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Abstract: Implications of HCV genotype 3 specific immunity on cross-reactive
vaccine design.

Annette von Delft, Christ Church
Submitted for a DPhil in Clinical Medicine, Trinity Term 2014

Hepatitis C virus (HCV) is a major global pathogen that infects an estimated 170
million people worldwide, and for which currently no vaccine is available. HCV is a
highly diverse viral pathogen and exists as 6 major genotypes sharing only 75%
sequence homology; developing a vaccine that is cross-reactive between genotypes is
a major challenge. Defining immune responses that target different HCV genotypes
will facilitate pan-genotypic T cell vaccine development.

HCV genotype 3 (gt3) is now the most common infecting genotype in the United
Kingdom and large parts of Asia; however, data regarding the T cell antigenic targets
of this genotype is very limited. In this thesis, HCV gt3 specific T cell targets were
defined in acute, chronic and spontaneously resolved infection: in chronic gt3
infection, T cell responses were low in magnitude and narrowly focused in specificity,
similar to those previously reported for gtl; in contrast, resolved infection was
associated with a higher magnitude and broader specificity of CD4+ and CD8+ T cell
responses across the genome. Overall, T cell specificity in gt3 infection was markedly
different to that previously described for gtl, confirming that sequence differences
between genotypes result in distinct immunological profiles.

Previous work from our laboratory demonstrated that, though T cell responses
induced by a potent T cell vaccine containing HCV gtlb non-structural regions do
target epitopes dominant in natural infection, induced T cells show limited cross-
reactivity against other genotypes. In this thesis, it was assessed whether T cells
primed in natural gt3 infection are able to recognize viral sequence variants at
dominant epitopes, which would make these potential targets in cross-reactive vaccine
design. For seven gt3-specific T cell epitopes identified here as dominant, major
sequence variability was observed within and between genotypes, and limited T cell
cross-reactivity observed against identified viral variants. This suggests that regions
frequently targeted in natural infection may not serve as attractive targets for cross-
reactive vaccine design

These results informed the subsequent design of a cross-reactive vaccine based on
fragments of HCV that are conserved between genotypes. A generic algorithm was
developed to define viral regions conserved between major HCV genotypes (for 1a/1b,
1/3a, 1-6), and these were joined to form immunogens between 819 and 1543 AA
long. Possible artificial, non-HCV epitopes formed by junctions were identified using
online epitope prediction servers, and abrogated through the insertion of 2-6 amino
acid linkers. To address the concern that conserved regions may not be immunogenic,
epitopes described in natural HCV infection were mapped on HCV sequences,
showing that conserved segments are well populated with epitopes; additionally,
strong binding peptides were predicted for conserved segments using online epitope
prediction programs, suggesting potential in vivo immunogenicity.

In conclusion, HCV T cell specificity is distinct between genotypes, with limited T
cell cross-reactivity between viral variants. Leading from this result, vaccine
immunogens were designed entirely based on conserved viral regions. This work
paves the way for future studies of novel HCV immunogens based on conserved viral
segments between genotypes.
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Chapter 1

1 Introduction
1.1 Why study subtype specific HCV immune responses? or:

Is a cross-reactive T cell vaccine necessary?

Hepeatitis C virus (HCV) is a major pathogen leading to a significant burden of disease,
including hepatocellular cancer, liver transplantation and death. Up to now, treatment
of chronic infection was long and associated with multiple side effects, but major
advances have been achieved over recent years with an arsenal of effective drugs
approved or expected to be approved soon. However, most patients infected
worldwide will not have access to the new expensive treatment options, or do not
know that they are infected in the first place, preventing them from being treated.
Therefore, an effective vaccine for HCV virus remains a pressing need.

A major challenge for HCV vaccine design is the extensive diversity of the virus,
which is one of the most diverse pathogens known. HCV has seven known major
genotypes that vary in 20-30% of their sequence, and have different local distributions.
An ideal HCV vaccine would not only prevent infection with a single strain, but also
with different genotypes of the virus. This is of particular importance in risk groups
like intravenous drug users, where patients might be exposed to multiple strains over
time. Vaccines being currently developed are exclusively based on HCV genotype 1
(gtl) immunogens, which is the most common infecting HCV genotype.

A strong and broad T cell response to HCV infection has been linked to spontaneous
resolution of HCV infection, providing a rationale for a T cell based vaccine design.
We have shown previously that potent T cell vaccines are capable of inducing HCV
specific responses that might protect against infection. However, T cell responses
primed against the subtype 1b insert were not cross-reactive against other HCV
genotypes and subtypes in vitro (Swadling et al., manuscript in preparation).
Therefore, the main aim of this thesis was to design a cross-reactive vaccine covering
all HCV genotypes. To achieve this, detailed knowledge about immunity in natural
infection is necessary. Extensive research has been published on T cell immunity in
HCV gtl infection, but data on T cell immunogenicity in HCV genotypes other than
HCV gtl is scarce. HCV genotype 3, now the most common infecting genotype in the
United Kingdom, is a particularly interesting genotype to study: major inter-genotypic
differences between HCV genotype 1 and 3 have been described, regarding different

rates of spontaneous resolution of infection, disease progression and development of
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steatosis and fibrosis. In addition, a distinct treatment response to both combination
therapy with pegylated Interferon-o. and Ribavirin (IFN/RIB) and newer HCV
treatment options like directly acting antivirals has been observed.

In this thesis, I initially assessed T cell immunity in acute, chronic and spontaneously
resolved HCV genotype 3 infection, and compared it to known data on HCV
genotype 1 infection. Subsequently, these data informed the design of vaccine
constructs based on conserved viral regions, with the aim to develop a HCV vaccine

that generates cross-reactive T cell responses against multiple genotypes.

In the introduction to this thesis, I cover general knowledge on HCV infection
(including HCV prevalence, structure, life cycle and variability), and then discuss
features specific to HCV genotype 3 infection. I include recent data on new treatment
options for HCV, particularly focusing on their efficiency in HCV genotype 3, and
recent genotype specific discoveries regarding differences in innate immune
responses to the different genotypes. Next, I focus on HCV adaptive immunity, and
the role of the immunomodulatory environment of the liver as the place of primary
infection. In addition to the overall introduction, specific background is discussed at

the start of each chapter.
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1.2 Hepatitis C virus

1.2.1 HCYV prevalence

Hepatitis C virus (HCV) is a major viral pathogen. The world health organization
(WHO) estimates that about 3% of the world’s population has been infected with the
virus and that there are about 150 million chronic carriers, with 3-4 million new
infections every year (WHO 2014). A recent study greatly exceeded the numbers
published by WHO, with estimates ranging at over 185 million chronic carriers
(Mohd Hanafiah et al. 2013). Estimating the prevalence of HCV remains complex, as
HCV is asymptomatic for most of its incubation time, and injecting drug users, who
are at greatest risk for infection, are a difficult group to study.

Overall, prevalence increased from 2.3% (1990) to 2.8% (2005) (Mohd Hanafiah et al.
2013). Prevalence ranges from 0.5% to over 5% in some countries (WHO 2014;
Negro & Alberti 2011), with the highest prevalence in Egypt, Pakistan, Russia and
South America. In the UK, the prevalence of HCV is approximately 0.67%, or
203.000 individuals, with similar numbers observed for Northern Europe, the US and
Canada (Health Protection Agency 2012; R. J. Harris et al. 2012). The UK prevalence
is much higher in immigrant communities, reflecting higher prevalence rates between
5 to 10% in developing countries, with rates peaking in Egypt between 15 to 20%
(Hajarizadeh et al. 2013).

1.2.2 HCYV structure and life cycle

HCV belongs to the family of Flaviviridae, which also includes other classic
flaviviruses such as dengue and yellow fever (Figure 1-1). HCV is grouped into the
class Hepacivirus with the animal homologs GB virus B (GBV-B), a virus recovered
from laboratory housed tamarins (Simons et al. 1995), and recently identified rodent,
equine and canine hepaciviruses (Kapoor et al. 2011; Burbelo et al. 2012; Kapoor et
al. 2013; Stapleton et al. 2011; D. B. Smith et al. 2013; Drexler et al. 2013). Several
other GB viruses (GBV-A, GBV-C and GBV-D do not cause Hepatitis and are
classed as Pegi viruses (Stapleton et al. 2011).

The origin of HCV in human hosts remains unclear: similarly to the zoonotic origin of
HCV-1 from chimpanzees in Central Africa, non-human primates have long been
suspected as a source, however, no published evidence to date has been obtained

supporting this hypothesis(Simmonds 2013).
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Figure 1-1: Phylogenetic analysis of Flaviviridae based on polyprotein sequences

Figure deleted due to copyright:
Figure material can be found in Drexler et al., 2013. Figure included in thesis has

been derived from information shown in Figure 4a in this paper.

Bayesian phylogeny of the Flaviviridae NS5B gene, modified from (Drexler et al.
2013). Representatives of all Flaviviridae genera and five novel rodent viruses are
depicted. Scale bar corresponds to genetic distance. A tombusvirus (Lisianthus
necrosis virus, GenBank accession number NC _007983) was chosen as an outgroup.

The enveloped virus contains a positive sense single stranded virus, and has a 9.6
kilobase (kb) long genome, flanked by two un-translated regions (5° and 3’ UTR). It
consists of an open reading frame, which translates into a poly-protein of
approximately 3000 codons, containing structural (core, E1, E2) and non-structural

proteins (p7, NS2, NS3, NS4A/B, NS5A/B, Figure 1-2) (Scheel & Rice 2013).

Figure 1-2: Schematic representation of the HCV polyprotein.

=~3011 codons

Structural Nonstructural
Core E1 E2 p7 NS2 NS3 NS4 NS5A NS5B
Glycoproteins Cysteine protease A: Serine protease cofactor RNA-dependent
B: Membrane alterations RNA Polymerase
Genome lon channel Phosphoprotein

encapsidation RNA helicase

Schematic representation of the structure of HCV, with structural and non-structural
regions marked. Gene products and functions of the structural and non-structural
proteins are shown. Arrows mark cleaving points of the cystein protease (blue) and
the serine protease (red).
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The HCV life cycle within the human host is depicted in Figure 1-3.

Figure 1-3: HCV life cycle

Figure deleted due to copyright:
Figure material can be found in Scheel and Rice., 2013. Figure included in thesis has

been derived from information shown in Figure 3 in this paper.

Depiction of the HCV life cycle. Figure modified from Scheel and Rice, 2013.

(1) The lipoviral particle (LVP) interacts with cellular surface receptors. (2) Entry
process: Binding to cellular surface receptors (CD81/SR-B1 and Claudin/Occludin).
(3) After pH-dependent fusion and uncoating, the incoming HCV genome is
translated and the resulting polyprotein processed (bottom inset). (4) Replication takes
place in ER-derived membrane spherules (membranous web, bottom right inset). (5)
In the assembly and release process (top right inset), core protein is transferred from
cytoplasmatic lipid droplets (cLDs) to form nucleocapsids that, assisted by NS5A, are
loaded with RNA. The p7, NS2 and NS3-NS4A proteins are also involved in
coordination of assembly. HCV virion morphogenesis is coupled to the VLDL
pathway, and particles are produced as LVPs.

EphA2, ephrin receptor type A2; EGF, epidermal growth factor receptor; LDLR, low
density lipoprotein receptor; GAG, glycosaminoglycans; CLDN1 Claudin 1 OCLN
Occludin; ER, Endoplasmatic reticulum; cLD cytoplasmatic lipid droplets uLD
luminal lipid droples; PL, phospholipids; TG, triglycerides; MTP, microsomal
transfer protein; LVP, lipoviral particle, VLDL, very low density lipoprotein.

HCV infects the host in form of a lipoviral particle, incorporating mainly low and
very low density lipoproteins (LDL and VLDL) (S. Nielsen et al. 2006; Bassendine et
al. 2013) (Figure 1-4). Incorporated into the particle membrane are viral envelope
proteins E1 and E2 as heterodimers, with a nucleocapsid (core) containing the viral

RNA (Figure 1-3 (1)).
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Figure 1-4: Model of the HCV particle

Core

bilayer envelope

Representative diagram of the composition of a hepatitis C viral particle. The single
strand RNA genome is contained within a capsid consisting of core proteins. The
double membrane contains E1 and E2 glycoproteins, as well as low and very low
density lipoproteins.

The virus enters the cell via a combination of specific receptors (Figure 1-3 (2)): the
LDL receptor and glycosaminoglycans are responsible for the low-affinity binding
(McLauchlan et al. 2002; Lorenz et al. 2006). Then E1 and E2, highly variable
glycoproteins forming the surface of the virus, form bonds with scavenger receptor
class B member 1 (SRB1) and CD81 (P Pileri et al. 1998; Agnello et al. 1999; Barth
et al. 2003). Other proteins required for HCV entry are Claudin, which induces
clathrin-mediated endocytosis (M. J. Evans et al. 2007; Farquhar et al. 2012), and
Occludin, which is also essential for HCV entry, but its precise role remains unknown
(Ploss et al. 2009; Sourisseau et al. 2013). The late stages of viral entry, including
fusion with host membranes and un-coating, are poorly understood (Scheel & Rice
2013), but seem to be dependent on a low pH (Sharma et al. 2011).

After the virus enters the cytoplasm, HCV translation of the virus into a polyprotein is
initiated via an internal ribosome entry site (IRES) (B. Hoffman & Q. Liu 2011)
(depicted in Figure 1-3 (3)). Individual proteins are released co- and post-
translationally from the polyprotein through both cellular (signalase and signal
peptide peptidase) and viral (NS2-NS3 cysteine protease, NS3-NS4a serine protease)
proteases (McLauchlan et al. 2002; Lorenz et al. 2006). The viral helicase encoded by
NS3 facilitates viral RNA processing.

HCV replication (Figure 1-3 (4)) is believed to replicate in close proximity to the

endoplasmatic reticulum (ER) in single and double membrane vesicles also termed
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‘membranous web’, derived from the rough ER, early and late endosomes, COP
vesicles, mitochondria and lipid droplets (Romero-Brey et al. 2012). The main actor
in viral replication is the RNA-dependent RNA polymerase (NS5B), responsible for
the synthesis of new viral genomes (Appel et al. 2006). The lack of proof-reading
function in this polymerase contributes to the high variability of HCV. Other non-
structural proteins are known to play a pivotal role in viral replication: NS4B as an
organizer of the viral replication complex and membranous web, inducing the
formation of ER derived vesicles (D. Egger et al. 2002; Romero-Brey et al. 2012),
and NS5A as a regulator of viral replication (Lim & Hwang 2011; Lemay et al. 2013).
Viral assembly and release (Figure 1-3 (5)) is a process intimately coupled with the
cell’s lipid cycle (Miyanari et al. 2007). After cleavage, the core protein relocates to
the lipid droplets or (after translocation of cytoplasmatic lipid droplets) to the ER
(McLauchlan et al. 2002; Boulant et al. 2006; Miyanari et al. 2007), where the
nucleocapsid incorporating viral RNA is formed under the assistance of NS5A (Appel
et al. 2006). Then, HCV ‘hitches a ride’ on the VLDL pathway (H. Huang et al. 2007;
Gastaminza et al. 2008), a strategy that possibly enhances hepatotropism, and exits

the cell through the Golgi (Coller et al. 2012; Scheel & Rice 2013).

1.2.3 HCYV genotypes and variability of the HCV genome

HCV is a genetically diverse RNA virus with seven major genotype groups and 67
subtypes (Figure 1-5) (Simmonds 2004; D. B. Smith et al. 2013). Genotypes have
identical complement of genes (as shown in Figure 1-2) of similar or identical size
within the open reading frame. There is significant divergence between genotypes,
which differ by approximately 30% at nucleotide level, and subtypes, differing by 20-
25% (Simmonds et al. 2005).
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Figure 1-5: Phylogenetic tree of the seven HCV genotypes.

Figure deleted due to copyright:
Figure material can be found in Simmonds, 2013. Figure included in thesis has been
derived from information shown in Figure 3 and includes the phylogenetic tree of

seven HCV genotypes.

Evolutionary tree of NS5B sequences of HCV genotypes 1-7 (positions 8276—8615 as
numbered as in the H77 reference sequence). The scale bar depicts an evolutionary
distance of 0.05. Figure modified from (Simmonds 2013)

Genotype distribution varies across the globe (Figure 1-6) and amongst risk groups.
Genotype 1 is the most prevalent genotype, accounting for approximately 60% of
infections world wide, with a high frequency of genotype 1b in Europe and 1a in the
United States. Genotype 2 is mainly found in Japan, Western Africa, the
Mediterranean region and in some parts of America (Candotti et al. 2003), whereas
genotype 3 is mostly found in Southern Asia, and is also prevalent in intravenous drug
user (IVDU) communities in Europe. Genotype 4 is highly diverse, and commonly
found in central Africa, the Mediterranean region and especially Egypt, were a mass
treatment campaign against Schistosomiasis using inadequately sterilized needles led
to a wide spread of this genotype (L.-Z. Xu et al. 1994; Oni & T. J. Harrison 1996;
Angelico et al. 1997; Sanchez-Quijano et al. 1997; Habib et al. 2001; Matera et al.
2002; Njouom et al. 2003). Genotype 5 seems to be mainly concentrated in central
and southern Africa, but also has been observed in ethnically diverse regions such as
the Benelux countries (Smuts & Kannemeyer 1995). HCV genotype 6 is found mainly
in South East Asia, is very diverse and seems to be related to HCV genotype 3
(Simmonds et al. 1996; Mellor et al. 1996; N. J. Adams et al. 1997). It is further
suspected, although with very limited data, that HCV genotype 7 is concentrated in
Central and Southern Africa (one single isolate: QC69, EF108306). In this thesis,

HCV genotype 7 is not further discussed, since only one single sequence of this
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genotype was reported, which was isolated from an emigrant from the Congo (D. B.
Smith et al. 2013).

In Europe, genotypes la and 1b are the most commonly identified types, with a high
frequency of genotype 3a within intravenous drug user communities (IVDU), and
over 90% of patients are either infected with HCV genotype 1 or 3 in the UK (R. J.
Harris et al. 2012; Health Protection Agency 2013).

Figure 1-6: Global distribution of HCV genotypes.

Figure deleted due to copyright:
Figure material can be found in Messina et al., 2014. Figure included in thesis has

been derived from information shown in Figure 1 in this paper (permission obtained).

Global distribution of 6 major HCV genotypes is depicted. Size of pie charts is
proportional to the number of seroprevalent cases as estimated by (Mohd Hanafiah et
al. 2013). Image obtained from: Messina et al., 2014, in submission .

Within the HCV genome, different regions have different levels of sequence
homology. The 5’ un-transcribed region (UTR), has a high degree of sequence
conservation and therefore often used for genotyping in clinical assays in combination
with NS5B (Germer et al. 1999). Other regions vary in their degree of variability,
with the envelope proteins and NS2 being highly variable (Simmonds et al. 2005;
Humphreys et al. 2009) and non-structural proteins NS3 to NS5 comparatively

conserved.

1.3 Natural history of HCV infection

1.3.1 HCV transmission, symptoms and outcome

HCV is transmitted through direct exposure to infectious blood. In developed
countries, the virus is most commonly spread through injecting drug use. In the UK,
about 40% of intravenous drug users (IVDU) are infected with HCV, with about half

of them becoming infected within the first 3 years of injecting drug use (R. J. Harris
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et al. 2012). Historically, the receipt of contaminated blood products accounted for a
significant amount of infections, causing single strain outbreaks of the virus after
injection of anti-D immunoglobulins in Ireland (J. P. Power et al. 1995; Casino et al.
1999) and Eastern Germany (Dittmann et al. 1991; Hohne et al. 1994). Injections with
contaminated needles have caused another mass outbreak of HCV gt4 in Egypt, where
as part of an extensive anti-schistosomiasis treatment campaign, potassium antimony
tartarate was administered as a series of intravenous injections, using syringes and
needles that were reused without being properly sterilized (Angelico et al. 1997;
Frank et al. 2000; Habib et al. 2001; Pybus et al. 2003; Y. Tanaka et al. 2004). Other
possible risk factors include transplantations of infected organs and needle prick
injuries. Sexual transmission is not considered a major risk factor apart from a subset
of HIV positive men who have sex with men (Thomson et al. 2011). The risk of
mother-to-child transmission is estimated to be about 5%, with a higher risk in
immunosuppressed women (mainly those infected with HIV), and a lower risk in
women with low HCV RNA levels (European Paediatric Hepatitis C Virus Network
2005; Indolfi et al. 2006; Canadian Paediatric Society 2008).

