouped by
presence or absence of KK10 recognition, this difference is expected). For all group 1

patients, the mean percentage of CD8+ T-cell response that is cross-reactive is 16.0% for the

97



dextramer stains containing KI11. This compares to 10.3% for KK10, the next highest mean
(Table 18). The difference between the levels of cross reactivity seen towards KI11 in the
two groups is statistically significant at P=0.032 (Mann-Whitney test) though the KI11
epitope form still has the highest mean levels of cross recognition of all the epitope forms in

the group 2 patients at 5.6% (Figure 17 and Figure 18).

Cross-recognition by T-cells of the epitope forms necessarily means that single responses to
both epitope forms are needed in the patient. Therefore, when grouping a cross reactive
response by epitope form as shown above, the data will also rely on the presence of the other

epitope forms that give the cross-recognition.

When cross-recognition is grouped by epitope in this way, the data necessarily relies on all of
the epitope forms as cross recognition of the epitope form of interest with every other form
is compared. Therefore, analysis of all of the separate cross reactive responses will better
allow us to understand which responses are contributing to the differences seen in cross-
recognition between groups. It should also be noted that cross-recognition data cannot be
considered independently from the individual recognition of the epitope forms. While there
were no significant differences between the individual epitope forms (other than KK10)
between the two groups (Table 16) the levels of recognition of KI11 approached significance

(P=0.0582) and may similarly impact these data.

Comparison of individual cross-reactive responses (Table 19) shows that differences
between the groups are significant (P=<0.05, Mann-Whitney test) for cross recognition
between KK10/KL8, KK10/KI11 and KK10/KM14. That these responses all involve KK10
shows that the differences in cross recognition seen are due to a lack of KK10 recognition in
group 2 patients rather than any large difference in ability of the T-cells to cross-recognise
epitope forms between the two groups. However, KM14/KI11 cross-recognition (P=0.07)

shows a large, but not significant difference between the groups.
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In addition to the differences seen in KI11, cross-recognition of the truncated KL8 epitope
form between the two groups (P=0.6343)(Table 18) shows some trends that are worth
noting. In group 2, cross recognition of KL.8 binding TCR is more frequent with a higher mean
response (Table 18) and 2 patients display cross recognition levels at or above 10%
(030778, KL8-KI11, KL8-KR13 and 170466 KL8-KI11, KL8-KM14)(Table 19). This is
uncommon in group 1 where cross recognition levels with this epitope are 5% or below in
five of the six patients. Only one patient (060473) in this group shows a high level of cross
recognition between their KL8 response and that of other epitope forms, with 20.6% of the

response to the KL8 and KI11 epitope forms being cross reactive (Table 19).

In addition to these general patterns, there are also examples of cross-reactivity between
other epitope forms in individual patients (081077 TP2 KK10-KM14, 060473 TP1 KL8-
KR13)(Table 19) showing that while there are significant similarities in the generation of

responses to these epitope forms, they can differ in each patient.

Group 1 mean Group 2 mean P value
KL8 crosses 3.6250 4.9880 0.6343
KK10 crosses 10.2900 1.1900 0.0002
KI11 crosses 16.0400 5.5990 0.0320
KR13 crosses 5.0120 3.9520 0.6671
KM14 crosses 7.9480 3.7010 0.0947

Table 18: Comparison of differences between cross reactivity for each epitope form in groups 1 and 2

(Mann-Whitney test).
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Patient | Patient | g KL8 KL8 KK10  KK10  KK10  KK10  KI11  KI11  KR13

Group No. K11 KR13 KM14 KL8 K11 KR13 KM14 KR13 KM14  KM14

1 101074 0.94 1.42 0.96 3.74 N/A 5.53 9.75 | 28.98 | 16.53 5.75

060473 20.62 | 13.87 9.43 5.36 2.69 2.26 8.81 | 10.40 3.44 1.16

030869 3.39 2.38 2.32 1.56 | 31.25 0.84 3.15 4.45 | 20.63 0.84

100967 0.49 0.47 0.35 1.61 | 45.06 0.95 4.77 3.52 | 26.65 1.02

241242 N/A 0.79 N/A N/A | 16.13 8.45 N/A | 18.48 | 10.19 N/A

081077 0.00 0.00 2.82 3.62 | 57.58 0.00 3.08 0.00 | 31.55 3.70

Mean 5.09 3.16 3.18 3.18 | 30.54 | 3.01 5.91 10.97 | 18.17 | 2.49

Std.

Dev. 8.78 5.31 3.64 1.61 | 21.94 | 3.30 3.17 | 10.95 | 10.40 | 2.17

2 111156 0.00 0.00 0.74 1.41 0.62 0.88 1.13 1.70 1.43 1.95

050875 3.77 1.96 4.70 0.00 3.12 0.00 0.00 0.00 1.88 0.00

030778 10.81 9.94 6.63 0.37 0.48 0.00 0.27 5.74 7.61 4.22

170466 18.29 9.61 | 10.67 0.90 1.01 6.13 2,70 | 19.46 | 13.65 1.64

Mean 8.22 5.38 5.69 0.67 131 1.75 1.03 6.73 6.14 1.95

Std.

Dev. 8.07 5.14 4.13 0.62 1.23 2.95 1.22 8.82 5.74 1.74
P value 0.62 0.67 0.41 0.02 0.03 0.45 0.02 0.67 0.07 1.00

Table 19: CD8+ T-cell cross-recognition of KK10 epitope forms in group 1 and 2 patients and comparison of
differences between the two groups (Mann-Whitney test) for each epitope pair. Cross-recognition above
10% of the epitope specific T-cell response is highlighted in blue bold text.
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3.2.5. Cross recognition of CD4+ T-cell responses differs from that of CD8+ T-cells.

The CD4+ T-cell responses seen to individual epitopes in these assays follow a different
pattern to that seen in the CD8+ T-cell response, with all of the patients tested having their
largest CD4+ T-cell recognition of the KL8 epitope form (Figure 19). This is followed in
magnitude by the response to the KM14 epitope form (all patients), while responses to the
KK10, KI11 and KR13 epitope forms are generally low or absent. The KL8 response in the
CD8+ T-cell populations was much less cross reactive than for some of the other epitope
forms, such as KI11 and this is also the case in the CD4+ T-cell response, with very limited
cross recognition between responses to epitope forms even where there is individual

recognition of that epitope form.
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Figure 19: Cross reactive CD4" T-cell responses between pairs of KK10 containing epitope forms in patients
A. 111156 B. 030778 C. 060473 D. 030869 E.170466 F. 050875 G. 081077
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Of the small amount of cross recognition present in these responses, much of it is not
between the KLL8 and KM14 epitope forms but between these two responses and the KI11 or
KR13 peptides, despite the low levels of response seen to the latter two forms. This is shown
clearly as the patient with the highest levels of cross recognition of responses is also the
patient with the highest level of individual KI11 response (170466)(Figure 16G, Figure
19E)(Table 20). In two patients (060473 and 170466) we do see a slightly higher level of
cross recognition of the KL.8 and KM14 epitope forms (8.92% and 7.92% respectively) that is
limited or absent in the other patients. Both patients also displayed considerable cross-
recognition of the KL8 and KM14 epitope forms by their CD8+ T-cells (9.43% and 10.67%
respectively)(Table 20). Patient 170466 also has the highest levels of CD8+ cross recognition

for many epitope form pairs in the KK10 non-responder group.
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Patient | Patient | g KL8 KL8  KKI0  KK10  KK10  KK10 K11 K11  KR13
Group No. K11 KR13 KM14  KL8 K11 KR13 KM14 KR13  KM14 KM14
1 060473 | 12.57 | 841 | 892| 097| 1.08| 241| 283| 274| 413| 234
030869 162 | 409| 061| 000| 000| 000| 000| 000| N/A| 0.00
081077 | 2.44| 3.78| 164| 000| 000| 000| 000| 000| 9.10| 0.00

Mean | 554 | 543 | 372 | 032 | 036 | 0.80 | 094 | 091 | 6.62 | 0.78

Std.

Dev. | 6.10 | 259 | 453 | 056 | 062 | 139 | 1.63 | 1.58 | 351 | 1.35

2 111156 | 047 | 059| 031| 052| 099| 3.54| 095| 470| 2.78| 0.60
030778 | 7.96| 7.60| 427| 078| 404| 253| 153| 870 13.29| 3.89

170466 | 9.47| 6.82| 792| 379| 441| 991| 11.14| 16.63 | 10.07 | 7.84

050875 | 0.00| o0.00| 218| 0.00| 000| 000| 000| 000| 0.00| 0.00

Mean 448 | 3.75| 3.67| 1.27| 236| 400| 3.41| 751| 6.54| 3.08

Std.
Dev. 494 | 401| 3.26| 1.71| 220| 422| 520| 7.04| 6.19| 3.60

Table 20: CD4-T cell cross-recognition of KK10 epitope forms and means for group 1 and 2 patients. Cross-

recognition above 10% of the epitope specific T-cell response is highlighted in blue, bold text.

3.2.6. Changes in responses to KK10 containing epitope forms in longitudinally

assessed patients.

For 4 patients (101074, 081077, 060473, 111156 all 2 time-points)(Table 14) we were able

to obtain samples from more than one time-point. Samples from all patients tested were

included in the cross sectional study (Chapters 3.2.1 - 3.2.5) however, samples from the same

patients from later time-points are analysed separately here to avoid skewing of the cross-

sectional data.
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Figure 20: CD8+ T-cell responses (mean with standard error of the mean) to KK10 containing epitope forms
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Patient Time-point 1 Time-point 2

number | KL8 KK10  KI11 KR13 KM14 KL8 KK10  KiI11 KR13 KM14

111156 1.22 0.80 0.44 0.35 1.25 2.00 0.08 0.40 0.37 1.62

081077 1.27 1.39 1.48 0.21 1.87 0.74 0.92 0.29 0.12 0.94

060473 2.23 4.56 0.55 0.33 3.00 0.54 0.22 0.27 0.07 0.38

101074 1.12 0.89 2.56 1.81 2.07 5.92 0.07 1.05 0.30 1.95

Table 21: Mean CD8+ T-cell responses for KK10 epitope forms at time-points 1 and 2 for patients in the
longitudinal study.

Of the 4 patients we have been able to obtain multiple time-points for, 3 are placed in group
1 in the cross sectional analysis (patients 101074, 081077 and 060473) and one in group 2
(111156). The data obtained at these time-points shows that the responses to these epitope
forms can change over time (Figure 20)(Table 21). The time-points intervals are not uniform
for each patient and range between months and several years (Table 14). An example of
these changes is seen in the response to the KK10 epitope, at the second time-point that
these patients were sampled at the KK10 response seen in the initial assay has either
reduced in magnitude or is no longer present in 3 of 4 patients (111156, 060473 and
101074). Only one patient (081077) retained KK10 recognition across both time-points
(Table 21). This allows us to see the responses to the KK10 epitope forms through the course
of the disease in these patients and how they behave in individuals following the loss of

recognition of the optimal epitope.

For patient 081077, who maintains a level of KK10 recognition (Table 21) at the second
time-point, the response to individual epitope forms is slightly altered. The patient has a
marked reduction in their recognition of the KI11 epitope form (Figure 20C and D). There
are also slight reductions in the KL.8 and KM14 populations (Table 21). The remaining two
patients from group 1 (101074 and 060473) do not maintain KK10 recognition at the second

time-point (Figure 20E, F, G and H)(Table 21) and recognition of other epitope forms also
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differ. Patient 060473 loses recognition of the KL8 and KM14 epitope forms (Figure 20E and
F), to which there was previously a robust response and no new responses to KK10 epitope
forms are seen. Patient 101074 also experiences a reduction in their recognition of the KR13
and KI11 epitope forms, however KM14 recognition is maintained and the response to the
KL8 form increases substantially (from 1.12%-5.92%). This is the strongest response to the
KL8 epitope form seen in any of our patients. The second time-point for patient 101074 is
only 3 months after the first, while over two years separate the 060473 time-points (Table
14), this difference in intervening periods may contribute to the very different changes in

response seen in each patient.

The final patient for whom there is longitudinal data is patient 111156. This patient was
placed in group 2 at the first time-point as the number of KK10 recognising CD8+ T-cells was
>1% (Table 21) and did not form a clearly defined population. However, at time-point 2 a
drop in the small number of KK10 positive cells was observed (Figure 20A and B) indicating
that this initial KK10 positive CD8+ T-cells may have been a genuine response to this epitope
form, perhaps remnants of an earlier response to this epitope. Apart from the change in
KK10, there are increases in the level of KL8 and KM14 responses in the second time-point
(Figure 20A and B), but the pattern of responses remains similar despite the two-year

interval between these samples (Table 14).
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Patient KL8 KL8 KL8 KK10 KK10 KK10 KK10 Ki11 Ki11 KR13
number | KI11 KR13 KM14  KL8 Ki11 KR13 KM14  KR13 KM14  KM14
111156

TP1 0.00 0.00 0.74 1.41 0.62 0.88 1.13 1.70 1.43 1.95
111156

+3m 1.25 0.00 1.67 0.00 0.00 7.14 0.00 0.00 0.84 0.00
081077

TP1 0.00 0.00 2.82 3.62 57.58 0.00 3.08 0.00 31.55 3.70
081077

+55m 0.00 0.00 0.43 2.45 0.82 0.71 42.42 0.00 0.66 10.08
060473

TP1 20.62 13.87 9.43 5.36 2.69 2.26 8.81 10.40 3.44 1.16
060473

+35m 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.65 11.73
101074

TP1 0.94 1.42 0.96 3.74 N/A 5.53 9.75 28.98 16.53 5.75
101074

+26m 13.66 2.27 10.13 0.18 1.19 0.00 0.74 9.20 10.19 0.87

Table 22: CD8+ T-cell cross recognition between KK10 epitope forms for patients at time-points 1 and 2 in
the longitudinal study
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In addition to changes in recognition of individual KK10 epitope forms, we also observed
changes in cross recognition that occur between these patients over time. The three patients
in group-1 for which we have this data show considerable changes in cross-recognition
between the first and second time-points (Figure 21). Of these, patient 081077, who
maintains recognition of KK10, nevertheless sees a dramatic shift in cross-recognition of the
epitope forms (Figure 21C and D). Loss of cross-reactive responses occurs between the
KK10 and KI11 epitope forms (57.6% at TP1 - 0.82% at TP2) and between the KI11 and
KM14 epitope forms (31.5% at TP1 - 0.67% at TP2)(Table 22). This loss of cross-recognition
is likely due to the dramatic reduction in the KI11 response seen at the second time-point in
this patient (Figure 20D). In addition to the loss of the cross-reactive responses to
KK10/KI11 and KM14/KI11, we also see development of a new cross reactive population in
this patient between the KK10 and KM14 epitope forms (3.08% at TP1 - 42.4% at
TP2)(Table 22). This may be due to the proliferation of a novel CD8+ T-cell recognising these

epitope forms in the interval between the two time-points.

In patient 060473 the pattern of changes is quite different with a loss of almost all cross
reactive responses that were present in the first time-point (Figure 21E and F). This reflects
the loss of CD8+ T-cell recognition of the epitope forms that the patient recognised in the
first time-point and the absence of any new recognition (Table 22). Patient 101074 also loses
the KK10 response at the second time-point and this is seen in the cross recognition data,
which shows a marked reduction in levels of cross reactivity with the KK10 epitope (Figure
21G and H). Patient 101074 does maintain both KI11 and KM14 recognition at the second
time-point, but cross-recognition between these epitope forms is reduced (16.5%-
10.2%)(Table 22). There is also a reduction in KI11-KR13 cross recognition (29.0%-9.20%)
though this may reflect the decrease in KR13 recognition at the second time-point. The
increase seen in the KL8 response at the second time-point is associated with an increase in
cross recognition of this epitope form, this is particularly notable in the KL8-KI11 (0.94%-

13.7%) and KL8-KM14 (0.96%-10.1%) populations. Finally, in patient 111156 there is little
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change between cross recognition levels between the first and second time-points (Figure
21A and B)(Table 22), this agrees with the relatively small changes in the individual CD8+

responses to the epitope forms in the two time-points (Figure 20A and B).

3.3. Cell sorting of TCR sequences and population clonotyping

In order to better characterise the mechanisms behind the cross-recognition of the TCR
recognising multiple KK10 epitope forms. Dextramer positive populations of CD8+ T-cells
were sorted from patient PBMC and their TCR a and 8 chains sequenced. These sequences
were then analysed in the context of their cross recognition patterns, structures of the HLA-

KK10 epitope form complexes and current knowledge of TCR cross recognition.

3.3.1. TCR specificity and cross recognition between KK10 epitope forms

3.3.1.1. CDR38 loop sequences in TCR recognising KK10 epitope forms

Of the patients assessed by dextramer staining, we have so far been able to sort and
sequence dextramer-positive populations for four patients (060473, 100967, 030869 and
24124) to some of the epitope forms that were recognised. Limitations of both time and
sample material have prevented the completion of a larger study, however, we aim to extend
this during future work. For patients 060473 and 100967 we were only able to obtain a
response to the KK10 epitope form, and in both cases, colony PCR sequencing of a 96 well

plate showed the presence of only one sequence in the KK10 recognising population.

For patients 030869 and 241242 we were able to obtain a number of CD8+ T-cell

populations recognising epitope forms (some responses present in these patients were not
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obtained due to limitations of the number of samples available or inability to recover cDNA
of sufficient quality). These populations reveal more about the nature of cross recognition in
this region for these patients and of the requirements for cross recognition of KK10 epitope

forms.

We were able to see 4 TCRf3 sequences in the T-cell population recognising KK10 in patient
030869 (Table 23). Two of these sequences made up 89% of the sequences obtained for this
epitope form. The most prevalent sequence was only found in this population (CDR3p =
CASSQGVRAHEQFF, 56%) and did not appear to be cross-reactive. The second most
prevalent (CATSTGGYEQYF, 33%) was seen in both this population and that of T-cells
recognising the KI11 epitope form (where it made up 21% of the sequences), indicating
cross-recognition of the two epitope forms by this TCR. The two further epitope forms made
up the remaining 11% of sequences and both appeared to be specific only for the KK10

epitope form.

The population recognising the KI11 epitope form was also made up of 4 TCRs in this
patient, one (CATSTGGYEQYF) being the cross-reactive TCRf seen in the KK10 population
and the further 3 being unique to KI11. One of these 3, CASSERTGELFF was the most
prevalent sequence in the population, making up 62% of sequences. In this patient, the KI11
recognising population was isolated from a KI11/KM14 dextramer stain due to a lack of
sufficient sample to stain for individual dextramers in addition to cross reactive responses,
therefore, the KI11/KM14 TCRp sequence (CATSEGGTDTEAFF) is also likely to have been
found in an individual dextramer stain for this population. This was the only TCRf sequence

found in the KI11/KM14 cross-recognising population (Table 23).

A population of CD8+ T-cells recognising KI11 and KR13 epitope forms was also isolated in a
separate stain and the TCRf sequences obtained. This population shows a single cross-

reactive TCRB sequence (CDR3[B = CASSPGQFGAEAFF) that was not seen in any other
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populations, including the KI11 population. There is a possibility that while recognising
KI11, other, non cross-reactive clonotypes were more frequent in the single positive
population and that a larger sample size would also show this TCR. Collection of a larger
number of dextramer positive cells will be needed to ensure that a full picture of the TCR

repertoire for these epitope forms is obtained.

The CD8+ T-cells population recognising KK10 in patient 241242 is also comprised of
multiple TCR clonotypes. Uniquely in our cohort, this patient had two distinct KK10
recognising T-cell populations, one having a moderate mean fluorescent intensity and the
other a much higher one. Furthermore, when assessed for cross recognition of other epitope
forms, the less fluorescent population proved extremely cross reactive, making up the
majority of the double positive populations in these stains (Figure 22). The more highly
fluorescent population was seen to be much less cross-reactive in the double epitope form
stains (Figure 22). This is reflected in the TCR sequences observed in these populations, with
the KK10uigh T-cell population consisting of a single TCR sequence, while the KK10iow
population consisted of 4 TCRp chains, all of which were found to cross react with other
epitope forms. Low numbers of functional sequences obtained for this population from our
sequencing mean that further TCRs may be present at lower frequencies and repeating
sampling for the population would allow us to characterise it further. The most prevalent
TCRp chain (CASSRTAPDTEAFF, 57%) was found in the T-cell populations of all four epitope
forms sequenced. The KK10/KI11 cross reactive population consists of 9 TCRp chains, only
one of which was found in the KK10i,w population, which may indicate that a larger number
of sequences is needed to fully characterise the KK10 population. Of these forms, only one
(CASSRTAPDTEAFF, 48% of sequences) was found in other epitope forms and was cross-

reactive.
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Figure 22: Plots showing the dextramer staining for A. the KK10 dextramer stain and B. KK10/KI11 double
stain for patient 241242. Two KK10 positive populations can be seen for KK10, KK10-low and KK10-high.
The KK10-low population is shifted in B. showing it’s cross-recognition of the KI11 dextramer.

The T-cells recognising the KI11 population comprised 8 TCRp chain, again having only the
CASSRTAPDTEAFF (38%) TCRP chain in common with the KK10/KI11 cross reactive
population, the other TCRf chain being found only in this population. In contrast, 3 of the
TCRf chain seen in the KI11 population were also found in KK10 populations and so were
cross-reactive (Table 24) while the rest were seen only in the KI11 single population. That
the cross-reactive sequences in the KI11 population were not found in the KK10/KI11
double positive population could be due to insufficient cells collected for complete sampling
of the TCR repertoire. It could also be partly explained for some sequences by their relative
affinities for each of the epitope forms. For example, the TCR containing the CDR3f
CASSHLGGVTNEQFF sequence comprises 72% of the KK10/KR13 cross-reactive population,
35% of the KI11 population and only 14% of the KK10 population; this might reflect an
increased affinity for the KR13 and KI11 epitope forms compared with KK10. Similarly TCRs
present in the single KK10 or KI11 populations, though cross reactive, may display a
preference for one epitope form, this may lower their prevalence in the cross reactive
populations compared with that in the single stains of either epitope form and in some cases

mean that we are not able to see these sequences in the cross-reactive populations.
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The KK10/KR13 recognising population consisted of 4 TCRp chains, 3 of which were seen in
either KK10 single populations or in other epitope forms. The TCRB chain which was not
seen in another population was also the least prevalent in this case (CASSHLGGVSNAQFF,
1.5%) and the lack of a single KR13 population means we cannot determine whether this
TCR would also have been present in that population. The KI11/KM14 cross-recognising
population consists of the single TCRB chain sequence CASSRTAPDTEAFF, which is cross-
reactive to all 4 epitope forms tested in this patient (KK10, KI11, KR13, KM14) and is present
in the single KM14 population. The KM14 population itself consists of 11 TCR chains, 5 of
which are seen in other populations and therefore are able to cross-recognise other epitope
forms. This includes the sequence seen in the KI11/KM14 population (CASSRTAPDTEAFF) as
well as a sequence only found in the KM14 and KK10 populations (CAISDPPGTGEETQYF),
however, it also includes 3 more sequences which were all found in the KI11 recognising
population. That these sequences are not seen in the KI11/KM14 cross-reactive population

implies we have an incomplete TCR profile of this recognition.

Patient | Epitope form | Vg CDR3 sequence Vg Jp Dg Frequency
060473  KK10 CASSLDMNEQYF 7-9*01 2-7*01 1*01 1.000
100967  KK10 CASSQTSGSSYEQYF 6-5*01 2-7*01 2*01 1.000
030869  KK10 CASSQGVRAHEQFF 4-3*01 2-1*01 2*02 0.564
CASSLGTSAYEQYF 4-3*01 2-7*01 2*01 0.050
CASSPILAIEQYF 7-2*01 2-7*01 2*01 0.063
CATSTGGYEQYF 27*01 2-7*01 1*01 0.325
KI11* CASSERTGELFF 27*%01 2-2*01 Unknown  0.621
CASSERTGGLFF 27*%01 2-2*01 2*01 0.035
CASSLLGGTGELFF 7-2*01 2-2*01 2*01 0.172
CATSTGGYEQYF 27*01 2-7*01 1*01 0.207
KI11/KR13 CASSPGQFGAEAFF 4-3*01 1-1*01 1*01 1.000
KI11/KM14* CATSEGTDTEAFF 24-1*01 1-1*01 1*01 1.000

Table 23: TCR CDR3 loop sequences determined for KK10 epitope form recognising TCR from patients
100967, 060473 and 030869 along with frequency in the population and Vg, Dg and Jg, allele usage in each
TCR.
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Patient Eﬁi;ol,e Vs CDR3 sequence Vs Jp Dg Frequency

241242 KK10 CASSYSGTSGSPAYEQYF 6-2*01 2-7%01 2%02 1.000
KK10 low CASSYSGTSGSPAYEQYF 6-2*01 2-7%01 2*02 0.143
CAISDPPGTGEETQYF 10-3*01 2-5%01 1*01 0.143

CASSRTAPDTEAFF 4-3*01 1-1*01 1*01 0.571
CASSHLGGVTNEQFF 4-1*01 2-1%01 1*01 0.143

KK10/KI11 CSAPFGTSAKGQYF 20-1*01 2-7%01 2*01 0.090
CASSRTAPDTEAFF 4-3*01 1-1*01 1*01 0.478
CASSGLAGGALYQETQYF 7-2%01 2-5%01 2%02 0.269
CASSSGTSGTLTDTQYF 2*01 2-3%01 2%02 0.030

WASSLVGAGELFF 5-6%01 2-2%01 1*01 0.015
CASRPGGETYEQYF 7-9%03 2-7*%01 1*01 0.045
CASSPGQGLYGYSF 18*01 1-2*01 1*01 0.045

CASSYGVTYEQYF 6-5*%01 2-7*%01 1*01 0.015
CSVEGGTSGLQETQYF 29-1*01 2-5%01 2*01 0.015

KK10/KR13 CASSHLGGVTNEQFF 4-1*01 2-1*%01 1*01 0.716
CASSRTAPDTEAFF 4-3*01 1-1*01 1*01 0.075
CASSFTSGSPENEQFF 7-9*03 2-1%01 2*02 0.194
CTSSHLGGVSNAQFF 4-1*01 2-1%01 1*01 0.015

KI11 CASSRTAPDTEAFF 4-3*01 1-1*01 1*01 0.378
CASSSSGSGWTDTQYF 27*01 2-3%01 2%02 0.054
CASSYSGTSGSPAYEQYF 6-2*01 2-7%01 2*02 0.054
CASSFTSGSPENEQFF 7-9*03 2-1%01 2*02 0.054
CASSLTRRSTDTQYF 13*01 2-3%01 2%02 0.027
CASSHLGGVTNEQFF 4-1*01 2-1%01 1*01 0.351
CASSLERPPGEKLFF 7-6%01 1-4*01 1*01 0.054
CASSEAGTGTAPYEQYF 6-2*01 2-7*%01 1*01 0.027

KI11/KM14 CASSRTAPDTEAFF 4-3*01 1-1*01 1*01 1.000
KM14 CASSRTAPDTEAFF 4-3*01 1-1*01 1*01 0.306
CASTSSGDSSYEQYF 27*01 2-7*%01 2*01 0.047

CASRGGPEAFF 2*01 1-1*01 2*01 0.024
CASSFTSGSPENEQFF 7-9*03 2-1%01 2*02 0.106
CAISDPPGTGEETQYF 10-3*01 2-5%01 1*01 0.012
CASSHLGGVTNEQFF 4-1*01 2-1%01 1*01 0.388
CASSDRLAGGPNEQYF 6-5*%01 2-7*%01 2%02 0.024

CATRTGLNTEAFF 24-1*01 1-1*01 1*01 0.012
CASSILADGAYEQYF 4-1*01 2-7*%01 2*01 0.024
CASSLSIGTSGRDEQFF 27*01 2-1%01 2%02 0.012
CASSYSGTSGSPAYEQYF 6-2*01 2-7%01 2*02 0.047

Table 24: TCR CDR3B loop sequences determined for KK10 epitope form recognising TCR from patient
241242 along with frequency in the population and Vg, Dg and Jg, allele usage in each TCR.
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3.3.1.2. Features of CDR38 loop sequences involved in cross-recognition

of KK10 epitope forms

TCR contact with peptide residues of the HLA-peptide complex upon binding is primarily
through the interaction of the CDR3f loop of the TCR272. This loop often also shows the
greatest divergence from germline sequences as it contains the intersection of the V, D and ]
segments, which make up a complete TCRp chain. These sequence segments are modified at
their joins by terminal deoxynucleotide transferase (TdT)103; 104 105 adding or removing a
small number of nucleotides in order to create additional variation in the TCR. In typical TCR
binding modes, other CDR loops contribute to recognition of the HLA complex mainly
through binding of residues of the HLA rather than the peptide. However, it has been shown
that for longer epitopes, which bulge out of HLA class-1 grooves, these CDR may also be

involved in recognition of the peptide38s.

The sequences of the CDR3f3 loops responding to our epitope forms were sorted according to
patient and the ability to cross-recognise KK10 epitope forms in patient 241242 (only one
cross reactive TCR was found in another patient, CATSTGGYEQYF 030869)(Figure 23, Figure
24, Figure 25, Figure 26 and Figure 27). Factors that were used to characterise the sequences
include presence/absence, relative proportions and location of polar, hydrophobic and
charged residues in the sequences (Figure 23, Figure 24, Figure 25, Figure 26 and Figure 27)
as well as length of the sequence, change in the CDR3f loop from the germline encoded

sequence and number of epitope forms recognised (Table 25).