Figure 1-7: Natural history of HCV infection.

Infection with HCV

Spontaneous resolution Chronic infection
Cirrhosis Stable
25%

Hepatocellular carcinoma
Liver transplantation
Death

After infection with HCV, about 25% of patients spontaneously clear the virus,
whereas about 75% of patients proceed to chronic infection. Of these, about 20%
develop liver cirrhosis, with the possibility of progression to hepatocellular
carcinoma.
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The clinical course of disease varies widely amongst infected individuals. While
about 25% of patients with acute Hepatitis C infection clear the virus spontaneously,
the majority of patients become chronically infected (Figure 1-7).

During acute infection, the majority of infected individuals are asymptomatic or have
mild or unspecific symptoms (A. E. Mitchell et al. 2010), and therefore remain
undiagnosed. However, some individuals develop an onset of acute hepatitis with
jaundice, malaise and nausea, usually about 7 to 8 weeks after infection (Lauer & B D

Walker 2001).

1.3.1.1 Chronic HCYV infection

The majority of patients infected with HCV develop chronic infection. The clinical
burden of HCV infection is associated with morbidity caused by chronic HCV
infection, with major clinical problems like liver cirrhosis, liver failure and
hepatocellular cancer. Of those who become chronically infected (about 75%), about
20% develop liver cirrhosis, with a risk of hepatocellular carcinoma of 1-4% per year
(Seeff 2002). HCV is the leading cause for liver cirrhosis, and the primary indication
for liver transplantation (G. L. Davis et al. 2003; Biggins et al. 2012). Chronic
infection with HCV is also associated with an increased likelihood for the
development of membranoproliferative glomerulonephritis (7-fold increase),
cryoglobulinemia (11-fold increase), and skin disease such as porphyria cutanea tarda
(12-fold increase) and lichen planus (2-fold increase) (El-Serag et al. 2002). Estimates
indicate that about 350 000 deaths world wide occur each year due to all HCV related
causes (Perz et al. 2006).

Morbidity and mortality of liver disease due to chronic HCV infection is expected to
rise considerable over the coming decades, when individuals infected during the 1980
and 1990’s develop chronic liver disease. In the UK, hospital admissions and deaths
due to HCV have more than tripled between 1996 and 2011, even with antiviral
therapy available during that time (Health Protection Agency 2013).

1.3.1.2 Spontaneous clearance of HCV infection

Spontaneous clearance is defined as clearance of HCV infection within the first 6
months of infection without further treatment. In a meta-analysis of 31 published
reports including 675 study objects, the rate of spontaneous clearance was estimated

at 26% (Micallef et al. 2006). HCV clearance has been associated with several host
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and viral factors, including gender, age, ethnicity, gene polymorphisms, behavioural
factors, route of infection and viral genotype and variability.

An association with gender has been reported separately in various studies, with about
40% of females clearing the infection compared to 19% of males (Yamakawa et al.
1996; Kenny-Walsh 1999; Inoue et al. 2000; Alric et al. 2000). The strong association
of ethnicity with spontaneous HCV clearance (M. P. Busch et al. 2006) was recently
explained through an association of IL28B polymorphisms with both spontaneous
clearance and treatment outcome (discussed further under 1.4.5 Polymorphisms in the
innate immune genes are associated with HCV infection and treatment outcome, page
42). Rates of spontaneous clearance in different ethnic groups reflect the distribution
of favourable and un-favourable IL28B gene alleles; with high rates of clearance and
occurrence of favourable IL28B alleles in Asians, low rates of clearance and frequent
occurrence of the un-favourable IL28B allele in African-Americans and intermittent
rates in Caucasians (Ge et al. 2009; D L Thomas et al. 2009). This association has
been validated in a recent genome wide association study assessing HCV spontaneous
clearance using data from multiple cohorts; in this study, IL28B status and HLA
class-II were factors independently associated with spontaneous clearance (Duggal et
al. 2013). In addition, spontaneous clearance of HCV infection has been associated
with a symptomatic onset of disease, which is thought to be a result of a vigorous
immune response (Barrett et al. 1999; Thursz et al. 1999; Thimme et al. 2001; Larghi
et al. 2002; Gerlach et al. 2003; Hofer et al. 2003; Wawrzynowicz-Syczewska et al.
2004).

Behavioural factors associated with viral clearance were low alcohol intake and long
term monogamy (Piasecki et al. 2004; Wawrzynowicz-Syczewska et al. 2004).
However, the duration of monogamy could be a surrogate marker for other reduced
risky behaviors and exposures.

Other factors associated with viral clearance where published evidence is
inconclusive include age and route of infection. High spontaneous resolution rates
have been observed in children (75-100%) (Meky et al. 2006), and a younger age of
infection has been associated with clearance in some studies (Messick et al. 2001;
Eyster et al. 2004). However, several other groups have shown a beneficial effect of
older age at infection (Wawrzynowicz-Syczewska et al. 2004), or that clearance is

independent of age (A. L. Cox, Mosbruger, Mao, et al. 2005; S Keating et al. 2005).
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Viral factors associated with spontaneous resolution of infection are the infecting viral
genotype and the variability of the virus. Higher rates of spontaneous clearance have
been described for HCV gt3 in comparison to HCV gtl infection (M. Lehmann et al.
2004; Bortolotti et al. 2005). Lehmann et al. determined the viral genotype in young
male IVDU positive for HCV antibodies, finding that HCV gt3 specific antibodies
were more prevalent among spontaneous resolvers than in chronically infected
patients (23% overall; 86% HCV gt3 vs. 7% HCV gtl) (M. Lehmann et al. 2004).
Similar results were reported in an Italian paediatric study where 22% of HCV gt3
patients had self-limited disease but less than 3% of the genotype 1 patients. In
addition to the association with genotype, high viral mutation rates in hypervariable
regions of viral envelope genes were predictive of subsequent development of

chronicity (P. Farci et al. 2000; Laskus et al. 2004).

1.3.2 Treatment of HCV infection

The aim of HCV treatment is the clearance of infection to prevent the progression of
liver disease and subsequent complications. Successful treatment is defined by
measuring undetectable viral loads in patient plasma 6 months after the end of
treatment. This is referred to as sustained virological responses (SVR). An additional

aim of treatment is the prevention of viral transmission to others.

1.3.2.1 Interferon/Ribavirin

Until recently, the standard of care for HCV treatment was a combination of
pegylated interferon alpha (IFNoa) injected subcutaneously and oral ribavirin
(IFN/RIB). The outcome of treatment is defined as either successfully clearing the
virus (SVR), or treatment failure through virological relapse or non-response. The
timeline of viral clearance in response to treatment has been associated with treatment
success: a decrease in viral load greater than 2 logs by treatment week 4 is defined as
rapid virological response (RVR), and has been associated with successful viral
clearance. Early virological response (EVR) is defined as an undetectable viral load
after 12 weeks of treatment. If the virus is not cleared by treatment week 24 (in gtl
infected individuals) or week 16 in HCV gt3 infected individuals, treatment response
is unlikely and treatment is discontinued.

Similarly to HCV spontaneous resolution, treatment response success is associated

with several host and viral factors (Table 1-1).
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Table 1-1: Predictors of treatment response

Viral factors Host factors

Fixed Modifiable
HCV genotype Age Body mass index
Baseline HCV RNA levels Sex Insulin resistance
Viral variability Race Coffee consumption
Specific ~ viral  polymorphisms | Fibrosis Vitamin D status
associated with treatment response | IL28B genotype
(ISDR, PePHD) ISG pre-activation

More recently, Interferon-A (IFNA) has been administered instead of IFNa in clinical
trials (Zeuzem et al. 2012; BMS press release 2013) . The rationale of these trials has
been based on basic research linking polymorphisms close to the interferon-A gene to
spontaneous resolution and treatment response (discussed in detail under 1.4.5
Polymorphisms in the innate immune genes are associated with HCV infection and
treatment outcome, page 42). IFNA has a more favourable side effect profile in
comparison to I[FNa, which is thought to be linked to restricted receptor distribution
(Sommereyns et al. 2008; K. Witte et al. 2009).

Unfortunately, the standard of care treatment with a combination of pegylated-IFNa
and Ribavirin is long (24 - 48 weeks), expensive (approximately £11,000/ therapy),
has strong side effects and is not effective in 10-40% of patients, depending on the
infecting viral genotype (NICE Guidelines 2014), which made new therapies for HCV

a pressing need.

1.3.2.2 Directly acting antivirals (DAAs)

A major advance in HCV treatment was facilitated through structure based drug
design, which enabled the discovery of a new drug class in the treatment of HCV,
directly acting antivirals (DAA). Structurally derived inhibitors were designed for
NS3 (Protease inhibitors), NS5A (NS5A inhibitors) and NS5B (Polymerase
inhibitors) (Figure 1-8). The clinical development of DAAs is currently an extremely
fast moving field, with multiple pharmaceutical companies testing several agents
inhibiting non-strucural proteins NS3, NS5a and NS5b in different phases of clinical
development (recently reviewed by (Schinazi et al. 2014; Pawlotsky 2014; Wendt et
al. 2014), Figure 1-8).
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Figure 1-8: Directly acting antivirals: Protease Inhibitors, NSSA Inhibitors and
Polymerase Inhibitors.

Structural Nonstructural

Core E1 E2 p7 Lst/ NS3 NS4/ NS5A

First generation First generation Nucleoside (s) /Nucleotide (t) analogues
Telaprevir VIM approved Daclatasvir ~ BMS 1} Sofosbuvir (t)  Gilead approved
Boceprevir  Merck approved Ledipasvir Gilead 1} VX-135 (t) Vertex 1l
Simeprevir  Janssen approved ABT-267 Abbvie 1} Mericitabine (s) Roche 1l
Faldaprevir  Boehr-I 1] PPI-668 Presidio 1l

Asunaprevir BMS 1] PPI-461 Presidio 1l Non-nucleoside inhibitors

ABT-450r Abbvie 11l GSK2336805 GSK 1l BMS-791325 BMS 1]
Danoprevir  Roche 1l Samatasvir Idenix I TMC647055 Janssen I
Sovaprevir Gilead 1l Lomibuvir Vertex 1
Vedroprevir  Achillion 1] Second generation GS-9669 Gilead 1]

IDX320 Idenix Il Merck-8742  Merck 1l ABT-333 Abbvie 1]
Vaniprevir Merck n ACH-3102 Achillion 1l ABT-072 Abbvie 1l

Second generation GS-5816 Gilead 1l Setrobuvir Roche 1]
MK-5172 Merck ]

ACH-26884  Achillion Il

Directly acting antivirals in the later phases of clinical development, showing NS3/4a
protease inhibitors, NS5a inhibitors and NS5B polymerase inhibitors. This figure was
derived from information displayed in Table 1 in (Pawlotsky 2014). Structural images
were generated using iSee MolSoft Software (www.thesgc.org/isee).

The first DAAs available approved for HCV gtl infected patients were the protease
inhibitors Telaprevir and Boceprevir, now accompanied by Simeprevir, with multiple
other first generation NS3 inhibitors in phase II or phase III clinical trials (reviewed
by Jean-Michel Pawlotsky 2014). All first generation protease inhibitors show limited
pan-genotypic efficiency and frequently induce resistance mutations (Kuntzen et al.
2008; G. R. Foster et al. 2011; B. R. Bacon et al. 2011; Poordad et al. 2011; I. M.
Jacobson et al. 2011) (Table 1-2). They have to be administered every 8 to 12 hours.
Second generation NS3/4a protease inhibitors (MK-5172, ACH 26884) have a better
pan-genotypic coverage and induce less adverse events. They also induce fewer
resistance mutations, although some mutations seen with the second generation
inhibitors have been associated with viral breakthrough (Summa et al. 2012).

Inhibitors of the RNA dependent polymerase NS5B are split into

nucleoside/nucleotide analogue inhibitors that act as false polymerase substrates, and
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non-nucleoside inhibitors binding to the NS5B surface and thereby altering the NS5B
active site (Figure 1-8). Because of their mechanism of action, nucleoside/nucleotide
inhibitors have a favourable profile with pan-genotypic coverage and have the highest
barrier to resistance of all DAAs (Gane et al. 2010; Membreno & Lawitz 2011; Gane
et al. 2013; Lawitz et al. 2013). They depend on 3 (nucleoside) or 2 (nucleotide)
phosphorylations for activation, which explains faster action of nucleotide analogues.
The nucleotide inhibitor Sofosbuvir is now approved, and is part of most
interferon/DAA and non-interferon/DAA combinations in the pipeline for all HCV
genotypes (reviewed by (Pawlotsky 2014; Wendt et al. 2014) Table 1-2).

First generation non-nucleoside polymerase inhibitors act primarily against HCV gtl
and have a low barrier to resistance; however, broader drugs which are less prone to
mutations are in pre-clinical development (Larrey et al. 2012).

NS5a inhibitors block viral RNA replication and virion assembly by interaction with
the replication complex, however, the exact mechanism of action still remains unclear
(Guedj et al. 2013). First generation NS5a inhibitors, with 7 drugs in phase II and III
clinical development, have a low barrier to resistance mutations, and are only
effective against genotype 1 and 4 (Figure 1-8 and Table 1-2) (M. Gao et al. 2010; M.
Huang et al. 2011; R. Colonno et al. 2011; J. Walker et al. 2014; Nettles et al. 2011;
Link et al. 2014; DeGoey et al. 2014). Second generation NS5a inhibitors seem to
have a higher barrier to resistance, and show a broader coverage of genotypes,
however, some are still show less pan-genotypic efficiency against genotypes 2 and 3

(G. Yang et al. 2012; Coburn et al. 2013).

Table 1-2: Drug profiles of directly acting antivirals

NS3 inhibitors NS5a inhibitors NS5B inhibitors
1st Generation |2nd Generation [1st Generation |2nd Generation |1st Generation [2nd Generation

DAAs
Efficiency
Resistance Profile
Pangenotypic efficiancy
Adverse events
Drug-drug Interactions

Clinical profile of first and second generation directly acting antivirals (DAAs).
Green: good profile, yellow: average profile, red: non-favourable profile. Table
adapted from (Schinazi et al. 2014).

Apart from the structure-based antivirals, another drug class currently exploited are
host-targeting antivirals that target cell components of the HCV life cycle. Examples
are cyclophilin inhibitors (Alispovir [Novartis], SCY-635 [Scynexis]) and antagonists
of microRNA 122 (Miravirsen [Santaris]) (Lanford et al. 2010; S. Hopkins et al.
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2010; Pawlotsky et al. 2012; Quarato et al. 2012; Janssen et al. 2013). Alisporivir is
an analogue of cyclosporine A and represents the prototype of a new class of non-
immunosuppressive cyclophilin inhibitors (Quarato et al. 2012).

When used as a monotherapy, DAAs cause a rapid emergence of escape mutations
(Hezode et al. 2009; McHutchison et al. 2010). Therefore, most drugs will be used as
combination treatments. Several combinations of new DAAs, such as triple
combinations of a NS3/4a inhibitor, a NS5a inhibitor and a non-nucleoside NS5b
inhibitor, currently trialled in clinic with promising results (Abbvie press releases
2013; Abbvie press releases 2014). Double combinations of drugs with a low barrier
to resistance, such as NS3/4a inhibitor Asunaprevir and NS5a inhibitor Daclatasvir,
only yield high SVR rates in easy-to-cure patient groups (Chayama et al. 2012).
Several combination therapies include the potent nucleotide polymerase inhibitor
Sofosbuvir, which is now licenced (Gilead press releases 2013; Gilead press releases
2014b).

Interferon will stay a backbone of treatment combinations until new IFN-free
combinations are approved, of which several are currently in clinical development
(Gane et al. 2010; Zeuzem et al. 2011; Chayama et al. 2012). IFN is then expected to
disappear from HCV treatment guidelines - at least in countries that can afford the
new expensive drugs: added costs for Boceprevir and Telaprevir are £8,400 to
£22,398 per treatment in addition to the costs for interferon (NICE guidelines for
Boceprevir and Telaprevir 2013). However, administration of both Telaprevir and
Boceprevir has been described as cost effective in terms of life years gained (LYG)
and quality adjusted life years (QALY), in both previously treated and untreated HCV
gtl patients (Camma et al. 2012; Camma et al. 2013). Ribavirin will still be used in
combination with the DAAs, since it prevents viral relapses by an unknown
mechanism.

Overall, DAAs have caused a significant improvement in HCV therapy by
significantly increasing the treatment response rate in HCV infected patients without
previous therapy, but also in ‘difficult-to-treat’ groups like prior relapsers and null
responders. However, even with an arsenal of effective drugs available, most HCV
infected patients worldwide will not have access to the expensive new therapies,
making the development of an efficient vaccine a pressing need. In the following
section, I will discuss basic knowledge on innate and adaptive immunity in response

to viral infections, and in particular to HCV infection.
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1.4 Innate immune response to HCV infection

The innate immune response targets HCV as the first line of defence, attacks the virus
in a non-specific manner and does not confer long lasting immunity to the host
(Janeway et al. 2001). Innate immune responses are activated shortly after HCV
infects the cell, and have been repeatedly shown to play an important role in HCV
clearance. The role of the interferon system and NK cells in HCV infection are

discussed below.

1.4.1 Interferon production and interferon signalling

The precise mechanisms of induction of interferon stimulated genes in response to
viral infections continue to evolve (Stone et al. 2013; Rosen 2013); current
understanding is that the virus is recognized by the host cells via two pathways,
resulting in the induction of type I and type III interferons.

Cytosolic pathway: Followed by the binding to cell surface proteins and
incorporation of the viral particle, HCV translation and replication takes place in the
cytosol. The cell recognizes the virus by noticing pathogen associated molecular
patterns (PAMPs) in the HCV 5’ and 3 UTR through pattern recognition receptors
(PRRs), such as retinoic acid inducible gene-I (RIG-I) and melanoma differentiation
antigen 5 (MDAS). Viral RNA binds to RIG-I (retinoic acid-inducible gene-I), which
directs a stable interaction and then activates the interferon signaling pathway through
CARDIF (CARD adaptor inducing Interferon-g (IFNp), also known as MAVS, IPS-I
or VISA) (Saito et al. 2008). Activation of NFxB and the interferon regulatory factor
3 (IRF-3) and translocation of these factors into the nucleus result in increased
transcription of interferons (Dragan et al. 2007) (Figure 1-9). In addition, dsRNA
sensor protein kinase R (PKR) binds to the HCV internal ribosomal entry site (IRES)
as early as 2 hours after infection and prior to the interaction with RIG-I, triggering
early induction of several IRF-3 dependent genes (Arnaud et al. 2010; Arnaud et al.
2011).

TLR pathway: In addition to the cytosolic pathway, the toll-like receptor 3 (TLR-3)
recognizes extracellular double-stranded RNA (dsRNA) and re-localizes to an
endosome, where it activates TRIF (Toll/IL-1 receptor domain-containing adaptor
inducing IFNf). Downstream signalling pathways ultimately lead to the transcription

of interferon coding genes (Figure 1-10).

35



Chapter 1

Figure 1-9: Proposed model of CARDIF and TRIF interference by the NS3/4
viral protease.
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Interferons are induced via two main pathways in response to HCV infection.
Left: Cytosolic pathway. After HCV enters the cell via specific receptors, RNA is
detected by pattern recognition receptors such as RIG-I, which binds to CARDIF (or
MAVS). Right: Endosomal pathway. TLR3 detects double stranded RNA, initiating
downstream signaling via TRIF and other kinases. Both pathways lead to activation of
downstream pathways (IRF-3) and ultimately transcription of interferons.

HCV interferes with the induction of interferons. Cellular proteins CARDIF
(MAVS) and TRIF are cleaved by the HCV NS3-4A protease (depicted as scissors).
TBKI1 is also inhibited by NS3/4a (Jin 2007), rendering IRF-3 capability to
translocate to the nucleus. Additionally, HCV inhibits the translation of transcribed
IFNs through activation of PKR (not depicted).

CARDIF: CARD adaptor inducing IFNf (also mitochondrial antiviral signaling
protein MAVS), IKK-g: inhibitor of NFk-B kinase e, IRF: interferon regulatory
transcription factor, RIG: Retinoic acid-inducible gene I, STAT: Signal transducer
and activator of transcription protein, TLR: Toll like receptor, TRIF: Toll/IL-1
receptor domain-containing adaptor inducing IFN.

There are three classes of Interferons (IFNs): Type I IFNs consist of IFNa and 3, and

other suptypes (x, 9, €, p, T, ®, &), acting through a common receptor, the IFNo/3
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receptor. Type II IFNs consist of a single cytokine, IFNy, essential for cell-mediated
immunity by activating macrophages and promoting the development of CD4+ and
CD8+ T cells (Gattoni et al. 2006). Type 3 IFNs include 4 members, IFN A1, A2, A3,
and IFN-A4. IFN Al, A2, and A3 are also known as 1L29, IL28A, IL28B (Ank et al.
2006; Ank & Paludan 2009; Prokunina-Olsson et al. 2013).

The different types of IFNs are produced by different cell types: IFNo can be
produced by virtually all types of nucleated human cells (Biron 1999). As part of the
innate immune response, IFNy is predominantly produced by natural killer (NK) and
natural killer T (NKT) cells. Once antigen-specific immunity develops, CD4+ and
CD8+ cytotoxic T lymphocyte (CTL) effector cells produce IFNy (Schoenborn & C.
B. Wilson 2007). IFNA is mainly produced by plasmacytoid dentritic cells, however,
other cell types like macrophages, monocyte derived dentritic cells and hepatocytes
have been shown to produce this cytokine (Coccia et al. 2004; Wolk et al. 2008;
Sommereyns et al. 2008; Yin et al. 2012).

Subsequently, IFNs bind to their receptors (Figure 1-10), and induce interferon
stimulated gene (ISG) transcription via the JAK/STAT pathway. Type I interferons
signal through a receptor composed of low- (IFNa-R1) and high-affinity (IFNa-R2)
components. Type III interferons signal through a high-affinity receptor (IFNA-R1)
and an receptor (IL10-R2), which is shared by IL-10, IL-22 and IL-26 (Kotenko et al.
2003; Sheppard et al. 2003). In contrast, type II IFNs signal through a complex
composed of four transmembrane receptors, two chains of a high-affinity receptor
(IFNy-R1) and two chains of a low-affinity receptor (IFNy-R2) (Pestka et al. 2007).
After binding to their receptors, there is a great deal of redundancy in downstream
signalling pathways activated (JAK/STAT), particularly seen for Type I and III IFNs.
However, through distribution of different receptors on different cell types, the effects
of IFN types are restricted (reviewed by (De Weerd & T. Nguyen 2012)). Receptors
for the type I and II IFNs, and the IL10RB involved in type III signaling are widely
distributed and found on the surface of most cell types. In contrast, the distribution of
the high-affinity receptor for type III IFNs, IFNA-R1, is more restricted. It can be
found on cells of epithelial origin (Ank et al. 2008; Donnelly & Kotenko 2010), in
particular keratinocytes, and mucosal cells in the gastrointestinal tract, lungs and

kidneys (Sommereyns et al. 2008).
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Figure 1-10: Binding of different types of Interferons to their receptors and
following intracellular pathways.
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Interferons bind to their specific receptor, activating downstream JAK/STAT
signaling pathways. STAT proteins form phosphorylated homo- or heterodimers and
translocate to the nucleus, to activate gene regulatory elements (ISRE and GAS),
ultimately leading to transcription of IFN stimulated genes.

GAF/GAS: gamma-Interferon activation factor/site, IFN: Interferon, IRF: Interferon
regulatory transcript, IRSE: Interferon-stimulated response element, ISGF: Interferon
stimulated gene factor e, JAK: Janus kinase, STAT: Signal transducer and activator of
transcription protein, TYK: tyrosine kinase.

1.4.2 Immunomodulatory and antiviral effects of interferons

Interferons have important immunomodulatory and antiviral effects at different levels
of the immune system, including antigen presentation, T cell differentiation, and
modulation of innate immunity, of which some are discussed in the following
paragraphs.

Immunomodulatory effects

Type I IFNs have an important role in the differentiation of both CD4+ and CD8+ T
cells. IFNs enhance proliferation and maturation of dendritic cells, ensuring efficient

antigenic peptide presentation (Montoya et al. 2002). Additionally, Type I IFNs
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facilitate cross-presentation in dendritic cells (Diamond et al. 2011; Schiavoni et al.
2013), and trigger the production of IL-15 by antigen presenting cells, which is
responsible for stimulating the generation of memory T cells (Boyman et al. 2007).
Class I IFNs up-regulate antigen processing and presentation on both MHC class |
and class II molecules (Y. Yang et al. 1995), and subsequently sustain the
proliferation of antigen specific CD8+ cells (Kolumam et al. 2005; K. Honda et al.
2005). Type I IFNs also drive Tyl cell development by inducing IL-12, and the
phosphorylation and activation of STAT4 (S. S. Cho et al. 1996; Szabo et al. 2002).
In addition, type I IFNs synergize with other cytokines like IL-17 and IL-21 (S
Matikainen et al. 2001; Strengell et al. 2004). Type I IFNs have been associated with
the suppression of Ty2 and Tyl7 responses (Moschen et al. 2008; J. P. Huber &
Farrar 2011). Therefore, it seems that [IFNo/f3 ensures the proper differentiation of
Tul cells by restricting the development of alternative subsets (J. P. Huber & Farrar
2011). Other immunomodulatory effects of IFNs include the activation of NK cells
through complex processes, leading to upregulation of perforin and granzymes
(Bolitho et al. 2007).

Antiviral effects of IFNs.

The interferon system induces extremely powerful antiviral responses, capable of
controlling most viral infections in the absence of adaptive immunity (R. E. Randall
& Goodbourn 2008). Treatment of cells with IFNo/f3 induces an antiviral state via the
induction of several hundred genes. An example is a molecule that acts as a direct
antiviral, the interferon stimulated gene 15 (ISG15) (Lenschow et al. 2005), which
activates a large number of proteins involved in positive feedback mechanisms for the
interferon systems itself and other antiviral effector proteins. Overall, interferon
induced genes encode proteins with antiviral activity that have been extensively
studied, such as the dsRNA dependent protein kinase R (PKR) (Clemens 2005;
Silverman 2007), 2°5’-oligoadenylate synthetase (OAS), the Mx family (Martens &
Howard 2006; Haller et al. 2007) viperin and the RNAseL, which restricts HCV
replication within the hepatocyte.

A major antiviral component of IFNs is the up-regulation of genes involved in antigen
processing and presentation, particularly the expression of MHC class I genes and
associated endocytic proteins (Le Bon et al. 2003; Le Bon et al. 2006). In addition,

IFNao/p enhance CD8+ expansion and their cytolytic activity.
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In HCV infection, higher hepatic ISG expression is predictive of a non-response to
[FNa/Ribavirin therapy (Sarasin-Filipowicz et al. 2008; Sarasin-Filipowicz et al.
2009; Afdhal et al. 2011). A proposed mechanism to explain this somewhat
paradoxical finding, is that type III IFNs, which are uniquely upregulated in
hepatocytes in response to HCV infection (E. Thomas et al. 2012), may generate a
refractory state to further type I IFN action in hepatocytes. This concept was
supported by the finding that blocking type III IFNs enhances the antiviral activity of
[FNa in cell culture (E. Thomas et al. 2012).

1.4.3 NK cells in HCV infection

NK cells belong to the innate immune system and form about 5%-15% of peripheral
blood mononuclear cells (PBMC). They are enriched in the liver (30%-50%)
(Doherty & O’Farrelly 2000), where they form an important part of the innate
immune response against hepatotropic viruses (Golden-Mason & Rosen 2006). They
are cytolytic and release cytokines, and can directly induce apoptosis of virus-infected
hepatocytes (Tay & Welsh 1997; Guidotti et al. 1999; Z. X. Liu et al. 2000). Unlike T
and B cells, NK cells can lyse without the need to recognize a major
histocompatibility complex (MHC), and can be activated by cytokine secretion
without priming (Cheent & Khakoo 2009). Effector mechanisms of NK cells include
direct cytotoxicity through cytotoxic granules or induction of apoptosis through
interaction of FAS and tumour necrosis factor related apoptosis inducing ligand
(TRAIL) with upregulated receptors on target cells; and indirect mechanisms like
dendritic cell activation through IFNy and TNFa, which then activate T cells (Z. X.
Liu et al. 2000). NK cells are regulated by polymorphic inhibitory receptors (KIR).
NK cells seem to be involved in HCV clearance, either directly by targeting infected
hepatocytes, or indirectly through regulating other cell types. Evidence for their role
in HCV infection arises from a study showing that the genetic combination of a
specific KIR molecule on NK cells (KIR2DL3) and HLA class C is associated with
spontaneous and treatment-induced resolution of HCV infection (Khakoo et al. 2004).
In addition, expression of TRAIL on NK cells has been associated with the control of

HCYV infection (Stegmann et al. 2010).
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1.4.4 HCV subverts the innate immune response

HCV has developed multiple mechanisms of subverting the cell’s innate immune
response (reviewed by (Rehermann 2009; Rosen 2013)).

HCV inhibits the action of IFNs at multiple levels, interfering with the induction,
actions of IFNs, and subsequent functions of interferon stimulated genes.

Via the NS3/4a protease HCV has a strong influence on the induction of IFNs (Jouan
et al. 2010). The protease cleaves CARDIF and TRIF (Figure 1-9) (Foy et al. 2003; M.
Gale & Foy 2005; Foy et al. 2005), two components by which a cell triggers the
induction IFNs (Rebsamen et al. 2008; Saito et al. 2008), thus inhibiting the
expression of Interferon stimulated genes (ISG) (X.-D. Li et al. 2005). Additionally, it
cleaves the IRF-3, preventing its translocation into the nucleus. This effect is
reversible by use of protease inhibitors (Jouan et al. 2010).

Subsequently, HCV interferes with the actions and downstream signalling of IFNs.
HCV core binds to STATI, thereby inhibiting its activation and inducing its
degradation (W. Lin et al. 2006). HCV also induces suppressor of cytokine signalling
proteins (SOCS), in particular SOCS3, an inhibitor of the JAK/STAT pathway (Bode
et al. 2003). The interaction of HCV with SOCS?7 is particularly pronounced in HCV
gt3 infection, where HCV core has been shown to interfere with STAT signalling in
cell culture (Pazienza et al. 2010). In addition to the SOCS proteins, the protein
phosphatase 2a (PP2A) is specifically induced by HCV infection; leading to an
additional inhibition of STAT]1 and resulting in reduced transcriptional activation of
IFN stimulated genes (Duong et al. 2004).

Finally, HCV interferes directly with IFN induced proteins. These effects are
primarily related to HCV protein NS5A, which has been shown to inhibit the 2'-5'
oligoadenylate synthetase (OAS), and induce IL-8, resulting in a decrease of overall
ISG expression (S J Polyak et al. 2001). In addition, NS5A forms heterodimers with
PKR, thereby decreasing its inhibitory effect on the translation of viral proteins (M. J.
Gale Jr et al. 1997; Pflugheber et al. 2002). Another viral protein that interferes with
PKR in a similar manner is E2. The two genomic regions are named PKR-eukaryotic
transcription factor (elF2-alpha) phosphorylation homology domain (PePHD) in E2
(Puig-Basagoiti et al. 2001), and the IFN sensitivity-determining region (ISDR) in
NS5A (Yokozaki et al. 2011), and both regions were associated with the treatment

response to INFau (Sarrazin et al. 2000).
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Another route by which HCV subverts the innate immune response is through NK
cells. In HCV infection, NK cells overexpress inhibitory receptors and produce
cytokines attenuating the adaptive immune response, such as IL-10 and TGF-
(Jinushi et al. 2004). The mechanisms by which this inhibition is induced are
controversial: Initially, it was thought that HCV glycoprotein E2 inhibits NK cells
directly by cross-linking CD81 (Crotta et al. 2002; Tseng & Klimpel 2002). However,
these results could not be verified when E2 was part of infectious lipoviral particles.
In addition to E2, HCV core encoded peptides are also thought to inhibit NK cell
function (Nattermann et al. 2005).

1.4.5 Polymorphisms in the innate immune genes are associated with
HCY infection and treatment outcome

A major breakthrough in HCV research was the finding that polymorphisms in the
gene linked with Interferon lambda (IFNA) type III (also known as Interleukin 28B
[IL28B]) are determinants of clinical outcome in HCV. This association has been
established in large genome wide association studies (Ge et al. 2009; Rauch et al.
2010) and candidate gene association studies (Mangia, A. J. Thompson, et al. 2010;
McCarthy et al. 2010; Montes-Cano et al. 2010; Mosbruger et al. 2010; D L Thomas
et al. 2009), establishing a key role in determining clinical outcome of HCV infection.
Polymorphisms in the IL28B gene are associated with the outcome of primary
infection (Rauch et al. 2010; D L Thomas et al. 2009) and the treatment success of
IFNo/Ribavirin combination therapy (Suppiah et al. 2009; Y. Tanaka et al. 2009).
There are two polymorphisms that have been studied extensively, rs12979860 and
rs8099917, which are in partial linkage equilibrium with each other and located about
3kb upstream of the IL28B gene (Ge et al. 2009; Z. Jia et al. 2012). The favourable
alleles are more frequently found in Caucasian and Asian populations compared to
African-Americans (D L Thomas et al. 2009; Ge et al. 2009).

IFN-A3 is a member of the IFN-A family, composed of IFN-A1 (IL-29), IFN-A2
(IL28A) and IFN-A3 (IL28B) and IFN-A4 (Kotenko et al. 2003; Sheppard et al. 2003;
Prokunina-Olsson et al. 2013). Although the IFN-A family is closer to the IL-10-
related cytokines in terms of gene structure, protein structure, and receptor usage, they
display type I interferon-like anti-viral and cytostatic activities (K. Witte et al. 2009;
K. Witte et al. 2010). Unlike IFN-a and f, the target cell population of the IFN-A
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family is restricted and mainly includes epithelial cells and hepatocytes, suggesting
that the IFN-A family of cytokines evolved specifically to protect the epithelium from
viral invasions (Sommereyns et al. 2008). Indeed, IFN-A3 has been shown to inhibit
viral replication in vitro (Marcello et al. 2006; S. E. Doyle et al. 2006), as well as
acting as an antiviral cytokine in humans: IFN-A3 has been shown to exhibit
comparable activity to IFNa in combination with Ribavirin and directly acting
antivirals (Friborg et al. 2013).

IFN-A was trialled in clinical studies and showed considerable activity and a
favourable side effect profile in comparison to IFNa. (Muir et al. 2010; Zeuzem et al.
2012), which is thought to be due to the restricted expression of the IFN-A receptor
(Sommereyns et al. 2008).

Attempts to reveal the basic mechanism leading to the association of the IFN-A3
related polymorphisms with HCV clearance were largely unsuccessful (D. R. Booth
& Jacob George 2013). One potential proposed mechanism was a differential
expression of IFN-A3 in hepatocytes, but several groups failed to show an effect in
vitro and in vivo (T. J. Urban et al. 2010; M. Honda et al. 2010; Dill et al. 2011;
Naggie et al. 2012). Two recent publications suggested possible alternative
mechanisms of action: a di-nucleotide polymorphism causing a frameshift influencing
the expression of Interferon-A4 may mediate the effects on HCV spontaneous
clearance (Prokunina-Olsson et al. 2013). The SNP lies between the IFNA2 and
IFNA3 gene, and either creates (polymorphism AG) or aborts (TT) the expression of
the newly described transcript, IFNA4. In a repeated association study, IFNA4 was
more strongly related to spontaneous clearance in patients with African ancestry, but
provided similar information in Asians and Caucasians. However, the exact influence
of IFNA4 on HCV spontaneous resolutions remains to be defined. A second
publication (McFarland et al. 2014) describes a functional polymorphism (rs4803217)
in the 3’ untranslated region (UTR) of IFN-A3, that was associated with the clearance
of HCV infection. A T-to-G substitution at this SNP resulted in increased expression
of IFNA through escape from both AU-rich element (ARE)-mediated decay and post-
transcriptional regulation by HCV-induced miRNAs. The authors suggest that these
pathways mediate a robust repression of the unfavorable /FNL3 polymorphism, by

which HCV attenuates the antiviral response.
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1.5 Adaptive immune response to HCV infection

A coordinated adaptive immune response involving both T cell responses and
antibodies is normally required for pathogen control. Since the major part of this work
described T cell responses towards HCV infection, and the development of a
immunogen potentially priming cross-reactive T cell responses, I first describe basic
facts on antigen presentation to T cells, and then review T cell responses in HCV
infection, including mechanisms of T cell failure in chronic infection, followed by a
short overview on humoral responses against HCV. Finally, I discuss the particular
impact of immunotolerant environment of the liver on adaptive immunity in HCV

infection.

1.5.1 Antigenic peptide presentation - MHC class-1I and -II processing

T cell epitopes are peptides that induce immune responses when bound to major
histocompatibility complexes (MHC) and presented on the cell surface for recognition
by T cells. Peptides can be presented on two major classes of MHC complexes: MHC

class-I and class-II complexes (Figure 1-11).

Figure 1-11: Peptide loading of MHC class-I and -IT complexes.

Figure deleted due to copyright:
Figure material can be found in Neefjes et al., 2011. Figure included in thesis has

been derived from information shown in Figure 1 and 3 in this paper.

Peptide loading and presentation of MHC class-I and class-II complexes. Left:
Peptide presentation to CD8+ restricted cells by MHC class-I complexes. Intracellular
material is degraded by proteasomes. Resulting peptides are transported into the ER
by transporter associated with antigen presentation (TAP), where loading onto MHC
class-I complexes takes place. MHC class-I/peptide complexes are presented on the
cell surface. Figure modified from (Neefjes et al. 2011).
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MHC class-I complexes present intracellular material of cytosolic and nuclear origin
to the T cell receptor (TCR) of CD8" T restricted cells (Figure 1-11, left). MHC class-
I molecules are expressed on almost all nucleated cells, and primarily present
intracellular material degraded by proteasomes. Proteasomes are large multi-protein
complexes, with the housekeeping function of degrading damaged or improperly
folded proteins, marked with an ubiquitin cap. Proteins are usually degraded at the
end of their functional lives, but additionally, about 30-70% of newly produced
cellular proteins are immediately degraded after synthesis (Reits et al. 2000; Schubert
et al. 2000).

Proteasomes are capable of producing peptides of different length, and are able to
adapt their composition and function in response to an activated innate immune
system. In cells treated with IFN, more peptides with hydrophobic or basic residues
are generated, which preferentially bind to MHC class-I complexes (K. Tanaka 1994;
Cardozo & Kohanski 1998; Griffin et al. 1998). Interestingly, proteasomes can even
produce new peptides through antigenic peptide splicing (Vigneron et al. 2004;
Michaux et al. 2014).

Peptides generated by the proteasome are subsequently transported from the
cytoplasm to the endoplasmatic reticulum (ER) via the transporter associated with
antigen presentation (TAP). In the ER, peptides are loaded onto MHC class-I
complexes, assembled from a heavy chain and a light chain called 3,m microglobulin
(Bjorkman et al. 1987; Madden et al. 1992). The peptide is required for the stability of
the MHC complex, the groove of which accommodates peptides of 8-9 amino acids
(AA) in length (Rammensee et al. 1993). Before peptide loading, the MHC class-I
complex 1is stabilized through ER chaperones, such as Tapasin, calreticulin and
ERp57 (Sadasivan et al. 1996; Morrice & Powis 1998; Farmery et al. 2000). Tapasin
also couples with the TAP, leading peptides transported into the ER to the MHC
complex for loading (Peh et al. 2000). Fully assembled and stabilized MHC class-
I/peptide complexes then leave the ER for presentation.