In the TCR sequences obtained from our four patients we found that differences in the
CDR3p loops between cross-reactive and non cross-reactive TCRf3 chain sequences were
small. We did find that cross-reactive TCR chain CDR3 loops were slightly longer than non

cross-reactive CDR3 loops (15.2 versus 14.5 residues), and that they had undergone fewer
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deletions of residues encoded by the germline sequences (1.00 versus 1.83 residues). They
were also slightly less likely to have a charged residue N-terminal of the common C-3/C-4
position (12/19 non cross reactive versus 4/11 cross reactive). Comparison of the sequences
by epitope form recognised showed few differences between the sequences recognising
different epitope forms. In part this may be due to the high degree of cross-recognition seen
in the patient for which the most sequences were obtained. Differences in the percentage of
TCR sequences being cross-reactive did differ for KM14 (50%) compared with the other

two epitope forms for which we have single stained data sets (71%-75%).
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Figure 23: Hydrophobicity plots for TCR CDR3p loops taken from patients 060473 (top left), 100967 (top
right) and 030869 (remainder). Hydrophobicity measured using the Hopp and Woods index of
hydrophilicity®®, charged residues are shown in red (acidic) and blue (basic).
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Figure 25: Hydrophobicity plots (1 of 2) for cross-reactive TCR CDR3p loops taken from patient 241242.
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Figure 27: Hydrophobicity plots for non cross-reactive TCR CDR3pB loops taken from patient 241242.
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CASSLDMNEQYF CASSLDRGSYEQYF 2 0 2 4 1 12
CASSQTSGSSYEQYF CASSYGTSGGSYEQYF 2 0 1 3 1 15
CASSQGVRAHEQFF CASSQGTSGRSYNEQFF 4 0 3 7 1 14
CASSLGTSAYEQYF CASSQGTSGGSYEQYF 2 0 2 4 1 15
CASSPILAIEQYF CASSLPPLVSYEQYF 4 0 2 6 1 13
CASSERTGELFF CASSLDRGNTGELFF 2 0 3 5 1 12
CASSLLGGTGELFF CASSLGTSGGNTGELFF 1 0 4 5 1 14
CATSTGGYEQYF CASSLGTGGSYEQYF 1 0 3 4 2 12
CASSPGQFGAEAFF CASSQGQGNTEAFF 4 0 0 4 1 14
CATSEGTDTEAFF CATSDLGTGGNTEAFF 2 0 3 5 1 13
CASSYSGTSGSPAYEQYF CASSYGTSGRSYEQYF 2 2 0 4 3 18
CAISDPPGTGEETQYF CAISEPPVQETQYF 3 2 0 5 2 16
CASSRTAPDTEAFF CASSQAPCPNTEAFF 4 0 1 5 4 14
CASSHLGGVTNEQFF CASSQGTGGSYNEQFF 4 0 1 5 4 15
CSAPFGTSAKGQYF CSARGTSGGSYEQYF 2 2 3 7 1 14
CASSGLAGGALYQETQYF CASSLGLAGGQETQYF 0 3 1 4 1 18
CASSSGTSGTLTDTQYF CASSEGTSGRSTDTQYF 3 0 0 3 1 17
WASSLVGAGELFF CASSLGQGNTGELFF 2 1 3 6 1 13
CASRPGGETYEQYF CASSLGQGSYEQYF 5 0 0 5 1 14
CASSPGQGLYGYSF CASSPGQGNYGYTF 2 0 0 2 1 14
CASSYGVTYEQYF CASSYGTGGSYEQYF 2 0 2 4 1 13
CSVEGGTSGLQETQYF CSVEGTSGGQETQYF 1 1 0 2 1 16
CASSFTSGSPENEQFF CASSLGTSGRSYNEQFF 4 0 1 5 4 16
CTSSHLGGVSNAQFF CASSQGTGGSYNEQFF 6 0 1 7 1 15
CASSSSGSGWTDTQYF CASSLGTSGRSTDTQYF 3 1 2 6 1 16
CASSLTRRSTDTQYF CASSLGTSGRSTDTQYF 1 0 2 3 1 15
CASSLERPPGEKLFF CASSLPPVTNEKLFF 1 2 2 5 1 15
CASSEAGTGTAPYEQYF CASSYGTGGSYEQYF 3 2 0 5 1 17
CASTSSGDSSYEQYF CASSLGTSGGSYEQYF 1 2 3 6 1 15
CASRGGPEAFF CASSEGTSGGNTEAFF 2 0 5 7 1 11
CASSDRLAGGPNEQYF CASSYGLAGGSYEQYF 4 0 0 4 1 16
CATRTGLNTEAFF CATSDLGTGGNTEAFF 2 0 3 5 1 13
CASSILADGAYEQYF CASSQGLAGGSYEQYF 3 0 1 4 1 15
CASSLSIGTSGRDEQFF CASSLGTSGRSYNEQFF 1 2 2 5 1 17

Table 25: Germline Vg, Dg, and Jg sequences in the CDR3B loops of TCR recognising KK10 epitope forms.
Number of changes between germline sequence and CDR3B loop found in final productive TCR shown

along with CDR3 loop length and number of KK10 epitope forms recognised by the TCR.
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3.3.1.3.  CDR3a loop sequences in TCR recognising KK10 epitope forms

Sequences of the TCRa chains were obtained for patients 100967 and 241242, though for
fewer populations than we were able to obtain TCRf chain sequences for in this patient.
Sequencing of the TCRa chain of the dextramer sorted TCR was performed using the same
method as for the TCR chains. However, cDNA of sufficient quality was obtained for fewer
populations from the mRNA isolated from the dextramer positive cells than was the case for
the TCR chains. This could be due to differences in the efficiency of priming for the a-chain
and/or due to the amplification for these chains being performed following that for the TCRf3
chains, though all samples were adequately stored. Obtaining sequences for the remainder of

these populations will be a priority of future work.

Nevertheless, we did obtain at least one population containing each of the KK10 extended
epitope forms (although only the cross reactive forms in the case of KM14). For the KK10
population in patient 100967, there is again a single sequence for the TCRa chain, indicating
this population consists of a single T-cell clone. Similarly, the KK10 high population in
patient 241242 also consists of a single TCR sequence for both the a and B-chains, this is
therefore another population consisting of a single clone. The remainder of the populations
in patient 241242 all consist of multiple TCRa chains, as well as multiple TCRf chains (Table

24 and Table 26), meaning that there are multiple clonotypes involved in these responses.

The KK10 low response consists of five TCRa sequences, one of which is the sequence also
found in the KK10 high population (which may indicate imperfect separation of the two
populations for sorting)(Table 26). Three further sequences found in this population are also
present in populations for other epitope forms, indicating their ability to cross-recognise
multiple KK10 epitope forms. For the TCRP chains, we found that all of the KK10 low
sequences were found in other populations, and were therefore cross reactive, the presence

of a TCR sequence in the TCRa chain that is not found in any other populations may indicate
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the presence of a non-cross reactive TCR not seen in the TCRB populations (Table 26).
However, more likely is that the more limited sequencing performed on the a-chain means

that we have not obtained the populations that this TCR sequence is able to cross-recognise.

The KI11 population consists of seven TCR sequences, slightly fewer, but maintaining a
similar pattern for the number of sequences recognizing each epitope form to the TCRf
chains. These sequences consist of both cross-recognising TCR and TCR unique to the KI11
form, as for the TCRp chains. There are two sequences which cross-recognise the KI11 and
KM14 epitope forms, one of which is found to also recognise KK10, and both of which are
found in the KI11 single population. The TCRf sequence for the same population consists
entirely of a single highly cross-reactive TCR; this could mean that this TCRf sequence is
found paired to multiple TCRa chains. Finally the KR13 sequences are entirely composed of
cross-recognising TCR, found in both the KK10 and KI11 populations, with one sequence
additionally found in the KI11/KM14 population. This tallies with the TCRf sequences for
this epitope form, which were also dominated by widely cross-reactive TCR. An infrequent
(1.5%) non-cross reactive TCR was also found in the TCRf sequences recognizing the KR13
epitope form, that no similar sequence was picked up here may suggest that further

sequencing is required to obtain a complete picture of TCRs recognition in this form.
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Patient Epitope form V, CDR3 sequence V, Jo

100967 KK10 CAVSLLGDTGGFKTIF 1-1*01 9*01
241242 KK10 CAGTYPYSGGGADGLTF 35*%02 45*01
KK10 low CAGTYPYSGGGADGLTF 35*%02 45*01
CAASPNNNDMRF 13-1*01 43*01

CALGVPNDYKLSF 19*01 20*01

CAGGSNYQLIW 1-2*01 33*01

CAYRVNTGTASKLTF 38-2/DV8*01 44*01

Ki1l CAGGSNYQLIW 1-2*01 33*01

CAASPNNNDMRF 13-1*01 43*01

CAMREGDTGGFKTIF 14/DV4*02 9*01

CAGEAAGNKLTF 1-2*01 17*01

CALGVPNDYKLSF 19*01 20*01

CAASNDYKLSF 8-6*02 20*01

CAVRDSPSGGSYIPTF 1-1*01 6*01

KI11/KM14 CAASPNNNDMRF 13-1*01 43*01
CAVRDSPSGGSYIPTF 1-1*01 6*01

KR13 CALGVPNDYKLSF 19*01 20*01

CAASPNNNDMRF 13-1*01 43*01

Table 26: TCR CDR3a loop sequences determined for KK10 epitope form recognising TCR from patients
100967 and 241242 along with frequency in the population and V,, and J,, allele usage in each TCR.

3.3.1.4. Features of CDR3a loop sequences involved in cross-recognition of

KK10 epitope forms

We examined the features of the TCR sequences obtained for the a chain in the same way as
for TCRB (See Chapter 3.3.1.2), including hydrophobicity, the presence of charged residues
(Figure 28), length and change from germline (Table 27). These characteristics were
compared for sequences recognising each epitope form, as well as a comparison for those

that cross-recognised multiple forms and those that were specific for one form.

As found for the TCRf sequences, differences between the epitope forms for TCR sequence
recognition was small, as were differences between cross-recognising and specific epitope

forms. The KI11 and KR13 epitope forms were recognised by TCR with slightly shorter
127




average CDR3a loops than the KK10 and KM14 epitope forms (12.9 and 12.5, 14.0 and 14.0
respectively), the KK10 and KI11 forms also showed a higher average number of changes
from the germline sequence than the KR13 and KM14 forms (2.50 and 2.43, 2 and 2
respectively). There was no change in the total number of mutations per sequence for the
CDR3a loop residues from germline between the cross-reactive and non cross-reactive TCR,
there was however a slight difference in the average number of residues in the CDR3a loops
of the two groups (13 residues in cross-recognising TCR versus 14.3 in non cross-recognising
TCR)(Table 27). There seemed to be little difference in the hydrophobicity or presence of
charged residues between these two groups, with variation in each, however the relatively
small sample size and limitation primarily to a single patient limits the scope of these

findings.

128



NV

TETIrIT

AyedoipAH

v
=/
e
-
o
o
e
o
-
- >
>3
7
- 4
- O

| " A S S N S — )
T O N T O QS

AyedoipAH

v
- o
-
-
-
%
K2
K4
-7
o

s
- O

| " A S S N — )
IO N T O @S

AyyedoipAH

N4
-
K
K
-1
-1
-1
e
&
-4
-4
- O

| N A P S N R —
DG BRSNS

AyyedoipAH

i

v
v
-
B4
- o
-4
v
o
B
v
7
K4
-
-4
o

4
3
24
1
0

-1

2

-3

AyyedoipAH

il

LII_I

-
=/
- >
- o
-
-
>
-o
- o
- 4
- O

4=
3
2+
1+
0
-1
-2
-3+

AyyedoipAH

v
B4
4
-
K
- O
-4
-4
-
K
-4
- O

| N A P S R S — )
O N T O QS

AyredoipAH

| N A P S R S — )
O AN T O QS

AuyredoipAH

L A U I

AyyedoipAH

| " A P S N R —
O N T O Q@S

AuyredoipAH

Figure 28: Hydrophobicity plots for TCR CDR3a loops taken from patients 100967 (top left) and 241242

, charged

384

(remainder). Hydrophobicity measured using the Hopp and Woods index of hydrophilicity

residues are shown in red (acidic) and blue (basic).
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CAVSLLGDTGGFKTIF CAVRGNTGGFKTIF 2 2 0 4 1 16
CAGTYPYSGGGADGLTF CAGQYSGGGADGLTF 1 2 0 3 1 17
CAASPNNNDMRF CAASNNNDMRF 0 1 0 1 4 12
CALGVPNDYKLSF CALSESNDYKLSF 2 1 0 3 3 13
CAGGSNYQLIW CAVRDSNYQLIW 2 1 0 3 2 11
CAVRDSPSGGSYIPTF CAVRASGGSYIPTF 1 2 0 3 2 16
CAYRVNTGTASKLTF CAYRSNTGTASKLTF 1 0 0 1 1 15
CAMREGDTGGFKTIF CAMREGNTGGFKTIF 1 0 0 1 1 15
CAGEAAGNKLTF CAVRIKAAGNKLTF 2 2 0 4 1 12
CAASNDYKLSF CAVSSNDYKLSF 1 1 0 2 1 11

Table 27: Germline V, and J, sequences in the CDR3a loops of TCR recognising KK10 epitope forms.
Number of changes between germline sequence and CDR3a loop found in final productive TCR shown
along with CDR3 loop length and number of KK10 epitope forms recognised by the TCR.

3.3.1.5. Enrichment and depletion of CDR3a and f8 loop amino acid

residues for TCR recognising KK10 epitope forms in comparison with

germline-encoded frequencies

Comparison of our patient TCR sequences with the sequences encoded by the Vg, Jg, Dg, Va
and J]q alleles in the germline reveal differences in the relative prevalence of residues at
certain locations in both the TCRa and TCRB CDR3 sequences that recognise KK10 epitope
forms (Table 28). The greatest difference in prevalence between the patient and germline
prevalence is the presence of a glutamic acid (E) residue at either position C-3 or C-4 of the
CDR3pB loop; occasionally this was substituted by an aspartic acid (D) at one of these
positions. An E at position C-3 or C-4 is present in 28 of 34 sequences (82.4%) and a D is
present in this position in a further 3 sequences (additive 91.2%). The difference in the
number of E residues at C-3 compared with the proportion encoded in the germline
(39.3%)(Table 28B) is significant, P=0.0137 Fisher’s Exact Test (FET). This significance

increases (P=0.0007 FET) if the comparison includes E at positions C-3 and C-4 as well as D-
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4 against the number of germline sequences encoding these. Of all possible TRB] alleles
available, only 6 of 16 (37.5%) encode an E at these positions and 1 contains a D at C-4 (total
43.8%). The enrichment of these residues at this position of the CDR3(3 loops suggests a
conserved interaction of the loop among the epitope forms; this could involve recognition of

peptide or the HLA molecule by the CDR3{ loop.

The second largest difference in prevalence seen between the patient sequences and the
germline is the presence of asparagine (N) at the C-5 position of the ]Jg segment (Table 28).
There is a significant decrease (P=0.0028 FET) in the presence of N at this position in the
patient sequences compared with the germline. This position is quite close to the join of the |
and D segments and so more likely to undergo insertion or deletion of nucleotides through
the action of the non-homologous end joining machinery and terminal dideoxynuleotide
transferase (TdT). This may increase the likelihood that these positions will differ from the
germline encoded frequencies though significant deviations will nevertheless reveal

selection of the TCR repertoire for the KK10 epitope forms.

There are several other differences that also reach statistical significance between the
patient and germline Vgand Jg sequences. These are a decrease in Leucine (L) residues at
position N4 (P=0.0157 FET) and an increase in glyceine residues at position N4 (P=0.0077
FET). Approaching statistical significance is the increase in prevalence of proline (P) residues
at the same N4 position (P=0.0502 FET). That these significant differences from the germline
sequences all occur at the final residue of the Vg segment suggests that the insertion/deletion

of residues is likely to be responsible for these differences.

The central Dg sequence was not compared in a similar manner to the Vgand Jg residues in
the CDR3 loop as this section can be inserted into the CDR3 sequence in both a forward
orientation, through deletion, or a reverse orientation, through inversion. There is a strong

bias (approximately 20:1) for this segment to be incorporated through deletion, so residues
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encoded by the forward and reverse sequences of the Dgsegment in these positions cannot
be given equal weight when comparing the possible germline sequences to those from our

TCR10L; 102,

The same analyses were performed on the sequences obtained from the CDR3, loops of TCRs
responding to the KK10 epitope forms. Though the greatest percentage differences of the
sequences from germline were lower overall than in the CDR3g loops, there were several
differences. The two largest percentage differences in residue prevalence in the CDR3a loops
were a decrease in valine (V) residues at position N2 (27.5%) in the patients and an increase
in tyrosine (Y) residues at position C-4 (25.5%)(Table 28). However, neither of these
differences were statistically significant, with P=0.1801 for the N2 position and P=0.0737 for
the C-4 position. The lack of significance may be partly due to the small group size for the
patient sequences, sequencing of a larger set of TCR sequences for this region will give a

better estimate of the significance of these differences.

Despite being smaller in terms of percentage differences between the two groups, several
other positions did give statistically significant differences between the patient and the
germline sequences. These differences are an increase in serine residues at the C-1 position
(P=0.0488 FET), an increase in the threonine residues at the C-2 position (P=0.0488 FET), an
increase in the prevalence of cysteine residues at the C-5 position (P=0.0176 FET) and an
increase in the prevalence of G residues at the N3 (P=0.0196 FET) and N2 positions
(P=0.0353 FET). The differences from germline encoding at positions C-5 and perhaps to a
slightly lesser extent N2 may be due to nucleotide insertion and deletion during
rearrangement as these positions are nearer to the junction of the V, and ], chains. The
differences seen in the C-1 and C-2 positions are more likely to be due to preferences in Vq
and ]« chain selection for TCR recognising the KK10 epitope forms as these positions nearer
the ends of the CDR3 region are less likely to be affected by the NHE] machinery or TdT

during rearrangement.
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Table 28: Percentage change in frequency of amino acid residues along the CDR3a and B loop V and J
regions in KK10 epitope form recognising TCR compared with germline encoded frequency at each

position.
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3.4. Discussion

3.4.1. The presence of CD8+ responses to KK10 containing epitope forms indicates a
broader response to the p24 Gag region in vivo than has previously been

characterized

Our antigen processing studies of the region containing the KK10 epitope showed that in
addition to the KK10 epitope itself, there are a series of overlapping epitope forms
containing all or part of the KK10 sequence. The functional analysis of PBMC from HLA
B*2705 HIV-1 infected individuals using dextramers for these epitope forms shows that as
well as the response made to the KK10 epitope in the majority of HLA B*2705 HIV-1 infected
individuals, the overlapping epitope forms may also be recognised by CD8+ T-cells in these
patients (Table 15). We have additionally shown that while there are some differences
between the recognition of these epitope forms dependent on the presence of KK10
recognition in the patient (KI11 recognition, Table 16), the responses can be generated in
patients with and without recognition of the KK10 epitope itself (Figure 13, Figure 14).
These epitope forms may form an important part of the immune response to the KK10
containing region in HLA B*2705 individuals, it has previously been found that T-cell
responding to KK10 possessed more clonotypes and a more rapid turnover of dominant T-
cell clones than for responses to non-protective HLA-epitope complexes3%9. The numerous
epitope forms may account for some of this additional diversity in the TCR repertoire for the
region if they are able to cross-recognise the KK10 epitope, our examination of this cross-

recognition (described below) suggests this is indeed possible.
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3.4.2. The presence of CD4+ responses to HLA class 1-peptide complexes

The presence of epitope specific responses to HLA class 1-peptide complexes from CD4+ T-
cells was unexpected given previous data on the specificity of the CD8+ and CD4+ co-
receptor binding for HLA class 1 and class 2 respectively. However, a number of possibilities
suggest themselves to explain this phenomenon. Firstly, the nature of dextramers may
present some challenges to normal binding of the co-receptor molecules. The close spacing
of up to 10 HLA-peptide complexes on the dextran backbone may mean that the binding sites
on the sides of the HLA molecules for the CD4+ and CD8+ co-receptors are sterically
hindered, indeed an ILT2 binding assay that is used to check correct folding of HLA class 1
tetramers does not work when applied to dextramers (Figure S 8). This assay assesses
refolding by the ability of ILT2 to bind to HLA class 1 and is a common method for testing
newly made tetramers. However, on applying the assay to our commercially obtained
dextramers, we saw no binding. It has previously been shown that ILT2 competes with CD8+
for binding to HLA class 1 and the ILT2 binding site and CD8+ binding site both involve
contact with the membrane proximal a3 domain of HLA class 1 (from the structure of the
CD8aa- HLA 1 complex and CD8«f3 model based on Fab complex structure)385: 386;387;388, [t is
therefore possible that a lack of ILT2 binding will also mean that co receptors contacting
membrane proximal (or in the case of dextramers, dextran proximal) regions will not be able

to bind, resulting in a relaxation of specificity for T-cell receptors of a particular HLA class.

Despite the lack of ILT2 binding on dextramers compared with tetramers, initial tetramer
assays with these epitope forms also indicated the presence of CD4+ T-cell responses to this
region suggesting that this may not be the only (or even most likely) explanation for these
responses. A more complete analysis using tetramers would confirm the presence of CD4+ T-
cell responses in a system where TCR co-receptor binding has been firmly established389;
alternatively, ability of dextramers to bind the CD8-co-receptor could be established in a

similar way. Other explanations for these responses are informed by the structural data
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obtained for these epitope forms complexed with HLA B*2705. These structures show that
both the KLL8 and KM14 epitopes likely exist for the majority of the time in conformations
bound to the HLA only at the N-terminus. This means that much of the peptide is highly
surface exposed and flexible and also that the C-terminus is unoccupied by the peptide (see
Chapter 4.7). This presents us with at least two possible explanations for the presence of
CD4+ T-cell restricted responses. Firstly, the exposed and flexible nature of these peptide
epitopes mean that any TCR will be able to contact a large number of peptide residues
compared with peptides bound in the groove along their entire length. The binding of a TCR
to a long class 1 epitope bulging out from the centre of the groove has previously been
shown to increase the proportion of the TCR residues contacting the peptide rather than the
HLA molecule as it takes up more of the area on the binding surface, this results in a more
antibody-antigen like interaction with less dependence on contact with conserved HLA
residues?81: 390, A TCR specific for these epitopes is therefore likely to be more dependent on
peptide interactions than usual, decreasing dependence on HLA recognition. Indeed, some
peptide epitopes have previously been shown to be recognised by both CD8+ and CD4+ T-

cells (Astrid Iversen, unpublished data).

The use of intracellular cytokine staining (ICS) in these assays to determine the responses
means that we cannot be certain whether HLA class 1 or 2 or both were used to present
these epitopes, though cross recognition of these dextramers from CD4+ T-cell TCR raised
against these epitopes in a class 2 complex would depend to a certain extent upon the
structural similarities between the class 1 and class 2 complexes with these epitopes. A
groove that can accommodate much longer epitopes in HLA class 2 may mean that similar
peptide exposure would not occur when these peptides were complexed with class 2 and the
resulting reactive TCR may look significantly different. However, it has been demonstrated
that HLA class 2 reactive TCRs may bind peptides with quite distinct binding conformations
based on small areas of conserved structural features372 and that peptides can be presented

in very similar conformations by HLA class-1 alleles and allow cross-recognition by T-cells
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despite having substantial differences in polymorphic residues within their binding
grooves3?L. Indeed, the mirroring of the cross-recognition patterns between the CD8+ and
CD4+ responses suggests that however they are being recognised, it is likely to be through a

similar or the same pathway as for the CD8+ T-cells (Figure 17, Figure 18, Figure 19).

A second possible explanation indicated by the structural data is the exposed C-terminus of
the groove in both of these epitopes. This is a highly charged region and may provide a non-
specific, “sticky” site for TCR binding in these two epitopes. However there is an indication
that this region of the peptide-binding groove may be occupied by free amino acids (such as
arginine in the refolding process) that would neutralise this charge to some extent.
Additionally, though the strongest and most consistent responses are to the 8mer and 14mer
dextramer complexes, there are occasional responses to other epitope forms that do not
share either an N-terminal only binding mode or a highly exposed peptide (patient 170466
Figure 16G), the comparative lack of cross recognition between the CD4+ T-cell responses
also makes this scenario less likely as we would expect higher levels of cross reactivity for
such non-specific “sticky” responses, not lower. Cross checking of these assays with other
binding or activation assays such as surface plasmon resonance (SPR) or ICS would provide
dextramer independent validation of these results. Furthermore, identification, sorting and
TCR sequencing of both CD8+ and CD4+ T-cells responding to these epitopes will allow us to
better assess how these CD4+ responses are elicited, co-crystallisation of the TCR along with
the peptide HLA complex would further allow us to see how these TCR might recognise these

epitope forms.
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3.4.3. Cross-recognition of KK10 epitope forms by CD8+ and CD4+ T-cells

Cross recognition between the T-cells recognising the various dextramer forms was assessed
in order to better determine how they might be generated in vivo, and how they contribute to
immune responses to the region. Cross recognition between CD8+ T-cells recognising KK10
epitope forms was particularly interesting. We were able to find both cross -recognising and
singly-reactive T-cell populations for the majority of the extended KK10 epitope forms
(Table 19), though responses to the KR13 epitope form when present were largely through
cross recognition, confirmed in one case through the sequencing of these T-cell populations
(Table 24). There were also significant differences in the levels of cross-recognition for some
epitope forms between patients possessing a KK10 response and those that did not (KI11,
Table 18), though this may have been mostly due to the loss of the KK10 response for which
most of the cross recognising T-cell populations were seen (Table 19). Despite many of the
cross-recognising T-cells showing recognition of the KK10 epitope, all but two patients also
showed high levels of cross-recognition (above 10%) between two other epitope forms
(Table 19, patients 050875, 111156). This was further revealed upon sequencing of the TCR
sequences in patient 241242 which showed multiple cross-recognising sequences, most of
these recognised KK10 but in addition, many recognised more than one KK10 extended
epitope form (Table 15). A TCRa sequence was also obtained which recognised the KI11 and
KM14 epitope forms, but was not present in the KK10 population (Table 27). Of all of the
epitope forms, the KL8 truncated form had fewest CD8+ T-cells that were able to cross-
recognise it than other epitope forms in patients recognising KK10 (Table 18), though the

level of cross-recognition was higher in those patients without KK10 recognition.

The cross-recognition of the KK10 epitope and the escape mutations that occur within the
epitope in later disease by CD8+ T-cells has been shown to be important for the effectiveness
of CD8+ T-cell responses for control of viremia398. This is notable in the context of the results

presented here and in the previously mentioned finding that T-cell responses to this region
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involved multiple clonotypes and rapid turnover of clones3%. The recognition of multiple
KK10 epitope forms by CD8+ T-cells, and their ability to cross-recognise extended KK10
epitope forms and the KK10 epitope in the patients tested, gives a possible mechanism
whereby T-cell cross reactivity may be generated to the HLA B*2705 restricted KK10
response. This increased diversity of TCR and the promiscuity of their binding amongst the
epitope forms may increase the likelihood that a T-cell receptor will be present that is also
able to cross-recognise the L.136M mutation in the KK10 epitope sequence. This is supported
by the finding that cross-reactive TCR may more heavily rely on Van-der-Waals interactions
than those recognising single epitope-HLA complexes288, these interactions are often more
flexible than hydrogen bonding and salt-bridges and so may help to reduce the specificity of
these TCR. The correlation of the ability to cross-recognise escape variants with control of
viremia may also be due to the presence of these epitope forms, providing additional targets
to raise effective T-cell responses and generate multiple clonotypes specific for the region.
Indeed, patient 241242, for whom we were able to see the most diverse recognition of
epitope forms and high levels of cross-reactivity began treatment 18 years following initial

diagnosis.

In contrast to the cross-recognition seen between many of the KK10 epitope forms in the
CD8+ T-cell responses, CD4+ T-cell recognition of the KK10 epitope forms involved far less
cross recognition. This is perhaps unusual given that the binding of KK10 to HLA class-2 is
quite promiscuous, being part of a supermotif that can be presented by multiple HLA types.
The region also includes epitopes restricted by the HLA DRB1*13 molecule. The lack of
cross-recognition may be explained by the unusual context of these epitopes for CD4+ T-
cells, as they are complexed with HLA class-1. TCR have been described that recognise both
class 1 and class 2 HLA, and undergo significant changes to their structure to maintain
interaction in each casel?5, if these CD4+ T-cell responses are generated by responses to

these epitope forms in a class-2 context, recognition in class-1 may involve significant
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structural change that could limit the range of peptide epitopes that the TCR is able to bind in

this manner.

3.4.4. TCR Sequences show multiple clonotypes and sequence bias for recognition of

KK10 epitope forms

The sequences of T-cell receptors were obtained for KK10 epitope form dextramer positive
CD8+ T-cells in patients 100967, 060473, 030869 and 241242 (Table 23, Table 24, Table 26
and Table 27). For patients 100967 and 060473 we were only able to sequence the KK10
dextramer positive population, which in both cases was found to consist of a single T-cell
receptor (Table 23, Table 26). In patients 030869 and 241242 we were able to obtain and
sequence T-cell populations for a range of KK10 epitope forms (Table 24, Table 26). The
latter two patients showed a range of TCR, some specific for particular epitope forms, while
others were able to cross-recognise one or more additional forms. Several TCR3 sequences
obtained from patient 241242 were present in all of the T-cell populations sequenced (Table

24).

The TCR recognising KK10 in patient 241242 consisted entirely of sequences that cross
recognised at least one other KK10 epitope form, and often recognised several forms, further
novel TCR sequences were obtained from double positive dextramer populations that were
not seen in some of the populations responding to the single epitope form. This implies that
despite detecting far more unique TCR sequences for this patient than for any other, we did
not capture the entire TCR repertoire in all of the populations sequenced. This diversity and
cross recognition contrasts with the sequences obtained in dextramer positive populations
for patient 030869, while a range of TCR were discovered for these populations, only a single
sequence was found responding to more than one KK10 epitope form. The majority of the

sequences were instead unique in each response. As only four patients have been sequenced
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thus far, and only two of these extensively, it is not possible to draw conclusions on how the
range and cross-recognition of these T-cell populations affects the course of disease. It
should also be noted that higher cell numbers in the samples for patient 241242 allowed
larger populations to be collected than for patient 030869. This may be a contributing factor

to the increased number of TCR clonotypes that we were able to detect in this individual.

However, it is interesting to note that of the four patients, and the two who were more
comprehensively sequenced the patient with the greatest number of TCR specific for this
region and most cross-recognising sequences, 241242 has been a long term non-progressor,
with 18 years between diagnosis and first treatment (Table 14). This compares to the
relatively rapid need for treatment of patient 030869 (within 3 years of diagnosis). For the
two patient that we were only able to obtain KK10 populations for sequencing, dextramer
staining for both revealed a wide range of CD8+ T cell recognition of KK10 epitope forms and
cross-recognition of responses (Table 15). Of these two, patient 100967 had been infected
for over 11 years without treatment at the time of sampling (Table 14), while patient 060473

required treatment four years following diagnosis.

We examined the sequences isolated from the TCR identified in our KK10 epitope form
positive populations for any features that might indicate selection for recognition of HLA
B*2705 and the KK10 epitope forms given that they share a significant proportion of their
sequences and that many of the sequences were able to recognise multiple KK10 epitope
forms. This analysis (Table 28) showed that there were differences from the frequencies
encoded in germline segments. These differences help to reveal selection of specific features
of the repertoire that may have been selected for their ability to recognise these epitope
forms. However, we must also consider that there is a bias in gene segment usage dependent
on their position in the locus, in addition, the small number of patients that these sequences
were obtained from means that conclusions drawn from these results might not be

representative of larger populations.
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The enrichment seen for the acidic residues E and D at the C-3 and C-4 positions of these
epitope forms does suggest a common site of recognition among these TCR, which is
explored further with the addition of structural analyses (See Chapter 5.2) along with the
changes at other positions seen in this analysis (Table 28). There is also a trend towards
difference in the CDR3f3 loops of TCR between those that are cross reactive and those that
are not. The increased number of sequences with Leucine at position N+4 in the non-cross
reactive TCR suggests that either this residue is disfavoured, or that other residues are
preferable at this position for cross-recognition. CASSL is a commonly encoded (44.3%) Vg
sequence at the beginning of the CDR3 loop, analysis of the germline sequences of the cross-
recognising TCR show that, while lower than germline frequency, the presence of CASSL in
the germline sequences selected for cross-recognising TCR is not significantly lower than for
the non cross-recognising TCR (29.4%, difference P value = 0.148, FET). This agrees with
analysis of the germline encoded CDR1 and 2 loops which show no significant differences
between cross-recognising and non cross-recognising TCR, indicating that rearrangement of

the CDR3 loop is the likely mechanism behind this reduction.
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4. Crystal Structures of the HLA B*2705 in

complex with KK10 naturally occurring

epitope forms.