In contrast to MHC class-I complexes, MHC class-II complexes primarily present
extracellular material incorporated via the endosomic route to the TCR of CD4+
restricted T cells (Figure 1-11, right). Expression of MHC class II molecules is
restricted to professional antigen-presenting cells (APCs), including dendritic cells

(DCs), B cells and macrophages.
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During the maturation of MHC class-II molecules in the ER, they are prevented from
binding any intracellular molecules by the invariant chain (Ii) (Roche & Cresswell
1990; Teyton & P. A. Peterson 1992). In addition to pre-mature binding of peptides in
the ER, structural motifs in the invariant chain also control the intracellular transport
of the MHC class-II complexes, either directing the complex to remain in the ER, or
via the Golgi to MHC class-II compartment vesicles in the cell periphery (either
directly or via the cell membrane), or to a degradation pathway circumventing the
Golgi (Lotteau et al. 1990). Here, in the early endosome, resident proteases cleave
both endocytosed proteins and the invariant chain, which is degraded to a class II-
associated invariant-chain peptide (CLIP). With the help of a dedicated chaperone,
HLA-DM, CLIP is exchanged for the antigenic peptide. Class-II molecules have a
binding groove that is open at both ends, allowing longer peptides (usually 12 to 25
amino acids) to bind (Chicz et al. 1992; J. H. Brown et al. 1993; Jardetzky et al. 1994).
Loaded MHC class-II complexes are then transported to the plasma membrane for
presentation to CD4+ restricted cells.

In addition to the pathways described above, certain antigen presenting cells have the
ability to cross-present exogenous antigens onto MHC class-I molecules. This
property is atypical, but essential for the initiation of immune responses to viruses that

do not infect antigen presenting cells (Neefjes et al. 2011).

1.5.2 T cell responses in acute infection

It is generally accepted that adaptive immune responses play a central role in the
outcome of HCV infection (Rehermann 2009; Thimme et al. 2012). Most likely,
multiple components (B cells, T cells, regulatory T cells) of the adaptive immune
system are involved in viral control and finally clearance of HCV.

T cell responses in acute HCV infection are of particular immunological interest,
since during this time the hallmarks for the outcome of infection are set: the patient
either clears the infection or proceeds to chronic infection. However, immune
responses in the acute phase of HCV infection are particularly difficult to study, since
>80% patients do not show any, or non-specific and mild clinical symptoms during
the acute phase, and if, typically not before the rise of ALT levels 8-12 weeks after
initial infection. Additionally, a large proportion of acute infections is due to
intravenous drug use (IVDU), and therefore in a patient group which is difficult to

study.
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Therefore, much of the knowledge about the early phase of infection is derived from
the chimpanzee model. Most data on acute HCV infection in humans comes from
closely followed intravenous drug using cohorts, where T cell responses in acute
infection were described in patients both clearing infection and developing chronic
infection (Lauer et al. 2005; A. L. Cox, Mosbruger, Lauer, et al. 2005).

One of the key characteristics of HCV infection is the delayed adaptive immune
response during acute infection. An increase in HCV titer is detectable early and an
induction of ISGs happens soon; however, T cell responses are typically detectable
only 5-9 weeks after infection (Thimme et al. 2001), coinciding with the onset of
clinical hepatitis (Figure 1-12). Following the initial rise in proliferative capacity
around 12 weeks after infection, the fate of T cell responses depends on the outcome
of infection (spontaneous resolution or chronic infection), and is discussed in the

following paragraphs.

Figure 1-12: Schematic of the clinical course and adaptive immune responses in
acute HCV infection in self-limiting and chronically evolving HCV infection.

Figure deleted due to copyright:
Figure material can be found in Rehermann 2009. Figure included in thesis has been

derived from information included in Figure 3 in this paper.

Acute hepatitis C followed by (A) spontaneous resolution of infection or (B) chronic
infection. (A) After the incubation phase, with HCV viral RNA detectable in the
blood, ALT levels rise in most patients (top panel), although only 20-30% of patients
develop clinical symptoms such as jaundice. The rise in ALT coincides with an HCV
specific T cell response in the liver (bottom panel). T cell responses in spontaneously
resolved infection can be detected for years after the clearance of infection. (B)
Chronically evolving acute hepatitis C. Chronic HCV infection is characterized by
relatively stable HCV RNA levels, which are lower than in the acute phase (top
panel). HCV-specific T cell reactivity decreases over time, and in vitro responses to
HCV antigens are typically weak to undetectable (bottom panel). Figure modified
from (Rehermann 2009).
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1.5.3 T cell responses in spontaneously resolved HCV infection

Cellular immune responses have been shown to play a critical role in the spontaneous
resolution of HCV infection (Grakoui et al. 2003; Shoukry et al. 2003). As shown in
Figure 1-12, T cell responses in spontaneously resolved infection have been described
as broad and vigorous (Takaki et al. 2000; Griiner et al. 2000; S. Cooper et al. 1999;
Lechner et al. 2000), and persist after the virus is cleared from the blood. However,
the exact determinants distinguishing a successful from an unsuccessful immune
response remain unclear. Evidence for the role of CD4+ and CD8+ specific T cell
responses for spontaneous resolution of HCV infection is discussed below.

HCV specific CD4+ cells are essential for the generation of an effective immune
response. Vigorous CD4 responses are detected in the blood of patients who clear the
virus, whereas a loss of initially strong CD4+ T cell responses has been associated
with recurrent viraemia in humans and chimpanzees (Gerlach et al. 1999; Nascimbeni
et al. 2003). Similar to the associations of HCV clearance with class- MHC types
(discussed below), class-II MHC types have been associated with viral clearance: In a
cohort of 758 US women infected with HCV, DRB1*0101 was associated with viral
clearance, and DRB1*0301 with viral persistence (Kuniholm et al. 2010). A meta-
analysis of 11 studies proposes a significant influence of class-1I types DQB1*0301
and DRBI1*1101 on viral clearance (X. Hong et al. 2005), and DRBI1*01,
DRB1*0401 and DRB1*15 were associated with protection in the well defined Irish
cohort (McKiernan et al. 2004).

The role of CD8+ T cells has been thoroughly studied. Collectively, published data
shows an important role for CD8+ restricted T cells. The clearance of infection is
supported by several lines of evidence (reviewed by (Thimme et al. 2012)), including:
(1) CD8+ T cells have been shown to control viral replication in a chimpanzee model
in vivo (Shoukry et al. 2003).

(2) A kinetic correlation between CD8+ T cell responses and viral clearance, where
strong and broad intrahepatic CD8+ responses are associated with the onset of clinical
disease and viral clearance (S. Cooper et al. 1999; Griiner et al. 2000; Thimme et al.
2001; A. L. Cox, Mosbruger, Lauer, et al. 2005).

(3) An association between HLA type and viral clearance, shown for alleles A*03,

B*27, B*57 and Cw*01, whereas B*08 and Cw*04 were associated with viral
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persistence (Thio et al. 2002; McKiernan et al. 2004; Kuniholm et al. 2010; A. Y.
Kim et al. 2010; Fitzmaurice et al. 2011).

(4) CD8+ T cells inhibit viral replication in vitro (Jo et al. 2009), using a HCV
infected hepatocyte cell line expressing MHC class-1 molecules for HLA type A*02,
and HCV specific T cells exerting strong antiviral effects.

Even though most patients achieve spontaneous resolution of the virus within 6
months of infection, there is published evidence that spontaneous resolution of the
virus might occasionally occur after chronic infection is established (Scott et al.

2006); a phenomenon particularly common amongst Alaskan natives.

1.5.4 T cell responses in chronic infection

Up to now, it was thought that adaptive immune responses in patients developing
chronic infection are initially weak and narrowly focused. However, a recent paper by
Lauer and co-workers showed that in individuals acutely infected with HCV and
proceeding to chronic infection, T cell responses are initially strong, but decrease
quickly during the phase of acute infection (Schulze Zur Wiesch et al. 2012). The
assumption that responses in acutely infected patients proceeding to chronic infection
are weak, might have been based on patchy data: patients evolving chronic infection
rarely exhibit clinical symptoms during acute infection, and are therefore diagnosed
later compared to patients with clinical symptoms who more likely clear infection
(Thimme et al. 2001). Due to late diagnosis, initial strong responses therefore might
have been missed in patients analysed with acute infection. With a careful selection of
sample time points early after initial infection, as done by Schulze Zur Wiesch et al.,
strong T cell responses were observed in acute patients irrespective of outcome
(Schulze Zur Wiesch et al. 2012).

Once chronic infection is established, it is difficult to detect a broad range of T cell
responses in peripheral blood (Lechner et al. 2000; Thimme et al. 2001; Shoukry et al.
2003; Grakoui et al. 2003). However, adaptive immune responses are often present in
chronic HCV infection and are enriched in the liver (Kang et al. 2012) and are
thought to contribute to the progression of liver disease, but fail to control infection.
A combination of host and viral factors are thought to contribute to the lack of T cell
response, such as down-regulation of T cell responses, T cell exhaustion and

suppression by regulatory T cells, potentially leading to viral persistence (reviewed by
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(Neumann-Haefelin et al. 2007; Thimme et al. 2012)) and are discussed in detail

below.

1.5.4.1 Viral escape

An efficient adaptive immune response relies on the ability of the host to detect the
pathogen and target appropriate viral infected cells. An important escape mechanism
is viral variation in T cell epitopes, where polymorphisms in or flanking targeted
epitopes can result in viral escape from HLA specific immune responses (reviewed by
(Bowen & C M Walker 2005b)).

This escape is facilitated by the unusually fast replication rate of HCV, estimated at
10'* virions per day in each infected individual (Neumann et al. 1998; Zeuzem et al.
1998; Ramratnam et al. 1999). The viral RNA dependent RNA polymerase lacks a
proofreading function (Steinhauer et al. 1992), resulting in many co-circulating viral
quasi-species in an infected individual (Martell et al. 1992; M Kurosaki et al. 1994).
This characteristic set of diverse viral sequences is not completely random, but seems
to be defined by two restrictors: the fitness of the virus and the HLA type of the
infected host (S. C. Ray et al. 1999; Mao et al. 2001; A. L. Cox, Mosbruger, Mao, et
al. 2005). At the same time, the high number of viral quasi-species and variants
facilitates the escape from HCV T cell pressure at immunogenic sites.

Viral escape has first been experimentally demonstrated in patients chronically
infected with HCV (K. M. Chang et al. 1997), and has been associated with chronicity
(Erickson et al. 2001). Already early during the acute phase of infection, viral escape
from CD8+ T cell responses has been observed in patients who develop chronic
infection, but not in individuals who clear the virus (Timm et al. 2004; A. L. Cox,
Mosbruger, Lauer, et al. 2005; Tester et al. 2005). The escape pattern relates to the
infected patients’” HLA type, and polymorphic footprints have been used in several
association studies to identify new T cell epitopes in chronic infection (Gaudieri et al.
2006; Rauch et al. 2009; Ruhl et al. 2011). In addition to mutations within T cell
epitopes, compensatory mutations outside of T cell antigenic targets often correspond
to the changes within an epitope (Tester et al. 2005; Ruhl et al. 2011; Ruhl et al.
2012).

The effectiveness of viral control through T cell mediated immune pressure relates to
the cost of viral fitness at a certain epitope, limiting the replication efficiency of the

virus (Wolfl et al. 2008). In epitopes linked to protection, such as the B*27 restricted
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epitope (AA 2841-2849) (McKiernan et al. 2004; Neumann-Haefelin et al. 2006), it
has been shown that mutations at anchor positions lead to a substantial loss of fitness
(Dazert et al. 2009). However, in chronically infected patients, mutations spare the
anchor positions, forming clusters of mutations around them that lead to an efficient
escape from T cell pressure (Dazert et al. 2009). Additionally, viral escape does not
occur universally in all T cell targets, but only in about 50-70% (A. L. Cox,
Mosbruger, Mao, et al. 2005; Neumann-Haefelin et al. 2008), suggesting that other

mechanisms contribute to T cell failure (Thimme et al. 2012).

1.5.4.2 CD8+ dysfunction

T cell exhaustion has been demonstrated for a variety of chronic viral infections (like
HIV, HCV, HBV, CMYV), and is associated with a failure of effector functions like the
production of IL-2 and IFNy, limited proliferation capacity, and sustained expression
of inhibitory molecules (Wherry 2011). CD8+ T cells are thought to become
exhausted through a prolonged phase of antigenic stimulation without sufficient
CD4+ help (Wherry & R. Ahmed 2004; Virgin et al. 2009). Both cell intrinsic
negative regulatory pathways (such as Programmed cell death protein 1 (PD-1)) and
extrinsic pathways (such as regulatory cytokines from regulatory T cells) seem to play
an important role (Wherry 2011). Dysfunctional T cells seem to lose CTL effector
functions in a hierarchical order: first, the ability to produce IL-2, then TNFa and last
IFNy (Lechner et al. 2000; Semmo et al. 2005; Wherry 2011).

In HCV infection, exhausted T cells are commonly observed in chronically infected
patients (Penna et al. 2007; Radziewicz et al. 2007; Radziewicz et al. 2008; N.
Nakamoto et al. 2009) and express a variety of inhibitory molecules. A well described
inhibitory molecule expressed on exhausted T cells is programmed-death 1 (PD-1),
which is up-regulated in HCV specific T cells (Urbani, Amadei, Tola, et al. 2006;
Penna et al. 2007; Radziewicz et al. 2008). Particularly high PD-1 expression can be
found on HCV specific T cells in the liver and spleen (V. Kasprowicz et al. 2008;
Sumida et al. 2013). Other co-expressed markers on exhausted CD8+ cells include
2B4, CD160 and KLRG1 (Bengsch et al. 2010). T cells with up-regulated exhaustion
markers also display low levels of CD127, suggesting that they do not belong to a
memory T cell subgroup (Radziewicz et al. 2007; Bengsch et al. 2010). Another
exhaustion marker up-regulated in HCV chronic disease is the T cell Ig and mucin

domain protein-3 (Tim-3) (McMahan et al. 2010; Moorman et al. 2012), with
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expression correlating with HCV disease progression (Vali et al. 2010). Tim-3 has
been shown to negatively regulate effector T cells, and was overexpressed on both
effector and regulatory T cells in HCV infection (Mengshol et al. 2010). Additionally,
Tim-3’s natural ligand, Galectin-9, has been shown to be up-regulated in HCV
infection, inducing apoptosis on HCV specific CTLs (Mengshol et al. 2010).
Blockade of PD-1 increases CD8+ effector function in vitro (Radziewicz et al. 2007;
Penna et al. 2007; Golden-Mason et al. 2007; N. Nakamoto et al. 2008). A similar
singular and synergistic effect was observed for a different inhibitory molecule highly
expressed on HCV specific T cells, cytotoxic T lymphocyte-associated antigen
(CTLA-4) (N. Nakamoto et al. 2009), which is also described as a marker of
regulatory T cells.

However, PD-1 expression on HCV specific T cells does not necessarily identify
exhausted T cells and was shown to be highly expressed on HCV specific T cells
during acute infection irrespective of clinical outcome (Bowen et al. 2008; V.
Kasprowicz et al. 2008), suggesting other pathways play an important role in CD8+ T
cell exhaustion. Taken together, these results imply multi-factorial causes for T cell
exhaustion, with the activation of several inhibitory pathways, and additional factors

like the lack of CD4+ cell help and CTL suppression through CD4+ regulatory T cells.

1.5.4.3 Lack of CD4+ help

While CD8+ T cells have a major role in the elimination of pathogens, they depend
on appropriate CD4+ T cell help. CD4+ specific mechanisms are thought to
contribute to CD8+ T cell dysfunction in chronically infected individuals, and a
dysfunctional phenotype in CD4+ cells in persistent viral infections comparable to
CD8+ exhaustion has been described (Oxenius et al. 1998; D. G. Brooks et al. 2005;
Urbani, Amadei, Fisicaro, et al. 2006).

In patients chronically infected with HCV, CD4+ cells have been shown to mount
weak and functionally impaired responses (Semmo et al. 2005; Lucas et al. 2007).
CD4+ T helper cell responses have been associated with the outcome of acute HCV
infection, with weak and narrowly focused CD4+ responses that are functionally
impaired in patients who evolve chronic infection (Urbani, Amadei, Fisicaro, et al.
2006). In addition, strong CD4 responses during acute infection were primed

irrespective of clinical outcome, but rapidly disappear from the blood in patients
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developing chronic infection, with early functional defect (e.g. low levels of secreted

IL-2) (Schulze Zur Wiesch et al. 2012).

1.5.4.4 Suppression by regulatory T cells

Regulatory T cells (Tregs) suppress the activation, differentiation and effector
functions of immune cells such as CD4+ and CD8+ cells (Shevach et al. 2006), B
cells (D.-M. Zhao et al. 2006), NK cells (Ghiringhelli et al. 2006) and dendritic cells
(Mahnke & Enk 2005). Currently, no single marker can be used to characterize Tregs.
In most published studies, regulatory T cells are characterized by an expression of
CD25. However, this expression is not exclusive, since CD25 expression has been
observed on activated effector T cells (Bluestone & Abbas 2003). However, in
chronic infection the CD4+CD25+ subset most likely represents a regulatory T cell
subset (Manigold & Racanelli 2007). Another marker of regulatory T cells is the
transcription factor forkhead box P3 (FOXP3), which has been used in multiple
studies to characterize T regulatory subsets (S. M. Ward et al. 2007; Heeg et al. 2009).
However, FoxP3 can be expressed transiently by nearly all activated human CD4+
and CD8+ T cells after exposure to strong antigens (M. R. Walker et al. 2003; Pillai et
al. 2007; J. Wang et al. 2007). It was proposed, though, that stable expression may be
related to suppressor activity (J. Wang et al. 2007). Other distinguishing markers for
T regulatory subsets include a high CD39 expression and low CD127 expression
(Bengsch et al. 2007).

In acute and spontaneously resolved HCV infection, FoxP3+ cells Tregs were rarely
detected (Heeg et al. 2009; Langhans et al. 2010). In chronically HCV infected
individuals however, high frequencies of CD4+CD25+ cells were observed compared
to spontaneously resolved patients or healthy controls (Sugimoto et al. 2003; Cabrera
et al. 2004; Boettler et al. 2005), with CD4+CD25+ cells exerting immunomodulatory
functions on HCV specific CD4+ and CD8+ cells. Additionally, it was shown that
regulatory T cells suppress in vitro proliferation and perforin expression of CD8+
cells (Rushbrook et al. 2005).

A strikingly high proportion of CD4+FoxP3+ regulatory T cells was observed in liver
samples from HCV infected patients compared to livers of patients with other causes
of liver disease and healthy livers (S. M. Ward et al. 2007), but conflicting data exists
on the influence of T regulatory cells on liver damage. Some studies suggested that

high numbers of CD4+FoxP3+ cells limit the extent of fibrosis, but could not find an
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association with ALT levels (Claassen 2010); however, other groups saw that
increased amounts of CD4+CD25+ cells were associated with abnormal ALT levels
(Bolacchi et al. 2006). In a different study, CD4+CD25+FoxP3+ T regulatory cells
correlated inversely with ALT levels, but directly with MELD score and disease
progression (Ferri et al. 2011).

In addition to the CD4+ T regulatory subset, a subset of CD8+ restricted HCV
specific regulatory T cells has been observed in the liver, which attenuated
hepatocellular necrosis, liver fibrosis and inflammation (M. Abel et al. 2006). These
CD8+ T cells express high levels of IL-10, and their suppression of CTLs was
reversible in vitro through IL-10 neutralizing antibodies (Accapezzato et al. 2004).
The mechanisms by which HCV specifically activates regulatory T cells remains
unclear. Recent studies suggest that HCV antigen presentation by hepatic stellate cells
preferentially induces functional regulatory T cells (Dunham et al. 2013). Others have
shown an influence of HCV core on the generation of regulatory T cells, with HCV
core-transduced CD4+ cells showing a regulatory phenotype (expression of regulatory
cytokines CTLA-4 and FoxP3, and production of IL-10) compared to non-transduced
CD4+ cells (Dominguez-Villar et al. 2012; Fernandez-Ponce et al. 2014).
Additionally, Langhans et al. identified functionally active HCV core-specific Treg-
cells in patients with chronic hepatitis C, which require the continued presence of

antigen to maintain their functional differentiation (Langhans et al. 2010).