Work in this chapter was a collaboration with Dr. Maria Harkiolaki who
performed data collection and initial model building for all crystal structures,
as well as providing extensive knowledge, expertise and assistance throughout

their production.
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4.1. Introduction

4.1.1. HLA Class 1 peptide binding and presentation in vivo

The contribution of specific pockets of the HLA class-1 binding-groove in peptide selection
varies between HLAs and this is reflected in the repertoire of peptides seen to bind; in some
positions, there is a clear selection for a restricted range of amino acids. Places where strict
peptide sequence restrictions are commonly seen are known as “anchor positions”, because
the peptides are required to have specific “anchoring” residues in these positions in order to
bind207;323; 392, A commonly seen anchor position is at the C-terminus, with almost all HLA
class-1 binding peptides showing some restriction in this position393. This correlates with

binding to the F-pocket and it is often the primary anchor position in HLA class-1.

In HLA B*2705 in specific, (Figure 29) the F-pocket (Figure 29F) is a strong determinant of
the epitope repertoire, restricting the range of amino acids able to bind as described above.
However, there is another position in the B*2705 binding groove that binds an even more
restricted range of amino acids and so is instrumental in determining the epitope repertoire.
This anchor is determined by the B-pocket of the groove (position 2 of the peptide), the
position is very tightly constrained in B*2705 and almost all peptides that bind to this allele
will have an arginine present at position 2322:323 as this allows the formation of a hydrogen
bond network between the peptide and E45, T24 and H9 of the al helix (Figure 30A). This
therefore forms the primary anchor in HLA B*2705, indeed polymorphism at several of the
residues that form the B pocket were recently identified as significantly affecting host
control of HIV-1 viremiaé? presumably through determining the sequence of and
conformation in which peptides can bind to the HLA class-1 alleles. The specificity of this
position for arginine is illustrated particularly well by the KK10 epitope itself, the epitope is
derived from a conserved region of p24 Gag in HIV-1 and mutations therein often have a
significant fitness cost. However, one mutation that is commonly seen in HLA B*2705
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individuals with this virus results in the substitution of an arginine at position 2 of the KK10
epitope to a lysine322. This is a conservative mutation giving rise to another basic residue
with a long side chain, however, it can significantly abrogate binding to the HLA B*2705 B
pocket as it disrupts the formation of a hydrogen bond network of the P2 arginine side chain

with residues E45, T24 and H9322 256,

The length of the peptides that HLA-class 1 binds is usually given between 8 and 10, or
sometimes 8-12 amino acid residues as suggested by space availability within the class-1
groove, extended epitope conformations and range of epitopes identified through optimal
epitope determination or peptide elution322:380. However, some peptide elution experiments
and structural studies have suggested that longer epitopes may form a significant part of the
HLA class-1 repertoire3s3, reviewed in3%4, and some have suggested that HLA B*2705, in
particular, may be able to accommodate particularly long peptides3?. Indeed, several well
known HLA class-1 epitopes are outside of the ‘traditional’ length range, including the HLA

B*57-restricted KF11 and the HLA B*3501-restricted alt. M-CSF (14mer) epitopes39%.

Historically, an initial structural study of HLA B*2705 purified from an LG-2 B cell line322
found that this HLA showed a strong preference for nonameric peptides, with the composite
peptide density giving a clear 9mer structure with defined P2 and P9 residue specificity.
However, the observed preference for nonameric peptides in that work need not be
representative of an innate HLA-driven preference. Indeed, one of the most studied HLA
B*2705 epitopes in the context of HIV-1 is the immunodominant KK10 10mer314. The range
of peptides available to the HLA in an LG-2 B cell line would be strongly influenced by the
peptide repertoire present as well as the presence/absence of intact antigen processing
machinery in the cell line. Furthermore, longer peptide epitopes might not have been

conductive to crystallisation and so were preferentially excluded during crystal formation.
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Figure 29: Adapted from®”. The residues forming the peptide binding pockets of the HLA B*2705 binding

groove. A. The A pocket, B. The B pocket, C. The C pocket, D. The D pocket, E. The E pocket, F. The F pocket

and G. All pockets, where a residue takes part in formation of more than one pocket, colours are shown
alternating
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4.2. General Features of the HLA B*2705 structure

HLA B*2705 was crystallised in complex with naturally occurring KK10 epitope forms
identified from the antigen processing of the p24 Gag 25mer (Chapter 2). To make these,
purified, soluble HLA B*2705 was refolded in complex with selected epitope forms (Table
29). Screens were set up separately and crystals were produced under similar, though not
always identical conditions for each of the epitope forms (Table 29). Often several high
quality crystals were produced for a given epitope form (Table 29). All were of one of two
space groups, P212121 or P24, and the crystals of the 6 and 7mer complexes were twinned.
The structures contained one (KL8, KI11, KR13, KM14) or two (KL6, KG7) HLA-B2705
peptide complexes per asymmetric unit with all diffracting to between 1.5 and 2.5A (Table
29). The electron density maps show that while the KI11 peptide complex shows a single
clearly defined peptide within the HLA binding groove, several of our structures may have

areas of flexibility within the peptide, or in some cases, dual conformations.
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Table 29: Crystallization conditions, data collection and refinement for KK10 epitope form structures.

KM14 KR13 Ki1l1 KL8 KG7 KL6
Crystallization
15.0mg/mlin  13.8mg/mlin  13.4mg/mlin  11.3mg/mlin  12.8mg/mlin  10.7mg/mlin
Protein 20mM Tris 20mM Tris 20mM Tris 20mM Tris 20mM Tris 20mM Tris
otel pH 8.0 pH 8.0 pH 8.0 pH 8.0 pH 8.0 pH 8.0
100mM NaCl  100mM NaCl  100mM NaCl ~ 100mM NaCl  100mM NaCl ~ 100mM NaCl
30 %w/v 30 %w/v
0,
20 %w/v 20 %w/v 20 %w/v Polyethylene  Polyethylene
Polyethylene 20 %w/v Glycol Glycol
Polyethylene Polyethylene
Glycol 8000, Glveol 3350 Polyethylene Glveol 3350 Monomethyl  Monomethyl
0.05 M yo o Glycol 3350, yo LN Ether5000,  Ether 5000,
Reservoir Potassium di- = . 0.2M - . 0.2M 0.2M
Potassium di- . Potassium di- . .
Hydrogen Ammonium Ammonium Ammonium
Hydrogen . Hydrogen
Phosphate Phosphate Chloride Phosphate Sulphate, 0.1  Sulphate, 0.1
P P M MES pH M MES pH
6.5 6.5
Data collection
Date 02/04/12 25/09/10 17/07/10 24/01/11 17/02/12 10/05/12
Beamline Diamond 103 Diamond 124 ESRF ID23-2 Diamond 102 Diamond 103 Diamond 103
Resolution (A)a 109.94-2.05 54.69-1.56 66.21-2.10 54.34-1.92 130-2.49 87.33-2.25
(2.11-2.05) (1.60-1.56) (2.16-2.10) (1.97-1.92) (2.56-2.49) (2.31-2.25)
Space group P2,2,2, P2,2,24 P2,2,2, P2,2,2, P2, P2,
Cell dimensions a=51.21 a=50.95 a=51.13 a=50.90 a=45.42 a=45.51
A b=83.02, b=82.65, b=82.80, b=82.55, b=129.87, b=130.50,
(A) c=109.04 ¢=109.39 c=110.24 c=108.68 c=90.38 c=90.15
a=90 a=90
Cell angles (°) a=PB=y=90 a=p=y=90 a=p=y=90 a=p=y=90 B=104.45 B=104.37
y=90 y=90
Wavelength (A) 0.9794 0.9778 0.8726 0.9795 0.9763 1.0000
Total data 757854 384388 999611 1028314 161209 179918
(56157) (13423) (66119) (76989) (4281) (13487)
Unique data 29865 65573 27934 76989 34488 47521
Completeness
° p(;)e € 99.2 (99.9) 99.3 (94.3) 100 (100) 100 (100) 97.3(74.3) 98.5 (97.6)
(]
1/a(1) 21.3 (5.5) 13.9(2.1) 15.1 (4.8) 16.1 (4.5) 8.9 (2.1) 11.1 (2.3)
Rmerge (%)b 11.8 (70.6) 6.6 (59.0) 28.3 (>100) 19.5(93.9) 14.8 (32.5) 8.7 (61.4)
Rpim (%) 2.4 (14.3) 3.2 (44.7) 4.8 (20.8) 3.8 (17.8) 7.8 (30) 6.1(41.2)
Multiplicity 25.4(25.9) 5.9 (3.0) 35.8(32.4) 28.7 (29.4) 4.7 (2.2) 3.8(3.9)
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Refinement

No. of unique

. 2165 4517 2041 2620 1962 3476
reflections used
Ruork(Reree)" 21.2(23.2)  19.4(21.4)  19.7(22.8)  20.0(23.1)  19.3(22.0)  23.1(27.4)
r.m.s.d. bonds (A) 0.016 0.013 0.013 0.014 0.013 0.017
r.m.s.d. angles 1.72 1.67 1.72 1.73 1.89 1.91
(deg)
Average B (A%) 32.90 24.04 22.09 21.89 39.39 36.56

No. of atoms
(residues) per

. . 3265 (381) 3527(386) 3354 (387) 3261 (379) 6458 (765) 6053 (734)
asymmetric unit

o BUSTER BUSTER BUSTER BUSTER BUSTER BUSTER
rogram 2.11.2 2.11.2 2.11.2 2.11.2 2.11.2 2.11.2

Model quality (Ramachandran plot)f

Residues in
favoured regions 97.1 97.7 97.4 97.6 96.7 96.7
(%)
Residues in
allowed regions 2.9 2.00 2.30 2.10 3.30 3.30
(%)
Residues in
disallowed 0.00 0.30 0.30 0.30 0.0 0.0
regions (%)
No. of domains
/asymmetric unit

aValues in parentheses correspond to the highest resolution
shell.

b Rimerge= ZiZn (|lin-<In>|)/Z;Zn(<I»>), where h is the unique
reflection index, [;»is the intensity of the symmetry related
reflection and <I»> is the mean intensity.

¢R=X4||Fols-/|Fc|n|/Zn|Foln, where h defines the unique
reflections.

dCalculated on a random 5% of the data.

e B = <u?>8mn?/3, where <u?> is the mean square atomic
displacement

fValues from MolProbity397
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4.3. The HLA B*2705 peptide binding groove

As noted previously322 there are common motifs adopted by peptides within the HLA B*2705
binding groove. These common motifs suggest strong preferences for certain binding modes
of the peptide within the groove. In our structures we are able to observe many of these
common preferences despite the large difference in the lengths of the peptides bound in

these complexes (from 6-14 residues).

The anchor residue provided by the P2 arginine residue binding within the B pocket of the
peptide binding groove is extremely similar in all of the structures crystallised (Figure 10)
and is almost identical to the previously published structure of the KK10 complex259. The
arginine at Position 2 (R2epitope)is stabilised, as previously described3??, through the

formation of a planar hydrogen bond network between the E45g27 Oc2 and the R2¢pitope N, 2
and N, atoms and between the RZepitope N1 and N2 atoms and the T24p;7 O, atom. The

backbone of R2epiwope is held in place through stacking against the tyrosyl ring of Y7 g7 of the

heavy chain.

In addition to the binding of the P2 anchor residue, the neighbouring residues are also bound

similarly in these structures, with P1 and P3 showing high levels of conformational identity.

The HLA B*27 groove ends after the F pocket, a pocket at the base of the groove formed by
the side chains of T143, D116, L81, L95, D74, D77 and Y123. This pocket seems to allow
more promiscuous binding than the B pocket, with hydrophobic residues at the entrance and
acidic residues at the base, thus allowing smaller hydrophobic side chains or long basic side
chains (such as lysine) to bind. Nevertheless, mutations in residues within the pocket,
particularly those of D116 are known to have significant effects on both the repertoire of

peptides presented and the tapasin dependence of presentation261;398,
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Figure 30: A. The P2 arginine of the KK10 peptide
binding in the B-pocket of the HLA B*2705
groove, showing salt bridges formed between
the residue and E45 and T24 of the HLA.B. The F-
pocket of the HLA groove from the HLA B*27-
KK10 complex, shown without the peptide. C.
Overlay of peptide residues 1, 2 and 3 from the
N-terminal end, showing similar positioning of
peptides binding in this region.
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Figure 31: Panels A-H, HLA B*2705 complexed with KK10 epitope forms A. KL6 B. KG7 C. KL8 D. kk10 E. ki1l
F. KR13 G. KM14 H. KM14 2" conformation.
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Figure 32: Panels A-H show overhead view of KK10 epitope forms complexed with HLA B*2705, A. KL6 B.
KG7 C. KL8 D. kk10 E. ki1l F. KR13 G. KM14 H. KM14 2™ conformation.
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Figure 33 Panels A-H, overhead view of the backbone of KK10 epitope forms complexed with HLA B*2705
A. KL6 B. KG7 C. KL8 D. kk10 E. ki1l F. KR13 G. KM14 H. KM14 2" conformation.
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Figure 34: The E pocket shown in A. KL6 B. KG7 C. KL8 D. kk10 E. kill F. KR13 G. KM14 H. KM14 2"
conformation.
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4.4. 10mer Structure (previously published)

The structure of the KK10 peptide in complex with the HLA B*2705 was solved prior to the
start of this project 259. The description of it here is given, as it is an extremely useful baseline

structure for comparison purposes.

4.4.1. An “optimal” length epitope bound to the HLA Class-1 binding groove

As previously described in259, the KK10 epitope is bound to the HLA B*2705 groove
primarily by anchors at position 2 (P2kki0)and position 10 (P10kkio)of the peptide, which
bind in the B and F pockets of the HLA groove respectively. The N-terminal anchor position
holds residues 1-3 in a very similar conformation to that seen in all of our peptide-B*2705
complexes (Figure 30C) and is described above. The C-terminal anchor adopts a canonical
position for HLA class-1, with the hydrogen bonding of the carboxy-terminus to residues
K146, Y84 and T143. The side chain of the terminal lysine is accommodated within the F-
pocket of the B*2705 groove (Figure 30B). The long lysine side chain allows the interaction
of the lysine (-amino group with the acidic residues D74g27, D77827 and D116g27 through a
network of ordered waters. The hydrophobic portion of the side chain can stack against L81
27, L95 B27 and the ring of Y123 7. The trapping of ordered waters in this pocket thus allows
a degree of flexibility in the interaction of side chains with the surrounding residues and

enables a range of C-terminal peptide residues to bind in this position.

The central region of the KK10 peptide between residues 4 and 7 forms a raised bulge that is
supported by a layer of ordered waters between the 3-strands at the base of the groove and
the peptide chain (Figure 38A). This bulging allows the accommodation of 10 residues within
the HLA class-1 binding groove, in a fully extended conformation as few as 8 residues may
stretch across the base of the binding groove. 14xk1o is the first residue in this central region
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of the peptide, with its C, raised approximately 3A from the base of the groove compared
with the C, of W3kk1o. The side chain of this residue interacts hydrophobically with 166g;7 of
the al helix. I5kk10 continues from [4kk10 without a significant difference in elevation, its side
chain interacting with the indole ring of W3kk10 and the side chains of L8kkio and V152g,7 of
the a2 helix. At Position 6 the backbone of the peptide forms a tight loop consisting of
residues 6 and 7 before descending back into the binding grove. The C, of L6kk1o is elevated
by approximately 3.6A from the binding groove floor compared with the C, of I5xk10 and the
isobutyl side chain is surface exposed. The C, of G7kk10 is very slightly elevated from position
6 before kinking sharply back towards the groove and residue L8kx10. The isobutyl side chain
at this position is directed down towards the groove and sits in the E pocket, a hydrophobic
pocket formed by the side chains of [5kk10 and V152p27 and W1475;7 of the a2 helix. The side

chain of position 9 is directed away from the groove and is partly solvent exposed.

4.5. Refolding of a 4mer and 5mer peptide with HLA B*2705

Refolding of the peptides KRWI and KRWII with HLA B*2705 was carried out following their
identification in proteasomal digestion assays and the successful crystallisation of the HLA
B*2705 - KL6 complex. Refolding was performed as described3®® and a peak for the
heterotrimer complex was seen for both the 4mer and the 5mer during purification by size
exclusion chromatography (Figure 35B and C). The small size of these peaks meant that it
was not possible to perform a second round of purification before concentration for crystal
trials; no crystals were obtained from the trials set up. This could be due to insufficient
concentration of the complex in the trial set-up or perhaps insufficient purity of the
heterotrimer. It is less likely that the 4 and 5mer are insufficient to stabilise the complex as
they contain all of the N-terminal residues that we see stabilising the conformation of the

6mer complex.
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Figure 35: FPLC traces showing elution peaks of 1. Heavy aggregates 2. HLA B*2705 homodimer 3. HLA
B*2705 heterotrimer and 4. B¥2705 monomer/B2M homodimer in A. A control refold without peptide. B.
The Kl4 peptide refold. C. The KI5 peptide refold and D. The RL7 peptide refold.

4.5.1. Mass Spectrometry

To address concerns raised above, samples of the proteins were recovered from our
crystallisation set-ups and sent for analysis by mass spectrometry. The results from this
analysis show the presence of both the 4mer and the 5mer in their respective complexes
(Table 30). Uncomplexed peptides are unlikely to be present in these wells as unbound
peptide would have been separated from the complex during size exclusion chromatography,
the large size difference between these two components makes it unlikely that unbound
peptides could have contaminated the complex used for crystallisation. Following these
results, a possible next step in crystallogenesis would be to eliminate the possibilities of

insufficient concentration and/or purity. This would most easily be achieved through scaling
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up, or collection of several refolds to give a larger amount of heterotrimer complex that
would then be purified as normal. A wider range of crystallisation conditions could also be

tried with an increased amount of product.

KK10 epitope form
Concentration in refold
refold
Ki4 0.2pmol/pl
KI5 10fmol/ul
Kw14 1pmol/ul

Table 30: Concentrations of peptide in the Kl4, KI5 and KW14 refolds. Refolds were diluted 1:100 with 1%
formic acid to free the peptides prior to mass spectrometry (In collaboration with Dr. Stefan Tenzer).

4.6. Structure of the 6mer and 7mer peptides

The KL6 and KG7 epitopes, though longer than the 4 and 5mer for which refolding has been
demonstrated, are nevertheless still too short to stretch across the HLA class-1 binding
groove. However, crystallisation of these complexes has been possible and show that these

short peptides are capable of stabilising the open conformation of the HLA B*2705 groove.

4.6.1. Short peptide epitope bound at the N-terminal anchor position only

The 6mer and 7mer peptides adopt extremely similar conformations in complex with B*27
and appear to bind to the groove solely at the N-terminus. The first 5 residues are within the
binding groove, with the first 3 residues bound in a canonical fashion for the N-terminus of
these KK10 epitope forms (Figure 30C, Figure 31A and B). The 14«xis/xc7 residue C, is shifted
slightly C-terminally compared with the KK10 10mer complex and the side chain of this

residue is rotated so that the 14 kie/xe7 Cs1 faces the al helix. However, the side chain
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maintains a similar distance to the 166g;7 residue, allowing the hydrophobic interaction seen
in the 10mer. The I5xis6/xc7 C,, is shifted towards the centre of the groove away from the a2
helix. The side chain of this residue is oriented along the groove and towards the a2 helix,
with the C, and C; able to engage in hydrophobic interactions with V152p;7 and W147g;;
side chains (Figure 34A and B). These side chains are in similar positions to their equivalent
in the 10mer complex, forming the E pocket. Following this, the backbone of the peptide
bends vertically away from the groove; the C, of L6kie/kc is therefore nearly 3.8A further
from the groove than the 15xi6/k67 C,. The side chain at this position faces N-terminally from
the C, and is raised above the groove. The residue is restrained by the interaction of the
backbone amide with the carbonyl oxygen of Q155g27 of the a2 helix. Following this residue,

density for G7kg7 in the 7mer is not sufficient for us to build it into our model and indicates

that it is likely disordered.

4.6.2. Residual Density at the C-terminus of the binding groove

In both the 6mer and 7mer structures there is residual density present in the F-pocket of the
binding groove (Figure 36A and B). This indicates that a molecule that has been recruited in
the refolding, crystallisation or freezing processes occupies this pocket. In the 7mer
structure in one of the two asymmetric units, the density strongly indicates that this
molecule is an arginine amino acid (Figure 36B). It is likely this was picked up during the

refolding process as the buffer used here contained arginine to suppress aggregation.
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4.7. 8mer structure

The 8 residues of the KL8 peptide, if arranged in an extended conformation along the floor of
the binding groove, would allow the terminal residues to bind at either end of the groove and
stretch across it fully. However, our model shows that, at least for the majority of the time,
we see a structure more similar to that of the 6mer and 7mer (Figure 31C). Areas of residual
density found in the central region and C-terminus of the binding groove may indicate that
an alternative, extended structure may occur (Figure 36D), though the strength of the
density present suggests that it does so very infrequently (less than 10% of all instances). No
further information could be gleaned following refinement of the data with our model of an
extended conformation (density in the central and C-terminal regions is shown in Figure 36C

and E).

4.7.1. The N-terminally bound form of the 8mer peptide

Following canonical binding of the residues 1-3 at the N-terminus. The density for residue 4
is very clear, and almost identical to the placement in the 6mer and 7mer structures (Figure
32A, B and C). Following this residue, the density becomes less well defined. The backbone
positions of positions 5 and 6 are visible, along with an indication of the direction of the side
chain in position 6; however, there is little density for the side chain of 15«is. The positions of
the backbone for 15ki.s and L6kig are very similar to the positions in the 6mer and the 7mer
and so indicate that the side chains may also occupy similar spaces. That the side chains are
visible in the shorter peptides and not the 8mer may be due to the differing space groups for
these crystals, and particularly the presence of crystallographic contacts of the final residues
of the peptide with the adjacent asymmetric unit in the 6mer and 7mer structures. That the
position of the peptide backbone is still similar in the 8mer to the position adopted in the 6
and 7mer indicates that though the crystallographic contacts with the peptide in the 6 and
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7mer structures may provide some additional stability, their presence does not significantly
affect the conformation of the peptide in these structures. Following the backbone of L6kis
there is no further visible density for G7x.s and L8kwis, indicating significant flexibility of the

residues, as they have no interactions with the binding groove.

4.7.2. Residual density at the C-terminus of the binding groove

As previously indicated there is significant residual density in the F-pocket of the binding
groove (Figure 36C). This density may be partly attributed to the presence of an alternate,
extended conformation of the peptide. However, this cannot account for all of the density
seen at this position as it is significantly stronger than that seen along the centre of the
groove and a peptide of this length would have little flexibility if it stretched between the B
and F pockets of the groove. Two alternate possibilities exist to explain this density, firstly,
that in a significant number of molecules within our crystal a second peptide is bound by it’s
C-terminus within the groove, and secondly, that the F-pocket is filled by a molecule picked
up during refolding/crystallisation as is shown for the 7mer (Figure 36B). The latter
possibility seems the more likely of the two, as we have been unable to refold significant
amounts of peptide to HLA B*2705 that lacks the first and second N-terminal residues, so the
C-terminus is likely insufficient to stabilise the binding groove alone. Furthermore, there is
little continuation of density of this strength beyond the binding groove itself, so any peptide
bound here would be held solely by one C-terminal residue and otherwise be completely

flexible. For these reasons, it is likely that a molecule picked up from solution occupies it.
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4.8. 1l1lmer structure

4.8.1. A central folded loop allows a C-terminally extended peptide to fit into the HLA

B*2705 binding groove

The central region of this peptide shows an elevated conformation consisting of a folded loop
or “zigzag” held in place by a network of structured waters occupying the space between the
peptide and the binding groove (Figure 38B). This conformation is somewhat similar to,
though an extended form of, the raised bulge seen in the 10mer structure. This “zigzag”
begins with L6ki11 where the C, is elevated and positioned towards the al helix by around
34 relative to the C, of I5xu1. This residue is held in position only by the constraints on
flexibility imposed by surrounding residues and a hydrogen bond between the backbone
amide and a structured water. From this position, the C, of the next residue, G7«xi11, moves
towards the groove by about 1.5A and remains in the same position in relation to the 2 o-
helices. This contrasts with the raised loop formed in the 10mer where the C, of this residue
remains at the same elevation as L6k before kinking back toward the groove. Instead, in this
longer peptide, an extra residue is accommodated by extending this loop, with L8kii1
completing the “zigzag” by shifting towards the a2 helix by almost 3.8A and remaining at the
same elevation as the G7x11 C,. Following this residue, the backbone drops by 3.4& back

towards the groove and enters the C-terminal region.

4.8.2. The extension of the central loop affects binding positions throughout the

peptide

The extension of this loop to include L8xi11 means that this residue is no longer placed in the

hydrophobic E pocket formed by W3kk1o, [5kk10 and W147g37 in the 10mer. The residue that
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follows L8ki11 and is directed toward the groove is in this case N9ki11, which is not
hydrophobic. Consequently, there are several alterations in the structure compensating for
this change. The C, of [4ki11 in the 11mer structure is pushed upward and N-terminally
compared with the 10mer, this displaces the side chain and increases the distance between it
and residue 166g27, reducing the strength of this interaction (Figure 34H). The side chain is
slightly shifted away from the groove resulting in an increase in solvent exposure for the Cg
and C,; atoms. The change in position of this residue may also affect the position of R62g27
compared with the 10mer (Figure 39F). The C, of 15«1 is again slightly N-terminal of its
equivalent position in the 10mer and the side chain is further toward the al helix. The
interaction with W31 is maintained, though the distance between I5ki11 and V1527 is
increased, in this position the side chain of N9ki11 can be accommodated without hindrance
from 151 C, 2. The N9xi11 C; is oriented toward the hydrophobic pocket occupied by L8xk1o
in the 10mer, but then kinks away to allow the §-oxygen and §-amino groups to interact with

ordered water molecules between the peptide and the a1 helix (Figure 34E).

4.8.3. The residues of the C-terminal region

The F-pocket of the 11mer is occupied by the C-terminal residue I11ki11 that is a shorter and
more hydrophobic residue than the lysine at the C-terminus of the 10mer peptide. However,
the conformation of the backbone is identical to that of the 10mer, with the carboxylates
hydrogen bonding to K146g27, Y84527 and T143gz7. As the side chain of 11111 is shorter than
that of the 10mer, it is not able to reach the base of the F-pocket and does not interact with
the acidic residues there. Instead it is stabilised by hydrophobic interactions with Y1237,
L81g27 and L9537 of the heavy chain, with the Leucine side chains moving slightly from their
10mer positions into the pocket to interact with the isoleucine. Residues D116g27 and K70z27

are slightly shifted N-terminally where they interact with ordered waters.

165



4.9. 13mer structure

The complex of a 13mer peptide with an HLA class-1 molecule has been previously shown in
383, In this paper, a “super-bulged” yet apparently rigid conformation was seen and explained
how a peptide of this length was accommodated within the class 1 binding groove. Our KR13
peptide complexed with HLA B*2705 loosely follows the general binding conformation of
this structure, with a central bulge of the peptide stabilised by intra-peptide interactions.
However, the loop formed by this bulge in our structure appears to be disordered and is not
rigid which does not allow us to see the apex of the central bulge. This could be due to the
absence of proline residues in the KR13 peptide, which may have increased the rigidity of the

conformation in the B*3501-EBV complex383.

4.9.1. A tight loop of peptide outside of the groove permits binding of extended

epitopes within the restricted class 1 groove

While the N-terminal region of this peptide is bound in the canonical manner for our HLA
B*2705 complexes, the central region of the peptide shows a different binding mode to that
seen in the 10 or 11mer allowing the accommodation of two extra residues within the
confines of the groove. [4kr13 is in a similar position to its equivalent in the 10mer complex,
with only a 0.54 shift from the 10mer position and a rotation of the isoleucine side chain, the
interactions of both side chain and backbone with the HLA molecule are similar. I5kr13 is
shifted slightly C-terminally and is more elevated than its equivalent in the 10mer complex,
with a shift of 1A between C_’s of the 10mer and the 13mer. The side chain of the isoleucine
is oriented slightly more towards the centre of the binding groove and engages in
hydrophobic interaction with the side chain of 111kr13 of the peptide, this being in a similar
position to L8kkio in the E pocket (Figure 34F). This interaction links the N-terminal and C-

terminal sides of the peptide and between these residues, the peptide bulges out of the
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groove in a partly flexible loop. This bulge out of the groove enables the long 13mer peptide

to fit into the B*2705 groove.

From position 5, the backbone of the peptide turns sharply upward away from the groove,
rising vertically by 3.6A to the C, of L6kri3. The backbone is held in this position through the
interaction of the isoleucine residues and by a hydrogen bond between an ordered water
molecule and the carboxylate of the residue. The side chain of L6 faces towards the N-
terminal end of the peptide groove, it is solvent exposed and poorly ordered, with a
temperature factor (a measure of the relative vibrational motion of atoms within the
structure) of 185.5 (compared with 11.18 for I5kri3). The residue is shifted by 4.9A from it’s
10mer equivalent and the C,, is 4.6A further towards the a1-helix compared with the 10mer.
The backbone appears to continue to move upwards from this point, away from the groove.
Though there is some density continuing beyond L6kr13, the features are not defined and we
are unable to build a model for the residues from G7xr13 to N9«r13 inclusive; possibly due to a

relative lack of restraints and so increased flexibility of these residues.

The backbone of the L10kr13 residue begins to return towards the groove from the flexible
loop formed by the central residues. The side chain of this residue is oriented towards the a1
helix and the terminal amine forms a salt bridge with E76g2; of the HLA heavy chain,
stabilising the residue (Figure 37B). The side chains of the equivalent residues in the 10 and
11mers are in significantly different positions and neither interacts with G76g27 (though
L10g27 and E76g27 do interact in the 11mer, this residue is in a position equivalent to V12xr13
in the 13mer, Figure 37A and C). Following this residue, the C, of the I11g13 residue is 3.6A
closer to the groove. The isoleucine side chain faces N-terminally and parallel to the groove,
engaging in hydrophobic interaction with 15xr13 and completing the C-terminal base of the

loop.
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Bc L6 / KR13 K10

KI11 K10 N
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Figure 37: The interaction of K10 and E76 in A. the KI11 complex and B. the KR13 complex, C. KI11 and
KR13 peptides showing K10 side chain position and E76 positions.