1.5.5 Humoral responses

Whether humoral responses play an important role in HCV infection remains
controversial. B cells do not seem to be essential for the clearance of HCV infection,
since patients with hypoalbumineamia can spontaneously eradicate HCV (Christie et
al. 1997). Even though not necessary for HCV clearance, antibody (Ab) responses in
HCV infected patients against structural and non-structural proteins evolve in all
patients, regardless of outcome (Kaplan et al. 2007; Lin Liu et al. 2010), but are not
neutralizing or cross-reactive in most patients (Logvinoff et al. 2004).

In contrast to these data, it has been shown more recently that a rapid induction of
antibodies during the early phase of infection may contribute to HCV control (Pestka
et al. 2007) and that virus-specific neutralizing Abs (nAbs) drive sequence evolution

and correlate with the outcome of infection (Dowd et al. 2009).
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HCYV envelope proteins are well-accepted targets for humoral responses, and most of
the host antibody response is formed to E1 and E2 (Prentoe et al. 2011). In this viral
region, humoral antibodies seem to be driving envelope gene evolution (J. C. Booth et
al. 1998; Pestka et al. 2007; T. von Hahn et al. 2007; Dowd et al. 2009), and recent
studies have suggested nAb to be causative in the evolution of HCV envelope proteins
(Lin Liu et al. 2010). However, these viral regions are particularly variable, impairing

the potential for viral neutralization (Prentoe et al. 2011).

1.5.6 The influence of the immunotolerant environment of the liver on
HCY specific immune responses
Even with an optimal vaccine-mediated induction of T cell responses, protection
against HCV infection might be hampered via the immunotolerant environment of the
liver, that might lead to inefficient antigen presentation and therefore suboptimal
recognition of presented viral antigen by vaccine-induced T cells.
The fact that the liver is an unusually immunotolerant organ was first noted in
transplantation: for liver transplants, no HLA match of donor and recipient is
necessary (Calne et al. 1967; F. Poli et al. 1998). In addition, patients with liver
transplants or other organs transplanted in conjunction with a liver require less
immunosuppression (Calne et al. 1969), suggesting that the liver can induce relative
immunotolerance. However, hepatocyte transplants alone are acutely rejected
(Bumgardner et al. 1998; Bumgardner & Orosz 2000), suggesting an important role
for non-parenchymal liver cells in the induction of immunotolerance.
The liver receives blood from both the systemic circulation and the intestine via the
portal vein, which carries digestive as well as microbial products from the gut,
exposing the liver to huge amounts of antigens. Arterial and venous blood mixes in
the liver sinosoids, where high numbers of immune cells are found and antigens are
presented. Immune responses to the liver are primed, but they are frequently
ineffective. This is potentially caused by ineffective antigen presentation through non-
professional APCs (Zinkernagel 1996), which has been also described for other
viruses like HPV, where immunogens presented by keratinocytes do not activate a
significant immune response until they are released from lysed cells and presented by
professional antigen presenting cells (Tindle & Frazer 1994).
Multiple subsets of antigen presenting cells (APC) are abundant in the liver, including

several subsets of dentritic cells and mononuclear phagocytes in the form of Kupffer
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cells (Crispe 2009). In addition, there are two forms of liver specific APCs; liver
sinusoidal endothelial cells (LSECs) and hepatic stellate cells (HSCs) (Knolle & G
Gerken 2000). These cells are thought to mediate the liver specific immunotolerance
by secretion of anti-inflammatory cytokines and induction of T cell apoptosis. They
also down-regulate MHC molecules and co-stimulatory molecules, and up-regulate
co-inhibitory receptors such as PD-1 (Tiegs & Lohse 2010). A particular
immunosuppressive role has been described for HSCs that mediate T cell apoptosis
via the Fas/FasL pathway and the regulation of TGF-f and IL-10 production (Z. Jiang
et al. 2013). In addition to the particular properties of antigen presenting cells in the
liver, activated CD8+ T cells can be functionally inactivated in the liver or undergo
apoptosis (Knolle & Thimme 2014). A further liver specific feature is the lack of
CD4+ activation, due to a paucity of MHC class II presenting cells and lack of co-
stimulation via antigen presenting cells.

Based on these particular immunotolerant properties, the liver is the site of several
infections where the immune response fails to clear the virus and the infection
contributes to the disease by causing tissue damage and destruction of liver function.
HCYV is one of the pathogens utilizing the comparatively immunoquiescent zone of
the liver to establish chronic infection, as well as other hepatotropic pathogens such as
Hepeatitis B virus, Plasmodium spp. and Echinococcus (Protzer et al. 2012).

In addition to the liver specific properties described above, HCV has particular
characteristics that are employed in the liver. It has the ability to hide from immune
cells by infecting liver cells by direct cell to cell transmission, avoiding neutralization
of the virus (Timpe et al. 2008). HCV also escapes cytosolic recognition by helicases
by blocking the signalling molecule IFNB-promoter stimulator 1 (IPS1), and can
mask HCV specific surface glycans to escape antibody related immune response

(Helle et al. 2007).
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1.6 Distinctive features of HCV genotype 3 infection

In this thesis, I comprehensively analysed T cell immunity to HCV gt3 infection. The
rationale for a detailed analysis of HCV gt3 specific responses was based on the fact
that this genotype represents the second most common genotype globally, but also on
the observation that HCV gt3 carries several distinct pathophysiological properties,
which are introduced below. HCV genotype 3a accounts for roughly 30% of
infections in the Western world (Wartelle-Bladou et al. 2012), and 35 to 80% of
infections in the Indian Subcontinent, South East Asia and Australia (Shepard et al.
2005; Hissar et al. 2006) (see 1.2.3, page 24). Besides the feature that infections with
HCV gt3 are more readily cleared spontaneously (see 1.3.1.2, page 28), genotype 3
carries several pathophysiological patterns, which are also shared by other genotypes,

but which may be particularly pronounced in this genotype (Figure 1-13).

Figure 1-13: Distinctive features of HCV genotype 3 infection

Infection with HCV

N

Spontaneous resolution Chronic infection

" g
Treatment

IFN/RBV
ﬁ 25% l ﬁ SVR Relapse
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Hepatocellular carcinoma DAA
Liver transplantation
Death ﬂﬂ SVR Relapse
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HCV genotype 3 exhibits distinctive pathophysiological features compared to other
HCV genotypes. Arrows mark properties observed in higher or lower rates of
distinctive features in HCV gt3 compared to HCV gtl. These include a higher rate of
spontaneous clearance; once chronic infection is established, higher rates of cirrhosis
and hepatocellular carcinoma are observed. HCV gt3 also shows a distinct treatment
response to HCV gtl: higher rates of sustained virological response (SVR) were
achieved for the former standard of care combination treatment pegylated
IFNo/Ribavirin. HCV gt3 specific responses rates for new directly acting antivirals
(DAA) are to be established and depend on the tested drug.
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These include a higher rate of steatosis, fibrosis and HCC. In addition, HCV genotype
3 shows a distinct response to HCV treatments, reported both for combination therapy

with pegylated IFNa/Ribavirin and the newer treatment options including DAAs.

1.6.1 Distinct pathophysiological features of HCV genotype 3 infection
Steatosis: It is a well known clinical finding that HCV genotype 3 is associated with
higher rates of steatosis (Hui et al. 2002). A proposed mechanism for these clinical
findings is that HCV genotype 3 interferes with the late cholesterol synthesis pathway,
evidenced by lower distal sterol metabolites and preserved lanosterol levels (Clark et
al. 2012). This distal interference resolves after successful treatment, with a
normalization of distal sterol metabolite levels. In addition, a clinical association
between viral load and steatosis in HCV gt3, but not in other studied genotypes, was
observed (Adinolfi et al. 2001).

Lipid metabolism: HCV interferes with the lipid metabolism at key stages of its life

cycle such as viral entry, viral replication and virion release. It seems that HCV
hitches a ride on the cell lipid cycle: HCV enters hepatocytes via the low density
lipoprotein (LDL) receptor (Thompson et al. 2010), in form of a lipoviral particle,
incorporating mainly low and very low density lipoproteins (LDL and VLDL) (S.
Nielsen et al. 2006; Bassendine et al. 2013). In cell culture it was shown that HCV
core and NS5a interact with the lipid cycle (Perlemuter et al. 2002; Shi et al. 2002),
and that the lipid droplet is essential for viral assembly and virion release (Miyanari et
al. 2007). A particular role of HCV genotype 3 in lipid metabolism was described in
cell culture: it was shown that when expressing core protein of different genotypes in
Huh7 cells, genotype 3 showed the highest accumulation of triglycerides (Abid et al.
2005). A possible mechanism for this could be that HCV gt3 core activates the
promoter for the fatty acid synthethase to a much higher level than HCV gt1 (Jackel-
Cram et al. 2010). Several lines of clinical evidence support these experimental
findings. It was an early observation that HCV patients have a low LDL and
cholesterol levels (Corey et al. 2009). Especially the betalipoprotein fraction is
decreased, a finding particularly pronounced in patients with HCV genotype 3
(Serfaty et al. 2001). Finally, the degree of interference with the cell’s lipid cycle is
influential for HCV treatment success (S. A. Harrison et al. 2010), with higher LDL

levels associated with better treatment response.
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Fibrosis progression: In a large study from Switzerland enrolling 1189 patients to

identify risk factors for fibrosis progression, independent risk factors identified
included male sex, age at infection, and, with the strongest statistical association
(odds ratio of 1.89), HCV genotype 3a infection (P.-Y. Bochud et al. 2009). In a
meta-analysis from the same group, HCV genotype 3a was associated with faster
fibrosis progression (Probst et al. 2011). It was proposed that an additional cytopathic
effect of steatosis causes this accelerated fibrosis progression unique to genotype 3a
(Westin et al. 2002).

Development of HCC: Steatosis can contribute to the development of hepatocellular

carcinoma (HCC). In a study prospectively screening for the development of HCC in
353 patients with proven hepatic cirrhosis from 1994 to 2007, infection with HCV
genotype 3 proved to be an independent predictor for the development of HCC in a

multivariate analysis (Nkontchou et al. 2011).

1.6.2 HCYV genotype 3a and response to antiviral therapy

Standard treatment for HCV infection up to now was a combination treatment with
peg-IFNa and Ribavirin for 24 to 48 weeks depending on HCV genotype and rapid
virological response. Until now, HCV gtl infection has been considered to have the
most unfavourable treatment response, with SVR rates of approximately 50% on a
dual therapy of peg-INF-o/Ribavirin, whereas genotypes 2 and 3 were considered to
be relatively easy to treat genotypes, with SVR rates of 70-80% (Manns et al. 2001).
Treatment success is expected to rise considerably for HCV gtl infection using the
new DAAs, but evidence is now arising that genotype 3 might not be as easy to treat
and its pathogenicity might be more troubling than previously suspected (Goossens &
Negro 2013; Tapper & Afdhal 2013): In most published studies, HCV genotypes 2
and 3 have been analysed together. On closer inspection of clinical trials, however, it
seems that HCV genotype 3 patients have a much poorer response to combination
therapy with peg-IFNo/Ribavirin than previously thought (Tapper & Afdhal 2013).
Tapper and Afdhal extracted data on HCV gt3a patients from a selection of studies
pooling gt2 and gt3 patients, showing that HCV genotype 2 has response rates of 80%,
whereas rates in HCV genotype 3a patients range between 65-70%, respectively
(Table 1-3). This difference might be due to a higher rate of steatosis and fibrosis in
HCV genotype 3 infected patients (Aghemo et al. 2009). Tapper and Afdhal conclude

that HCV genotype 3 has always been an intermediate IFN responsive strain, but with
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a larger subset of patients that attain RVR and have shortened duration of therapy.
However, HCV gt3 should be evaluated separately from genotype 2. Another
consideration when analysing HCV genotype 3 cohorts is varying composition of
patient groups with major differences in host factors like ethnicity, IL28B status and
presence of cirrhosis (Mangia et al. 2013): a young European patient with HCV gt3
infection acquired from IVDU might respond very differently to INFa/Ribavirin
therapy than South-East Asian patients, who are often older and have more advanced

disease.

Table 1-3: Response rates to combination therapy in HCV genotype 3a patients

Trial No. of | Duration of RVR | SVR (%) SVR in
gt3 pts | therapy (weeks) (%) cirrhosis (%)

(Zeuzem et al. 182 24 753 |79 N/A

2004)

(Dalgard et al. 99 14 74.7 | 80.1 N/A

2004) 24 (without RVR)

(Mangia, Bandiera, 70 12 vs 24 58.6 | 65.7 N/A

et al. 2010)

(M. von Wagner et 113 16 vs 24 92 76 vs 75 (RVR) | N/A

al. 2005) 40 (non-RVR)

(M. L. Shiffman et 727 16 vs 24 523 | 62.2vs 67 43 vs 49

al. 2007)

(Dalgard et al. 343 14 vs 24 (RVR) 68.8 | 84 vs 91 (RVR)

2008) 24 (without RVR) 56.3 (non-RVR)

(Lagging et al. 276 12 vs 24 N/A | 58 vs 78 30 vs 57

2008)

(Mecenate et al. 94 12 vs 24 (if RVR) 68.1 | 78.1 (RVR) N/A

2010) 24 (non-RVR) 43.3 (non-RVR)

(Mangia, A. J. 414 24 vs 12 vs 36 63.1 | 71.5vs 74.9 N/A

Thompson, et al.

2010)

Abbreviations: gt3: HCV genotype 3, RVR: rapid virological response, SVR:
sustained virological response, No. of gt3 pts.: number of HCV genotype 3 patients
included in the study. N/A: not available. Table adapted from (Tapper & Afdhal
2013).

With the newly developed directly acting antivirals (DAAs), response rates in HCV
genotype 1 infection have been increasing to over 70% (see 1.3.2.2 Directly acting
antivirals (DAA, page 31). Multiple new targets have been tested in clinic, but most
of the first generation DAAs, especially protease inhibitors, show only limited
antiviral efficiency in HCV genotype 3a (G. R. Foster et al. 2011), and are only partly
active against genotypes 4, 5 and 6 (Table 1-4) (Schinazi et al. 2014). Several other
drug classes, like polymerase inhibitors, NS5A inhibitors and host targeting antivirals

show a stronger cross-genotypic activity.
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Table 1-4: Leading protease inhibitors are highly active against multiple HCV
genotypes except HCV gt3

Protease inhibitor [ Company Clinical Chemical Genetic barrier |Drug-Drug Active against
phase structure interaction HCV genotypes

Boceprevir Merck approved |linear low moderate 1,2
Telaprevir VIM approved |[linear low high 1,2
Simeprevir Janssen approved macrocyclic moderate low 1,2,4,5,6
Faldaprevir Boehringer-Ingelheim |lll macrocyclic moderate low 1,2
Asunaprevir BMS 1] macrocyclic moderate low 1,4
ABT-450 Abbvie 1 macrocyclic moderate low 1
Danoprevir Roche 1] macrocyclic moderate low 1,2,4
Vedroprevir Achillion Il macrocyclic moderate low 1
Vaniprevir Merck ] macrocyclic high low 1,2,4,5,6

Antiviral activity of leading protease inhibitors against HCV genotypes. For each
protease inhibitor, the developing company, the clinical phase, chemical properties,
genetic barrier and drug-drug-interactions are shown. Table adapted from (Schinazi et
al. 2014).

For HCV gt3, NS5B polymerase inhibitors nucleotide analogues with pangenotypic
activity are the leading drug class in clinical trials. Sofosbuvir recently was approved
for clinical use in HCV genotypes 1 to 6 (Gilead press releases 2014a).

Initially, clinical data from a non-inferiority trial (Fission) in HCV gt2 and gt3
infected patients showed no increase of SVR rates compared to peg-
Interferon/Ribavirin; SOF/RIB only showed a benefit in HCV gt2 patients (SVR 97%
vs. 78%), but not in HCV gt3 patients (SVR 56% vs 63%) (Lawitz et al. 2013).
Further trials (Positron and Fusion) enrolled patients who were interferon intolerant or
ineligible (Positron) or had a prior non response (Fusion) to treatment with IFN/RIB;
and treated patients with SOF/RIB for 12 or 16 weeks with a low response rate in
HCV genotype 3 infected individuals (I. M. Jacobson et al. 2013). However, SVR
rates in these trials were increased considerably by a longer duration of treatment (12
weeks 30%, 16 weeks 62%) in HCV gt3 patients. Since all patients initially achieved
RVR, the low SVR rates were due to viral relapse specific to HCV gt3.

This issue was then addressed in a recent European trial (Valence) with longer
treatment regimens of 24 weeks SOF/RIB in HCV gt3, which then lead to an
impressive increase of SVR rates to over 90% in patients with and without cirrhosis
(Figure 1-14, left). Only in the patient group most difficult to treat (cirrhotic HCV gt3
patients with previous treatment failure), longer treatment duration did not lead to

increased SVR rates (Figure 1-14, right).
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Figure 1-14: Interferon free trials including Sofosbuvir for HCV genotype 3
subjects.

Figure deleted due to copyright:
Figure material can be found in Pawlotsky 2014. Figure included in thesis has been

derived from information included in Figure 1 (¢ and d) in this paper.

SVR rates of HCV genotype 3 patients in phase III trials. Patients received sofosbuvir
plus ribavirin for either 12/16 weeks (FUSION) or 24 weeks (VALENCE). Left: SVR
rates in treatment-naive patients according to fibrosis stage (cirrhosis vs no cirrhosis)
and treatment duration (12 or 24 weeks). Right: SVR rates in treatment-experienced
patients according to fibrosis stage and treatment duration. Figure modified from
(Pawlotsky 2014).

NSS5A inhibitors Daclatasvir, the first clinical available NS5A inhibitor, has potent
activity against HCV genotype 1 in clinical studies (Nettles et al. 2011; Chayama et al.
2012; Lok et al. 2012). When tested in HCV gt2 and gt3 patients, higher SVR rates
were achieved in genotype 2 than genotype 3, due to a high rate of viral relapse in
genotype 3 patients, who also showed a higher rate of cirrhosis (G.J. Dore et al. 2013).
Some novel second generation NS5A inhibitors have potent in vitro activity against
HCYV genotype 3a, with in vivo activity to be tested in clinical trials.

Other drugs showing a good pan-genotypic profile are cyclophilin inhibitors, which
also have a high barrier to resistance. In a recent clinical trial Alispovir (Novartis)
achieved high SVR rates (88%) in combination with Ribavirin, with no differences
seen between HCV gt2 and 3 patients (Pawlotsky et al. 2012).

Most recently, high response rates in HCV genotype 3 have been reported for several
combinations of new directly acting antivirals, such as Sofosbuvir/Daclatasvir
(Sulkowski et al. 2014) and Sofosbuvir/Lepidasvir (Gane et al. 2014). These and
other combinations will most likely lead to good treatment responses even in HCV
gt3 patient that are currently difficult to treat, such as patients with liver cirrhosis and
treatment experienced patients.

In conclusion, with the new DAAs HCV genotype 1 has become a genotype much
easier to treat. Currently, research effort has turned to optimising new treatment
regimens for HCV gt3 infection. It is to be expected that new interferon-free

treatment options for HCV gt3 will be available in the near future.
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1.6.3 Innate immune responses in HCV gt3a infection

The IL28B gene codes for interferon (IFN)-A3 and polymorphisms linked to this gene
have been shown to predict spontaneous resolution of infection and treatment
response to combination therapy with pegylated Interferon-oo and Ribavirin
(IFN/RIB) in HCV gtl infection. The role of the IL28B polymorphisms in HCV gt3
infection is less clear, and was evaluated in several independent cohorts with partially
conflicting results: In a retrospective analysis of Mangia’s ef al. trial (Mangia, A. J.
Thompson, et al. 2010), IL28B polymorphisms predicted rapid virological response
(RVR), and sustained virological response (SVR) in patients who did not achieved
RVR. In a study from Switzerland, SVR was not associated with IL28B genotype
(Rauch et al. 2010). In a retrospective study reviewing 281 chronic HCV gt3 infected
patients from a Swedish cohort IL28B status predicted RVR but not SVR
(Moghaddam et al. 2011); a finding that was replicated in our cohort (Bucci et al.
2013). However, it is difficult to compare results from these studies, since in some
studies gt2 and 3 patients were grouped (Lindh et al. 2011; Mangia, A. J. Thompson,
et al. 2010; Rauch et al. 2010; Sarrazin et al. 2011), and treatment lengths or
regiments varied (14 weeks IFN/RBV (Moghaddam et al. 2011) vs 24 weeks as
standard of care).