4.9.2. The C-terminal region

Following the central loop, the C-terminal region of the peptide is bound in a similar manner
to the KK10 complex. The side chain of V12kr13 faces out of the groove and the R13xri3
backbone carboxylates are bound in the same manner as the 10mer complex (described in
5.4.1). The side chain of R13kr13 occupies the F pocket, and the length of this side chain
means that it reaches to the base of the pocket. The arginine terminal amine groups form
hydrogen bonds with the side chain carbonyl groups of D777 and D116g;7 as well as with
L70g27 through an ordered water. This differs from a previously published HLA B*2705-flu
peptide complex which also ended with a C-terminal arginine. In this case L70s27 was seen to
move away from the F pocket and did not interact with the side chain?5%. A comparison of the
two structures suggests that this may be due to a smaller side chain at residue 3 in this
peptide (Y rather than W) that may prevent the adoption of this conformation in the KR13-

HLA B*2705 complex.
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4.10. 14mer structure

The KM14 epitope in complex with HLA B*2705 is an example of a peptide which is longer
than the usual given range for HLA class-1 of 8-12 (or sometimes 8-10, or 9-12) amino acid
residues. A previous study has identified several 14mer epitopes for HLA B*3501 39 and
shows these long peptides bound at their N and C termini to the ends of the class-1 groove
with large protruding loops characterising the central regions. Therefore, we might have
expected a similar conformation for the KM14-HLA B*2705 complex, particularly
considering the similarities between the previously crystallised HLA B*3501-13mer
complex38 and our HLA B*2705-KR13 complex. We were able to obtain data from two
crystal structures for KM14 under different crystallisation conditions. Our first model shows
a peptide that may exist in multiple conformations and may indicate a novel mode of binding
to HLA class-1, however, the data for the peptide in the binding groove in this model is
unclear in places. Our second model shows a 14mer peptide clearly bound at both the N and
C termini of the groove with a large central bulge in a similar manner to the previously

described 14mer complexes mentioned above.

4.10.1. The N-terminal region of the 14mer complex

The N-termini of both models is clear and shows a similar structure up to the 14xmi4residue.
Statistics shown are for a model of this complex up to the 14xmisresidue (Table 29). These N-
terminal residues are well ordered in the groove and adopt very similar conformations to
that seen in the other complexes, with the first three amino acids adopting almost identical
conformations. The position of 14km14in this model is similar to that of the 11mer structure,
with the side-chain of the residue oriented away from the groove and partially solvent
exposed. The side chain is flipped from the position in the 11mer, with the Cs; group towards
the C-terminus of the residue. Following this, in the first structure obtained the residual
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electron density was insufficient for us to be highly confident of producing an accurate model
of the peptide. However, the residual electron density within and above the groove has
allowed us to build a longer, if rather speculative structure for this epitope for discussion and
to aid future studies. This model will be discussed below followed by the structure seen in

the second of our crystals.

4.10.2. Leucine at position 6 acts as an anchor residue for the 14mer peptide

The central region of the KM14 peptide is somewhat different to the complexes we have so
far discussed. There is a significant amount of disorder within the peptide groove that may
indicate the existence of multiple conformations of the peptide. The 14km14 residue is the first
of the central region in this model and is well defined in the 14mer. The C, is shifted by 0.9A
towards the N-terminus compared with the KK10 peptide. The 14xm14 side chain faces away
from the groove and is close to the a2 helix. The side-chain, additionally, engages in
hydrophobic interactions with the T3km14 side chain. Following this residue the geometry of
the backbone is flipped from that in the KK10 peptide and is different to any of the other
epitope forms. The I5kmi4 C, is at a similar elevation to that of 14xmi4 and its side-chain,
which is oriented toward the a1 helix, is surrounded by numerous residues from both the a1
helix and the peptide. These include the hydrophobic A69g;7 and 166g;7 along with the C;
and C, of L70sz7. These, along with some of the backbone C,s of the al helix may help to
stabilise the I5km14 side chain in this position through hydrophobic interaction. In the 10mer
complex, the side chain of I5kk10 faces the a2 helix and engages in hydrophobic stacking with

the T3kk1o, forming part of the E pocket.

The backbone from the C, of I5ku14 drops slightly towards the groove and a2 helix by 0.94 to
the L6kmis C,. The side chain of this residue is oriented towards the a2 helix and the binding

groove. The side chain is stabilised in the hydrophobic E pocket formed from some of the
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same residues seen in the 10mer E pocket. The pocket is formed by W147g27 and V152327 on
the a2 helix and W3kumi14 of the peptide, these interact with the L6kmis side chain through
hydrophobic interactions (Figure 34G). The position of this residue is extremely different
from that seen in any of the other HLA-B*27 complexes that we have solved for KK10 epitope
forms as in these complexes, L6 usually forms the apex (or near apex) of a central loop. In
this case the peptide continues close to the base of the binding groove up to this position and
L6kmi4 forms an anchor for the peptide. Following this, the peptide backbone kinks up and
out of the binding groove, rising almost perpendicularly by 4.8A. This vertical rise includes

the whole of the G7xm14 residue.

4.10.3. A folded conformation may exist in addition to the loop conformation of the

14mer.

Beyond G7km14, the electron density loses clear definition as the peptide is elevated away
from the binding groove. There is a partial density present near the F-pocket of the groove.
This could indicate that at this point a population of 14mers in the crystal forms a tight loop,
containing residues L8km14 to V12km14, leading to R13xm14 and M14km14 in position at the end
of the groove. However, there is also residual density indicating another plausible, but very
different, path. This density represents a peptide folds back towards the N-terminus beyond

G7xm14and does not anchor C-terminally in the binding groove.

While the density present for this conformation is continuous following from the N-terminal
portion of the peptide and is visible at reasonably low levels of noise (0.7-1 standard
deviation from mean electron density), it lacks distinct features and only the peptide
backbone is discernible. However, in response to this peptide conformation, a shift in the
position of the side chain of the al helix R62g27 to a position above the groove is observed.

Next to this side chain is an area of better-defined electron density for the 14mer backbone
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at the K10 position which indicates a possible interaction (hydrogen bonding) between the
carboxylate of the peptide backbone for residue K10kmi4 and the terminal amino groups of
R62g27. This interaction likely helps stabilise the peptide in this folded position and restrain
the C-terminal end of the peptide in an atypical position. However, the R623;7 side chain is
also present in this position in several of our structures where there is no indication of
interaction with another peptide. The possibility that this residue is flexible and freely
adopts this conformation, rather than forming a hydrogen bond must therefore be
considered (Figure 39A, B and C). In addition to this, we also refolded the HLA B*2705
molecule with a KW14 peptide (KRWIILGLNKIVRW), this was designed to have a bulky
hydrophobic residue at the C-terminus that would not bind in the C-terminal binding groove
and might serve to stabilise a folded back conformation. We were unable to obtain crystals
for this complex, but successful refolding evidenced by mass spectrometry (Table 30) was

observed.

172



Figure 38: Water structure surrounding the peptide-binding groove in the A. KK10 B. KI11 C. KR13 and D.
KM14 complexes.
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14-KI11

R62

Figure 39: The positions and interactions of residue arginine 62 A. In the KM14 peptide B. In the KM14
peptide, showing intra-peptide hydrogen bonds between the backbone carbonyl-amides of residues 5 and
9. C. In all peptide forms. D. In both conformations of the KM14 epitope E. In it’s position relative to leucine
6 In C. KL6, KG7, KL8, KR13 and KM14 F. In KM14 in both conformations of the KM14 epitope and G. KK10
and KI11. H. In it’s position relative to isoleucine 4 In KK10 and KI11.
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4.10.4. A second structure determined for the HLA B*2705 KM14 complex

The second structure we were able to obtain for the KM14 complex was derived from a
crystal appearing 186 days following crystallization (Figure 31H), compared with 6 for the
first crystal and in different conditions (20 %w/v Polyethylene Glycol 6000, 0.100 M HEPES
pH 7.0), this means that although the density for the peptide is clearer in this structure, we
are not able to comment on their relative validity as in vivo models since the different

crystallization conditions make a direct comparison of the structures impossible.

This structure shows a peptide that is bound at both the N and C terminal ends of the groove,
with a large central bulge. The N-terminal region is similar to that described for the first
KM14 structure, differing slightly in the position of 14km14, the Cqof this residue remains in
the same position, but the Cgshifts 2.4A towards the al helix, and the side-chain faces this
helix rather than the a2 facing position of the first 14mer. This is the same position that the
[4kr13 adopts. The structure of this model of the 14mer closely follows that of the KR13
complex, with the Cq of I5km14 being shifted by only 0.6A out of the groove compared to the Cq
of the I5kri3. As in the 13mer complex, the peptide backbone kinks upwards to the Cq of
L6xwm1s. This atom is shifted N-terminally by 1.3A compared with the L6kriz. Following this,
peptide density is insufficient to build an accurate model of the peptide chain until the
K10xm14 residue; however, an approximation of the loop based on areas of residual density
was created for electrostatic modelling (area of 50% transparency, Figure 31H). The K10km14
Cq is located 6.73A out of the groove from the base of the central loop at V12xwm1s. The side-
chain of K10xwm14 faces the a2 helix and hydrogen bonds with the backbone carbonyl oxygen
of A150s27. The peptide backbone drops towards the binding groove to the 111km14 Cq and
then to V12kwmi4, which forms the anchor at the C-terminus of the central loop. The side-chain
of the [11km14 faces the a2 helix and may form a weak hydrophobic interaction with the

T73g27 Cy on this helix, though this is 4.8A from the 111xu14 side-chain.
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The V12kmisanchor is in a position equivalent to that of the [11kr13, with the Cq shifted only
1.0A out of the groove. The side-chain of this residue similarly forms hydrophobic
interactions with W147g27, V152527, and W3kmis4 in the E pocket. The peptide backbone
adopts the canonical binding position at the C-terminus, with very similar positions to the
10mer, 11mer and 13mer complexes. The side-chain of the C-1 residue R13km14 faces out of
the groove and is solvent exposed, which may serve as a feature for T-cell recognition. The
R13 residue shares a similar basic character to the K10ki11 residue that shares a similar
orientation and may facilitate cross-recognition in TCR recognising these peptide side-
chains. The M14kwmi4 residue side-chain is bound in the F pocket and forms the C-terminal

anchor.

4.11. Discussion

The structural models we have made showing binding of these epitope forms in the HLA
B*2705 complex is, to our knowledge, the first study of a series of physiologically relevant
viral peptide epitope forms differing only in the length of the sequence bound. This study, as
well as being important for the study of long-term non progression and the generation of
host immune responses, also informs us how epitope length directly affects conformation of
the peptide and it’s ability to bind to HLA B*2705, with implications for all HLA class-1. The
systematic crystallisation of increasing length epitope forms has shown general features of
binding in the HLA B*2705 groove and how these requirements are met by each epitope
form. The study also adds to information on the accommodation of longer peptide forms in
the HLA class-1 groove and the similarities and differences between the binding of these

forms in different alleles383; 396,
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4.11.1. The N-terminal anchor of the KK10 epitope forms adopts a conserved

conformation and is sufficient to stabilize the HLA B*2705 binding groove

In all of the epitope forms that were crystallised we see a common binding motif at the N-
terminus of the peptide that includes the anchor residue at position 2. This motif seems to be
common not just to our epitope forms, but is seen across a range of epitopes that bind to HLA
B*2705322 with the side-chains of residues 1-3 adopting very similar positions within the
binding groove. The structures obtained by our short epitopes, including the 6mer, 7mer and
8mer peptides further show that the N-terminal region of the peptide is sufficient to stabilise
the HLA B*2705 complex as in these structures we see residues from 1-5 in contact with the
HLA binding groove, residues C-terminal of this are above the groove and solvent exposed
(Figure 31 A-C). This indicates that the major contribution to the stabilisation of the complex
is from the N-terminal peptide residues in these structures. Residual density at the C-
terminus suggesting that a molecule may be picked up from solution to fill the F-pocket in
these structures shows that filling this pocket may also be necessary to maintain a stable

complex (Figure 36).

However, our data shows that occupation of the C-terminus alone is unlikely to be sufficient
for stabilisation as a peptide that lacked residue 1 at the N-terminus failed to stabilise the
complex as well as the 4mer and 5mer N-terminal peptides (Figure 35). This is in contrast to
a previous study showing stabilisation of the murine H-2D(b) MHC by a C-terminal
pentapeptide400 and to a further study on the areas of the peptide groove involved in
determining binding in HLA B*15 through assessment of relative conservation of residues at
positions in HLA B*15 peptide epitopes40l. This study showed that the C-termini of peptides
binding HLA B*15 were more conserved than the N-terminal anchors and may have had a

larger effect on determining epitope binding.
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4.11.2. Common binding motifs of KK10 epitope forms within the B*2705 groove

In addition to a common binding motif at the N-terminus of the peptide, there are further
areas along the groove that show preferences for certain binding modes and where binding
of differing residues in our epitope forms can lead to significant differences in the
conformation of the peptide. The first of these is the E pocket, this pocket, consisting of
W147327 and V152327 on the a2 helix and W3pepiide forms a hydrophobic patch midway along
the groove. In the KK10 optimal epitope, this is occupied by the L8 residue (the I5 residue
also forms part of the pocket), and so stabilises the peptide following the central bulging
region. In several other peptide forms the pocket is bound by part of an isoleucine side-chain,
being occupied by I5 in the 6mer and 7mer (Figure 34A and B) and I5 and 111 in the 13mer
(Figure 34F). In the 13mer epitope form these residues are positioned at the N and C-
terminal ends of the central peptide loop and as for I5kki0 and L8 kxio their interaction of
their side-chains with each other and the E pocket helps to stabilize the peptide at either end
of the central loop. This anchoring of the central peptide loop involving the E pocket is a
common feature of the 10mer, 11mer and 13mer peptides, and the differences in residues
involved and their relative orientations helps to accommodate the differently sized peptide

loops/bulges seen in each complex.

This pocket is bound by L6 in the long model of the 14mer (Figure 34G) and the side chain of
this residue is clearly visible in the electron density, indicating its stability in the pocket. We
suggest in our model for the 14mer peptide that this interaction with the E pocket in the

14mer acts as a mid-way anchor to the HLA and stabilises a possible folded conformation.

However, in two of our epitope forms, the pocket is bound less optimally, with N9 in this
position in the KI11 peptide and I5 being positioned much further away from the pocket in
the 8mer structure (Figure 34C and E). In the 11mer this results in a shift of the polar

asparagine side-chain away from the hydrophobic pocket. This shift affects the conformation
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of the peptide N-terminal to N9, with 14 11 being displaced and shifted further out of the
groove and 15«11 shifting to accommodate the N9 side-chain, this results in 14 being partly
solvent exposed (Figure 31E) and so may increase its availability for TCR binding (Chapter
5.2.1). It also results in a slight increase in the distance between 1511 and N9 k11 compared
with I5kk10 and L8 kk10, and the shift in the side-chain of N9 away from the a2 helix actually
allows the backbone to extend further towards it, meaning the C,of N9 is actually closer to
the a2 helix than the equivalent in L8 kk10. These changes allow room for a larger central loop
in the 11mer and the incorporation of an extra residue in this loop through a more

pronounced “zigzagging” of the peptide backbone between the al and a2 helices.

In the 8mer peptide, the side chain of the I5 residue which interacts with the E pocket in the
6mer and 7mer peptides is rotated so that the side-chain is oriented perpendicular to the
base of the groove, increasing the distance between the E pocket and the Cs; group (Figure
34C). The electron density of this residue is not as clear for this position in the 8mer peptide
as in the 6 and 7mer peptides and asymmetric crystal contacts may have helped to stabilise
the I5 in the 6mer and 7mer structures so that it’s true flexibility is not represented.
Alternatively, the increased flexibility of this side-chain in the 8mer peptide could be due to
the reduction in its interaction with the E pocket, which may have helped to stabilise the

peptide.

The second region of the groove where we see differing residues binding at the same
position of the HLA is the F pocket at the C-terminus of the groove. Unlike the E pocket, the
different residues binding here all do so in similar conformations and all of our longer
epitope forms have residues at their C-termini which match the binding preferences of the
HLA B*2705 F-pocket (long basic residues or short hydrophobic residues), although the
quite different side-chains of these residues do mean that there are some differences in the
residues contacted within the F-pocket by the different epitope forms, with the 111 ki1

residue not reaching the base of the groove and having no groups available for hydrogen
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bonding it is unable to interact with D77g27, D116g27 and L70g27as K10 kkio and R13 kr13 do in
this position. This difference does not affect the backbone of the peptide N-terminal to the F-
pocket in the 11mer compared with the 10mer or 13mer and the residues are in similar
positions along the HLA groove in each complex, the C-1 residue is slightly raised with the
side chain facing out of the groove and the side-chain of the C-2 residue is involved in

binding at the E pocket.

4.11.3. Longer epitopes can be accommodated by HLA B*2705 through novel peptide

conformations

The structures that we have shown in this system include several epitopes that are longer
than the “standard” range of 8-10 amino acids that have historically been considered optimal
for HLA class-1 binding. Nevertheless, these epitope forms have been able to bind within the
B*2705 groove and our structures show how these elongated epitope forms are
accommodated through the adoption of certain conformations within the groove, some of

which are partly or wholly novel.

To our knowledge there are no previous structures of HLA B*2705, or indeed of any HLA
B*27 subtype complexed with peptide epitopes longer than 10 amino acid residues. Two
complexes of HLA B*27 have been shown with decameric peptides, one of these is the KK10-
HLA B*2705 complex used as a reference structure here259, the other is HLA B*2709
complexed with a synthetic peptide (s10R) modified from part of the HLA B*2707 subtype
sequence492(Figure 40A). This structure shares several features of the KK10 conformation,
including a canonically bound N-terminal region, binding within the F pocket at the C-
terminus and a central bulge stabilised partly by intra-peptide contacts between residues at
positions 5 and 8. However, differences in this peptide mean that quite a different surface

will be presented to TCR, with both positions 4 and 9 significantly more solvent exposed
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than in KK10 and the central bulge being shallower and longer at around 1.4-1.9A closer to

the groove at its apex than in the KK10 structure.

These common elements are also maintained to some extent in our extended epitope forms
KI11, KR13 and the second structure obtained for KM14. The intra peptide interaction
between the residues at the termini of the central bulge (I5 and N9) is much reduced in the
11mer compared with the other forms as N9 is shifted away from the E pocket and interacts
with ordered waters between the side-chain and the base of the groove. Though there is an
asparagine (N8sior) in this position in the s10R peptide it is able to interact through
hydrogen bonding with the R5si0r side-chain and so adopts a different conformation (Figure
40A). The backbone of residue 14 in this complex is in an almost identical position to that of
the s10R peptide, and this may be due to the reduced interaction between residues 5 and 9,
mimicking the effect of fitting in the long R5s10r side-chain. However, the central bulge in the
11mer, while not quite as raised as for KK10, is still slightly higher than s10R at its apex and
adopts an exaggerated form of the zigzag of the KK10 peptide backbone between the al and
a2 helices rather than the more extended conformation of s10R in this region (Figure 41A).
The conformation of the 11mer in complex with the HLA B*2705 groove therefore contains
elements of both the KK10 and s10R conformations as well as a unique conformation at the E
pocket. Comparison of the KI11 structure with that of 11mer peptides crystallised in
complex with other HLA class-1 255 403 show that all of these structures contain a central
bulge with a bed of ordered waters between this bulge and the base of the groove. However,
this is stabilised differently in each structure, with the Bade-Doding B*4104/HEEAVSVDRVL
(HL11) complex showing intra-peptide interactions between the residues at each end of the
bulge, in this case at positions 3 and 9, as well as an a-helical turn towards the end of the
bulge (Figure 40B). The Guillame Stewart-Jones B*5703/ KAFSPEVIPMF (KF11) structure
contains proline residues at positions 5 and 9 which add rigidity to the peptide conformation
(Figure 40C). Neither of these adopts quite the same zigzag conformation that is seen in the

KI11 complex.
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In the 13mer and 14mer complexes, the intra-peptide interaction between the anchoring
residues either side of the central bulge (I5kr13 and 111 kr13, [5km14 and V12xwmi4) returns and
is further stabilised through interaction with the E pocket. The shorter side-chains of these
residues relative to the s10R peptide means that, as in KK10, the central loop is less spread
out in this complex. Both the N and C-terminal regions are more similar to the KK10
structure in these complexes, with the backbone of the peptides in different positions to the
s10R complex. Another structure of a 13meric peptide with HLA B*3501 has also been
completed3s3(Figure 40D), comparison of this with the 13mer structure shows that again
both have a central bulge/loop of peptide, however, the central loop is rigid in the
B*3501/LPEPLPQGQLTAY (LY13) complex and is raised away from the groove more N-
terminally than the KR13 peptide, beginning at position 4 (Figure 40D). The 14mer backbone
is also slightly raised away from the groove at either side of the central bulge in comparison
to the 14mer, but far less than for the LY13 complex. The rigidity of this peptide is provided
by proline residues at positions 2, 4 and 6 as well as the intra-peptide interaction between
P61y1z and L10 1y13; though we cannot clearly see the apex of the KR13 peptide loop, it is also
likely to be raised higher above the groove (though being flexible could probably bend) than
the LY13 peptide in order to fit the 3 residues that we are unable to see into the tighter loop

(Figure 41C).

Our first model for the 14mer in complex with HLA B*2705 is, to our knowledge a
completely novel conformation for a peptide bound to HLA class-1. While there are no
14meric complexes for HLA B*2705, there is a structure of a peptide of this length in the HLA
B*3501/LPAVVGLSPGEQEY (LY14) complex39%, there is also a structure of a 16meric peptide
in complex with HLA B*4103403, The 16mer structure (AL16) shows a central region that is
unstructured, presumably forming a flexible loop of peptide bulging out from the HLA class-1
groove (Figure 40F). The 14mer structure uploaded to the PDB is complete and shows a

central bulged peptide with the top of the loop leaning towards the al helix (Figure 40E
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Figure 41D). However, in the publication, the structure of the central region of this peptide is
referred to as flexible3%. I must therefore assume that they have been able to complete their
model by looking at data with higher levels of noise, so although the structure is given for the
loop region of the peptide, it is likely to be only a possible conformation. Both of these
structures therefore show wholly or partly flexible central loops with the termini bound in

canonical conformations.

A feature of the structure of the KM14-HLA B*2705 complex that may lend additional weight
to the model we propose is the shift of the residue R62 g7, this residue moves from its
position over the peptide in the KK10 complex, where it interacts with Q16327 in a clamp
over the peptide260; 404405, This clamp has been shown to be flexible4%¢ and upon TCR binding
may adopt an exposed conformation to serve as a contact residue for the TCR%06. Our
structures show that the position of R62g27 may also be influenced by the position of L6 peptide
(Figure 39) and that the conformation of the peptide chain and side chains in this region may
“encourage” R62p;7 to adopt this more exposed conformation. However, considering the
increased distance between the L6 kmi4 residue and R62g;; compared with the 6,7,8 and
13mer complexes, it may be that the “encouragement” to switch position in this case is due
to the ability to serve as a contact residue for the extended peptide chain of KM14 at position
10. The presence of considerable residual electron density in the structure at this location
indicates that it is likely that R62g;7 is interacting with something in this position and that it

may be the KM14 peptide chain.

This proposed model for the binding of the KM14 peptide is significantly different to
previously crystallised HLA class-1 complexes presenting long epitopes3%: 403 and shows a
novel peptide conformation within the HLA class-1 groove. Though we acknowledge that this
data is insufficient to conclude that this model is in any way definitive, we suggest that it is a

possible scenario for binding of the KM14 peptide.
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Figure 40: Side view of conformations of other long peptide forms that have been previously crystallised
against an HLA class-1 groove A. s10R B. HL11 C. KF11 D. LY13 E. LY14 F. AL16
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O Lyi14 I ALle B KR13 I K11
EE KM14-1 I LY13 I kF11 T Hu1a
1 KMi14-2 B KK10 B s10R

Figure 41: Backbones of previously crystallised long HLA class 1 epitopes shown grouped by epitope length
with the appropriate KK10 epitope forms against an HLA class-1 molecule A. KK10, KI11 and s10R B. KI11,
HL11 and KF11 C. KR13 and LY13 D. KM14, LY14 and AL16.
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5. Structural and sequence dependency of

immune cell interactions with KK10

epitope form-HLA complexes

I would like to thank Dr. Edmund Wee of the Iversen Lab for his advice and
assistance with the viral sequencing and ELISpot assays carried out in this

chapter.
186



5.1. Introduction

The interaction of the HLA class-1 complex with the immune system occurs through a
number of receptors. The peptide-dependent interaction with aff T-cell receptors has been
the most studied of these and is vital for the development of immune responses to pathogens
including HIV-1. Yet, it has also become clear that the HLA molecule interacts in a peptide
dependent manner with another class of receptors, the KIR and that these have a significant
impact on the host response to infection. In addition there are peptide dependent32! and
independent interactions127; 385386 with a range of receptors that modify the development of
the immune response. While receptors may engage with the molecule at different points of
contact, the structure and characteristics of the surface of the HLA determine the interaction.
For peptide dependent interactions such as those with TCR and KIR, this surface includes the
peptide epitope and is modified by the sequence and conformation of the epitope bound.
Using our structural data, TCR sequencing and prior knowledge of these interactions, we
wanted to understand how the KK10 epitope forms change this surface and affect how the

immune system sees and responds to these complexes.

5.1.1. The recognition and binding of HLA class-1 complexes by the T-cell receptor

(TCR)

Recognition of the HLA-peptide complex by the TCR is due to contact with both the HLA and
the peptide by three CDR loops in each chain of the aff TCR (Chapter 3.1.1). Structures of
both HLA class-1 and class-2 in complex with specific TCR have been determined258; 265; 266;
267,268 and show how the TCR docks onto the HLA surface in each case. Binding of the HLA
class-1 molecule typically involves the TCR docking diagonally across the peptide-binding
groove?72, The binding of the HLA class-2 by TCR has been described as orthogonal, though in

the majority of cases it is still slightly diagonally bound!23:273, Of the TCR structures so far
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completed, there appears to be more divergence in binding angle of the TCR to HLA class-1
than to HLA class-2124 however, in each case the Va-domain of the TCR is positioned over the
a2 helix of the HLA and the V[ domain over the al helix. In typical binding positions which
places the V@ CDR3 loop over the central region of the peptide binding groove, hence the

importance of this loop in peptide dependent recognition of the HLA-epitope complex.

Several characteristics of the HLA could explain these differences in docking between the
two classes. Firstly, the peptide bound in the HLA class-1 groove is bound at both the N and C
termini, in order to be accommodated in the class-1 groove; many peptide epitopes therefore
bulge in the centre of the groove. As the HLA class-2 peptides are not bound at the termini,
the majority of peptides adopt an extended conformation in the class-2 binding groove#07.
Analysis of TCR contact sites show that while TCR specific for HLA class-1 complexes
recognise both conformation of the backbone and peptide side-chains, the TCR specific for
class 2 are more limited to side-chain interactions, though recognition and binding of small
structural motifs has been shown in this interaction372. The differences in the structure of
peptides between the two classes could affect the angle at which the TCR is best able to
contact both the peptide and the HLA, and the more variable conformation of the class-1

epitopes within the groove could lead to a more diverse range of binding modes.

A second possible reason for this difference is the angle at which the HLA is presented on the
surface of the cell’24 The class-1 HLA is tethered to the cell through a single trans-membrane
helix on the heavy chain, meaning that it is able to adopt a number of orientations on the cell
surface, presumably on docking of the TCR, the HLA class-1 molecule would be extended
away from the surface and outward facing. The tethering of HLA class-2 is through trans-
membrane helices on both the o and B chains of the molecule. This somewhat fixes the
orientation of class-2 relative to the surface, it has been proposed that the binding groove in
class 2 would be at a tilted angle to the surface rather than facing directly outward24 The

differences in the orientation of the two HLA classes may affect the binding angle that the
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TCR must adopt in order to dock at contact sites and further helps to explain the greater

variability of HLA class-1 TCR binding.

The orientation of the TCR on the HLA surface has been demonstrated in one case to be
relevant for TCR activation?78, in this study the crystal structure of the agonist peptide- HLA
complex and the TCR showed binding of the TCR in a typical, diagonal manner on the HLA
surface. An artificial peptide that the TCR bound with higher affinity than the agonist, but did
not generate a cytokine response to, was also crystallised and showed a markedly different
binding orientation, in this case centred over the al helix and nearly parallel to the HLA
binding groove. This suggests that how a TCR binds HLA can be as important as if the TCR
binds in terms of generating an immune response, and may lend support to the idea of the
TCR as a mechanotransductor408. While this was done using an artificial peptide, it may be of
relevance in our work as we show a number of TCR are present that cross-recognise our
KK10 epitope-forms (Chapters 3.2.3 and 3.3.1) and introduces the possibility that not all
forms that are recognised by dextramer binding need necessarily be agonists of the T-cell

response.

5.1.2. KIR3DL1 recognition of HLA-B

The binding of KIR3DL1 to the HLA B*5701 complex occurs at two discontinuous sites across
the three KIR3DL1 domains. DO binds an area of the HLA close to $2-microglobulin which is
largely conserved in HLA-A and B, this binding predominantly involved contact with the
backbones of residues in the region, giving “innate” recognition of HLA class-1. This
interaction site is not seen in previously crystallised HLA/KIR complexes and the binding of
KIR3DL1 is diminished without it3¢%. The D1 and D2 domains form a second binding site,
with the D1 domain docked over the al helix of the HLA and the D2 domain docked over the

a2 helix close to the C-terminal end of the peptide binding groove. The HLA B*5701 peptide
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is contacted through a water mediated interaction involving residues Y200 and E282 in the
D1 and D2 domains, as well as a Van-der-Waals interaction with the side-chain L166 of the

D1 domain, all contacting the C-1 position of the peptide epitope.

HLA-B*2705 contains a Bw4 motif which is a known conserved KIR3DL1 recognition motifé4
409 and interacts with the D1 domain in the HLA B*5701-KIR3DL1 structure. In this
interaction HLA B*5701 residues E76, R79 and R83 form a network of salt-bridge
interactions with each other and the D1 domain, this creates a small hydrophobic pocket in
which 180gs7is positioned, it then makes a single Van-der-Waals contact with L166«ir3pr1- The
mutation of the 180 residue to T in HLA B*2705 was shown to slightly reduce binding affinity,
possibly due to the disruption of the salt-bridge interactions by the T80 side-chain369. The
interactions of the D2 domain with HLA B*5701 showed the importance of three residues on
the a2 helix for interaction with KIR3DL1, 1142, K146 and A149369, These residues are all

conserved in the HLA B*2705 sequence and should enable recognition by KIR3DL1.
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5.2. Impact of structural conformation of the TCR binding faces of KK10

epitope form-HLA complexes on selection and recognition by TCR

In the previous chapters of this thesis, | have described the structures of the KK10 epitope
forms in complex with HLA B*2705 as well as the sequences of the TCR that recognise these
epitope forms. In order to better understand these data, I have conducted further analyses of
the KK10 epitope form structures. These analyses include the production of electrostatic
models of the surface of the complexes as well as determination of the solvent exposure of
the amino acid residues of the peptides when bound in the HLA B*2705 groove. In addition,

the functional effects of the truncated KK10 epitope forms were explored.

5.2.1. Solvent exposure of the HLA bound peptides and structural features accessible

for TCR recognition

The electrostatic models of the surfaces of the KK10 epitope form-HLA complexes show the
spread of net charge over the surface of the molecule, allowing us to observe it's surface
conformation and properties. The electrostatic potential of the surfaces is dependent upon
the relative positions and sequence of the epitope residues. The shared HLA sequence and
folding present in these complexes means that for regions removed from the peptide binding
groove, the electrostatic surfaces are highly similar, while surrounding the peptides, there
are significant changes between the epitope forms. Despite this, the sequence identity and
shared conformation of particular areas of the peptide in these epitope forms does provide

some areas of similarity between some or all of the structures.

One area of similarity in the complexes is that surrounding the N-terminal region of the

peptide-binding groove, because all of the peptides share similar binding conformations in
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this region and share a surface exposed K1pepiide (Figure 42). This results in a small positive
charge over the area surrounding this residue, the degree of charge varies between the
structures, with the HLA B*2705-KK10 complex having a higher net charge in this area than
the other complexes. This may be due to the R62gz7 residue adopting an alternative
conformation in the KK10 structure compared with the other epitope forms. It is likely that
in solution this arginine would be partly flexible406 and the difference in the degree of

positive charge in this region between the epitope forms may be less pronounced.

This area is the only peptide-surrounding region to have a similar electrostatic surface
potential in all of the epitope forms. However, several forms share features in other parts of
the peptide surface. The KL6, KG7 and KL8 complexes (Figure 424, B and C) all have peptides
that do not stretch across the peptide binding groove, resulting in an F-pocket without bound
peptide in all three of the complexes. The empty F-pocket forms a highly negatively charged
region exposed to the surface in these epitope forms; this constitutes a considerable
difference between the surface of the complexes with epitopes that do not stretch across the
binding groove and the surface of complexes with epitope forms that fill the F-pocket and so
may have a marked on the ability of T-cells to cross recognise the two groups. However, in
the crystal structures we obtained for these epitope forms, residual electron density is
present in the F-pockets of these structures, suggesting a molecule was picked up from
solution and fills the F-pocket. It is possible that this also occurs in vivo and this might alter

the surface potential of the complex considerably from that shown in our models.

In these three complexes, the C-terminal residues of the peptides are not constrained by
binding to the HLA and so are likely flexible. Therefore, while shown in a fixed position in the
structures, these flexible residues may adopt several conformations and their electrostatic
potential will be diffused across these conformations. Residues 7-9 in the KR13 and KM14

complexes (Figure 42F and G) are also poorly defined in the crystal structures and are likely
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to be partly flexible, meaning that their contribution to the electrostatic potential in these

complexes will also be more diffuse than indicated in our models of the surface.

Despite the sequence similarities between the epitope forms in our complexes, the
remainder of the surface potential surrounding the peptides and binding groove varies
substantially. This is likely due to the differences in conformation and relative position of the
residues in each epitope form induced by fitting the different C-terminal residues into the F-

pocket in each complex in the extended epitope forms.

In the KK10 structure (Figure 42D), the positive charge over the N-terminus of the peptide-
binding groove extends up to the Cq of W3kkio. Following this position, the surface shows
little net charge in the central region up to the L8xkio residue, though there is a patch of
positive charge under the L8kxio position on the surface of the HLA. At residue N9kkio0 a net
negative charge is present on the algz7 helix side of the binding groove, near the position of
the N9kkio side-chain. It is likely that the E76g27 side-chain is a contributor to the negative
charge in this region. The change in the position of this residue in the KI11 and KR13
complexes (Figure 42E and F) along with possible interactions with these peptides may help
to explain a lack of negative charge at the equivalent positions of these peptides. The a2gz7
helix side of the KK10 peptide has largely no net charge. At the C-terminus of the KK10
peptide, the algz7 helix side of the binding groove continues the region of negative charge,
while the surface on the side of the peptide chain facing the a2p;; helix is somewhat

positively charged.

In the KI11 complex (Figure 42E), the N-terminal positive charge appears slightly reduced
compared to KK10 (though scales are based on approximate models for solvation,
discretization and iterative solving for the calculated energies, these processes introduce
individual errors into the model and small deviations in atom positions in individual

structures can occasionally have disproportionate effects, so direct comparison of charge
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intensity may not be realistic), and a slight negative charge is present on the a2g;7 helix side
of the groove around the 1511 residue. The central region of the KI11 peptide (Figure 42E),
between residues L6kii1 and N9xi11 shows little net charge on the surface, as for the central
residues in the KK10 peptide. However, the shift of the KI11 peptide towards the algz7 helix
and movement of the N9x11 residue away from the E pocket leaves a small pocket on the
a2g27 helix side of the groove in this central region that is negatively charged. The K10xi11
residue gives a slight positive charge on the als; helix side of the peptide groove at this
position, compared with a negative charge being present at the equivalent position in the
KK10 complex (at N9kkio). On the a2p27 helix side of the groove at this position, a small,
negatively charged pocket is present between the helix and the peptide chain. Finally at the
C-terminus of the groove, there is a slight positive charge towards the a2g.7 helical side of the

groove and a patch of negative charge towards the alg7 helix, as for the KK10 complex.

The KR13 complex (Figure 42F) is quite different from the previous two complexes in that it
has very little negative charge on the surface of the peptide and binding groove, the
exception being a slight negative charge on the a2g;7 helix side of the binding groove at the
N-terminus (though the peptide chain itself remains positively charged as for the other
structures). This may occur as the exposed residues in this structure are mainly uncharged
or positively charged, additionally interactions of the peptide neutralise negative charges
present on the surface of the binding groove in this complex and there is a shift in the
exposure of pockets of the binding groove compared with the KK10 and KI11 structures.
Following the positively charged N-terminal region of the peptide, a slight positive charge is
retained up to the I5kr13 residue and into part of the central bulge. This region is largely
uncharged on the surface of the peptide, however, the shift of the central bulge towards the
a2g27 helix in this complex exposes a pocket between the peptide and the algz7 helix that is
positively charged. This is similar, but slightly larger than at the equivalent position of the
KK10 complex, reflecting a slightly larger shift of the peptide chain towards the aZ2s,7 helix in

this structure. Following this region, the K10kri3 residue gives a slight negative charge
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towards the algzy helix side of the groove, the salt bridge of this residue with E76g7,
although over an increased distance compared to K10xi11 serves to neutralise the negative
charge this residue contributes to the region in the KK10 complex. The C-terminus of the
peptide and binding groove are positively charged on the a2g;; helical side of the peptide
chain as in the KK10 and KI11 complexes, however, the a1g;7 helical side is uncharged in this

structure, differing from the negative charges present in both the KK10 and KI11 structures.

The final C-terminally extended KK10 epitope form, the KM14 peptide, may exist in multiple
conformations in the binding groove as indicated by two different structures obtained from
crystallisation of the complex in two different buffer conditions (Table 29). However, we
only describe one structure (Figure 42G) in this chapter as a complete peptide gives a better
model of the electrostatic surface present, and for the first KM14 conformation (Figure 31)
we are unable to model the peptide following 111km14 as no density can be seen. The N-
terminal region of the peptide is again slightly positively charged, however, as in the KR13
complex, there is a region of negative charge present on the a2g;7 helix side of the groove.
The slight positive charge continues along the peptide chain up to the beginning of the
central bulge. From residues L6km14 to N9xkmi4 the top surface of the peptide chain is largely
uncharged, however a positive charge is present on the sides of the peptide bulge and on the
a2g27 helix side of the peptide-binding groove. On the alg,; helix side of the central bulge,
there is a small, negatively charged pocket exposed underneath the peptide chain. This is in a
slightly different (but somewhat overlapping) position to the pocket exposed in the KR13

complex, however appears to have the opposite charge to the pocket in the 13mer.

The K10km14 side-chain continues the positive charge present on the a2g27 helical side of the
peptide chain at the end of the central bulge, while the 111km14 residue facing the olgz7 helix
gives an uncharged surface on this side of the chain, further towards the algz7 helix and
slightly C-terminal to the 111km14 residue, a region of negative charge is present, most likely

contributed by the E763;7 side-chain at this position. On the a2g;7 helix side of the groove, the
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positive charge is extended further C-terminally by the side-chain of the R13xwm14 residue, a
small pocket is present on this side of the peptide groove at this position and also gives a net
positive charge (as opposed to the positive net charge of the pocket at this position in the
KI11 structure). Finally the C-terminus of the peptide is largely positively charged in the
KM14 complex, however there is a patch of negative charge on the alg; helix side of the

groove, similar to that in the KK10 and KI11 structures.
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Figure 42: Electrostatic surface views of peptide-HLA B*2705 complexes showing the TCR contacting face
of the complex and bound peptide A. KL6 B. KG7 C. KL8 D. KK10 E. KI11 F. KR13 G. KM14
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The areas of similarity found in the electrostatic surfaces of the KK10 epitope form
complexes may allow cross recognition of some of the epitope forms, while areas of
difference may elicit clonotypes specific for certain forms. The number of unique and shared
structural motifs visible on the surface of the HLA-peptide complexes along with the degree
of steric hindrance to TCR binding that may arise from protruding and/or flexible loops will
also contribute to the ability of the complexes to be recognised by TCR and levels of cross

recognition.

The surface area of the HLA-bound peptide that is exposed to solvent (Table 32) gives an
indication of the percentage of peptide exposed, and in combination with the surrounding
HLA, suggests what unique features are likely to be available for TCR recognition. It is
unclear whether the TCR will be able to bind and recognise unique features in these regions
if parts of the peptide chain appear to be flexible in the structure. It has previously been
suggested that such TCR recognition may involve the peptide being “pushed” further into the
groove or over part of the HLA surface upon TCR docking#10. A prior structure of a TCR in
complex with a 13mer peptide epitope bound to HLA class-1 showed an increased
percentage of the TCR CDR loops were involved in peptide recognition relative to structures
using shorter epitopes, and that this is likely a result of the large central bulge of the peptide
reducing the accessibility to parts of the HLA surface383. However, when crystallised without
the TCR, this peptide epitope was not observed to have flexibility in the central bulge, and so

different patterns of binding might be seen in these cases.

Percentage solvent exposed surface area for the peptide was calculated using the Protein
interfaces, surfaces and assemblies service at European Bioinformatics Institute
(PDBePISA)411, This was performed for the entire peptide chain (Table 32) and for individual
residues (Table 31). The results show that the C-terminally extended KK10 epitope forms
increase in the amount of surface area exposed as length of the epitope form increases, as

well as in the percentage of total surface area exposed to solution. The increase is larger in
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the KR13 and KM14 complexes (from 28.4% in the KK10 to 37.2% and 44.6% in the KR13
and KM14 complexes respectively) compared with the KI11 complex (28.4% to 29.0% in the
KI11 complex) indicating that accommodating the extra residue in the KI11 epitope form
does not greatly increase the amount of the peptide that bulges out of the groove, perhaps

due to the shift of the central region of the peptide toward the als,7 helix in this complex.

The truncated KL6 epitope form displays the least surface area exposed to solution of any
epitope form, though the percentage of total surface area exposed is higher than in both the
KK10 and KI11 complexes (32.4%). Similarly, the KG7 complex shows the next lowest
surface area exposed, though it is only 7 A2 smaller than the KK10 complex (Table 32) and is
a higher percentage of the total surface area of the peptide (36.0%). The surface area
exposed in the KL8 complex is greater than in both the KK10 and KI11 complexes (at 602 Az
versus 459 A2 and 484 A2 in the KK10 and KI11 complexes) and is second only to the KM14
complex in terms of the percentage of the epitope exposed to solution. The relatively high
percentages of peptide surface area exposed to solvent and in the KL8 complex, total area
exposed compared with the KK10 complex reflects the lack of binding at the C-terminus of
these peptides (Table 31). This results in the C-terminal region being almost entirely solvent
exposed, however, this may not result in an increased number of features available for TCR
recognition as the peptides are flexible and may prevent TCR docking by obscuring contact
residues on the surface of the HLA molecule. Alternatively, docking of a TCR may force these
small peptides into the HLA binding groove and dramatically reduce the amount of exposed

peptide available for binding.

Comparison of the percentage solvent exposure by residue clearly shows the increase in
solvent exposure of the C-terminal region of the peptide chains in the truncated epitope
forms (Table 31). It also gives a simple comparison of conformation of the peptides and the
relative exposure of different residues between epitope forms that may be important in TCR

recognition. The solvent exposure of the N-terminal 4 residues is similar in all the epitope
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forms (excepting a relative decrease in exposure for Klkii1) reflecting the similarity in
structure of this region in all of the crystal structures (Figure 31). This is followed by an
increase in solvent exposure at position 5 for all but the KK10 and KI11 epitope forms
(which show a slight decrease) followed by a rise in all epitope forms towards the central
bulge of the peptide in the extended epitope forms, or an unbound C-terminus in the
truncated forms, the L6 residue is highly (over 75%) exposed in all epitope forms. In the
KK10 epitope form, the G7kxi0 residue is also highly exposed (86.9%), this exposure then
decreases in position 8 (28.7%) at the C-terminal anchor of the central bulge, rises slightly as

the side-chain of N9kxk1o faces out of the groove and decreases towards the C-terminal anchor.

This is slightly different in the KI11 complex, where the exposure of G7xi11 is considerably
lower (21.7%) as it is stacked next to the algz7 helix. The exposure then increases again for
L8ki11 as it now forms part of the central bulge, before decreasing at the N9xi11 anchor. Unlike
for the KK10 epitope, the exposure of the K10xi11 (49.5%) is increased in the complex as the
side-chain is now exposed to solution instead of forming the anchor. This exposure is
maintained in the KR13 and KM14 complexes. Both the KR13 and KM14 complexes follow a
very similar pattern of surface exposure through the peptide, the main differences between
them being an extra residue included in the central bulge region (I11km14) and the increase in
solvent exposure at the C-1 position of the KM14 complex due to the presence of the long,

exposed R13 side-chain.
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. Solvent
Total peptide
Peptide in exposed .
surface area % Peptide exposed
complex .2 surface area
> >N
KL6 1191 386 324 Il
KG7 1256 452 36.0
KL8 1389 602 433 s
KK10 1619 459 28.4 I
K11 1668 484 29.0 =3
KR13 2031 754 372 [
KM14 2177 972 446 [T

Table 32: Total and solvent exposed peptide surface area for HLA-KK10
epitope form complexes.

Residue % Exposed

KL6 KG7 KL8 KK10 KI11 KR13 KM14
LYS 1 179 m 20.0 mm 18.3 mm 18.1 mm 5.66 1 18.4 mm 135 m
ARG 2 480 1 481 0 3.86 1 1.72 1 132 1 2.35 1 3.54 1
TRP 3 16.2 mm 154 m 147 @ 146 = 8.17 m 152 = 149 m
ILE 4 36.4 mmm 42.3 m 34,5 mEm 42.1 . 50.5 347 mmm 34,2 mmm
ILE 5 46.5 40.0 === 58.1 === 29.7 =3 35.0 = 45.6 m 56.0
LEU 6 828 T/ 803 ™T— 76.2 100 925 T—| 80.6 m— 86.6 T——
GLY 7 91.0 43 100 86.9 I l 21.7 =3 99.1 s 92.5 I
LEU 8 99.1 1 28.7 X 73.4 ——— 100 100 ¢
ASN 9 346 @3 125 O 51.4 100
LYS 10 220 1 49,5 /3 74.2 Emm—— 62.4 I
ILE 11 1.31 1 28.2 =3 72.8 /4
VAL 12 22.2 28.2
ARG 13 2.60 1 63.6 X
MET 14 1.87 1

Table 31: Percentage solvent exposure by peptide residue for KK10 epitope forms.
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5.2.2. Effects of truncated, partly flexible KK10 epitope forms on T-cell recognition and

responses.

In order to assess the CD8+ T-cell response to the truncated epitope forms, we measured the
production of cytokines by patient CD8+ T-cells following incubation with the KK10 epitope
forms using intracellular cytokine staining. This was done for 4 cytokines, CD107a,
interleukin 2 (IL2), interferon gamma (IFNy) and tumour necrosis factor alpha (TNFa) and
has to date has been completed for the group 1 patient 081077, this patient was previously
found to recognise KK10 and the extended KK10 epitope forms in our flow cytometry assays
(Chapter 3.2). Patient 081077, despite receiving treatment throughout the study, maintained
the response to KK10 at all time-points tested and developed a response to KM14 in later
time-points. We were therefore able to compare responses to epitopes recognised in
dextramer staining with those to the truncated epitope forms in this patient (Figure 43,

Figure S 15, Figure S 16).

In this patient we were able to show production of CD107a, IFNy and TNFa in CD8+ T-cells
following incubation with KK10 and extended KK10 epitope forms. Both CD107a and IFNy
were produced in a dose dependent manner in the assay, reaching saturation as peptide
concentration increased (Figure S 16). However, cytokine production by CD8+ T-cells was
not observed for the truncated epitope forms (Figure 43. This includes the KL8 epitope form,
which was recognised by other patients’ CD8+ T-cells in the dextramer-binding assay,
Chapter 3.2). This indicates that no T-cell activation occurs following presentation of these
epitope forms and could be due to absence or the quality of recognition by T-cells of some or

all of the epitope forms, or due to a lack of presentation of these forms on the cell surface.
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Figure 43: Percentage of CD8+ T-cells producing cytokines at maximum peptide concentrations following
incubation with KK10 epitope forms in patient 081077.

In the light of processing, trimming, refolding and structural data (Chapters 2.2, 2.3, 4.6 and
4.7) the possibility that this negative result is due to lack of presentation on the cell surface
seems unlikely. However, an IFNy ELISpot assay was designed in order to test for the
presentation of these epitope forms on the cell surface and also to assess their effect on
immune responses. This assay used T2 cells as target cells for presentation of the KK10
epitope forms, which were selected due to presentation shown in a previous assay and the

lack of variability, limitations in number and presence of other HLA in patient samples.

The previous assay showed that epitope forms from KL8 to KM14 were presented by HLA
B*2705 in this context. T2 cells are a TAP deficient, HLA class-1 deficient murine B-cell line.
These cells do not display HLA or present HLA class-1 peptide antigens on their surface
unless transfected with specific HLA molecules. We used T2 cells transfected with HLA
B*2705 (kindly provided by Dr Simon Kollnberger) to assess the ability of KK10 epitope
forms to stabilise HLA B*2705 in these cells and be presented on the cell surface. Binding
was shown for all HLA B*2705 epitope forms tested (Figure 44), showing in vivo

presentation of the truncated KL8 epitope form and extended KK10 epitope forms. Unusually
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we saw some binding for the HLA B*57 TW10 epitope which was used as a control, though

the KL8 epitope containing an R132K mutation showed no binding.

300- -
=o— KK10
- K|11
KR13
200+ 1 - TW10
_ KM14
Lo
S -0~ KL8
=@ KL8 KKL
100+
o+—p

Peptide concentration (uM)

Figure 44: T2 HLA B*2705 stabilisation assay. Fluorescence indicates binding of refolded HLA B*2705 on the
cell surface by the HLA B*2705 specific ME-1 antibody following incubation with KK10 epitope form
peptides.

Given the demonstrated presentation of the KK10 epitope complexes using the T2 cells, the
IFNy ELISpot assay was designed using the T2 cells for antigen presentation. This assay used
the KK10 epitope and truncated epitope form peptides (either alone or in combination).
These peptides were first incubated with T2 cells transfected with B*2705, a KK10 specific
CD8+ T-cell clone G12C (kind gift from Professor Victor Appay) was then mixed with the T2

cells and incubated overnight on a 96 well ELISpot plate.

Titration of the KK10 peptide using this experimental set-up allowed us to determine the half
maximal inhibitory (saturating in this case) concentration (IC50) for this peptide (Figure
45F) and so calculate amounts needed for the KK10 truncated epitope peptide forms

according to ratios obtained from proteasomal processing of the region. The IC50 KK10 was
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then used in a competition assay with the truncated epitope forms. Given that, in our
previous assay, we observed no CD8+ T-cell cytokine response to the truncated epitope
forms (and Figure S 17), we hypothesized that presentation of these epitope forms on the
cell surface in competition with the KK10 epitope should give a reduction in IFNy production

with increasing concentration of the truncated epitope forms.

An initial assay has shown that for the KG7 and KL8 epitope forms, there is a decrease in the
production of IFNy as the concentration of the truncated epitope form increases (Figure 45B
and C). The assay also shows a small decrease when all of the truncated epitope forms (KI4,
KI5, KL6, KG7 and KL8) are combined (Figure 45E). However, data for the KL6 epitope form
and for the combination of truncated forms up to the KG7 peptide in length are inconsistent
(Figure 45A and D). Replication of this assay using increased numbers of replicates as well as
a higher affinity KK10 clone should allow us to obtain more accurate measurements of
cytokine production (Repeat data added prior to final submission can be found in appendix
Figure S 18). In this initial assay, low numbers of cells per well (200), adopted from a
recommended protocol, meant that small variations in cell number between repeats may
have considerably affected the data. In addition, for some peptides and pools we were not
able to test the higher ratios indicated by the proteasomal processing data as the DMSO

concentration would have caused significant toxicity.

205



3x10%5+ T 3x1005-

£ 0
g 2x10% 8 2x10%1
© «©
o o
% 1x1005 4 g 1x10054
0 T T T T T T 0 T T T T T T
1 10 100 1 10 100
Peptide Concentration (uM) Peptide Concentration (uM)
C. 3%10%5- D 3%1005+
@ L) 1
8 2x1005 8 2x10054
© «©
o o
; 1x10054 g 1x10%5+
C L v L v ) v G L v ] v
1 10 100 10 100
Peptide Concentration (uM) Total Peptide Concentration (uM)
T 3x100 T Bx100%,
4x10054 —
© T ©
) 05 ©
g #w O 3x10%5- ‘\{
© ©
o 1 o
3 } \{,\ E 2x10054
e A
% 1x107°= 5
1x1005-
C L v ] v C A' Yl L | L | L ] L )
10 100 0.001 0.01 0.1 1 10 100
TotalPeptide Concentration (uM) Peptide Concentration (uM)
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5.3. Footprints of immune recognition on the viral p24 Gag sequence

Recognition of viral epitopes by the cellular arm of the immune system and CD8+ T-cell
responses targeted against these epitopes exert selection pressure on the replication of the
viral population within the host!7:51;52;58;257, This pressure acts against viral sequences that
continue to contain and present the targeted epitope to the immune system, as cells infected
with these viral sequences are destroyed, preventing viral replication. Any HIV that either
does not contain or does not present targeted epitopes will therefore have a survival
advantage relative to those that do and selection will result in outgrowth of such viruses.
These sequences will differ from the consensus sequence at residues which have allowed the
virus to escape from the immune response, whether this is through loss of immune cell
recognition!” 412, HLA binding256 or alteration of proteasomal processing?23s; 343; 350; 413; 414,
These changes are known as escape mutations and allow us to see the “footprints” of

immune responses that have exerted selection pressure on the virus.

Viral sequencing was carried out for p17 and p24 gag regions of the virus on HLA B*2705
HIV-1 patient samples used for flow cytometry and cell sorting using nested PCR. These
sequences were then proofread, aligned and the region of p24 surrounding the KK10 epitope
analysed for mutation from the clade B consensus sequence. Known or proposed escape
mutations were compared between patients from groups 1 and 2 (Figure 46). The two
common escape mutations in the KK10 sequence R132K and L136M were found in a large
percentage of the sequences of the group 1 patients (50.4% and 43.6% respectively)(Figure
46C) but were present in significantly fewer sequences in the group 2 patients (11.6% and
2.33%, P= <0.0001 for both mutations-Fisher’s exact test). The R132K mutation was
associated with the L136M mutation in most cases excepting 9 sequences in group 1 where
the R132K mutation was associated with an L1361 mutation (patients 101074, 060473,

100967, 030869 and 081077) and 1 sequence in group 1 where the L136M mutation was
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found with the wild-type R132 residue (patient 081077). The L136Q mutation was also

observed in both groups in a total of 3 sequences (patients 111156 and 060473).

This result confirms that the KK10 recognition detected through dextramer staining reflects
the presence of an effective KK10 response in vivo, as selection pressure in the group with
the KK10 recognition is significantly higher than in patients without this recognition.
However, HIV from some patients in group-2 did show these mutations (050875, 170466
and 111156), though this was at lower frequencies than for the group 1 sequences

(maximum 50% of viral population versus 100% maximum observed in group 1 patients).

One mutation within the KK10 epitope sequence occurs at a position that we propose will
impact recognition by the KIR3DL1 receptor in the light of previous studies25%300;415 and our
own results (Figure 47), the N139D mutation, was also observed in both patient groups
(1.71% group 1, 14.0% group 2). The difference in distribution between the total sequences
in the two groups was significant (P=0.0051, Fisher’s exact test). However, it should be noted
that the number of patients having the mutation was the same in both groups (2 in each).
The differences in frequency and total sequences between the groups give a significant
difference in distribution of this mutation, but a larger sample size may indicate whether this

translates into a difference in numbers of patients with the mutation in each group.

Two flanking mutations associated with changes in proteasomal processing of the KK10
epitope, N120S and N120H (Astrid Iversen, unpublished data), were also observed in the
HLA B*2705 patients (Figure 46). The distribution of the N120S sequence was significantly
different between groups 1 and 2 (12% versus 25.6%, P=0.0486 Fisher’s exact test)(Figure
46C), while the N120H mutation showed no difference between the two patient groups
(29.1% versus 41.9%, P=0.1327 Fisher’s exact test). All sequences containing the N120S
mutation were observed to have the consensus KK10 epitope sequence, while the N120H

mutation was observed in KK10 consensus containing sequences in 22 of 34 sequences in
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group-1 and in all 18 N120H containing sequences in group-2 (Figure 46D). The association
of both the N120S mutation and the N120H mutation was significantly associated with
maintenance of a consensus KK10 sequence (P= <0.0001 N120S, P=0.0012 N120H, Fisher’s

exact test).

Mutations from consensus were observed at almost every position in the region in at least
one viral sequence (Figure 46A), however, there were a number of mutations within or just
outside the region shown that, while having no prior known impact on KK10, did occur in
multiple sequences and/or patients and were sometimes associated with uneven
distribution between the two patient groups. The first of these is the L111P mutation,
present in a total of 56 sequences, was associated with group-2 patients (P=<0.0001, Fisher’s
exact test) and in all but 3 sequences was found with a consensus KK10 epitope sequence
(P=<0.0001, Fisher’s exact test)(Figure 46D). Just downstream of this at position 115, the
less frequent 1115L mutation (20 sequences total) was also significantly associated with
group-2 patients (P=0.0009, Fisher’s exact test) though it was found in 9 of the time-points
sequenced in group-1 at lower frequencies. It was often found in sequences containing the
L111P mutation and the N120S mutation (18/20 sequences). A mutation downstream of this
position, E128D (21 sequences) was also associated with the L111P change, being found only
in sequences containing the L111P mutation and frequently in those containing the L111P
and [115L mutations (18/21) (19/21 also contained the N120S mutation). The association
of these sequences may indicate a shared selection pressure or a network of compensatory
changes in this region, Indeed, the E128D mutation has previously been described in the
context of an R132G mutation as a compensatory change58. Its occurrence in this group,
exclusively with R132 containing sequences suggests that it may be compensatory for other

changes or be selected for another reason.

Downstream of the KK10 epitope two common mutations occur at the T148 residue, these

are T148V (67 sequences) and T148S (26 sequences). Neither mutation shows significant
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association with groups 1 or 2, T148V shows an association with the R132K and L136M
mutations in the KK10 epitope (P=<0.0001, Fisher’s exact test)(Figure 46F). All 19 T148S
sequences in group-1 and 6 of 7 T148S sequences in group-2 contain the consensus residues
at positions 111, 115, 120, 132 and 136. Thus the T148S mutation is significantly associated
with the absence of mutations affecting T-cell escape, HLA binding and proteasomal
processing as well as several with no previously identified function (111 and 115)
(P=<0.0001, Fisher’s exact test comparing sequences with and without consensus residues
with presence of T148S)(Figure 46E). The only common mutation that appears in sequences
containing the T148S substitution is N139D, a proposed KIR3DL1 escape sequence. All 8 of

the sequences containing the N139D mutation also contain the T148S change.
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Figure 46: Sequencing of the region of p24 Gag containing the KK10 sequence, showing A. HXB2 clade B
consensus sequence for amino acid residues 119-152 on top line and all observed mutations at the amino
acid level in our HLA B*2705 patient sequences. Sequence mutations affecting the KK10 epitope shown
boxed. B. Number and C. Percentage of sequences containing KK10 affecting mutations in group 1 and
group 2 patients (Table 14). P values for significance of difference in frequencies between the groups
(Fisher’s exact test). D. As C for mutations of unknown effect. E. and F. Difference in frequency of
mutations between (KK10) consensus sequences and sequences with KK10 or other specified changes.
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5.4. Recognition of KK10 epitope form-HLA B*2705 complexes by the

KIR3DL1 and KIR3DL2 receptors

In addition to the interactions with and recognition of the KK10 epitope forms by CD8+ T-
cells and the effects of their response to this region on disease, it has also been shown that
the interaction of KIR and HLA can be important in HIV-1 infection and disease®3; 328; 416; 417,
In particular, KIR3DL1 has been shown to bind HLA B*2705 and the KK10 epitope in a
peptide dependent manner259. KIR3DL2 is known to bind HLA A*03 and HLA A*11
complexes in a peptide dependent manner48 as well as HLA B*2705 homodimers
independent of peptide4!? but has previously shown either no or weak binding of HLA
B*2705 heterotrimeric complexes. It therefore acted partly as a control for KIR3DL1
binding, ensuring there were no homodimers present in the KK10 epitope form dextramers.
We therefore assessed recognition of the KK10 epitope forms by the KIR3DL2 as well as the

KIR3DL1 receptors.

5.4.1. Binding assay for KIR3DL1 and KIR3DL2 receptors

In order to test recognition of the KK10 epitope forms by the KIR3DL1 and KIR3DL2
receptors, we used two transfected BAF cell lines, one displaying the KIR3DL1 receptor and
the other displaying the KIR3DL2 receptor (kind gift from Dr Simon Kollnberger). These
were used in combination with dextramers of the KK10 epitope forms as previously
described?59, replacing tetrameric complexes with our larger multimers. Binding of the
dextramer to the transfected BAF cells (assessed by mean fluorescence) indicates

recognition of the HLA-peptide complex by the KIR3DL1 or KIR3DL2 receptors.

Binding of the KK10 epitope forms by KIR3DL1 (Figure 47A) shows that the KK10 peptide is

capable of binding to the KIR3DL1 receptor (MFI = 50.5) as described previously25%. Some
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binding is also seen to the KI11 epitope form though the mean fluorescence is less than half
of the value for the KK10 peptide (MFI = 22.6). The KM14 peptide appears to have a mean
fluorescence a little above the unstained KIR3DL1 BAF cells (MFI = 10.4 compared to MFI =
1.05 unstained) that may indicate some weak binding. The KL8 (MFI = 6.41) and KR13 (MFI
= 3.38) epitope forms appear to have little interaction with KIR3DL1. When tested for
KIR3DL2 binding (Figure 47B), none of the dextramers showed strong binding. The highest
mean fluorescence was for the KI11 epitope form (MFI = 13.37, unstained MFI = 3.86). This
may indicate weak recognition of the complex, stronger recognition would be expected if
homodimeric B*¥2705 heavy chain was present in significant amounts, but it is also possible

that a small amount was present in the dextramer.