Remarkably, IL28B genotype has been specifically associated with liver injury in
HCV gt3 infection. In several publications (Moghaddam et al. 2011; Rembeck et al.
2012; Ydreborg et al. 2013), high ALT and liver injury has been associated with the
infecting genotype, with higher liver injury seen in patients carrying the favourable
IL-28B genotype in HCV gt3, but not HCV gtl infected individuals.

Other genotype specific effects on the innate immune system relate to the interference
of HCV viral proteins, leading to differences in induction levels of proteins of the
cellular innate immune response. Inter-genotypic differences have been described for
the cleavage activity of the HCV NS3 protease, cleaving MAVS and TRIF and
thereby inhibiting the release of type I interferons (IFN-a and IFN-B). A higher
cleavage activity of the NS3/4a protease has been described in HCV genotypes 2 and
3 compared to genotype 1 and 4 by detecting higher amounts of cleaved MAVS in
liver biopsies of genotype 2 and 3 samples (Bellecave et al. 2010). Given the role of
MAVS in Interferon-p production, this result would predict a lower induction of

interferon stimulated genes (ISGs) in genotype 2 and 3, a phenomenon reported by
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the same group (Sarasin-Filipowicz et al. 2008). However, inter-genotypic differences
have not been assessed for other targets of the NS3/4a protease, such as TRIF (K. Li
et al. 2005), the T cell protein tyrosine phosphatase (Brenndorfer et al. 2009) and
interferon regulatory factor 3 (Foy et al. 2003).

1.6.4 Adaptive immune responses in HCV gt3a infection

Historically, T cell responses in HCV gt3 infection have been described in cohorts
with mixed genotypes, mostly using HCV gtl peptide sets. One of these early studies
evaluated T cell responses in proliferation assays using recombinant protein NS3 in
gtl, gt2 and gt3 patients (Hultgren et al. 2004). Hultgren et al. described that the
magnitude of NS3-specific T cell responses was related to the viral genotype, with
HCV gt3 patients exhibiting higher responses, and more rapid clearance of HCV
RNA during antiviral therapy.

Two further studies directly compared cross-reactivity between HCV gtl and gt3;
however, both studies are limited in their approach: one only assessed T cell
responses against a small region of the HCV genome (NS3) (Giugliano et al. 2009),
the other only used sequence data to determine subtype specific escape mutations
(Rauch et al. 2009). Results from both publications are discussed in detail below.
Evidence that immune responses may vary considerably between HCV gtl and gt3
infection comes from a study assessing sequence polymorphisms due to T cell
pressure in HCV gtl and gt3 infection (Rauch et al. 2009). In this study, HCV non-
structural regions (NS2 to NS5) were sequenced in 187 HCV gtl and 136 HCV gt3
infected individuals. Viral sequence polymorphisms were subsequently assessed for
associations with patient HLA types at each amino acid. In HCV gtl infection, 32
viral HCV sequence polymorphisms were associated with patients’ HLA type
distributions. In HCV gt3 infection, 19 sequence polymorphisms were associated with
patients’ HLA types. However, minimal overlap of HLA-associated viral
polymorphisms was observed between HCV gtl and gt3 infection: only two viral
polymorphisms were common for both genotypes. This was the case for a
polymorphism in the NS3 region associated with HLA type A*0101 (Y 1444F),
previously described as immune mediated escape within epitope ATDALMTGY/F in
both HCV gtl and gt3 infection (Neumann-Haefelin et al. 2008; Giugliano et al.
2009; Humphreys et al. 2012), and for a sequence polymorphism in NS5B (NS5B-
2467) associated with HLA type B*1501, not previously published as an epitope, but
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with a high predicted binding score in Syfpeithi and BIMAS. Following from these
results, the authors conclude that the pattern of viral evasion is genotype specific and
based on inter-genotypic sequence variation.

The first study to assess HCV gt3 specific T cell responses using a gt3 specific
peptide set was a study on T cell immunity that was limited to the HCV NS3 region
(Giugliano et al. 2009). Two peptide sets covering the NS3 regions of HCV gtl and
gt3 that were based on consensus sequences generated from the cohort viral strains
were tested. IFNy ELISpot assays were performed in HCV gtl and gt3 infected
patients and individuals with spontaneously resolved infection. Major differences in T
cell specificity were observed for both genotypes, with only 22% of targets
overlapping between HCV genotype 1 and 3. Of these shared targets, only 11% had
an identical sequence in gtl and gt3. Amongst the targets shared between the two
genotypes were well-characterized epitopes like ATDALMTGF, IPFYGKAI, and
HSKKKCDET (Lauer et al. 2002; Wertheimer et al. 2003; Lauer et al. 2004; Kuntzen
et al. 2007; Yerly et al. 2008).

In conclusion, studies investigating HCV T cell responses in HCV gt3 using specific
gt3 cohorts and specific gt3 peptide sets are limited to one investigating T cell
responses to the NS3 protein (Giugliano et al. 2009) and a recent study from our
laboratory (Humphreys et al. 2012), although numerous publications included patients
infected with HCV gt3. Also, not much is known on T cell responses in patients with
spontaneous resolution of HCV infection; since it is difficult determine the infecting

genotype once infection is cleared.
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1.7 Aims of this work

This thesis aims to examine the implications of HCV subtype specific immunity on

the design of a HCV vaccine with cross-genotypic action. I aim to assess T cell

targets in HCV genotype 3 infection; this data on subtype specific immunity will then

inform rational immunogen design. Next, I aim to design vaccine immunogens with

the potential to induce T cell responses cross-reactive against multiple HCV

genotypes.

1. To determine whether T cell responses differ between HCV subtypes:

a.

To comprehensively assess T cell targets in HCV genotype 3 infection
in acute, chronic and spontaneously resolved infection
Compare the results to previously published data in HCV genotype 1

infection and to define subtype specific T cell targets

2. To explore T cell cross-reactivity at frequently detected HCV genotype 3

specific T cell targets in the context of a highly variable HCV sequence

population. I hypothesise that

a.

b.

T cell targets will vary between HCV genotype 1 and 3 infection
Limited T cell cross-reactivity exists at frequently targeted HCV gt3
specific T cell targets and sequences variants common in other

genotypes, underlining the need of a cross-reactive vaccine

3. To design vaccine immunogens with the aim of inducing responses cross-

reactive between HCV viral genotypes

a.

To define HCV sequence segments that are conserved between all
HCV genotypes
To assess whether these conserved segments are potentially capable of
inducing cross-reactive immune responses, by
1. analysing epitopes falling into conserved segments previously
described in natural HCV genotype 1 infection, and HCV
genotype 3 specific epitopes discovered in this thesis, and
ii. predicting strong binders using online epitope prediction server
To generate immunogens from conserved regions and modify

constructs to optimize potential immunogenicity.
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2 Materials and Methods

Standard techniques established in our laboratory were used for most of the
procedures described. All experiments involving blood, or blood products like plasma
or peripheral blood mononuclear cells (PBMC) from HCV infected individuals were
performed in a biological containment area (derogated CAT3) in the Peter Medawar
Building of Pathogen Research. This involved the handling of infectious agents

within biological safety cabinets and wearing appropriate protective clothing.

2.1 Patient cohort

2.1.1 Patient recruitment

HCV gt3a infected individuals (108 chronically and 16 acutely infected) were
recruited from different sites: John Radcliffe Hospital, Oxford, UK (acute=1, chronic
104), Massachusetts General Hospital, Boston, USA (acute=9, chronic=4), and John
Hopkins Hospital, Baltimore, USA (acute=4, chronic=1). Additionally, 16 patients
with spontaneously resolved HCV infection and 44 patients with HCV gtla/b
infection were recruited from the John Radcliffe Hospital, Oxford, UK. Informed

consent and local ethical approval was obtained for all patients.

2.1.2 Treatment

Patients were treated with standard of care treatment, a combination of peg-
Interferona (peg-IFNa, 180ug/week) and Ribavirin (800-1200mg/day adjusted by
body weight). Sustained virological response (SVR) was defined as negative HCV
RNA 6 months after the end of treatment. Treatment non-response (NR) was defined
as HCV RNA positive throughout treatment, and treatment relapse (REL) as HCV
RNA negative during treatment, but RNA positive within the first 6 months after end

of treatment.

2.2 Molecular Methods

2.2.1 Isolation of Plasma
For separation of plasma, whole blood was collected in an Ethylediaminetetraacetic
acid (EDTA) tube and centrifuged at 2200 rpm for 10 min. The supernatant was
aspirated and stored at -80°C.

67



Chapter 2

2.2.2 Viral RNA extraction from Plasma

Patient plasma was thawed on ice. 500 pl of plasma were concentrated by high-speed
centrifugation (23,600g) for 1 hour at 4°C. 360 uls were carefully removed from the
top, and pellet at the bottom resolved in the remaining 140 uls. Viral RNA was
extracted using the QIAmp Viral RNA Mini Kit (Qiagen) according to manufacturers
instructions. RNA was eluted into 60 uls Buffer AVE (Qiagen) and stored in 20 ul

aliquots at -80°C.

2.2.3 Primers

For HCV gt3a viral sequencing, primers were used as previously described
(Humphreys et al. 2012). A full list of primers can be found in Table 2-1 and Table
2-2. Subtype-3a specific primers included both previously described and in house

newly designed primers.

2.2.4 One-step Transcription First Round PCR

Reverse-transcription and first round PCR was carried out in a single reaction using
the Superscript III One-Step Reverse Transcription - PCR system with Platinum Taq
High Fidelity (Invitrogen) as previously described (Humphreys et al. 2012). 2.5uls of
extracted viral RNA were added to a mixture of primers (10 uM each, MWG), dNTPs
(25mM each, Bioline), Superscript I1I/Taq polymerase and buffer (Roche), and sterile
distilled water to a final volume of 25 uls. For first round reactions, either a 4kb
product encoding HCV structural proteins or a 7kb product encoding the non-
structural proteins were amplified (Figure 2-1). Primer combinations 277-For/F4-Rev
were used for the 4kb product (Core, E1 and E2) and 2412F/9192R for the 7kb
product (p7, NS2-5 proteins). Samples were heated in a thermocycler with RT-PCR
cycling conditions at 55°C for 30 min, 94°C for 2 min, 39 cycles of 94°C for 15 s,
58°C (4kb reactions)/ 60°C (7kb reactions) for 30 s, 68°C for 1min/kb, and a final
extension step of 68°C for 10 min. After PCR reaction, the samples were kept at 4°C

until further use.
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Table 2-1: HCV genotype 3a specific forward primers

Primer Sequence (5’-3”) Position Reference
5 156-For GGTGAGTACACCGGAATCGCT 61.8 156 (Moghaddam et al. 2006)
UTR 277-For CCTTGTGGTACTGCCTGATAG 59.8 277 (Barnes et al. 2002)
286-For ACTGCCTGATAGGGTGCTTGC 61.8 286 (Humphreys et al. 2009)
Core 745-For TACATCCCGCTCGTCGGC 60.5 745
887-For CTTGCTTAATYCATCCAGC 53.4 887
E1l 1082-For TCARGTAYGTCGGAGCAACCACCGC 67.9 1082
1416-For AGCCTATTACTCCATGCAGGG 62.1 1416
1435-For GGCAACTGGGCCAAGGTCGC 65.5 1435
E2 2237-For TCAAGGTGAGGATGTTTGTG 55.3 2237
2289-For CAACTGGACCAGGGGGGAGCG 67.6 2289
F4 For TGGGATGGGCGCTGAAATGGGA 60 2485 (Gaudieri et al. 2009)
2412F2 CACCTCCACCARAACATYGT 57.3 2412 (Lucas et al. 2007)
NS2 3018-For CATCACTAAGCTGCTGATAGC 57.9 3018 (Humphreys et al. 2009)
NS3 F5 For ACAGCATACGCCCAGCAAACTAGG 60 3444 (Gaudieri et al. 2009)
3892-For ATCTTTAGGGCTGCTGTGTGC 59.8 3892 (Humphreys et al. 2009)
F6 For GATGAATGTCATGCCCAAGACGCTAC 62 4302
4832-For GCCGAGGTAGACTCGGTACG 63.5 4832
F7 For TGTCTCGTGCGGCTTAAGCCAA 59 5184
NS4b | 5712-For TGCTGTGGCGTCTCTTATGGC 61.8 5712
6076-For CTGTGCARTGGATGAACMG 56.7 6076
F8 For GGAGGGAGCGGTACAGTGGATGA 63 6083
NSS5a | 6573-For TTGCCCATCACCCAACTACACTCGC 66.3 6573
F9 For TGAGCTAGTGGACGCCAACTTGTTATG 62 7028 (Gaudieri et al. 2009)
7507-For GAGTCCGACTCAGAGTCATGC 61.8 7507 (Humphreys et al. 2009)
NSSb F10 For CGAAGTTCGGGTATAGTGCGAAGGA 61 7924 (Gaudieri et al. 2009)
8500-For AACACAATCACTTGYTACATCAAGGC 60.9 8500 (Humphreys et al. 2012)
8848-For | TCCTGGTTRGGCAACATCATCATGTACGC 65.6 8848
8872-For TACGCGCCTACCATCTGGGTGC 65.8 8872

Table 2-2: HCV genotype 3a specific reverse primers

E1l 1105-Rev ACATGACTGCGTATCGAAGC 57.3 1105 (Humphreys et al. 2009)
1207-Rev GAGGTCTGAACGTGAAGG 58.8 1207
E2 1585-Rev ATGTGCCACGAGCCATTGGT 59.4 1585 (Barnes et al. 2002)
1625-Rev CGGTGTTTATGGACTCATTGC 57.9 1625 (Humphreys et al. 2009)
2319-Rev TCGCTGCGGTCACGATCCTCG 65.7 2319
2340-Rev GAATGCAGCAGCGGATGTTGC 61.8 2340
NS2 2837-Rev GTGATAAGGTAAAGAAGC 49.1 2837
2982-Rev ATAAAGCAGGCTTGTTAG 52.4 2982
NS3 F4 Rev CTGGGTAGCCGTAGAAAGCACCT 58 3558 (Gaudieri et al. 2009)
3904-Rev GCTACACCTCTGGTGCACACAGC 66.0 3904 (Humphreys et al. 2009)
F5 Rev TAGAATGTGGCACAGTGATGCTGC 58 4438 (Gaudieri et al. 2009)
4880-Rev ACCGAGTCAAACATYCCAGACG 61.2 4880 In house
F6 Rev GCCATGATGTATTTTGTGATGGGGTGTG 62 5297
NS4b | 5713-Rev TGAACGCCATAAGAGACGCCACAGC 66.3 5713
F7 Rev GTGACAGTTAGAGAACTCAGCAATG 57 6218
NS5a | 6684-Rev TTGGCACGGACACTTGAGC 58.8 6684
6823-Rev TCCGGTTCGGGCTCRCANG 63.1 6823
F8 Rev CACAACCTTTGTTTCAGACTCCACCCG 61 7110
7578-Rev TGTCACTAACGGTGGACCAAGAGTCG 66.4 7578
NSSb F9 Rev GTTCTTCGCCATGATGGTGGTTGGAAT 60 8055 (Gaudieri et al. 2009)
8443-Rev CAACGGCGATAACCACACTGGGC 66.0 8443 (Humphreys et al. 2012)
F10 Rev TGCCCGATGTCTCCAAGCTCGTA 59 9141 (Gaudieri et al. 2009)
9192R GGAGTGAGTTTGAGCTTGGT 57.3 9192 (Lucas et al. 2007)
3 9550-Rev AGGTTATTGGGAAGTTTGGGAAGG 61.0 9550 In house
UTR H3°X45 ACAGCTAGCCGTGACTAGGGC 63.7 9600 (Yanagi et al. 1997) adapted
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2.2.5 Second Round PCR

Second round PCR was performed using 2.5 uls of cDNA template generated by
Reverse transcriptase One-Step PCR reaction. A PCR reaction mix was prepared
using the Expand High Fidelity PCR System (Roche) according to manufactures
instructions, containing sdH,O, dNTP (25 mM each, Bioline), forward and reverse
primers (10 uM each), buffer and Taq DNA polymerase High Fidelity enzyme.
Primers were designed to amplify the cDNA template in multiple nested PCR
reactions of approximately 1kb each (Figure 2-1), with thermocycler programs
dependent on the primer combinations used for individual reactions (Core: 277-
For/977-Rev; El: 745-For/1585-Rev; E2: 1435-For/2982-Rev; F4 — F10 primer pairs,
see Table 2-1 and Table 2-2.

Figure 2-1: Strategy for HCV sequencing reactions

Structural Nonstructural
E 5
Core E1 E2 p7 NS2 NS3 NS4 NS5A NS5B
RT-PCR l
4kb
7kb
Second Round PCRl
Core

E2

F4 F7
F5 F8
F6 F9
F10

The strategy of HCV sequencing reactions is shown: First, HCV RNA is transcribed
into HCV ¢cDNA in two segments (either 4kb or 7kb), and then further amplified in
short segments for sequencing.

2.2.6 Gel electrophoresis and extraction of PCR products

All second round PCR products were visualized on a 1% agarose gel and products of
the correct size were gel extracted and purified using Qiagen Gel Extraction kit
(Qiagen). As specified in the manufacturers instructions, 500 uls of Buffer QG were
added to the extracted gel fragment and heated to 52°C for 10 mins to dissolve the gel.

The mixture was added to an enclosed spin column and spun at 1300 rpm for 1 min
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(this step was repeated if necessary). 500 uls of Buffer QG were added to the spin
column to remove remainders of the gel and spun at 1300rpm for 1min. 750 uls of
wash buffer PE were added to spin column, incubated at room temperature for 2-5
mins and spun at 1300 rpm for 2 mins. PCR products were eluted into 50 uls of

sdH,0 and sequenced immediately or stored at -20°C until needed.

2.2.7 Sequencing and DNA precipitation

PCR products were sequenced on an ABI 3100 DNA automated sequencer
bidirectionally with 2" round PCR primers using Prism Big Dye (Applied
Biosystems). Additional inner primers were added to ensure adequate coverage. After
the sequencing reaction, PCR fragments were precipitated with sodium acetate (final
concentration 10 mM, Sigma) in 80 % ethanol for 30 min. Samples were spun for 1

hour at 4000 rpm at 4°C and then washed twice with 70% ethanol. Plates were dried

at 95°C for 1 min to evaporate any remaining ethanol.

2.2.8 Sequence analysis
Sequences were edited using the Sequencher 4.8 Software (Gene Codes Corp.), and
aligned using Se-Al (http://tree.bio.ed.ac.uk). Sequence entropy was calculated using

the Shannon information entropy score (http://evolve.zoo.ox.ac.uk/software, Shannon

1948).

2.2.9 DNA Purification
DNA was extracted using the DNeasy Blood And Tissue Kit (Qiagen) from PBMCs
or from whole blood using the Gentra Puregene kit (Qiagen) following the

instructions and subsequently used for HLA and IL28B typing.

2.2.10 IL28b genotyping using real time PCR

IL28B rs8099917 typing was performed as previously described (Bucci et al. 2013).
In brief, the rs8099917 SNP was genotyped using a commercially validated TagMan
SNP genotyping assay (Applied Biosystems; assay ID 11710096 10). 1-20 ng/ml of
DNA was used in an LC480 PCR thermocycler (Roche) and each sample was run in
triplicate using internal positive and negative control samples. The genotypes at this
SNP are GG, GT or TT. The homozygote TT allele as been associated with increased
viral clearance in acute HCV infection and a favourable response to IFN/RBV

treatment in comparison to the G allele.
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2.2.11 HLA-typing
HLA typing was performed at the Transplant Immunology Laboratory in
collaboration with Martin Barnado (Oxford Radcliffe Hospitals).

2.3 T cell assays

2.3.1 Isolation of PBMCs from whole blood

PBMC were isolated from whole blood by density gradient centrifugation
(Lymphoprep, Stemcell technologies) at 2500g for 24 minutes at room temperature
without brakes. The layer containing PBMC was removed carefully and placed in
RPMI media containing penicillin (100U/ml), streptomycin (100ug/ml) and L-
glutamine (2mM) and washed 3 times. Cells were resuspended in 10mls R10 media
(RPMI media containing 10% heat-inactivated fetal calf serum (FCS), penicillin
(100U/ml), streptomycin (100ug/ml) and L-glutamine (2mM)) and counted using
Quava Personal Cell Analyser (Guava Technologies Inc., California) or Scepter

Automated Handheld Cell Counter (Millipore).