Three escape mutant sequences for KL8 were also tested, the KKWIILGL (KL8 KKL) mutant,
the KRWIIMGL (KL8 KRM) sequence and the doubly mutated KKWIIMGL (KL8 KKM)
sequence (Figure 47E and F). Of these three sequences the two forms containing the R-K
mutation showed no binding to the KIR3DL1 or KIR3DL2 transfected BAF cells. The KL8
KRM epitope form showed slightly raised mean fluorescence for KIR3DL1 (MFI = 10.1),
however, this epitope form also showed a slightly raised mean fluorescence in the KIR3DL2
binding test (MFI = 10.7). While neither of these are strong interactions, it might indicate
that a peptide independent mechanism of recognition is responsible for the binding,

whether due to presence of homodimer in the dextramer or other slight aberration.

Following previous work done by other groups on the peptide dependence of the interaction
of KIR3DL1 with HLA-B alleles25% 369 415 and the structural and sequencing results obtained
in the project, we also wanted to examine the effect of peptide mutations on KIR recognition
of the KK10 epitope. Our patient sequences showed two mutations present at position 9 (C
terminal -1 position) of the sequence, N-D and N-E. This position is equivalent to the peptide
at position 8 of the 9mer in the KIR3DL1-HLA B*5701 complex that is shown to interact with

the KIR receptor. We therefore tested the sequences KRWIILGLDK (KK10 D) and
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KRWIILGLEK (KK10 E) in our KIR3DL1 binding assay. Additionally, as binding was reduced
or abrogated in other KK10 epitope forms, we tested the replacement of the C-1 position of
the KI11 and KR13 epitope forms with an N residue as present in the KK10 peptide in order
to determine whether binding was restored. This gave the sequences KRWIILGLNNI (KI11

N) and KRWIILGLNKINR (KR13 N).

Binding of the KK10 mutant sequences KK10 D and KK10 E was shown to abrogate binding
to the KIR3DL1 receptor (MFI = 2.59 KK10 D, MFI = 2.42 KK10 E, compared with MFI = 50.5
KK10) (Figure 47C) indicating that this residue is necessary for the binding of HLA B*2705
KK10 to the KIR3DL1 receptor. However, the KI11 N and KR13 N sequences failed to restore
binding to KK10 like levels (MFI = 9.49 KI11 N and KR13 N) and actually reduced binding in
the case of KI11 (KI11 MFI = 22.6), showing that other factors in these epitope forms
contribute to the reduction in the ability of KIR3DL1 to recognise them. This could be due to
the conformation the mutated sequences adopt in the groove failing to replicate that of
KK10. In the case of KR13, the larger central bulge may prevent KIR3DL1 recognising the
complex. Testing with KIR3DL2 showed no increase in binding of any of the mutated epitope

forms.
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Figure 47: Binding of HLA B*2705-KK10 epitope form dextramer complexes measured by mean fluorescent
intensity to A. KIR3DL1 and B. KIR3DL2. C. Binding of KK10 epitope form KIR3DL1 binding mutant variants
to KIR3DL1. D. Binding of KK10 epitope form KIR3DL1 binding mutant variants to KIR3DL2. E. Binding of
KL8 and KL8 escape variant sequences to KIR3DL1. F. Binding of KL8 and KL8 escape variant sequences to
KIR3DL2. Mean fluorescence of untransfected BAF cells stained with the relevant KK10 epitope form
dextramer were used as baseline measurements and subtracted from the above values (unstained

untransfected BAF was subtracted from unstained KIR3DL1 and KIR3DL2 transfected cells to give the
unstained values).
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5.4.2. Electrostatic surfaces of the KK10 epitope form-HLA complexes and their

interaction with the KIR3DL1 receptor.

Previous studies and structural work have shown that KIR/HLA interactions are typically
more dependent more on hydrogen bonding and charge complementarity than those of
HLA/TCR, which include a more significant contribution from Van-der-Waals forces395. Good
charge complementarity was also shown for the D2 domain of KIR3DL1 bound to HLA
B*5701369. Therefore to better understand the abrogation of binding seen for the KK10
epitope forms (compared with KK10 itself) to the KIR3DL1 receptor, we looked at the
electrostatic surfaces of the KK10 epitope form complexes in combination with their
structures for the area of the peptide-HLA surface highlighted for interaction by the

structure of the KIR3DL1-HLA B*5701 complex369 (Figure 48, Figure 49).

The structure of the HLA B*2705 KK10 complex shows that the N9kk1o residue is a possible
point of interaction for the KIR3DL1 complex, in a comparable position to the S8 residue of
the HL B*5701 self-peptide in the KIR3DL1 structure (Figure 48E and F). Asparagine at this
position could allow either water-mediated interaction with the E282 and Y200 residues as
in the HLA B*5701 structure or direct interaction with the §2-amino group. The electrostatic
surface surrounding this residue and that of KIR3DL1 at the binding site, when combined
with the structural data help to give an indication of how the differences in the peptide-HLA
structure may affect the interaction of KIR3DL1 and the HLA (Figure 48E and F and
FigureD). The surface of KIR3DL1 between the E282 and Y200 residues forms a negatively
charged pocket, the negative charge continues along the surface of the molecule from this
pocket towards the end of the D2 domain. An area of positive charge is present on the E282
side of the pocket and a relatively uncharged area on the Y200 side, which becomes

positively charged moving away from the pocket.
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The surface electrostatics of the B*5701 complex taken from the same structure as the
KIR3DL1 (Figure 49H)3¢9 show that the area surrounding the serine residue is not highly
charged, however, to the sides of this residue are two small pockets each of which carries a
charge. That on the side of the a2 helix is positively charged, while that on the side of the a1
helix is negatively charged. KIR3DL1 is docked to the HLA such that an area of positive
charge is in proximity to the al helix and a surface containing areas of negative charge sits
over the a2 helix. Thus there is a degree of charge complementarity to the interaction
surfaces, and although the binding may not be completely optimal3é? it is clear that it plays
an important role, along with non-polar and water mediated interactions, in the binding of

these two molecules.

The surface of the KK10 HLA B*2705 (Figure 49D) shows that while the N9 residue may
interact with the E282kir3pr1 and Y200«ir3pr1 in the negatively charged pocket, interactions
with the al and a2 helices are likely to be similar to that in the HLA B*5701 complex. The
distribution of charged areas on the electrostatic surface model shares key features with
that of HLA B*5701 in the area bound by the KIR molecule (Figure 49H). This includes a
patch of negative charge over the al helix near the C-1 terminal position of the peptide
chain, as well as positive charge at the C-terminus of the peptide chain. The patch of positive
charge over the a2 helix present in the HLA B*5701 structure is absent here and the area is
uncharged, this is likely due to the replacement of a lysine residue in this position in the HLA
B*5701 peptide with a Leucine in KK10. However, the impact on binding of this change
should not be large as the side chains of these residues are not exposed and so no direct

interactions would be affected.

In the KK10 epitope forms, significant differences are found from the KK10 complex in both
structure and the resulting electrostatics of the molecule that may be responsible for the
impact seen on KIR3DL1 recognition. The truncated epitope forms (Figure 494, B and C)

that have been crystallised show obvious structural changes likely to inhibit recognition and

217



binding of KIR3DL1. All three structures show a peptide that is flexible at the C-terminus
and does not reach the C-1 position within the groove. Though the peptide may be pushed
down if KIR3DL1 began to bind through recognition of conserved residues, in the KL6 and
KG7 complexes, the peptide chains are too short to reach across the groove and in the 8mer,
the residue at the C-1 position would be a glyceine, unlikely to be able to bind the E282kir3p11
and Y200kr3pr1 side-chains, as observed in mutational analysis using the HLA B*5701 -
KIR3DL1 interaction369. The potentially unfilled C-terminus also has a strongly negative
charge and would not compliment the surface of the KIR3DL1 molecule in a binding position

similar to that seen for HLA B*5701.

The KI11 epitope form (Figure 49E) is only extended by a single amino acid compared with
the KIR3DL1 recognised KK10 epitope, nevertheless, binding is reduced by more than half to
this epitope form (Figure 47A). There are several changes in the structure that could
account for this reduction. At the C-1 position of this peptide, asparagine is replaced by a
lysine residue, this could interact through formation of a salt bridge with the E282kr3p11 and
Y200«ir3p11 side-chains, though it is a much longer side chain than that of the asparagine and
could prove difficult to accommodate. Indeed replacement of S8 in the HLA B*5701-peptide
complex tetramers with larger charged residues such as arginine still showed binding by
KIR3DL1, though with reduced affinity3¢9. The change of this residue to lysine also enables it
to interact with the E76g;7 residue on the al helix, it is unclear whether binding of KIR3DL1
would break this interaction and allow the K10xi1 residue to bind E282krspi and
Y200«ir3pL1, if not this interaction may provide a further barrier to binding. On the surface of
the KI11 complex, the interaction of these residues results in far less negative charge in this
area than in the KK10 complex, the pocket on the side of the a2 helix at this position is now
also negatively charged rather than positive, altering the charge complementarity of the two

structures.
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The abrogation of binding of KIR3DL1 to the KR13 epitope form (Figure 47A) correlates
with significant deviation of the binding surface of this complex from that of KK10. The C-1
position in the KR13 complex is occupied by the V12 residue (Figure 49F), additionally the
side-chain of the K10kr13 residue ends at a similar position to the end of the side-chain of
K10 in the KI11 complex and also interacts with the E76g;7 side-chain. In this complex the
stretching of the K10 side-chain across the C-1 position and presence of a valine is likely to
make KIR3DL1 binding to this region difficult, as interaction of E282xr3p11 and Y200kir3pL1
with valine is unlikely36%, and though they could interact with the terminal group of the
lysine side-chain, this may be blocked from adopting a suitable orientation by it’s interaction
with E76g,7 and steric hindrance from V12kg13. Furthermore, alignment of the two structures
shows that the C-terminal end of the central bulge in this peptide may clash with KIR3DL1 in
the binding position adopted by HLA B*5701, it must therefore be forced to adopt an altered
conformation to accommodate KIR3DL1 binding. The effects of these changes to the HLA
B*2705 surface can be seen on the electrostatic model (Figure 49F), this shows the absence
of negative charge over the al helix at this position compared with the KK10 complex due to
the replacement of asparagine with valine and interaction of the E76g2; and K10kri3

residues.

The C-terminal region of the HLA B*2705-peptide complex is again different in the KM14
structure, and also seems to abrogate recognition of the complex by KIR3DL1, although
perhaps not as completely as for the KR13 epitope form (Figure 47A). In this complex the C-
1 position is occupied by the R13 residue, the side chain of this residue adopts an extended,
solvent exposed conformation and does not appear to interact with the E76g27 residue. The
central bulge is also present in this epitope form as for the KR13 complex, and although it is
shifted slightly away in some areas, there are still clashes with the KIR3DL1 structure that
would require a shift in conformation in order to bind. These two factors could account for
the reduction in binding affinity observed in comparison to KK10. The surface of the

complex shows that the R13kmi4 and free K10kmi4 side-chains contribute to an increase in
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positive charge over the a2 helix at this position compared with the KK10 and HLA-B*5701
complexes. An area of negative charge is still present over the al helix at this position in the
KM14 complex and so the surface electrostatics, while altered in intensity, are not dissimilar
from complexes recognised by KIR3DL1. This might indicate that steric constraints and
clashes, rather than the electrostatics of the surface are of greater importance in the reduced

binding of this epitope form by KIR3DL1.
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Figure 48: Surface Electrostatic models for A. The HLA B*2705 KK10 complex shown with peptide binding
groove. B. KIR3DL1 C. KIR3DL1 showing the peptide contacting residues Y200 and E282. D. KIR3DL1 and
HLA B*2705 models superimposed in an approximate binding configuration. E. Interaction of HLA B¥5701-
self peptide complex with KIR3DL1 shown from the C-terminal end of the peptide groove and F. From the

N-terminal end. KIR3DL1 and HLA B*5701 structures from PDB published in®
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Figure 49: Electrostatic surface models for the peptide binding surfaces of the HLA B*¥*2705-KK10 epitope
form complexes, possible KIR3DL1 interacting residues are labelled where present in A. HLA B*¥*2705-KL6 B.
HLA B*2705-KG7 C. HLA B*2705-KL8 D. HLA B*2705-KK10 E. HLA B*2705-KI11 F. HLA B*2705-KR13 G. HLA

B*2705-KM14 and H. The HLA B*5701-self peptide complex as determined in the KIR3DL1- HLA B*57

369
structure™ .
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5.5. Discussion

In this chapter we have looked at the integration of data from multiple techniques in order
to better understand the how the KK10 epitope forms interact with immune receptors and
the consequences of these interactions for the immune response. Further extensions to this
work are necessary in order to obtain a complete picture, nevertheless, this work underlines
the importance of consideration of all of the KK10 epitope forms when assessing the HLA

B*2705-restricted immune response to this region.

5.5.1. The structural basis for TCR recognition and cross-reactivity between a subset

of KK10 epitope forms

The structural data and the electrostatic surfaces generated from this data show that
there are a number of differences between the surfaces of the KK10 epitope forms;
this is particularly true in the central and C-terminal regions of the peptide binding
groove. Though some TCR do not bind in a canonical fashion to HLA class-1267:420 3
large proportion of the structures of these HLA-peptide-TCR complexes show that
the TCR CDR3f loop contacts the HLA at the central/C-terminal end of the peptide
binding groove?72, where the KK10 epitope forms differ from each other relative to
the more similar conformation of the N-terminal end of the peptide (Figure 31).
Indeed, in this chapter we have also shown that the difference in the epitope forms
at the C-terminus of the peptide groove is sufficient to significantly affect the binding
of KIR3DL1 to the epitope forms. Nevertheless, despite the differences between the

different HLA-KK10 epitope structures, we have also found substantial levels of
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CD8+ T cell cross-recognition between KK10 epitope forms and have been able to

isolate and sequence cross-recognising TCR (Table 23 and Table 24).

This may be due to a general difference between the recognition of HLA by TCR and KIR. It
has been observed that TCR binding of HLA is more reliant on Van-der-Waals interactions
than KIR305, allowing a greater flexibility in binding orientations compared with direction
and distance sensitive hydrogen bonds and salt bridges. Furthermore, while TCR recognition
in general occurs over a wider area of the peptide and stretches more N-terminally than that
of KIR, the same TCR has also been observed adopting altered conformations when binding
to different ligands!25 267, This has been particularly true of the conformations of the CDR
loops (and the CDR3f loop in most cases) and has also been shown to affect even the core
organisation of the molecule. The increase in flexibility compared with KIR and the ease of
conformational change makes it difficult to assess likely areas of binding and interaction

between the TCR and the HLA. Nevertheless, we discuss some of the possibilities below.

Identification of conserved residues and sequences among TCR recognising KK10 epitope
forms was performed by comparing the repertoire of CDR3a and 3 loops that we obtained
from dextramer positive TCR populations with the abundance of these residues in the same
position in the germline encoded sequences. Any large differences in the proportions of
particular amino acids at a given position would then reveal positive or negative selection
for particular residues among the KK10 epitope form reactive T-cells (Table 28). From this
comparison we observed that the KK10 epitope form specific T-cells are enriched for
glutamic acid and aspartic acid residues at the C-3 and C-4 positions of their CDR3f3 loops
relative to the germline. In addition, there is a marked reduction in the proportion of
asparagine present at the C-5 position. Assuming a conventional or near conventional
docking mode of the TCR to the HLA complexes, the glutamic and aspartic acid residues

present may be able to interact with the C-1 position of the peptide. This is an asparagine in

224



KK10, a lysine in KI11 and an arginine in KM14. In KR13 the C-1 position is a valine, but the
end of the side-chain of the C-3 lysine is present at a similar position to the C-1 lysine in KI11
and so this might preserve the interaction for some TCR. Alternatively, the absence of cross
recognition of KR13 in some patients (Table 19) could reflect the loss of the polar/basic

residue at this position.

The central regions of the CDR3f loops contain a high proportion of small non-polar and
hydrophobic residues (53/89 residues in the region). The high proportions of glyceine in
this region reflect the germline propensity for glyceine in the TR-Dg segments, presumably
to give flexibility and the ability of the loop to turn. Proline is also encoded at high
frequencies in this region, presumably also in order to allow turning of the peptide chain at
the apex of the loop, but this residue is reduced in our sequences, and glyceine increased in
frequency. This difference may show a tendency in these TCR for increased flexibility,
provided by glyceine, that allow the adaptation of the CDR3f3 loop to a number of KK10
epitope forms. The low frequency of large and polar or charged amino acids in this central
region (9/89) may also improve flexibility and the ability to cross recognise peptides. The
presence of relatively small hydrophobic residues across the centre of the groove would
allow a large number of Van-der-Waals contacts to be made with the bound peptide,
affording binding without the need for a high degree of specificity. The addition of small
polar residues such as threonine and serine, that are present at considerable frequencies in
the central region of the loop (27/89), would add the opportunity for some hydrogen
bonding in addition to Van der-Waals contacts, while maintaining the flexibility of the chain.
This pattern extends to the C-6 and C-5 positions of the loop, where a significant reduction
in the number of asparagine residues at C-5 occurs compared to germline, this coincides
with an increase from germline in the frequency of alanine and threonine at C-5 and

glyceine, proline, Leucine and valine at C-6.
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The surface of the KK10 epitope and the extended epitope forms in the central bulge region
of the peptide is largely uncharged and consists of non-polar residues that are highly solvent
exposed (Figure 42). This shows a complementarity with the central regions of the CDR3f
loop and there is a possibility this will provide a suitable area for binding and recognition. In
four of the most abundant and most cross-reactive TCR identified in patient 241242, three
(Figure 50A, B and C) contain relatively long central regions containing these small
hydrophobic and polar residues, with occasional large hydrophobic residues towards the
termini of the chain and an acidic residue at the C-terminus. One cross-reactive TCR (Figure
50D) does not entirely follow this pattern and has a short central TAP motif between
charged residues. Extension of this analysis and structural studies would confirm or refute

these suggestions.

A. [CASSYSGTSGSPAYEQYF
B. |CASSHLGGVTNEQFF

C. |CASSFTSGSPENEQFF

D. |CASSRTAPDTEAFF

Figure 50: CDR3B sequences of four highly cross-reactive TCR isolated from patient 241242. Charged
residues showed coloured blue (basic) or red (acidic). Aromatic or residues with a ring showed in larger
font. Central regions consisting largely of small hydrophobic and small polar residues shown in bold.

5.5.2. KK10 truncated epitope forms do not elicit CD8+ T-cell responses

The failure of the truncated KK10 epitope forms to induce cytokine production from CD8+ T-
cells shows that these epitope forms are not recognised by the host immune system. Given
the typical binding orientation of the TCR to HLA class-1, this is not completely unexpected,
as the recognition of peptide side chains and backbone conformation occurs primarily
through the CDR3 loops, particularly the CDR3f loop contacting the central to C-terminal
end of the peptide?265:272;:287; 288 At this position, the truncated epitope forms will have either

no peptide residues (in the shortest forms) or no fixed structure (in the longer 7 and 8mer
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forms). The peptide may be pushed into the groove on TCR binding#1?, but docking may be
unable to occur without at least some recognition of the peptide, equally, the flexible nature
of the peptide at the unbound C-terminus may be able to sterically hinder binding. However,
even given these reasons, it was surprising that this lack of cytokine production extended to
the KL8 truncated epitope form, as we had previously shown recognition of this epitope
form by CD8+ T-cells in dextramer staining experiments (Table 15). This may be explained
by the docking of TCR in an unusual conformation to this epitope form as they are not able
to dock in a typical conformation at the centre-C-terminal end of the peptide groove, in some
cases, unusual docking conformations have been associated with a lack of T-cell activation,

despite high affinity binding?7s.

Though preliminary, our data also indicates that presentation of the KG7 and KL8 epitope
forms on the cell surface does occur, though repeated measurements must be carried out in
order to confirm this finding (Figure 45). If confirmed, this suggests a role for the truncated
epitope forms in shaping the immune response to the region. The presentation of these
epitope forms will prevent the HLA from binding more immunogenic KK10 epitope forms
and the abundant production will ensure that the short epitope HLA complexes greatly
outnumber the amount of KK10 and extended epitope forms that are found on the cell-
surface. This may reduce CD8+ T-cell responses to KK10 and the extended epitope forms
and might increase the number of cells that escape CD8+ T-cell mediated cell death. We
therefore propose that the production and presentation of these truncated epitope forms is
a novel CTL-escape mechanism because the production and presentation of these short
epitope-forms likely increase viral survival and spread. This hypothesis is reinforced by our
antigen processing data, which shows the continued production of these truncated epitope
forms following escape mutations in the KK10 epitope, when production of KK10 and KK10

extended epitope forms is severely reduced or abolished (Figure 5).

227



5.5.3. Footprints of immune recognition of KK10 epitope forms on the viral sequence

Sequencing of the viral genome at p17 and p24 Gag in our HLA B*2705 patient cohort
allowed us to analyse the immune footprints present in these genomes (for viral sequences
present at approximately 10% or higher of total population) in context of their recognition
of KK10 epitope forms in dextramer staining. Those patients without recognition of the
KK10 epitope showed a markedly different pattern of mutation in the region surrounding
the KK10 epitope (positions 109-166 included in analysis) including significant differences
between the presence of recognised escape mutations within the KK10 epitope (Figure 46).
However, it is striking that several patients (050875, 111156 and 170466) displayed low

frequencies of these mutations despite no obvious KK10 recognition.

There are several reasons why these mutations might be present in patients without
recognition of KK10 at the time-point tested. Patient 050875 does not respond to KK10 but
does have a small but distinct population of CD8+ T-cells which recognise the KI11 epitope
form, this may have been able to drive selection in the sequence. The second patient, 111156
shows relatively low responses to other epitope forms (though does seem to respond to
KM14) but has been on HAART at all time-points tested in this study and is the only patient
showing undetectable viral load throughout. Antiretroviral treatment and the reduction in
viral load often reduces or abrogates immune responses as very little antigen continues to
be presented3ss. Finally patient 170466, as for 050875 also has considerable levels of CD8+
T-cell KI11 recognition. In addition, though first testing positive only a short time before the
time-point tested (Table 12) this patient is likely to have first been infected 15-20 years ago
through exposure to a partner with the virus. The viral load of this patient is also the lowest
in our group among those not receiving treatment (1843 copies/ml) (Table 12). This could
have a significant effect on the immune response compared with patients infected for
shorter periods, and sequence changes may be evidence of a previous response to the KK10

epitope.
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The differences in frequencies of other mutations between the groups that are thought to
affect presentation or immune response to the KK10 epitope (Astrid Iversen, unpublished
data) is also of interest as it reveals possible reasons for the development, or lack thereof of
CD8+ T-cell recognition of the epitope. While the difference in frequency of the N120S
mutation between the two groups is sufficient for statistical significance, more interesting is
the increased difference when looking in all patients at the association between this
mutation, the N120H mutation and the presence of escape mutations within the KK10
epitope. The N120S associates almost exclusively with sequences lacking the R132K and
L136M KK10 escape mutations, and the association is statistically significant, though not
complete between the lack of these mutations and the presence of the N120H substitution.
Both of these changes are associated with severely reduced production of the KK10 epitope
during proteasomal processing and so limit the exposure of this epitope to the immune
system. That these changes are associated with absence of KK10 escape mutations within
the epitope indicates that they can occur earlier than the 132 and 136 escape mutations. It
also suggests that once these mutations are gained, selection pressures decrease or do not
continue, as this would likely result in sequences containing both the upstream N120
changes and the intra-epitope mutations. The further association of subset of sequences
containing the N120S mutation with mutations at positions 111, 115 and 128 (L111P, I115L
and E128D) suggests that these mutations may be compensatory changes occurring as a

result of the N120S change or may serve to enhance the effect of the mutation.

The intra-epitope mutation N139D was shown in our work to abrogate binding of the KK10
HLA B*2705 complex to KIR3DL1 (Figure 47C). This mutation was present in only a small
number of sequences (8/160 and 4 patients) but thus far shows a significant correlation
with group-2 patients and with sequences lacking other KK10 escape mutations (Figure
46A). The association of this epitope with wild-type sequences may indicate that these viral

populations are also driven by selection pressure from KIR3DL1+ Natural Killer (NK) cells.
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Though escape from an inhibitory KIR may seem counter-intuitive, this may depend on the
balance of activating versus inhibitory signals that arise from an NK cell binding an infected
target cell such as one displaying the KK10 epitope. It may also indicate that licensing of NK
cells through inhibitory KIR is important in increasing their effectiveness and cytotoxicity330
332;333;421, |t is intriguing that this mutation occurs preferentially in patients that show no T-
cell recognition of the KK10 epitope, suggesting that selection pressure by CD8+ T-cells is
greater than from NK cells and drives escape where a T-cell response is present. In addition,
it indicates that when T-cell pressure is absent or reduced, NK selection pressure may
capable of driving escape in the viral population. A further investigation into recognition of
this epitope would provide further insight into its role, testing the ability of KK10 epitope
form specific T-cells to cross recognise this sequence would show whether this change also

affects the T-cell response.

In addition to the analysis of previously described mutations affecting KK10 in this region,
and the linkage of these with several mutations of unknown function upstream of KK10,
there were two other changes in the region downstream of the epitope found across
sequences from multiple patients in our study, T148V and T148S. We assessed whether
these changes were associated with either our patient groups, or the presence of previously
identified mutations in the region. The T148V mutation was present in both patient groups
and in both consensus and KK10 escape containing sequences, however, in our sample, it’s
distribution favoured sequences containing the KK10 escape mutations (P=<0.0001, FET)
and it may therefore be associated with compensatory changes to the region, there are no
known HLA B*2705 CD8+ T-cell epitopes covering this position of p24422 so it is unlikely to
be a direct escape mutation. The T148S mutation was also present in a considerable number
of our sequences (26/160), this mutation was found in both patient groups, but interestingly
was strongly associated with the lack not just of the R132K HLA binding and L136M CD8+ T-
cell KK10 escape mutations, but also of the N120S/H upstream mutations affecting

proteasomal processing of KK10 (P=<0.0001), with just one sequence of the 26 containing
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any of these. The 26 T148S sequences without mutations at positions 120, 132 and 136
account for all but 4 of the sequences without these mutations in our study, of the remaining
4, only one has a complete consensus sequence, with another containing L111P and T148V
and the other two containing G117A and T148V changes. One mutation that is associated
with the T148S mutation is N139D; all 8 sequences containing this change also have the
T148S mutation. These changes are conservative and whether the T148 mutations are of
functional significance is unknown, however, while the V148 is the consensus amino acid in

most other HIV subtypes, S148 is not, suggesting that these substitutions are not neutral.

5.5.4. The KIR-HLA interface in KK10 epitope form-HLA B*2705 complexes

Unlike the HLA-TCR interface, the binding of KIR3DL1 to HLA class-1 is dependent upon
charge complementarity3°5 and on groups of specific, germline encoded residues on the HLA,
in addition to peptide recognition. This results in a much more restricted mode of binding
than that of the TCR, where evidence of germline encoded recognition of fixed HLA class-1
residues is limited and for those that are identified, direction-independent, hydrophobic
interactions predominatel98; 125; 287; 288, This much more restricted, charge based binding
mode allows the comparison of the structurally determined KIR3DL1 binding of HLA
B*5701 with potential binding sites in our KK10 epitope form-HLA B*2705 complexes with
a higher degree of confidence than the identification of possible TCR binding sites. This
comparison is further aided by our data on KIR3DL1 binding ability of the KK10 epitope

forms.

The analysis of the surfaces and structure of the KIR3DL1 and HLA B*2705-KK10 epitope
form complexes at the proposed binding site combined with data on the ability of KIR3DL1
to bind these epitope forms shows us the importance of the peptide sequence and

conformation at the binding site, and the charge complementarity of the surrounding HLA
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for KIR3DL1 binding (Figure 47,Figure 48Figure 49). Relatively small changes in the amino
acid at the binding position, from asparagine in KK10 to lysine in KI11 give a reduction in
binding of KIR3DL1 by more than half, showing the dependence of this interaction on the
bound peptide as well as on matched surfaces. The further reduction in interaction of
KIR3DL1 with other KK10 epitope forms with larger differences at these positions and

changes to the conformation of the bound peptide re-enforce this view.

While not unexpected, given prior data25% 415423, the lack of KIR3DL1 binding to our epitope
forms may be relevant in HIV-1 infection, as lack of binding of the inhibitory receptor to
these complexes may affect killing by NK cells. That these epitope forms, both extended and
truncated, are produced in far higher quantities than the KK10 epitope itself may mean that
they have a significant presence on the cell surface and give a different response than might

be expected from examination of KK10 alone.

The association of KIR3DL1 with slower disease progression in HLA B*2705 patients325;327;
328,416 has been intriguing since its discovery, as the binding of inhibitory receptors to HLA
ligands has been shown to prevent target cell lysis in vitro5t. However, our data show that
escape from KIR3DL1 recognition may be driven by selection during HIV-1 infection (Figure
46). Licensing of NK cells has been a proposed mechanism where recognition of cognate
HLA by these inhibitory receptors results in an activated phenotype and more efficient NK
cytotoxicity333. However, the mechanism of any direct link between recognition of virus
infected cells by these inhibitory receptors and improvement in the immune response
remains tentative424 425 and requires a more thorough understanding of the outcomes of KIR

recognition and the contribution of NK cells to the host immune response.
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6. Concluding remarks
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The studies presented here give a further insight into some of the mechanisms behind an
immune response to the KK10 epitope region in HIV-1 p24 gag and the viral modulation of
this response. This response is associated with control of HIV-1 disease in a subset of
individuals with HLA-B*2705 and so provides a rare example of an effective immune
response to HIV. The understanding of effective immune responses and mechanisms of
immune escape are of paramount importance in the development of an HIV vaccine as
exploitation of the mechanisms behind these responses and the development of strategies
that reduce the ability of virus to escape from the immune system will be required to

provide competent immunity in the general population.

Briefly the studies here show that HLA B*2705 positive patients develop CD8+ T-cells
responses specific for naturally processed KK10 epitope-peptide forms identified by
proteasomal digestion238 and that some T-cells are able to cross recognise multiple epitope
forms and are particularly able to cross-recognise the KK10 epitope form. These KK10
epitope form specific TCR have been sequenced and characterised for shared features that
may enable cross-recognition. Crystal structures of the various KK10 epitope forms in
complex with HLA B*2705 show shared and unique structural features, corresponding well
with recognition patterns seen in our functional data. Also shown is that a large number of
the truncated KK10 epitope forms are produced during proteasomal digestion and that the
presence of KK10 escape mutations in the epitope sequence, while abrogating production of
KK10 extended epitope forms, does not reduce production of these truncated forms. In
contrast, extended KK10 epitope forms are not produced following digestion of long
peptides with KK10-associated CTL escape mutations (R132K and L136M) and in peptides
with the L136M escape mutation, no KK10 epitope forms are produced. These truncated
epitope forms are capable of binding the HLA B*2705 molecule and may be able to block the
presentation of KK10 and extended epitope forms at the ratios seen in proteasomal

digestion. Finally we show that KIR3DL1 recognition of the KK10 epitope is considerably
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weaker or absent for the KK10 epitope forms, analysis of structural features and surface

electrostatics provides a basis for this loss of binding.

The ability of patients to recognise KK10 epitope forms, both with and without the
recognition of the KK10 epitope form itself in the patient, as well as the high level of cross-
recognition seen for some epitope forms with KK10 (and the presence of cross recognition
between other epitope forms in some patients) may be an important part of the effective
immune response seen to this epitope. The cross recognition of CD8+ T-cell clones among
these epitope forms may increase the number of T-cell clonotypes able to recognise the
epitope relative to regions where fewer epitope forms are present. This could possibly
sustain the immune response and recognition towards the epitope region even when escape
mutations result in the loss of epitope presentation for individual T-cell populations or a
population becomes exhausted3%8: 309, Notably, the patient we observed to recognise the
most epitope forms and have the highest number of cross-recognising T-cell populations
had the longest confirmed treatment free period at the time of sampling. The abrogation of
production of these epitope forms in viral sequences containing escape mutations also
suggests that reducing their production is beneficial for the virus and is selected during
infection. Analysis of a larger group of patients to enable comparison of disease control
among those with responses to these epitope forms and those with a single KK10 response

will be needed to confirm this hypothesis.

Crystallisation of HLA B*2705 in complex with these recognised epitope forms has allowed
us further insight into the accommodation of the extended epitope forms within the HLA
class-1 groove and shows a shared binding mode at the termini, particularly at the N-
terminus of the groove along with more permissive binding through water-mediated
interactions in the centre of the groove allows this set of peptides to bind. The conserved
binding at the termini, with differing structural motifs and surface exposure of residues in

the central portion of the groove suggest a mechanism whereby cross-recognition and
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epitope specific TCR could be produced to these epitope forms in a manner consistent with

the functional data obtained.

Sequencing and characterisation of the TCR specific for KK10 epitope forms in several
patients has shown some shared features which may be involved in peptide recognition as
well as some differences between TCR capable of cross recognition and those that are
specific for single epitope forms. These data help to show the importance of peptide
structure for the development of cross-recognising TCR. Further TCR sequencing, and the
generation of HLA B*2705-TCR complex crystal structures will improve our understanding
of these interactions and reveal any modifications to peptide structure that occur on TCR

binding, which have been reported for previous complexes#10.

The analysis of proteasomal processing of the KK10 containing region of HIV-1 p24 gag
presented here shows that in the presence of the commonly seen escape mutations R132K
and L136M the production of extended KK10 epitope forms is abrogated, showing that these
mutants also affect proteasomal cleavage patterns. The absence of KK10 production in the
L136M sequence suggests that this escape mutant, until now described variously as acting
through escape of T-cell recognition in some patients and being a prerequisite
compensatory mutation for R132K58 256, may primarily be selected for reduction in
production of the KK10 epitope and the extended epitope forms. The development of new T-
cells specific for the L136M KK10 form has been shown in some studies32! possibly due to
proteasomal independent production of the epitope, cross-recognition of a KL.8 epitope form
or continued presentation of virus lacking the L136M mutation in a small percentage of the
population or at local sites. Examination of in vivo production of epitopes from this sequence

will be required to determine the extent of abrogation that occurs at the cell surface.

In an analysis of viral sequences for the region of p24 gag containing the KK10 epitope we

further identified a number of mutations, one of these was a shift in viral sequence at certain
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positions from the wild-type residue of the clade B virus to that of clade C. Association of a
number of these mutations, including the N120S mutation were significantly associated with
patients lacking recognition of the KK10 epitope and was even more significantly associated
with the absence of R132K and L136M escape mutations (P=<0.0001). This raises the
possibility that substitution of residues at these positions may alter antigen processing and
reduce the presentation of KK10 on the cell surface. Notably, patients without recognition of
the KK10 epitope did not display significant reduction in recognition of other epitope forms
(KI11 showed a trend towards reduced recognition P=0.0582), indicating that these
mutations may act specifically on the KK10 epitope itself or include only certain epitope
forms. Analysis of proteasomal digestions of sequences containing each of the mutations
found and combinations of mutations that were linked will allow us to determine the effect
these shifts have on antigen processing in the region and how this might be connected with
the avoidance of KK10 recognition and development of KK10 intra-epitope escape

mutations.

In addition to the effect of extended KK10 epitope forms on the immune response to this
region, production of truncated KK10 epitope forms was observed in both wild-type and
mutant containing sequences in molar ratios of up to 1200 times that of KK10. These
epitopes consist of a maximum of 8 residues and most have been discounted by previous
studies as too short for HLA class-1 binding. However, data presented here shows
production of the K14, KI5, KL.6, KG7 and KL8 forms and that these epitope forms are indeed
capable of binding HLA B*2705 following using in vitro refolding (KI4, KI5,) and
determination of the crystal structures (KL6, KG7 and KL8). Data produced in collaboration
with Prof Peter van Endert further shows that they are efficiently transported into the
endoplasmic reticulum and I demonstrate that these epitopes do not elicit CD8+ T-cell
responses from ex vivo patient PBMC, though TCR recognising KL.8 were found in dextramer

staining. My preliminary data further suggests that these epitope forms may be capable of
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reducing the T-cell response to the KK10 epitope at the ratios at which they are produced by

the proteasomes.

The production of these short peptide epitope forms by the proteasome, which are able to
bind HLA and may block responses to cytotoxic T-cell epitopes has not, to my knowledge,
previously been shown. The continued production of these epitopes in proteasomal digests
in the presence of escape mutant containing sequences further suggests that these epitope
forms may play a role in the modulation of the T-cell response to this region. We suggest
that this may be a previously unrecognised form of viral escape. The presence of short
epitope forms capable of HLA binding in other responses would help to indicate whether
this is a widespread escape mechanism and the extent to which it operates in HIV-1

infection and in other viral infections.

Previous studies have indicated that the presence of KIR3DL1 in combination with the
HLA*B2705 epitope may delay disease progression following infection with HIV-1325,
Though licensing of NK cells by the presence of cognate ligand for KIR3DL1 has been
suggested as a mechanism for improving NK effector function and therefore control of
disease, the effects of direct interaction of KIR3DL1 containing cells with HLA B*2705+ HIV-1
infected cells have yet to be shown. The loss of binding observed for KK10 epitope forms in
comparison to KK10 reveals a straightforward mechanism: the loss of NK inhibitory
interaction with the HLA B*2705 molecule on the surface of infected cells due to the
presentation of KK10 epitope forms unable to bind KIR3DL1 would result in lysis by the NK
cell and so reduce overall viral replication. The analysis of lysis by NK cells of cells
presenting these epitope forms would provide further information as to the validity of this
suggestion. However the identification in several patient viral sequences of a mutation that I
show abrogates KIR3DL1 binding of the KK10 epitope may show selection pressure to

reduce recognition of infected cells and analysis of the ability of CD8+ T-cells to recognise
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our proposed NK escape variant will help us to determine whether this mutation is directed

by NK selection pressure alone or by a combination of CTL and NK pressures.

Previous attempts to create vaccines for HIV-1 that induce effective cellular immune
responses have been largely unsuccessful. However, both CD8+ and CD4+ T-cell responses
do seem to be generated when using vector-delivered DNA vaccines. These immune
responses have resulted in either no effect on the rate of infection or an increase in
acquisition?6; 426; 427428, Current DNA vaccines rely on natural epitope and flanking sequences
for commonly presented epitopes. The design of these constructs may be improved by the
use of modified sequences which promote the production of viral epitopes that are readily
recognised by the immune system and reducing the presence of those that are less effective
or serve to obscure recognition of useful epitopes. The work here contributes towards our
understanding of the control of antigen processing and presentation in this conserved

region of p24 gag and with further work may be useful in aiding the design of such a vaccine.

In addition to vaccine design, this work highlights the variation in length of peptide epitopes
that are capable of binding HLA B*2705 and begins to determine factors controlling the
extent to which CD8+ T-cells are able to recognise and cross recognise these epitope forms.
A more comprehensive understanding of these processes is essential for improving our
ability to modulate their development in order to improve the immune response to viral

infections.
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6.1. Further studies

Repetition of IFNy ELISpot assay to confirm findings that truncated KK10 epitope
forms affect the response to KK10 (Figure S 18).

T-cell sorting and clonotyping for additional patients in order to better understand
responses and the characteristics of TCR recognising these peptides.

Extension of viral sequencing to further patients and proteasomal digestion of
sequences containing combinations of mutations of interest identified from our
sequence analysis.

Creation of a TCR-HLA B*2705 crystal structure with the KK10 epitope forms to
determine the mode of TCR binding and effects on the peptide conformation of TCR
docking.

Extension of ICS assay to assess CD4+ T-cell cytokine production in response to

KK10 epitope forms.
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7. Materials and Methods
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7.1. Production of HLA B*2705 Monomers

7.1.1. Expression of HLA B*2705 heavy chain and f2M

Expression of HLA B*2705 heavy chain and $2M was carried out using a slightly modified
protocol to that in3%. One Shot® BL21(DE3)pLysS Chemically Competent E. coli were
transformed according to protocol (Invitrogen C6060-03) with the prepared vector. The
E.coli were plated onto LB agar plates containing ampicillin at 100pg/ml concentration. A
single colony was picked and transferred to 100ml LB Amp (100pg/ml ampicillin added)
medium. This was then left shaking overnight at 37°C. The optical density at 600nm was
measured and the volume needed to give an OD600 of 0.05 was added to 1litre LB Amp
medium. This was incubated at 37°C with shaking and the OD600 checked regularly. When
the OD600 reached between 0.5 and 0.8, 0.5ml 1M IPTG was added to the flask to induce
expression of HLA heavy chain protein. The flask was then incubated at 37°C with shaking
for a minimum of 6 hours. The E.coli containing growth media was transferred to 1 litre
centrifuge buckets and spun in an ultra-centrifuge at 6000rpm for 15 minutes. The
supernatant was then discarded and the pellet homogenised with approximately 20mls cold

PBS. This was frozen at -80°C for future purification.

7.1.2. Purification of Inclusion bodies

The purification carried out was a slightly modified version of the protocol given in3%. The
pellet-PBS homogenate from the previous step was first thawed to 4°C and kept on ice. The
mixture was sonicated (while still on ice) using a Sanyo Soniprep 150 sonicator at an
amplitude of 8 microns for 1 minute. The sample was then left to cool for a minute before

the sonication was repeated. This was done for 5 minutes total sonication time. Once
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sonicated, the sample was placed in an ultracentrifuge and spun at 15000rpm for 10
minutes. The supernatant discarded and the pellet retained. The pellet was homogenised
with 15ml Triton wash buffer (0.5% Triton X-100, 50mM Tris pH 8.0, 100mM NaCl, 1mM
EDTA) and re-centrifuged to remove debris. This was repeated 3 times. Finally, the pellet
was homogenised in 15ml resuspension buffer (50mM Tris pH 8.0, 100mM NaCl, 1mM
EDTA, 1mM DTT) and centrifuged again at the same settings to remove any remaining triton
detergent. The protein pellet was solubilised in approximately 5mls urea buffer (8M urea,
0.1M NaH;PO4 10mM Tris pH 8.0, 0.1mM EDTA, 0.1mM DTT). The solubilised protein was
returned to the centrifuge and spun for 10minutes at 15000rpm to pellet any insoluble
impurities, the supernatant carefully removed and saved. The pellet was discarded. The
protein concentration in the supernatant was then measured using absorbance at 280nm on

a Nanodrop (Thermo-Scientific) spectrophotometer. Aliquots were stored at -80°C.

7.1.3. Invitro refolding by rapid dilution for HLA B*2705, 2M and peptide

Refolding of HLA B*2705 and HLA A*0201 complexes was undertaken using a rapid dilution
method first given in42% and subsequently modified by430. In the modified method a 500ml
solution of 400mM L-Arginine monohydrochloride, 100mM Tris pH8.0 is cooled to 4°C. 5mM
reduced glutathione and 0.5mM oxidised glutathione were then dissolved in this solution.
Once completely dissolved 10mg 32M purified from inclusion bodies and solubilised in urea
buffer (8M Urea, 0.1M NaH;P04 10mM Tris pH 8.0, 0.1mM EDTA, 0.1mM DTT) was injected
into the mixture while stirring. This was followed by 1.67mg peptide solubilised in 67l
DMSO and made up to 1ml with 8M Urea (or urea buffer). After 30 minutes incubation,
10mg A*0201 or B*2705 heavy chain also in urea buffer was added dropwise to the stirring
solution. The solution was then left for 24 hours stirring at 4°C. The addition of 32M, peptide

and heavy chain was repeated as before and left again for 24 hours. After a final addition of
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peptide and protein to bring the total added to 30mg B2M and heavy chain, and 5mg

peptide. The solution was left for a minimum of 2 days stirring at 4°C before concentration.

7.1.4. Separation and purification of the HLA B*2705 heterotrimer

Size exclusion purification of HLA B*2705 and HLA A*0201 monomers was carried out
following refolding using an AKTA Purifier system and a HiLoad 26/60 Superdex 75 prep
grade gel filtration column (GE Healthcare) in FPLC buffer (20mM Tris pH 8.0, 100mM
NaCl). The heterotrimer peak was initially checked by running eluent fractions
corresponding to absorbance peaks on an SDS-page gel to identify the composition of each
peak. The heterotrimer peak is identified as having roughly equal intensity of the HLA
B*2705 heavy chain band and the 32M band. The heterotrimer was then given a final
purification or “polish” by running the fraction through a Superdex 75 10/300 GL column
(GE Healthcare) on the AKTA purifier system. Refolded heterotrimer taken from this
purification was checked again on an SDS page gel before being concentrated for
crystallization trials using Amicon Ultra-0.5 Centrifugal Filter Units with an Ultracel-10
membrane. Typical concentrations for trials were 13mg/ml, measured using absorbance at
280nm on a Nanodrop (Thermo-Scientific) spectrophotometer (extinction co-efficient
calculated and used to determine concentration from absorbance). The optimal
concentration for crystallisation was determined for each refold using a PCT™ Pre-

Crystallisation Test (Hampton Research).
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7.2. Production of HLA B*2705 Crystal Structures

7.2.1. Crystallisation screening

Crystallisation was carried out using the sitting drop vapor diffusion method using facilities
at the division of structural biology (STRUBI) in the Wellcome Trust Centre for Human
Genetics, University of Oxford. Briefly, prepared crystallisation screen (Hampton research)
reagents were dispensed into a CrystalQuick 96 Well Sitting Drop Plate (Greiner) using the
Hydra edrop II (Thermo-Scientific) and 10nl protein mixed with 10nl of the well buffer
condition using Microsys liquid handler (Cartesian Technologies), this was dispensed as a
sitting drop for each well. Crystallisation screens used for these HLA B*2705 complexes
were: PEG/Ion, Index, Block 1, Block 2, Block 3 and Block 4. Crystal screens were stored

using a Formulatrix storage and imaging system at 4°C.

7.2.2. Data collection and model refinement

Crystals obtained from the screens were picked from wells at 4 °C using and immersed in
reservoir buffer mixed with 20% glycerol as a cryo-protectant. The crystal was then vitrified
at 100K in liquid nitrogen. X-ray diffraction was carried out on beamlines at the European
Synchrotron Radiation Facility (ESRF), located in Grenoble, France (www.esrf.eu) or at

Diamond, Harwell, UK (www.diamond.ac.uk) as detailed in (Table 29). A model was

constructed using molecular replacement based on the structure (PDB ID: 1WO0V)260 in
which the original peptide was omitted from the modeling process to avoid bias. Refinement
of the model and building of the peptides were then carried out using the programs CO0T431,
BUSTER432, and Phenix433. Validation of these models to prepare for deposition in the

Protein Data Bank was carried out using MolProbity397. Further analysis and figures were
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made using the PyMol molecular graphics program (Schrodinger). The Adaptive Poisson-
Boltzmann Solver (APBS) plugin was used to calculate electrostatic potentials for the models

shown through solving of the Poisson-Boltzmann equation434.

7.3. Exvivo staining of patient PBMC’s with HLA B27 Dextramers

7.3.1. Donors

Cryopreserved peripheral blood mononuclear cells (PBMC) from HLA B*2705-positive HIV-
1-infected individuals were provided by the Department of Infectious Diseases,
Righospitalet in Copenhagen, Denmark. Ten donor patient samples were provided with four

of these at more than one time-point.

7.3.2. Dextramer staining

PBMCs were resuspended in FACS buffer (PBS w. 5%FCS) and 100pl was plated per well at a
density of 1 x10%/ml. PBMC were then stained with LIVE/DEAD® fixable violet dead cell
stain (Invitrogen) for 20 minutes at room temperature. Cells were washed twice and then
incubated with appropriate dextramers as per the manufacturer protocol43s. The cells were
then incubated with antibodies (CD3 EDC (Beckman Coulter), CD4+ APC-eFluor®E780
(eBioscience), CD8+ PerCP (BD)), for a further 30 minutes at 4 °C, washed and fixed with 1%
Formaldehyde for a minimum of 1 hour prior to analysis. After fixation, the cells were
analysed on a Dako CyAn ADP flow cytometer at the WIMM FACS facility using summit
software. Non-identical HLA dextramers with an irrelevant epitope were used as gating
controls, single color stains of cells with appropriate antibodies and unstained cells were

used to calculate the compensation. Analyses were carried out using the Flowjo version 9.2
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(TreeStar Inc.) software package. Graphical representation and statistical analysis was

performed using Prism software (Graphpad).

7.4. Separation, extraction, cloning and sequencing of KK10 epitope

form specific CD8+ T-cells

7.4.1. Staining and cell sorting

Cell sorting took place in the Henry Wellcome building for biomedical research at Cardiff
University in the lab of David Price. Staining of patient PBMC with dextramer was carried
out according to the manufacturers protocol435 and as described above (Chapter 7.3).
Additional antibodies to those used for dextramer staining on the cyan flow cytometer for
cell type and phenotypic markers were used in this assay in order to obtain improved
separation and additional data on T-cell function (CD45R0, CD57, CD27, CD14, CD19, CD56).
Compensation controls were set up using BD CompBeads with single colour antibody
staining. Cell sorting was carried out using a customized 20-parameter FACSAria II flow
cytometer (BD) and samples were sorted directly into 1.5ml tubes containing RNAlater
(Invitrogen). FACSAria II Set-up and sample running were carried out with the assistance of

Dr. Kristin Ladell.

7.4.2. mRNA Isolation

mRNA isolation was carried out place in the Henry Wellcome building for biomedical
research at Cardiff University in the lab of David Price with the assistance of Dr James
McLaren. Isolation was performed using a pMACS mRNA isolation kit according to the

manufacturers protocol436. Briefly, cells were centrifuged in RNAlater for 7 minutes at
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15000g. Supernatant was then removed from the sample, 900ul Lysis/Binding buffer added
and the sample mixed. 50ul Oligo(dT) beads were added to the lysate and mixed. The lysate
was then loaded onto a MACS column pre-rinsed with 100ul Lysis/Binding buffer and
allowed to run through. The column was then washed with 2 x 200pl of Lysis/Binding buffer
followed by 4 x 100pl Wash buffer. 27pl hot Elution buffer was then applied to the column
and allowed to run through. A further 30ul hot Elution buffer was applied and the eluate

collected.

7.4.3. Reverse transcription and amplification of cDNA

cDNA was made from the mRNA obtained in the previous step through the use of the
SMARTer RACE cDNA amplification kit (Clontech). All reagents are those provided in this kit

unless indicated otherwise.

Briefly to prepare RACE ready cDNA 1pl of the 5’ CDS primer A was added to 6pul mRNA. This
was heated at 72°C for 3 minutes and then held at 42°C for 2 minutes. To this was added 1pl
SMARTer Il anchor oligonucleotide, 2pul 5x First Strand buffer (250mM Tris-HCI (pH 8.3),
375mM KCI, 30mM MgCl;), 1pl DTT (20mM), 1pul dNTPs (each 10mM), 1ul RNAse inhibitor
(40U/ul) and 1pl Superscript II RNAse H- Reverse Transcriptase (supplied at 200U/pl,
Invitrogen) and the mix was heated at 42°C for 2 hours. 10pl Tricine-EDTA buffer (10mM
Tricine-KOH (pH 8.5), 1.0mM EDTA) was added and the Reverse Transcriptase denatured

through heating at 72°C for 10 minutes. cDNA was stored at -80°C until ready for use.

For amplification of cDNA for the TCR a and {3 chains the following primers were used:
MBC2 (B-chain)(25uM): 5’-tgcttctgatggctcaaacacagcgacct-3’
Hu3CAC3 (a-chain)(25uM): 5’-aataggcagacagacttgtcactgga-3’

5x Universal Primer Mix (UPM)(Clontech):
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Long (0.4pM): 5’-ctaatacgactcactatagggcaagcagtggtatcaacgcagagt-3’

Short (2uM): 5’-ctaatacgactcactatagggc-3’

In a 50pl reaction, 1pl of the TCR chain specific primer was combined with 10ul UPM, 1pl
dNTPs, 5ul 10x PCR buffer (400mM Tricine-KOH (pH 8.7 at 25°C), 150mM KOAc, 35mM
Mg(0Ac)2, 37.5ug/ml BSA, 0.05% Tween 20, 0.05% Nonidet-P40), 1ul dNTPs, 13ul cDNA
from previous stage, 19ul of DEPC treated water and 1pul 50x Advantage 2 polymerase mix
(TITANIUM Taq DNA polymerase, proofreading polymerase and Tagstart antibody, 1.1pg/pl
in 50% glycerol, 15mM Tris-HCL (pH8.0), 75mM KCl, 0.05mM EDTA). This was mixed and
underwent the following PCR program on an applied biosystems GeneAmp 2700 thermal
cycler:

95°C for 30 sec

to activate Tagq, then....

95°C 5sec

72°C 2 min
for 5 cycles

95°C 5sec

70°C 10 sec

72°C 2 min
for 5 cycles

95°C 5sec

68°C 10 sec

72°C 2 min

for 35 cycles
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Following this, the reaction mixture was run on a 1.3% Agarose gel (TAE buffered) with a
100bp DNA ladder marker and bands were visualised using SYBR Gold (Invitrogen) staining
under a UV light source. Bands at approximately 500bp were cut from the gel (TCR chains
run at approximately this size, with variation of around+/-100bp). cDNA was extracted from

these bands using the Nucleospin extract II kit (Clontech).

7.4.4. Cloning of TCR into TOPO vector and preparation for sequencing

Purified cDNA was ligated into the pCR4-TOPO vector (Invitrogen) using the TOPO TA
Cloning Kit for Sequencing (Invitrogen). 4pl of cDNA was mixed with 1p1 salt solution (1.2M
NaCl, 0.06M MgCl;) and the TOPO vector (10ng/pl plasmid linearized with bound
topoisomerase in 50% glycerol, 50mM Tris-HCL pH7.4, 1mM EDTA, 2mM DTT, 0.1% Triton
X-100, 100pg/ml BSA 30uM phenol red). This was incubated at room temperature for 5

minutes.

The ligated construct was transformed into DH5a-T1R competent E.coli (Invitrogen). Briefly
2ul of the cloning reaction was added to tubes of One Shot DH5a-T1R (Invitrogen) and
incubated on ice for 20 minutes. The cells were then heat shocked at 42°C for 30 seconds
and returned to ice for 2 minutes. 250pul S.0.C medium (2% tryptone, 0.5% yeast extract,
10mM NaCl, 2.5mM KCl, 10mM MgClz, 10mM MgS04, 20mM glucose) was added and the cells
incubated at 37°C for 45 minutes. Cells were then plated onto LB AIX plates (LB agar with
0.1mM IPTG and 40pg/ml X-gal) and incubated overnight at 37°C.

Following incubation, colony PCR was performed for amplification of single TCR sequences.
Platinum High Fidelity Taq DNA polymerase (Invitrogen) was used for this PCR. 96 well PCR

plates (Bio-Rad) were prepared with 2.5pl 10x HiFi buffer (600mM Tris-SO4 (pH8.9),
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180mM Ammonium Sulfate), 1pl MgS04 (50mM), 0.5ul dNTPs, 0.14ul HiFi Taq, 18.86ul PCR
grade H20 and 1pl each of the following primers:

M13F (5uM): 5’-ttttcccagtcacgac-3’

M13R (5uM): 5’-caggaaacagctatgac-3’

Individual white colonies were transferred from the AIX plates into each well. One 96 well
plate was completed for each KK10 epitope specific T-cell population. Two wells were
reserved for negative controls, one without a colony and one with a blue colony added. PCR

used an applied biosystems GeneAmp 2700 thermal cycler, the program was as follows:

95°C 30sec
57°C 30sec
68°C 3min

Repeated for 35 cycles
Prior to sequencing, amplification of cDNA was confirmed by screening of 5ul of 12 colonies
from across the plate and the negative controls on a 1.3% Agarose gel for appropriate sized

bands.

7.4.5. Sequencing of TCR

Sequencing was carried out using the MBC2 or HU3CA3 primers as appropriate at the
Weatherall Institute of Molecular Medicine core sequencing facility using a 48 capillary ABI-
3730 DNA analyser. Sequences were analysed by import into Sequencher (Gene Codes

Corporation, Ann Arbor, MI, USA) aligned and manually edited.
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7.5. Intracellular cytokine staining of patient PBMC

Patient PBMC was thawed and resuspended in RPMI-1640 medium (Sigma) containing 10%
Fetal Calf Serum, 100U penicillin/ml, 100pg streptomycin/ml, 2mM L-glutamine (R10
medium) along with 10ul DNase (2mg/ml) and incubated at 37°C for 1 hour at1 x10°
cells/ml. Cells were then washed in R10 and at this stage approximately 1.5 x10° cells were
taken for later gag sequencing and stored in white blood cell lysis buffer (Qiagen). Cells were
then plated out at 100pl per well and stimulated with 1pl CD28/CD49d Co-stimulatory agent
(BD Biosciences), 500ng/ml ionomycin and 50ng/ml phorbol 12-myristate 13acetate (PMA).
At this stage 4pul CD107a-FITC was also added to samples along with peptides (dissolved in
DMSO and diluted in R10) at the required concentration. Unstimulated control samples
received only the co-stimulatory agent. Following incubation at 37°C for 1 hour 1ul of
Golgiplug (containing Brefeldin A) and 0.2pul of Monensin (final conc 2uM) (ebioscience)

were added per well. Samples were then incubated at 37°C for 5.5 hours.

Samples were then washed twice in FACS buffer and resuspended in FACS buffer with
LIVE/DEAD® fixable violet dead cell stain (Invitrogen) for 20 minutes at room temperature.
Cells were washed twice, fixed and permeabilised using Cytofix/Cytoperm solution and
wash (BD biosciences), they were then stained with the following antibody panel, CD3 EDC
(Beckman Coulter), CD4+ APC-eFluor®E780 (eBioscience), CD8+ PerCP (BD), IL-2 PE, IFN-g
Pe-Cy7 and TNF-a APC (all ebioscience), for 30 minutes at 4°C. Cells were washed and

resuspended in 1% formaldehyde for analysis.

252



7.6. Sequencing of HIV-1 p17 and p24 gag from patient PBMC

Cells obtained from patient samples either during dextramer staining or ICS analysis were
stored in Cell Lysis Solution (Qiagen) and DNA was extracted using the Qiagen Gentra
Puregene Blood Core Kit A according to manufacturers protocol. Briefly lysed cells were
treated with RNase and protein was precipitated. DNA was the precipitated using

isopropanol, washed in ethanol and resuspended in PCR grade water.

An established nested PCR technique was then used to amplify the gag sequences from the
proviral DNA. We used the Advantage 2 polymerase kit (Clontech) for both thelst and 2nd

round PCR reactions. Buffers and enzyme specifications can be found in section 7.4.3

1st Round reaction
These were used in a 25pl reaction mix in combination with 2ul extracted DNA and 0.25ul of

each of the following primers:

Forward primer: Gag positions 728-751: 5’-cgaggggcggcgactggtgagtac-3’

Reverse primer: Gag positions 1941-1916: 5’-cctaaaattgcctctctgcatcatta-3’

This underwent the following PCR program on an applied biosystems GeneAmp 2700

thermal cycler:

95°C 1min
Then

95°C 30sec
50°C 15sec
68°C 3min

-For 5 cycles
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95°C 30sec
55°C 15sec
68°C 3min

-For 5 cycles

95°C 30sec
65°C 3sec
68°C 3min

-For 25 cycles

2nd Round reaction

Following the amplification in the 1st reaction, 3pl of the reaction mix was used in a 50pul mix

with 0.5pl of the following primers:

Forward primer: Gag positions 763-788: 5’-tgactagcggaggctagaaggagaga-3’

Reverse primer: Gag positions 1911-1884: 5’-agctgaatttgttacttggctcattgcce-3’

This underwent the following PCR program on an applied biosystems GeneAmp 2700

thermal cycler:

95°C 1min
Then

95°C 30sec
58°C 15sec
68°C 3min

-For 10 cycles
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95°C 30sec
65°C 3sec
68°C 3min

-For 25 cycles

Following this, amplification was confirmed and the DNA purified by running on a 1%
Agarose gel with a 1kb DNA ladder marker. A single band at approximately 1kb was
extracted and purified using the Nucleospin extract II kit (Clontech). Purified DNA samples
were cloned into the PCR4 TOPO vector for sequencing for further amplification using the
method described in 7.4.4. 10 colonies were then picked, placed in 5pl LB medium with
ampicillin (100pg/ml) and incubated overnight. Plasmid DNA was extracted from these
cultures using the Qiaprep spin miniprep kit (Qiagen) according to manufacturers protocol.
Prior to sequencing, ligation and transformation were checked by performing an ECoR1
restriction digest (NEB) on 2ul of the purified DNA and running the resulting reaction mix
on a 1% Agarose gel. Samples containing a band at 1kb were sent for sequencing at the
Weatherall Institute of Molecular Medicine core sequencing facility using a 48 capillary ABI-
3730 DNA analyser. Sequences were initially analysed by import into Sequencher (Gene
Codes Corporation, Ann Arbor, MI, USA) aligned and manually edited. Further analysis was

performed through manual alignment and editing in MacClade.
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7.7. T2 cell line KK10 epitope form binding assay

T2 cells transfected with HLA B*2705 were thawed and expanded for several days in R10
medium. Cells were washed and resuspended in RPMI-1640 medium (Sigma) containing
100U penicillin/ml, 100pug streptomycin/ml, 2mM L-glutamine (RO medium), 1.5 x 10> cells
were plated into wells of a 96 well tissue culture plate and incubated with KK10 epitope
form peptides KL8, KK10, KI11, KR13 and KM14 at concentrations of 0-100uM. TW10 and
KL8 KKM were used as non-HLA B*2705 binding control peptides. Incubation was at 28°C
for 16 hours. Cells were then washed and resuspended in PBS and stained with
LIVE/DEAD® fixable violet dead cell stain (Invitrogen) for 20 minutes at room temperature.
Cells were washed again and stained with HLA B*2705 specific ME-1 antibody (produced by
HIU lab management) and then washed and a secondary anti mouse IgG FITC conjugated
antibody added, each incubation was for 30 minutes at 4°C. Finally cells were washed and

fixed in 1% formaldehyde prior to analysis.