2.3.2 Freezing and thawing of cells

Cells were frozen at 10 million PBMC per vial in a freezing mix containing 500 ul
FCS, 400 ul RPMI and 100 ul DMSO. All reagents were chilled on ice, filled vials
placed in a chilled isopropranolol container immediately and frozen in a -80°C freezer.
Cells were transferred into liquid nitrogen the following day.

For thawing, RPMI containing penicillin (100U/ml), streptomycin (100ug/ml) and L-
glutamine (2mM), R10 and CTL supplement wash (GibcoBRL) were warmed to
room temperature. Thawing media was prepared by diluting CTL wash supplement
1:10 in RPMI medium, adding DNase (Roche, 50U/ml). Vials were thawed at 37°C in
a water bath and immediately transferred into a 15ml falcon tube. Thawing media was
added gradually to avoid osmotic shock. Subsequently, cells were washed in RPMI

twice and resuspended in R10.

2.3.3 Interferon-y ELISpot assays

T cell responses were tested by Interferon-y (IFNy) ELISpot assays as previously
described (Humphreys et al. 2012). 96-well ELISpot plates (Multiscreen HTS,
Millipore) were coated with 100 ul of mouse anti-human IFN-y monoclonal antibody

(Mabtech; final concentration Sug/ml) in PBS. Plates were incubated overnight at 4°C.
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The next day, plates were washed 4x with 200ul/well with sterile PBS; 200 ul R10
was added to each well and the plates incubated at 37°C and 5% CO, for 2 hours. 50
ul of antigen was added to each well; as HCV peptides (final concentration 3 ug/ml,
Mimotopes, BEI peptides and Proimmune), cytomegalovirus lysate (CMV, final
concentration 0.05 ug/ml, Chiron), concanavalin-A (ConA, final concentration 5
ug/ml, Sigma), Influenza, Epstein Barr virus and CMV CD8+ epitopes (FEC, 3ug/ml
final concentration, BEI resources) and DMSO (3ug/ml final concentration, Sigma),
which served as a negative control. PBMC were prepared at 4x10%ml and 50uls
plated in duplicate to a final concentration of 200,000 cells/well. Plates were
incubated at 37°C and 5% CO; for 18-20 hours.

ELISpot plates were washed 7 times with phosphate buffered saline (PBS,
GibcoBRL)/Tween20 (Sigma) (200 ul/well, Sigma). 50 u of biotinylated mouse anti-
human IFN-y antibody (Mabtech) diluted 1:2000 in 5% Bovine serum albumin (BSA,
Sigma)/PBS was added to each well and incubated at room temperature for 3 hours.
Plates were washed 4x. 50 ul alkaline phosphatase-conjugated anti-biotin antibody
diluted 1:750 in 5% BSA/PBS was added to each well and incubated at room
temperature for 2 hours. Plates were washed 4x, and 50 ul of BCIP/NBT substrate
solution (Pierce) was added to each well and incubated at room temperature for 7
mins, when plates were rinsed with deionized water to stop the reaction. Plates were
left to air dry.

Spot-forming units (SFU) were counted using an automated ELISpot plate reader
(AID). To define a positive cut off for the assay, ELISpot assays using peptides for
both genotypes were run in 12 healthy subjects. The cut off was based on the
following calculation; mean number of SFU/10° PBMC in test wells minus negative
control plus 3x standard deviation: Positive responses were counted as >40
SFU/10°PBMC for HCV genotype 3a peptides, and >43 SFU/10°PBMC for HCV
genotype 1b peptides.

The pass/fail criteria for ELISpot assays stated that the negative control wells should
ideally be 0 spots/10°PBMC, but always have less than 10 spots per well and in wells
containing only R10 (no cells) should have less than 5 spots per well. For positive
controls (PMA) there should be greater than 20 spots per well (100SFU/10°PBMC). If

any of these criteria were not met, then the plate was failed and repeated.
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2.3.4 CDS8 depletion of whole PBMCs

CDS8 cells were depleted from whole PBMC using magnetic bead separation (CD8
Dynabead, Invitrogen) following manufacturers instructions. In brief, for each sample
(5 million PBMC) 50 ul of beads were washed 3x in chilled PBS containing 2% FCS
to remove any traces of sodium azide. Cells were incubated with 25 ul of beads for 30
min in chilled PBS/2% FCS on a MACS mixer at 4°C, after which beads with bound
CDS8 positive cells were removed using a magnet. This incubation step was repeated.
To ensure complete removal of CDS positive cells, Influenza, Epstein Barr virus and
CMYV CD8+ epitopes (FEC, 3ug/ml final concentration, BEI resources) were included
as controls in subsequent ELISpot assays on full PBMC and the CDS8 depleted
fraction (Figure 2-2).

Figure 2-2: CD8 depletion ELISpot
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Representative IFNy ELISpot responses in a CD8 depletion experiment depicting T
cell responses to a CD4+ restricted peptide (patient 113). CD8+ specific responses to
FEC (CD8+ restricted Flu, EBV and CMV (FEC) peptides) were not detectable in the
CD8 depleted PBMC fraction.

2.3.5 T cell lines (for intracellular staining)

PBMCs (5 x 10°% were stimulated with 2.5 pg/ml antigen supplemented with 50
[U/ml recombinant IL-2 on day 2, 5, and 8. After 10-14 days of culture, T cell lines
were rested for 24 hours in R10 without IL-2 and subsequently used for intracellular

staining assays.

2.3.6 Proliferation assays
In vitro proliferation assays were performed on freshly isolated PBMCs plated in

triplicate at 2 x 10° PBMCs per well with conventional [*H] thymidine incorporation
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and HCV antigens (1 pg/ml) (Mikrogen). Data are displayed as SI (stimulation index;

fold change above background). A positive response is defined as SI > 3.
2.3.7 Fluorescence-activated cell sorting (FACS) analysis

2.3.7.1 Intracellular staining assays

Intracellular cytokine stains were performed as previously published (Barnes et al.
2012). In brief, rested thawed PBMCs were stimulated with single peptides or peptide
pools or unstimulated (controlled for DMSO) or PMA/ionomycin. After overnight
stimulation (Brefeldin A (final concentration 10pg/ml) was added after 2 hour at 10
mg/ml), cells were permeabilized (BD Perm) and stained with the following
antibodies: Near-Infrared Life/Dead, CD3-PO, CD4—-Qdot 605, CD8-PB, IFN-y—
Alexa Fluor 700, IL-2—APC (allophycocyanin), TNFo—PE-Cy7, and CD1070-PECy35,
and Mip1b-PE. Flow cytometry was performed with a BD LSRII.

2.3.7.2 HLA class I Pentamer assays

HLA class I pentamer analyses were performed as previously published (Barnes et al.
2012), PE-labeled pentamers loaded with HCV NS3 (ATDALMTGY, HLA-A*0101)
were obtained from Prolmmune. The cells were co-stained with combinations of the
following antibodies: CD3-PO, CDS8-PB, CCR7-PE-Cy7, CD45RA-FITC
(fluorescein isothiocyanate), CD127-APC, CD38-PerCP-Cy5.5, HLA-DR-Alexa
Fluor 700, perforin-FITC, GzB—Alexa Fluor 700, GzA-PerCP-Cy5.5, CD161-APC,
and PD-1-PECy7. For details on phenotypic characteristics of stained markers refer

to Table 2-3. Flow cytometry and analysis were performed as above.

Table 2-3: Characteristics of phenotypic markers analysed by HLA class-1
tetramer staining.

PECy7 FITC* APC PERCPCy5.5§ | Alexa700
1:50 1:50 1:50 1:50 1:50
Panel 1 CCR7 CD45RA CD127 CD38 HLA-DR
Central Antigen Memory and | Activation Activation
memory, LN | exposure, Re- | antigen
homing expressed on | exposure
terminally
differentiated
CD8 T cells
Panel 2 PD-1 Perforin CDl6l Granzyme A Granzyme B
Exhaustion or | Cytotoxicity Liver homing | Cytotoxicity Cytotoxicity
activation

*FITC = fluorescein isothiocyanate; §PerCP = peridinin chlorophyll protein
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2.3.8 Data analysis
Data analysis was performed using the FlowJo software (TreeStar). Samples were
gated sequentially (see representative gating strategy in Figure 2-3). Analysis of

polyfunctionality of T cells was performed with SPICE (Roederer et al. 2011).

Figure 2-3: Representative gating strategy for analysis of FACS samples
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Sequential gating strategy in a representative individual is depicted. Single cells =
Lymphocytes = Live cells 2 CD3+ = CD4+/CD8+ cells. FSC-H Forward Scatter
Height; FSC-A Forward Scatter Area; SSC Side Scatter Area.

2.4 Peptides sets

2.4.1 Subtype 3a screening peptides

2.4.1.1 HCYV gt3 overlapping peptides spanning the whole HCV genome

A previously described HCV genotype 3a specific peptide set was used (Humphreys
et al. 2012). To generate this set, full-length viral sequencing was performed (amino
acids 1-2929) on 18 genotype-3a patients with chronic infection (Accession numbers:
GQ356200-GQ356215, GQ356217, JF509175-JF509177). Peptides were designed to
be 15-19 amino acids in length in order to detect both CD4+ and CD8+ HCV specific
T cells, overlapping by 11 amino acids (n=460, Mimotopes, Australia). Subtype 3a
peptides with amino acids shown to affect peptide presentation at the C-terminus
(glycine, proline, glutamic acid, aspartic acid, glutamine, asparagine, threonine, serine,
cysteine) were either shortened or lengthened until a tolerated amino acid occurred. If

after shortening or lengthening the C-terminal position was still occupied by an non-
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tolerated amino acid, the original 18-mer peptide was retained. Peptides were grouped
into 10 pools corresponding to the individual viral proteins as shown in Table 2-4,
with 29 to 72 peptides in each pool. Peptides were tested at final concentration of

3ug/ml for each single peptide.

Table 2-4: HCV genotype 3a specific peptides - overlapping peptide pools

Peptide Pool Amino acids (aa) Number of peptides
Core 1-191 29
El 192-383 28
E2 384-752 57
p7 & NS2 753-1032 41
NS3 protease 1033-1359 49
NS3 helicase 1349-1663 48
NS4 1664-1978 46
NS5A 1979-2430 72
NS5SB 1 2431-2726 45
NSSB 11 2716-3021 45

2.4.1.2 Peptide screening strategy

If a response to a peptide pool was detected, responses were mapped to single
peptides following the peptide mapping strategy as depicted below (Figure 2-4). First,
subpools of the pool with the detected response were assessed using ELISpot assays,

and then single peptides of the responding subpool were further analysed.

Figure 2-4: Peptide mapping strategy

Patient PBMC

ﬂ 10 peptide pools

Response to one peptide pool detected
e.g. POOL NS5BII

ﬂ 10 peptide subpools

Response to one sub-pool detected
e.g. SUBPOOL NS5BII - 5

ﬂ 8 individual peptides

Response to one individual peptide detected
e.g. SUBPOOL NS5BII - 5

Representative peptide mapping strategy. In case of a detected response to
overlapping peptide pools, sub-pools of the detected pools were analysed in a
subsequent ELISpot assay. If a response was detected to a sub-pool, single peptides of
the sub-pool were tested in a third ELISpot assay.
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2.4.2 HLA predicted peptides spanning HCV non-structural regions
A HLA predicted peptide set was based work done by the Gaudieri group in Perth
(Royal Perth Hospital, Murdoch University, Perth, Australia) and Isla Humphreys in

our group.

2.4.2.1 Identification of polymorphic sites associated with HLA alleles

This work was done by Silvana Gaudieri’s group (Rauch et al. 2009): HCV genotype
3a specific HLA class I restricted peptides were based on a novel, sequence-led
approach (Rauch et al. 2009). Polymorphic sites in HCV non-structural regions (NS2-
NS5B) in a sequence data set comprising 136 HCV genotype 3a sequences were
identified and assigned as consensus or non-consensus. Polymorphisms were
associated with patients’ HLA alleles using Fisher’s exact test. For a detailed

discussion of statistical methods used, refer to the Discussion of Chapter 3 (page 137).

2.4.2.2 Evaluation of putative CD8 HLA associated epitopes

This work was done by Isla Humphreys: Viral regions containing polymorphic sites
were assessed using online epitope prediction servers to identify putative epitopes.
These epitope prediction servers predict possible binders for certain given HLA types,
with polymorphic regions within or flanking the predicted epitope.

For this analysis, two independent epitope prediction servers were used: BIMAS
(http://www-bimas.cit.nih.gov/molbio/hla_bind/), and Syfpeithi ((Rammensee et al.
1999), http://www.sytpeithi.de/Scripts/ MHCServer.dll/EpitopePrediction.htm).

A cut off value of >20 (Syfpeithi) and >50 (BIMAS) was determined by assessing
known HCV epitopes using Syfpeithi. Using these cut-offs, 65 putative T cell
epitopes were predicted, with 55 containing the polymorphic site within the epitope
(Table 2-5), and 10 additional putative T cell epitope were predicted with the
polymorphic site flanking the epitope (Table 2-6). These peptides were subsequently
made by Proimmune and used in IFNy ELISpot assays matched to the patients HLA

types.
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Table 2-5: HLA-associated peptides — polymorphisms within predicted epitope

Protein HLA Wildtype Variant Amino Acids Peptide Predicted Epitope
NS2 A0101 \Y% A 879-887 001-A0101 VILLTSLLY
A02 L P 862-871 049-A02 ALQVWVPPLL
L P 870-879 048-A02 LLARGSRDGV
Y H 881-890 052-A02 LLTSLLYPSL
Y H 885-894 047-A02 LLYPSLIFDI
A0301 v A 926-935 006-A0301 RLCMLVRSVM
A% A 929-938 004-A0301 MLVRSVMGGK
v A 930-939 005-A0301 LVRSVMGGKY
A2402 Y H 886-894 007-A2402 LYPSLIFDI
B1501 T A 878-887 008-B1501 GVILLTSLLY
BIS I \% 946-954 055-B15 SIGRWENTY
B2705 R K 940-949 010-B2705 FOMIILSIGR
R K 948-956 009-B2705 GRWENTYLY
H Y 962-971 011-B2705 MOHWAAAGLK
B4402 I \% 822-831 012-B4402 ATLGAGILVL
B44 I \Y% 826-835 057-B44 AGILVLFGFF
B5101 S G 871-880 013-B5101 LARGSRDGVI
C03 L M 829-838 050-C03 ILVLFGFFTL
Co04 A% I 981-990 051-C04 IFSPMEIKVI
NS3 A0101 Y F 1442-1450 014-A0101 ATDALMTGY
A0201 A D 1389-1398 015-A0201 ALLKGGRHLI
A0301 v I 1138-1146 016-A0301 LVTRDADVI
B1501 K R 1296-1305 017-B1501 KLTYSTYGKF
B2705 L I 1379-1388 018-B2705 IPFYGKAIPL
A% I 1632-1641 019-B2705 YRLGPVONET
B4402 G S 1407-1416 020-B4402 DETIASKLRGM
B4403 L S 1639-1647 021-B4403 NEICLTHPI
B5101 A D 1388-1397 023-B5101 IALLKGGRHL
NS4B A02 A T 1873-1882 062-A02 KIMGGELPTA
A T 1880-1889 065-A02 PTAEDMVNLL
A0301 I \% 1901-1910 026-A0301 GVICAAILRR
A2601 R K 1852-1861 027-A2601 RVLLDILAGY
A68 A I 1736-1744 067-A68 EKALGLLQOR
B27 R K 1948-1957 061-B27 ARVTALLSSL
B4001 I \Y% 1847-1855 028-B4001 GIGLGRVLL
B51 A T 1879-1888 066-B51 LPTAEDMVNL
A T 1881-1889 064-B51 TAEDMVNLL
C0401 \Y% I 1733-1742 025-C0401 QFKEKVLGLL
NSSA A0201 G S 2321-2330 029-A0201 ALPPRGAPPV
A0301, V,P A, S 2382-2391 030-A0301 KVPPSPGGES
A2601 D G 2268-2276 033-A2601 ETDAELSVA
A68 T S 1989-1998 070-A68 WVCTVLSDFK
B0702 \Y% E 2309-2317 036-B0702 APDYVPPTV
A% E 2313-2322 035-B0702 VPPTVHGCAL
T A 2332-2341 034-B0702 PPRRKRTIQL
B0801 I \Y% 2251-2259 037-B0801 ESETKVVIL
B44 R Q 2097-2105 071-B44 VEVRRVGDF
NS5B A0201 T I 2489-2498 038-A0201 VLDDHYKTAL
N D 2540-2549 040-A0201 SLSSKAINQI
N D 2544-2552 039-A0201 KAINQIRSV
Al101 R K 2500-2509 041-A1101 EVKERASRVK
A2601 K R 2537-2545 042-A2601 DVRSLSSKA
B0801 I M 2507-2515 043-A2601 RVKARMLTT
B1501 Q L 2476-2484 044-B1501 SQROKKVTF
B5101 K R 2474-2482 045-B5101 SASQROKKV
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Table 2-6: HLA-associated peptides — polymorphics flanking predicted epitopes

Protein | HLA P"lylsni‘t’:phic Peptide | Amino Acids P‘f:i?;f:;‘;flgg;gif?)d K:Srl‘;‘:z
NS2 A0201 943 002-A0201 934-942 VMGGKYFQM(I) \%
943 003-A0201 944-953 (DILSIGRWENT \%

A02 871 054-A02 861-870 AALQVWVPPL(L) P

887 053-A02 878-886 GVILLTSLL(Y) H

NS3 A68 1046 058-A68 1047-1056 (L)GTIVTSLTGR F
B5101 1389 022-B5101 1379-1388 IPFYGKAIPI(A) D

1389 024-B5101 1390-1398 (A)QLKGGRHLI D

NS5A | A1101 2383 031-A1101 2374-2382 DTQSSTTSK(V) A
A2402 2148 032-A2402 2138-2147 RYAPPCKPLL(D) E

NS5B | B5101 2855 046-B5101 2846-2854 APTIWVRMV(M) L

Polymorphic site flanking epitope is indicated in bold within brackets ().

2.4.3 Genotype 1 screening peptides

HCV genotype 1 screening peptides were based on the HCV gtlb sequence J4 and
HCV gtla sequence H77 and obtained from BEI resources (www.beiresources.org).
Similar to the HCV gt3 overlapping peptide set, peptides were 15 to 19 amino acids in
length, and overlapped by 11 amino acids. HCV gtl peptides were adapted to remove
any un-tolerated amino acids at the C terminus similarly to the HCV gt3 peptide set,

and used in 10 peptide pools at a peptide concentration of 3ug/ml for each peptide.

2.5 HLA restriction experiments

2.5.1 B cell lines

B cell lines (BCL) were transformed from fresh PBMC. 5 million PBMC/well (24
well plate) were incubated in 3ml containing 1ml Epstein-Bahr-Virus stock (EBV,
grown from EBV infected B95.8 cell line, Sigma Aldrich), 1ml FCS and Iml R10
containing Cyclosporin A (CSA, final concentration 0.1 ug/ml, Sigma Aldrich) for 7
days without disturbing the cultures. Subsequently, half of the media in each well was
replaced with fresh R10 every 3-4 days and cultures were grown for 3-6 weeks until
dense yellow colonies on the plate were seen by eye, and brown masses of cells

observed under the inverted microscope.

2.5.2 T cell lines (for HLA restriction experiments)
5 million PBMCs per well (24 well plate) were stimulated with 2.5 pg/ml antigen in
R10, cultures were supplemented with 50 IU/ml recombinant IL-2 (every 3-4 days,
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starting on day 2). After 21 days of culture, T cell lines were rested for 24 hours in

R10 without IL-2 and subsequently used for restriction experiments.