7.8. T2 cell IFNy ELISpot competition assay

7.8.1. Expansion of T-cell clones

Fresh blood from 3 healthy donors was collected and lymphocytes were isolated through
Ficoll-Paque (GE Healthcare) density gradient separation. Donor lymphocytes were mixed
and resuspended to a density of 2 x10° cells/ml in RPMI-1640 medium (Sigma) containing
10% Human AB Serum, 100U penicillin/ml, 100pg streptomycin/ml and 2mM L-glutamine

(H10 medium). The mixed lymphocytes were then irradiated at 3000 rads for 15 minutes.
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In a T25 flask, thawed vials of 1 X10%cells of the KK10 specific T-cell clone G12C was
combined with 20mls H10 medium combined with 25ng/ml IL15, 1pg/ml
phytohemagglutinin (PHA), 20iU/ml IL2 and 1 x107 cells irradiated donor PBMC. Flasks are
then incubated undisturbed at 37°C for 5 days. At day 5, 10mls of media are removed from
the flask without disturbing the cells and replaced with H10 containing 25ng/ml IL15 and
20iU/ml IL2. This is incubated for a further 2 days. Finally, cells are counted and plated in

H10 containing 25ng/ml IL15 and 200iU/ml IL2 at 3 x10° cells/well in a 24 well plate.

7.8.2. IFNy ELISpot assay

An ELISpot assay was used to determine the effects of truncated peptides on the IFNy
response to KK10 by CD8+ T-cells (Millipore IFNy ELISpot kit). A KK10 specific clone, G12C
(kindly provided by Prof Victor Appay) was used with a T2 tap deficient, HLA class-1
deficient murine B-cell line transfected with HLA B*2705 (kindly provided by Dr Simon
Kollnberger) as target cells. These cells were incubated with an IC50 concentration of KK10
determined through titration of the KK10 response in an initial ELISpot assay. Truncated
peptides were incubated with samples in increasing concentrations against the IC50 KK10
peptide to determine the presence of any effect on the KK10 response. Cells incubated with
either IC50 KK10 alone or each of the truncated peptides alone at their highest
concentration were used as controls. Truncated peptide alone wells provided baseline

readings for analysis. Samples were tested in duplicate.

Briefly, ELISpot 96 well plates (Millipore) were coated with capture antibody at 15ug/ml.
Plates were incubated for 2 hours at 37°C before washing 6x with RPMI-1640 (Sigma).
Before use plates were blocked with R10 medium for 1 hour at room temperature. In a

round bottomed 96 well tissue culture plate 5 X103 T2-B27 cells were plated in each well
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(50ul) and appropriate concentrations of the truncated peptides KL.6, KG7 and KL8 or a pool
of these were added and incubated at 37°C for 30 minutes. KK10 at the IC50 concentration
was then added to samples and incubated for a further 30 minutes. The G12C clone was then
added to the wells at 200 cells/well. Following this, blocking medium was removed from the

ELISpot plate and samples transferred. The plate was incubated overnight at 37°C.

Cells were then removed from the plate and the plate washed 6x with PBS containing 0.05%
Tween-20. Detector antibody (50ul per well) was then incubated on the plate for 3 hours at
room temperature before repeating the wash step. This process was repeated for the
conjugate antibody, (50ul per well, 1.5 hours incubation) before developing the plate and
leaving to dry for two days with ventilation. Spots were counted using an ELISpot plate

reader and converted to spot forming units (SFU).

7.9. KIR3DL1 binding Assay

BAF/3 IL3 dependent murine pro-B lymphoid cell lines stably transfected with KIR3DL1,
KIR3DL2 and without transfection (Kind gifts from Dr Simon Kollnberger) were expanded in
R10 medium with 0.5ng/ml mouse IL3. Cells were washed in FACS buffer (PBS with 5% FCS)
and plated at 100ul/well at a density of 2 x 10° cells/ml. Cells were then stained with
LIVE/DEAD® fixable violet dead cell stain (Invitrogen) for 20 minutes at room temperature.
Cells were washed twice and then incubated with appropriate dextramers as per the
manufacturer protocol43s. Following this, cells were washed and fixed in 1% formaldehyde
for a minimum of 1 hour prior to analysis. Samples were prepared in duplicate for each test
(up to 3 tests for some dextramer). Controls included a negative unconjugated PE/APC only
stain and untransfected BAF cells with identical dextramer stains. Expression of KIR3DL1

was confirmed using a KIR3DL1 specific DX9 antibody (FITC conjugated, BD biosciences).
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9.1. HLA B*2705 and A*0201 Tetramer Production

9.1.1. Production of B27 heavy chain constructs for protein expression

Production of B27 heavy chain constructs for protein expression was undertaken to allow
for refolding and production of the HLA B2705 molecule bound to peptides of interest
identified in the above and previous antigen processing studies. These B2705 complexes
will be used for tetramer production and structural studies. The sequence used is seen in
figure 5 and was obtained from the Anthony Nolan HLA database

(www.ebi.ac.uk/imgt/hla/).

ATGCGGGTCACGGCGCCCCGAACCCTCCTCCTGCTGCTCTGGGGGGCAGTGGCCCTGACCGAGACCTGGGCTATGGGCTC
CCACTCCATGAGGTATTTCCACACCTCCGTGTCCCGGCCCGGCCGCGGGGAGCCCCGCTTCATCACCGTGGGCTACGTGG
ACGACACGCTGTTCGTGAGGTTCGACAGCGACGCCGCGAGTCCGAGAGAGGAGCCGCGGGCGCCGTGGATAGAGCAGGAG
GGGCCGGAGTATTGGGACCGGGAGACACAGATCTGCAAGGCCAAGGCACAGACTGACCGAGAGGACCTGCGGACCCTGCT
CCGCTACTACAACCAGAGCGAGGCCGGGTCTCACACCCTCCAGAATATGTATGGCTGCGACGTGGGGCCGGACGGGCGCC
TCCTCCGCGGGTACCACCAGGACGCCTACGACGGCAAGGATTACATCGCCCTGAACGAGGACCTGAGCTCCTGGACCGCC
GCGGACACGGCGGCTCAGATCACCCAGCGCAAGTGGGAGGCGGCCCGTGTGGCGGAGCAGCTGAGAGCCTACCTGGAGGG
CGAGTGCGTGGAGTGGCTCCGCAGATACCTGGAGAACGGGAAGGAGACGCTGCAGCGCGCGGACCCCCCAAAGACACACG
TGACCCACCACCCCATCTCTGACCATGAGGCCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCCTGCGGAGATCACACTG
ACCTGGCAGCGGGATGGCGAGGACCAAACTCAGGACACTGAGCTTGTGGAGACCAGACCAGCAGGAGATAGAACCTTCCA
GAAGTGGGCAGCTGTGGTGGTGCCTTCTGGAGAAGAGCAGAGATACACATGCCATGTACAGCATGAGGGGCTGCCGAAGC
CCCTCACCCIGAGATGGGAGCCGTCTTCCCAGTCCACCGTCCCCATCGTGGGCATTGTTGCTGGCCTGGCTGTCCTAGCA
GTTGTGGTCATCGGAGCTGTGGTCGCTGCTGTGATGTGTAGGAGGAAGAGCTCAGGTGGAAAAGGAGGGAGCTACTCTCA

GGCTGCGTGCAGCGACAGTGCCCAGGGCTCTGATGTGTCTCTCACAGCTTGA

Figure S 1: HLA B*2705 cDNA sequence taken from the Anthony Nolan HLA sequence database. Reference
number HLA00225. Highlighted area shows protein-coding sequence cloned into plasmid vector. Underline
indicates sequence used to create primers to amplify sequence from human cDNA. Italicized area shows
sequence primers designed for mutation of free cysteine residue to serine.
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This sequence was used to design the following primers (fig 6) and then to amplify the
sequence from human cDNA extracted from a B cell line (ref). The sequence was originally to
be produced both with and without the cysteine residue at position 67, as this is a free
cysteine, which may have reduced refolding efficiency. Therefore, primers were also
designed for this section of the sequence with the single letter mutation to encode a serine
instead of a cysteine at this position. The two halves of the sequence were then digested by
restriction endonucleases at a cleavage site encoded into the primers and re-ligated.
However, since other work suggested that this mutation affected epitope binding to the

complex437; 438 this construct was not continued.

A. Forward Crystallisation Primer C. Forward Tetramerisation Primer

5° CAGACCTEATATEATGGGCTCCCAC 3 5 CAGACCTEORBGEGCTCCCACTCC *3

B. Reverse Crystallisation Primer D. Reverse Tetramerisation Primer
5> CACGTCCTEICGGAGCTCCCATCTCA ‘3 5 TGCAGATEGRIGETCCCATCTCA 3

Figure S 2: Primer sequences for amplification of B2705 Heavy chain and ligation into both pET 22b (A. and
B.) and pET 23d (C. and D.) vectors. Light grey shows the section of the primer corresponding to a stretch
of B2705 sequence. Dark grey indicates the restriction endonuclease recognition site. The ATG start codon
is highlighted in bold type. The restriction endonucleases used are A. NDE1 B. XHO1 C. NCO1 AND D.
BAMH1. All primers were tested for compatibility and melting temperature using Netprimer
(http://www.premierbiosoft.com/netprimer/index.html).

A. Forward Site Directed Mutagenesis Primer
5> AGGAGGGGCCGGAGATTGG 3°
B. Reverse Site Directed Mutagenesis Primer

5> GTCTCCCGGTCCCAATACTCC 3’

Figure S 3: Primer Sequences for Site directed mutagenesis of Cytosine 178 to Thymine. The mutated base
is shown in dark grey. Primers were creating using guidance from the QuikChange® Primer Design
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Program. All primers were tested for compatibility and melting temperature using Netprimer
(http://www.premierbiosoft.com/netprimer/index.html).

It was also necessary to mutate the sequence as after sequencing the resulting constructs it
was discovered that the B cell line was in fact subtype B*2703 and not subtype B*2705 as
required. The single nucleotide modification of the construct was done using site directed

mutagenesis with specific primers to the region to be mutated (Fig.7).
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Figure S 4: Sequence alignment of HLA B*2705 sequence from Anthony Nolan trust (top sequence) and

sequence obtained from sequencing insert from pet22b vector with B2705 amplified from human cDNA
(PP-1+rT7) using primers for the T7 and reverse T7 promoters.

The final construct was then sequenced and compared to the reference sequence for
validation. The sequence alignment is shown in figure 8 for the pet 22b vector construct. The

vector used for the tetramerisation construct was a pET23d plasmid containing a
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biotinylation tag and a His tag. The vector used for the crystallisation construct was a

pET22b plasmid without a biotinylation tag.

Despite sequencing the insert and surrounding portions of both vectors showing these were
identical to the reference and vector sequences, good expression of the B27 heavy chain
protein was not obtained for either construct. Expression conditions were varied and
several bacterial strains were used but none increased expression significantly. Fortunately,
two HLA B2705 heavy chain constructs donated by Paul Bowness for comparison studies
could be used. Both of these were the PLM-1 vector, with the tetramerisation vector again

having a His tag and a biotinylation tag. The crystallisation vector has a His tag only.

Expression from these vectors using a standard protocol (Method in Chapter 7.1.1) was
robust and the B*27 band at 36kDa can be seen in lane A of the gel in figure 9. 32M, seen at
11kDa in band B, was expressed from a pET23d vector construct that had been previously

generated in the lab.
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Figure S 5: 4-20% Tris-Glycine SDS Novex PAGE gel showing A. B*2705 band at 36kDa and B. B2m band at
11kDa, both purified from BL21 E.coli inclusion bodies.
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The B27 heavy chains for both tetramerisation and crystallisation have so far been refolded
with 2m and the peptides shown in Table 1 to produce HLA B27 molecules containing the
KK10 processing variants identified in antigen processing studies. Figure 10B shows an
absorption graph for the size exclusion purification of a refold of B27 heavy chain with his
tag, B2m and a KI11 peptide, figure 10C shows the heterotrimer during further size
exclusion purification. Figure 11 shows the protein from each peak run on an SDS page gel.
This shows the presence of both B27 heavy chain and/or f2m in the fractions. In peak C,
both B27 and B2m are present in equal amounts, suggesting it contains correctly folded
protein and is therefore the peak of interest. Refolding without the presence of a peptide can
also be used for comparison and is shown in figure 10A. Table 1 shows the HLA A*0201 SL9,
SY10 and SL9/SY10 escape mutant tetramers that have been created for comparison of

CD8+ T cell responses with those to the KK10 variants complexed with B*2705.

MHC Class 1 Allele |HLA A201 HLA B2705
peptide comments peptide
SLYNTVATL KRWIILGL
SLYNTVAVLY KRWIIMGL
SLFNTIAVL KKWIIMGL
. SLFNTIAVLY KRWIILGLNK
Peptides Refolded |\ enyavL KRWIILGLNKI
SLFNTIATLY KRWIILGLNKIVR
VGEIYKRWIILGLNK
GEIYKRWIILGLNKI
GEIYKRWIILGLNKIVR

Table S 1: Showing the MHC class 1 monomers refolded for tetramerisation to date during my DPhil. Not
validated indicates it has not yet been tested for correct folding but has undergone all stages up to this
point.
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Figure S 6: UV280nm absorbance measurements from size exclusion chromatography of B27 heavy chain
and B2M subjected to a rapid dilution refolding procedure A. in the absence of peptide. B. With peptide
KRWIILGLNKI showing peaks A-E. Peak A contains heavy aggregates, peak B is B*2705 homodimer, peak C
corresponds to the heterotrimer peak D contains the B2M homodimer and peak E light aggregates. C.
Showing the B27 heterotrimer peak with KRWIILGLNKI following a second size exclusion.
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Figure S 7: This shows eluted fractions corresponding to peaks A-E in figure 10B. This shows the presence
of proteins at the correct molecular weight for B27 and B2M in the various fractions. Peak C is the peak of
interest as it contains both B27 and B2M and they are present in similar amounts. It is therefore likely that
this peak contains correctly refolded HLA B27 molecules
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9.1.2. Production and validation of HLA B2705 tetramers complexed with various

natural KK10 epitope peptide forms

Validation of B27 Tetramers using ILT2 Transfected Cells

10

BAF ILT2 Cells
H BAF Control Cells

Median PE Fluorescence Intensity
w

3
21

14

0 ;

KI11 KK10 KL8 KRM KL8 KR13 VK15 UNSTAINED
B27 KK10 Epitope Variant

Figure S 8: Median fluorescence intensity of BAF ILT2 transfected cells and untransfected BAF cells after
incubation with B27 KK10 variant tetramers. Increases in fluorescence seen in the ILT2 transfected cells
over the control cells show binding of the tetramer above background levels.

Monomers of biotinylated HLA B2705 bound to KK10 processing variants were produced as
shown in Table 1. Aliquots of the refolded HLA B27 molecules were then conjugated with
either streptavidin PE (Sigma Aldrich) or streptavidin APC (Invitrogen) to form fluorescent-
labeled tetramers of HLA B27. To validate the tetramers, both the tetramerisation process
and the correct refolding of the HLA must be assessed. Validation of the tetramerisation
process was shown by performing a dot blot of the streptavidin - HLA mixture as
tetramerisation progressed (data not shown). The validation of refolding was performed
using BAF cells transfected with the human ILT2 receptor (kind gift from Paul Bowness).
This receptor binds all correctly folded MHC class 1 and so binding of the tetramer will
validate its correct folding. The binding of each tetramer was assessed for both transfected
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and untransfected BAF cells and the differences compared (Fig. 16). All of the tetramers
shown here have clear differences between binding to the ILT2 transfected and un-

transfected cells, validating their folding.

9.1.3. Creation of the HLA B*2705 expression construct

Extraction of RNA from a human B cell line was performed using an RNeasy Mini Kit
(Qiagen) following the “Purification of Total RNA from Animal Cells using Spin Technology”
protocol. Briefly, the cells were counted and an appropriate number pelleted, lysed and
homogenised, the lysate was passed through a Qiashredder column and centrifuged. The
lysate then re-homogenised and mixed with 70% ethanol, transferred to an RNeasy spin
column, centrifuged and washed. The column was transferred to a new collection tube and
the RNA eluted in RNase free water. The concentration and quality of the RNA was then
checked using absorbance and 260/280-ratio absorbance on a nanodrop spectrophotometer

(Thermo Scientific).

First Strand cDNA Synthesis using MLV-RT was carried out as described in

(http://tools.invitrogen.com/content/sfs/manuals/mmlv_rt_man.pdf) and the resulting

cDNA was purified using the QIAquick Gel Extraction Kit (www.giagen.com) following

separation by electrophoresis on 1% Agarose. PCR amplification of HLA B*27 sequence from
human cDNA was carried out using the Roche Expand High FidelityPLUS PCR System

(http://www.roche-applied-science.com/pack-insert/3300242a.pdf) using specific primers

(fig. 6) with the following PCR program:

Start: 94°C for 10 minutes

Cycle 1-10: ~ 94°C for 30 seconds,
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65°C for 1 minute (decrease by 0.5°C per cycle),
72°C for 2 minutes

Cycle 11-30:  94°C for 30 seconds,

60°C for 1 minute,

72°C for 2 minutes

End: 72°C for 10 minutes, 4°C oo

The resulting HLA B*27 DNA was separated by electrophoresis and purified as above. It was
then cloned into a TOPO TA plasmid using the Invitrogen TOPO TA Cloning Kit for

Sequencing (http://tools.invitrogen.com/content/sfs/manuals/topotaseq_man.pdf) with

the pCR 4 TOPO plasmid vector. One Shot® TOP10 chemically competent E. coli were
transformed with two pl of the TOPO cloning reaction and plated on LB Agar (100ug/ml

ampicillin) at 37°C overnight.

Colonies obtained from this were grown in 5ml LB media overnight at 37°C and the DNA

extracted and purified using the QIAprep Spin Miniprep Kit (www.giagen.com). The TOPO

vectors were sent for sequencing using M13 forward and reverse primers (Fig. 20)(Messing
1983). Sequencing was performed at the WIMM MRC core sequencing facility. Sequences

were aligned with the HLA B*2705 DNA sequence

(http://www.ebi.ac.uk/imgt/hla/allele.html; IMGT/HLA Acc No: HLA00225) using eBioX

(http://www.ebioinformatics.org/ebiox/) to confirm that they were correct.

Site directed mutagenesis was then carried out to obtain the desired B*2705 subtype. This
was done using the QuikChange XL Site-Directed Mutagenesis Kit (Stratagene) using specific
primers (Fig. 7) designed using the QuikChange® Primer Design Program and XL-Gold
Ultracompetent cells. The procedure was carried out as per protocol

(www.genomics.agilent.com Cat. no. 200517) including all control reactions.
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Correct sequences were digested from the TOPO plasmid using the NEB restriction
endonucleases NCO1 and BAM H1. Buffer conditions and reaction times were calculated

using the NEB double digest finder

(www.neb.com/nebecomm /DoubleDigestCalculator.asp?). Digestion of the receiving vector
(pET22b or pET23d) was performed with the same enzymes and conditions but 0.5 unit/pg
vector DNA Calf Intestinal Phosphatase was added in the final 60 minutes of the incubation
to prevent re-circularisation of the vector. Both digests were separated by electrophoresis

and purified as previously described.
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Figure S 9: Map of the pCR 4 TOPO plasmid with positions of primer sites and resistance markers.

Ligation of HLA B27 sequence with pET 22b and pET23d plasmids were carried out using

the Roche Rapid DNA Ligation Kit (www.roche-applied-science.com Cat. n0.11635379001).

Two pl of the resulting DNA was transformed into One Shot® TOP10 chemically competent

E. coli following the standard protocol (www.invitrogen.com C4040-03). The transformed E.

coli were incubated on LB Agar (100ug/ml ampicillin) at 37°C overnight. Colonies from

these plates were then picked and individually grown in 5ml LB media (100pg/ml
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ampicillin) at 37°C overnight. DNA was extracted and purified for each as previously
described

(http://www.qiagen.com/products/plasmid/giaprepminiprepsystem/qiaprepspinminiprep

kit.aspx#Tabs=t2).

Sequencing of pET plasmid vectors containing HLA B27 insert was carried out with the T7
forward and reverse primers (Wallis RB 1981)(Fig. 21) at the WIMM MRC core sequencing
facility. Sequences were then aligned with the HLA B*2705 DNA sequence

(http://www.ebi.ac.uk/imgt/hla/allele.html; IMGT/HLA Acc No: HLA00225) as well as with

two regions of vector sequence flanking the insert site (Figs. 21 and 22) using eBioX

(http://www.ebioinformatics.org/ebiox/).
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PET-22b(+)

Bpu1102 I(80)
T7 promoter 361-377
T7 transcription start 360
pelB coding sequence 224-289 Nco 1(220)
Multiple cloning sites Msc |(225)
(Ncol- Xhol) 158-225 Dra ll(5251) BseR 1(260)
HiseTag coding sequence 140-157
T7 terminator 26-72
lacI coding sequence 764-1843
pBR322 origin 3277
bla cAntAlmg sequence 4038-4895 ApaB I(798)
f1 origin 5027-5482 Sca (4588)
Pvu 1(4478)
Mlu I(1114)
Pst 1(4353) s Bl I(1128)
53
’g BStE 11(1295)
Bsa I(4169 = Iimg ||(11§22:)
Eam1105 I@108) pET-22b(+) > ||| Apalas
(5493bp) &
BssH 11(1525)
Hpa 1(1620)
AlwN 1(3631)
PshA 1(1959)
BspLU11 [(3215) Psp5 l1(2221)
Sap 1(3099) Bpu10 1(2321)
Bst1107 I(2986)
Tth111 1(2960) BspGi l(2741)
T7 promoter primer #69348-3
Bglll T7 promoter

lac operator Xbal tbs
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAAT TCCCCTCTAGAAATAATTTTGTTTAACT TTAAGAAGGAGA
Nde'l BspM1 pelB leader
TATACATATGAAATACCTGCTGCCG. 6TC
MetLysTyrLeuleuPro

ol

AGCCGGLG
aGInProAlaMet

TGGATATCGGAATTAATT
hrAlaAlaAlaGly

CCGAATTC

CTAAACGGGTCTTGAGGGGTTTTTTG

pET-22h(+) cloning/expression region

BamH 1 EcoR |

qletAsplieGlylleAsnSerAspProAsnse
ag | Aval* . signal peptidase
Sall _Hind Il _ Not| Xho | His-Tag Bpu1102 |
TC AGCTTGCG CTCGAI ACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCE c
AsplysLeuAlaAlaAlaleuGluHisHisHisHisHIsHIsEnd
T7 terminator
TAGCATAACCCCTTGGGGCC

4
T7 terminator primer #69337-3

Sacl

Figure S 10: Map of the pET 22b (+) plasmid vector.

304



PET-23a(+)

T7 promoter 303-319 Xho 1(158)
T7 transcription start 302 Not 1(166)

} Eag I(166)
T7+Tag coding sequence 207-239 Hind 1li(173)

Multiple cloning sites

Sal I(179)
Hinc li(181)

(BamH 1 - Xhol) 158-203 Sty | Sac 1(190)

HiseTag codi 140-157 Bpu1102 EcoR I(192)
iseTag coding sequence - NgoA IV/(3s25) pu (80) BamH I(198)

T7 terminator 26-72 Drd 1(3429)

PpBR322 origin 1450 Dra lli3424)

bla coding sequence 2211-3068

f1 origin 3200-3655

The maps for pET-23b(+), pET-23c(+) and
pET-23d(+) are the same as pET-23a(+)
(shown) with the following exceptions:
PET-23b(+) is a 3665bp plasmid; subtract
1bp from each site beyond BamH I at 198.
pET-23c(+) is a 3664bp plasmid; subtract BsaH 1(2818),
2bp from each site beyond BamH I at 198.
pET-23d(+) is a 3663bp plasmid; the BamH T
site is in the same reading frame as in pET-
23c(+). An Nco I site is substituted for the Pvu I(2651)
Nde 1 site with a net 1bp deletion at position

238 of pET-23c(+). As a result, Nco I cuts Pst I(2526)
pET-23d(+) at 234, and Nhe cuts at 229.
For the rest of the sites, subtract 3bp from
each site beyond position 239 in pET-23a(+).
Nde 1 does not cut pET-23d(+). Note also
that Sty Iis not unique in pET-23d(+).

Sca l(2761)

PELasa ™)

Bgl I(2401)

Ahd I(2281)

AIwN 1(1804)

Bpu10 1(494)
Bbs 1(506)
Bsg (548)

Eco47 lll(642)

Tth111 (1133)
Bst1107 I(1159)

Sap 1(1272)

Al lll(1388)
BspLU11 I(1388)

T7 promoter primer #69348-3

Bglll T7 promoter Xbal rbs
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA

. ET-23¢ Hincll Eag| .

Nde| Nhel T7-Tag P © BamH| EcoR| Sacl _Sall Hindlll _ Notl Xho His-Tag

TATACATATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGCGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGA
MetAlaSerMetThrGlyGlyGInGInMetGlyArgGlySerGluPheGluLeuArgArgGinAlaCysGlyArgThrArgAlaProProProProProleu

pET-23b GGTCGGGATCCGAATTCGAGCTCCGTCGACAAGCTTGI CACTCGAGCACCACCACCACCACCACTGA

PET'23R]CO| GlyArghspProAsnSerSerSerValAsplysLeuAlaAlaAlaleuGluHisHisHIsHIsHIsHIsEnd
TACCATGGCTAGC PET-23c.d GGTCGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGA
MetAlaSer GlyArglleArgl leArgAlaProSerThrSerleuArgProHisSerSerThrThrThrThrThrThrGlu

Bpu1102 | T7 terminator
GATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG
4

T7 terminator primer #69337-3

pET-23a-d(+) cloning/expression region

Figure S 11:

Map of the pET 23a-d (+) plasmid vectors.
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9.1.4. Biotinylation of HLA B*2705 and HLA A*0201 Monomers and Buffer Exchange

Biotinylation of refolded MHC with a biotinylation tag on the heavy chain was performed
prior to purification of the refold. The concentrated refolding solution was filtered and
desalted using PD-10 columns. This gave 7mls final desalted solution, which was incubated
overnight at room temperature with 5ul BirA enzyme, 875pl Biomix A (10X concentration:
0.5 M bicine buffer, pH 8.3), 875pul Biomix B (10X concentration: 100 mM ATP, 100 mM
MgOAc, 500 uM d-biotin) and 100ul d-biotin (500pM).

Size exclusion purification of HLA B*2705 and HLA A*0201 monomers was carried out
following refolding (and biotinylation if necessary) using an Akta Purifier system and a
HiLoad 26/60 Superdex 75 prep grade gel filtration column (GE Healthcare) in FPLC buffer
(20mM Tris pH 8.0, 100mM NaCl). Refolded heterotrimers taken from this purification were
concentrated to 1ml and the protein concentration measured using absorbance at 280nm on
a Nanodrop (Thermo-Scientific) spectrophotometer. The purified HLA complex was then

aliquoted and stored at -80°C for future tetramerisation.

9.1.5. Creation and validation of HLA B*2705 and HLA A*0201 Tetramers

Extravidin Phycoerythrin (Sigma Aldrich) or Streptavidin conjugated Allophycocyanin
(Invitrogen) was added to Monomeric HLA B*2705/HLA A*0201 at a molar ratio of 4:1
(HLA: Streptavidin conjugate). Streptavidin conjugate was added in 1/10th volumes with at
least 15 minutes between each addition. The progression of tetramerisation was checked
with a dot-blot nitrocellulose enzyme immunoassay. 1pl of the HLA- Streptavidin conjugate
mix was blotted onto a PVDF nitrocellulose membrane and left to dry. The membrane was
blocked with a 4% dried milk powder, PBS solution and washed with PBS-T (PBS with 1%
Tween). A 1:10000 dilution of Streptavidin HRP in ddH,0 was incubated with the membrane
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for 30 minutes, and then washed as before. 1ml of each of the chemiluminescent detection
reagents (Amersham ECL™ Western Blotting Detection Reagents) were added to the
membrane and Hyperfilm™ ECL was exposed to the membrane. The film was then
developed, the intensity of the dots on the film correlating to the amount of free biotin left in

the sample.

Once tetramerisation was complete, the tetramers were incubated with BAF cells (a murine
pro B-cell clone), which were either transfected with a vector producing the ILT2 receptor
or remained untransfected (kind gifts from Paul Bowness, L. Lanier, UCSF, San Francisco, CA,
USA). 4pl of each tetramer was incubated with both the transfected and untransfected cells
(separately) in PBS with 5%FCS at room temperature for 30 minutes. The unbound tetramer
was washed off and the results analysed on a Dako CyAn ADP flow cytometer at the WIMM

FACS facility.
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9.2. Supplementary Figures
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Figure S 12: Fluorescence of CD8+ T-cells from patient PBMC stained with HLA B*2705 APC-conjugated
dextramer with KK10 epitope forms A. KL8 B. KK10 C. KI11 D. KR13 and E. KM14. Patients are A, B and E.
060473, C. 050875 and D. 101074. Plots are representative of positive staining for each KK10 epitope form.
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Figure S 13: APC and PE fluorescence of CD8+ T-cells from patient PBMC stained with HLA B*2705 KK10
epitope form APC-conjugated and HLA B*2705 PE conjugated dextramers A. KL8 and KK10 (030869)
showing little cross-recognition. B. KK10 and KI11 (030869) with single stained and cross-recognising
populations. C. KK10 and KR13 (241242) showing KK10 single and cross-recognising populations. D. KK10
and KM14 (241242) with single and cross-recognising populations and E. KI11 and KR13 (241242) showing
high levels of cross-recognition. Plots represent commonly seen staining patterns for dual dextramer

stains.
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Figure S 14: Fluorescence of CD4+ T-cells from patient 111156 PBMC stained with HLA B*2705 APC-
conjugated dextramer with KK10 epitope forms A. KL8 B. KK10 C. KI11 D. KR13 E. KM14 and F. HLA
A*0201-SL9 as a control.
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Figure S 15: Cytokine positive CD8+ T-cell populations following stimulation of patient 081077 PBMC with
KK10 epitope form truncated and elongated peptides in an intracellular cytokine-staining assay. Plots show
representative responses of T-cells to each peptide.
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Figure S 16: Patient 081077 CD8+ T-cell cytokine responses following stimulation with increasing
concentrations of KK10 epitope form peptide A. KL6 B. KG7 C. KL8 and D. KM14.
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Figure S 17: IFNy ELISpot assay for responses to KK10 epitope forms A. Ki4 B. KI5 C. KL6 D.KG7 E. KL8 F.
KI11 G. KR13 H. KM14 I. K14, KI5, KL6 and KG7 J. K14, KI5, KL6, KG7 and KL8 K. graph for all forms.
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Figure S 18: IFNy ELISpot competition assay for KK10 epitope forms versus KK10 at IC50 concentration A.
KI4 B. KI5 C. KL6 D.KG7 E. KL8 F. KI11 G. KR13 H. KM14 I. KI4, KI5, KL6 and KG7 J. Kl4, KI5, KL6, KG7 and KL8
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