2.5.3 HLA restriction experiments

HLA restriction experiments were performed as previously described (Payne et al.
2010). Briefly, Epstein-Barr-Virus (EBV) transformed B cell lines (BCL) were
matched to one HLA class-I type of the CD8+ T cell lines being tested. B cell lines
were incubated with the peptide of interest for 1h at 37°C and then washed 5x before
being incubated with the according T cell line for 6 hours. Brefeldin A (final
concentration 10 pg/ml) was added after 1 hour of incubation. Unstimulated BCLs, as
well as unstimulated (controlled for DMSO), peptide and phorbol 12-myristate 13-
acetate (PMA)/ionomycin (50 and 500 ng/ml, respectively) stimulated TCLs were
used as controls. Cells were permeabilized and stained with Near-Infrared Life/Dead,
CD3-PO, CD8-PB, IFN-y—PeCy5.5, TNFoa—PE(phycoerythrin}-Cy7, CD19-APC-
Cy7 and CD69-FITC. Flow cytometry was performed with a MACSQuant® Analyser
(Miltenyi) and analysis by FlowJo (TreeStar).

2.6 Statistical and data analysis

2.6.1 Analysis of epitopes described in natural HCV infection (IEDB)

We obtained epitopes described for HCV gtl and gt3 from the immune epitope
database resource (IEDB, www.iedb.com, search date 19/02/2014). 8587 T cell
epitopes were described for HCV gtl, and 218 epitopes for HCV gt3. To ensure data
quality, epitopes were crosschecked with the primary publications. Epitopes described
in non-human organisms were excluded, as well as duplications of epitopes and
variants described in the same publication (included in the IEDB as duplicates due to
multiple performed assays with the same epitope). For several publications,
inaccurate information was included in the IEDB, e.g. full screening peptide sets were
described as detected positive epitopes; these peptides were excluded from the dataset.
Refined epitope lists were included in two separate analyses in this thesis; (i) a
comparison of cross-reactivity between T cell epitopes described in HCV gt3
infection in the Oxford cohort and epitopes from the IEDB in Chapter 3 (3.9.1, page
121), or (ii) in an analysis of potential immunogenicity of HCV conserved sequences

in Chapter 5 (5.5.1, page 228).
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(1) Comparative analysis of HCV gt3a epitopes from the Oxford cohort with epitopes
previously described in the literature.

Comparative Overlap between an epitope described in the Oxford cohort and a
published epitope from the IEDB was defined as sequence overlap of more than 3
amino acids. If the CD4/CDS restriction was defined for the epitopes defined in the
Oxford cohort, published epitopes for the according restriction (CD4 or CDS8) and
epitopes with non-defined restriction were included in the comparison. If the
CD4/CD8 restriction for an epitopes defined in the Oxford cohort was not defined,
references for both CD4 and CDS epitopes were included in the analysis. In cases
where the CD4/CDS restriction was not defined in the published study referenced in
the IEDB, the epitope was included for all subgroups (CD4/CDS restricted epitopes,

and epitopes without defined restriction).

2.6.2 Statistical methods

Nonparametric tests were used throughout, paired for within-individual comparisons
(Wilcoxon) and unpaired for group comparisons (Mann-Whitney). T cells targeting
structural and non-structural viral genomic regions in genotypes-1 and -3 HCV
infected patients (Chapter 3) were assessed using Fisher’s exact test. Comparisons
between T cell responses over time (Chapter 3 and 4) were assessed using paired t-
test. A p value <0.05 was considered significant. Prism (v4.0 for Mac) was used

throughout.

2.7 Work done by others
Isla Humphreys designed the HCV genotype 3a peptide sets, performed full-length

HCV sequencing of 15 HCV gt3 infected patients to generate a consensus sequence
for the overlapping peptide set, and performed IFNy ELISpot assays screening in 18
chronic patients using HLA predicted peptides and in 12 patients using overlapping
peptides, as well as selected cross-reactivity assays (Table 3-15, Figure 8-1). Anthony
Brown performed the IFNy ELISpot assays on HCV genotype 1 patients (Figure 3-8,
Figure 8-2). Rachel Townsend performed IL28B typing assays. Clinical care of
patients and sample collection was provided by the clinical Hepatology team at the
John Radcliffe Hospital, Oxford. Work described in section 5.3 (page 214) was done

in collaboration with Jose Lourenco (Zoology, Oxford).
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3 Identification of HCV specific T cells responses in HCV
genotype 3a infection

3.1 Abstract

Background: Defining protective immunity across all Hepatitis C virus (HCV)
genotypes will facilitate pan-genotypic T cell vaccine development. HCV subtype 3a
(gt3a) is now the commonest infecting genotype in the United Kingdom and large
parts of Asia; however, data regarding the T cell antigenic targets of this subtype is
currently very limited. The aims of this study were to define T cell targets in acute,
chronic and spontaneously resolved HCV gt3a infection using two complementary
peptide sets.

Methods: We used two different approaches to identify T cell targets in acute (n=16),
established chronic (n=108) and spontaneously resolved (n=17) HCV gt3a infection:
(1) overlapping peptides (spanning the whole viral genome, 15-18 amino-acids (AA),
overlapping by 11 AA), based on a consensus sequence derived from 18 full-length
gt3a sequences and (ii) a novel, sequence-led approach using 46 wild-type and
variant peptides (non-structural proteins, 9-10 AA) corresponding to putative HLA
class-I restricted epitopes under T cell selection.

Results: Using two parallel methodologies we have identified multiple new T cell
epitopes in gt3a infection. Overall, the two peptide sets used in this study are
complementary and identify distinct gt3a T cell targets. In acute infection multiple
CD8+ T cell epitopes were identified that predominantly targeted non-structural
proteins. In chronic infection, T cell responses mainly targeted two dominant
epitopes in the core (CD4+) and NS3 (CD8+) region. In contrast, resolved infection
is associated with broad distribution of strong CD4+ and CD8+ T cell responses
across the genome that may confer protection. T cell targets in HCV gt3 infection
were markedly different to those previously described for HCV gtl infection, with
immunodominant epitopes detected in HCV gtl infection not targeted in HCV gt3
infection. The magnitude of adaptive immune responses was not associated with age,
sex, IL28B genotype and treatment outcome.

Conclusions: We have identified multiple new T cell targets specific for HCV gt3
infection. These observations will inform rational vaccine design for HCV gt3a

infection and cross-reactive vaccine development.
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3.2 Background

Phylogenetic analysis has shown that HCV has existed in human hosts for thousands
of years, leading to distinct genotypes endemic in different geographic locations that
only share 70-80% of sequence homology (Pybus et al. 2009). HCV exists in 6 major
infecting subtypes and also displays significant variation within each host. One of the
major challenges in HCV vaccine development for HCV is the extensive diversity of
the virus: a better understanding of genotype specific immune responses will aid the
development of vaccines active against multiple genotypes.

HCV genotype 3a is now the major infecting subtype in the United Kingdom, and
particularly prevalent within drug using communities (Health Protection Agency
2013). This subtype is also endemic in parts of Asia and Western Europe. However,
data on HCV gt3a antiviral immune responses is currently very limited, and will have
to be further assessed for informed vaccine design for this subtype. A comprehensive
assessment of HCV gt3a specific anti-viral immunity may also lend insights into the

distinct clinical phenotype associated with gt3.

3.2.1 Evidence for distinct features of HCV genotype 3 infection

The classification of HCV by viral genotype has been proven to be highly informative,
not only in terms of the assessment of viral evolution, but also in distinguishing
treatment outcome and duration of therapy. For a detailed discussion of clinical and
immunological features specific to HCV genotype 3 refer to the introduction (1.6,
page 57).

Large randomized studies have shown that HCV gt3 has a high rate of spontaneous
clearance (M. Lehmann et al. 2004), a more favourable outcome of Interferon based
treatments compared with gtl (Fried et al. 2002), a high rate of viral relapse after
interferon/ribavirin therapy (Manns et al. 2001) and higher rates of hepatic steatosis
and fibrosis (Adinolfi et al. 2001; P.-Y. Bochud et al. 2009). In addition, a striking
association of the IL28B genotype with viral clearance and treatment response was
shown in HCV gtl (D L Thomas et al. 2009; Ge et al. 2009), but not gt3 infection.
However, higher rates of liver injury have been found in chronically infected patients
carrying the favourable IL28B genotype, a phenomenon only observed in HCV gt3
infected patients(Moghaddam et al. 2011; Rembeck et al. 2012; Ydreborg et al. 2013).
Regarding the adaptive immune response to HCV genotype 3 infection, data remain

scarce. Several strands of evidence point to a substantial difference between HCV
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genotype 1 and 3 specific T cell responses, including an analysis of sequence
polymorphisms in HCV gtl and gt3 infection in association with HLA types (Rauch
et al. 2009), discussed in detail below. A single study analysed HCV gt3 specific T
cell responses to the HCV NS3 region in HCV gtl and gt3 infection, observing
different T cell targets for both genotypes (Giugliano et al. 2009). However, T cell

specificity to the whole HCV genome remains unknown.

3.2.2 A novel peptide screening approach to identify HCV gt3 specific T
cell targets
Identification of viral T cell targets is often based on IFNy ELISpot assays using
overlapping peptide pools. However, there are several issues with testing large
numbers of peptides in overlapping pools for a comprehensive screening approach.
These include:
(1) Competition for binding on MHC complexes: there may be potential competition
for binding space at MHC complexes with other peptides specific for the same HLA
type.
(2) Peptide length: It was previously shown that the peptide length matters for both
presentation on MHC complexes and recognition by T cells (Falk et al. 1991; Rock et
al. 1992). In our experiments, overlapping peptide pools contained peptides 15 to 18
amino acids in length, ensuring peptide presentation on MHC class-II complexes
(peptides up to 15mers are presented). However, the optimal presentation length on
MHC class-I complexes ranges between 8 and 11 amino acids. Therefore, overlapping
peptides may not be of the right binding length, and an amino acid crucial for
presentation might be at the wrong position preventing peptide loading on MHC
complexes. Consequently, T cell responses may be missed with a screening approach
using overlapping peptides. Theoretically, one would expect a certain amount of
peptide degradation in each sample associated with smaller peptides, which might aid
peptide presentation.
(3) Peptide identification: To cover the whole genome of a virus, several hundred
peptides are necessary, which are grouped into pools for the initially screening. Once
a response to a pool is detected, responses are mapped to individual overlapping

peptides, a laborious, time consuming and resource intense step (Precopio et al. 2008).
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To avoid these constraints, alternative approaches have been developed. One
previously applied approach has been based on the identification of T cell targets
using sequence-led approaches that associate viral sequence polymorphisms with
patient HLA types, based on the rationale that immune pressure exerted by the T cell
responses leads to polymorphic sites within HCV sequences. This approach has been
used to identify T cell epitopes associated with HLA in well-defined cohorts of
women infected with HCV from a single source (Neumann-Haefelin et al. 2006;

Fitzmaurice et al. 2011).

In this thesis, I sequence-led approach was used to identify new HCV gt3 specific T
cell targets (termed “HLA predicted peptides”). The approach introduced above
entirely focused on HLA types linked to protection, whereas here an approach
screening all patient HLA types for HLA-associated sequence polymorphisms was
deployed.

Identification of polymorphic sites associated with HLA types: HLA predicted
peptides were developed as a collaborative effort between Silvana Gaudieri’s
laboratory and the Barnes group (Rauch et al. 2009). Viral sequence polymorphisms
were associated with patients HLA types in a cohort of 136 HCV gt3 infected patients
recruited from the UK, Switzerland and Australia. Viral polymorphic sites at each
amino acid were assigned as consensus and non-consensus based on amino acid
frequency, and associations with patient HLA class-I types were assessed using
Fisher’s exact test at each residue of the non-structural HCV proteins. Significant
associations with an odds ratio >1 were considered as mutational escape from HLA
restricted cellular immune pressure; meaning that viral polymorphisms abrogating
HLA restricted CD8+ T cell responses are overrepresented in the presence of the
restricting HLA allele.

The identification of putative T cell epitopes at viral polymorphic sites associated
with HLA type: This work was performed by Isla Humphreys in our laboratory. Viral
polymorphic sites associated with patient HLA types were evaluated regarding
putative T cell epitopes using online epitope prediction programs. Freely available
online prediction programs Syfpeithy and BIMAS were used, and a prediction score
over 20 (Syfpeithi) and over 50 (BIMAS) was used as a cut-off. The epitope
prediction software allowed the prediction of several possible epitopes that may bind

the specific HLA allele, therefore multiple putative epitopes of varying length were
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predicted for some polymorphic residues. In total, 65 CDS class-I associated peptides
were predicted. Epitopes were predicted that contained the polymorphic sites within
the peptide (55 peptides; Table 2-5) and also epitopes where the polymorphic site was
flanking the predicted epitope (10 peptides; Table 2-6) as a mutation at the flanking
sites may affect the processing of the epitope and subsequent T-cell response.

Assessment of putative T cell epitopes in IFNy ELISpot assays: This work was
performed by myself. I aimed to assess whether the associations between sequence
polymorphisms and patient HLA types and epitope prediction at polymorphic sites
identified T cell targets. 65 peptides at putative T cell epitopes were synthetically
synthesized (Proimmune) and subsequently assessed in IFNy ELISpot assays. Results

are described in this Chapter.

3.3 Aims

The aims of this Chapter were to

(1) Comprehensively assess T cell targets in three different patient groups:
patients with spontaneously resolved HCV infection, and those acutely and
chronically infected with HCV gt3a.

(2) Compare two different methodologies for the assessment of T cell responses:
overlapping peptides spanning the whole genome, and HLA predicted
peptides.

(3) Define T cell responses to single peptides, and assess sequence
polymorphisms within T cell targets detected in HCV gt3 infection

(4) Assess and compare T cell specificity in HCV gtl and gt3 infection. To do
this, we aimed to analyse T cell responses published in the literature for HCV
genotype 1 infection, and compare them to responses detected in the Oxford
HCV gt3 cohort.

(5) Establish whether the magnitude of T cell responses is associated with (A)
spontaneous resolution of HCV infection, (B) treatment response and (C)
known predictors of treatment response (HCV pre-treatment viral load,

IL28B genotype, age, sex and cirrhosis) in chronic HCV genotype 3 infection.

Data published in Humphreys, von Delft et al (joint first authorship) is included in
Chapter 3 of this thesis.
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3.4 Patient characteristics and study outline

HCV gt3a infected individuals (108 chronically and 16 acutely infected) were
recruited from different sites: (John Radcliffe Hospital Oxford [acute=1, chronic 104],
MIH Boston [acute=10, chronic=4], Baltimore [acute=5]). Additionally, 16 patients
with spontaneously resolved HCV infection and 44 patients with HCV gtla/b
infection were recruited from the John Radcliffe Hospital, Oxford. Informed consent

and local ethical approval was obtained for all patients.

Spontaneously resolved patients (Table 3-1) were HCV antibody positive and HCV
RNA negative, and sampled at different time points after resolved infection.
Spontaneously resolved patients were all Caucasian and predominately male. The
main risk factor was intravenous drug use and the majority of patients had the

favourable IL28B genotype (TT) (14/16 patients, 87.5%).

Table 3-1: Patient characteristics of spontaneously resolved patients

number of patients 16 %
sex female 5 31.3
male 11 68.8
IL28B genotype 1T 14 87.5
GT 1 6.3
GG 0 0.0
not typed 1 6.3
Risk factor intravenous drug use 11 68.8
tattoo 2 12.5
needlestick 1 6.3
sexual 1 6.3
unkown 1 6.3
Treatment not treated 16 100.0
treated 0 0.0
Ethnicity [Caucasian | 16 | 100.0
Age >40 7 43.8
<40 9 56.3

Patient characteristics of chronically infected individuals are detailed in Table 3-2.
Patients were mainly male (71.3%), Caucasian (80.6%), and the majority was infected
through intravenous drug use (64.8%). Of 98 patients typed for the IL28B
polymorphism (90.7%), the majority had the favourable IL28B genotype TT (57.1%),
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whereas 39% had the IL28B type GT, and only 4% the unfavourable IL28B genotype
GG. 78 patients (72.2%) were treated with pegylated Interferon-o and Ribavirin
(IFN/RBV), with 53.8% achieving sustained virological response (SVR). After the
first treatment, 25 patients relapsed (32.1%), six patients did not respond to treatment
(7.7%) and three patients (3.8%) did not complete the treatment course due to
interferon related side effects. Eight patients were re-treated with IFN/RBV, of which
two achieved SVR, four patients relapsed, one patient did not respond to treatment

and one patient discontinued treatment.

Table 3-2: Patient details chronic HCV gt3a cohort

number of patients 108 %
female 31 28.7
male 77 71.3
IL28B genotype typed 98 90.7
TT 56 57.1
GT 38 38.8
GG 4 4.1
not typed 10 9.3
Risk factor IVDU 70 64.8
unkown 14 13.0
BP 12 11.1
cocaine 6 5.6
tattoo 3 2.8
needlestick 2 1.9
vertical 1 0.9
Treatment not treated 30 27.8
treated 78 72.2
outcome Tx2 outcome Tx3 outcome
SVR 42 53.8 2
REL 25 32.1 5 4 2 2
NR 6 7.7 1 1
incomplete 3 3.8 2 1
not known 2 2.6
Ethnicity Caucasian 87 80.6
Asian 16 14.8
South American 1 0.9
not known 4 3.7
Age >40 35 324
<40 73 67.6

IVDU intravenous drug use; Tx treatment; SVR sustained virological response; REL
relapse; NR not responding to treatment.

16 patients with acute infection were recruited from different sites (Table 3-3). The
majority of patients were infected using intravenous drugs (9/16, 56%). Clinical

outcome within the acute cohort was variable: of 16 patients analysed, 2 were lost to
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follow up, 4 cleared the infection spontaneously, 4 were treated during the acute
phase with 3 clearing under therapy and 1 patient not responding, and 4 patients
developed chronic infection. All patients had a confirmed infection with HCV
genotype 3a. The majority of patients were <40 (69%), Caucasian (100%), male

(56%), and were infected through intravenous drug use (56%).

Table 3-3: Patient details acute HCV gt3a cohort.

sampleID Age Sex Race]|Risk factor GT |HCV VL ALT [Treatment |outcome
lu/ml

7-41 23 F W |Sexual 3 >700000 68 |naive cleared spontaneously
50163 31 M W |IVDU 3a 6290 naive cleared spontaneously
10256 23 M W [IVDU 3a 8930000 46 |naive cleared spontaneously
50017 21 M W [IVDU 3 15900 72  |naive cleared spontaneously

7-31 19 M W |IVDU 3 168000 229 [naive chronic

7-06 20 F W [IVDU 3 16100 38 |naive chronic

3-43 46 M W |blood exposure 3 204000 592 [naive chronic

6-23 28 M W |Sexual 3 136000 698 [naive chronic

8-10 45 F W |Tattoo 3a >700000 201 [naive chronic
70230 21 F W |IVDU 3a 600000 naive chronic

7-75 18 F W |IVDU 3 102000 88 |naive lost in <6 months
70351 25 F W |IVDU 3a 21 naive lost in <6 months

6-40 40 F W |Sexual 3a >700000 464 |treated cleared on Tx

822 49 M W |Sexual 3a 46603 1441 |treated cleared on Tx

7-16 41 M H |Sexual 3a 67535 250 |[treated chronic

6-56 20 M W [IVDU/Tattoo 3 >700000 383 |treated chronic (non-responder)

F female; M male; W White; H Hispanic; IVDU intravenous drug use; Tx treatment.

A schematic for the study outline is depicted in Figure 3-1. Two different approaches
were used to identify HCV gt3 specific T cell targets in IFNy ELISpot assays:

(1) Overlapping peptides (spanning the whole viral genome, 15-18 amino-acids (AA),
overlapping by 11 AA), based on a consensus sequence derived from 18 full-length
gt3a sequences (left) and

(i) A novel, sequence-led approach using 46 wild-type and variant peptides (non-
structural proteins, 9-10 AA) corresponding to putative HLA class-I restricted
epitopes under T cell selection (right).

A detailed description of peptide design can be found in the Methods (page 76).

All patients (acute (n=16), established chronic (n=108) HCV gt3a infection and
spontaneously resolved infection (n=16)) were screened with overlapping peptides;
whereas only HLA typed patients were tested using the HLA predicted peptide set
(acute (n=16), established chronic (n=64) HCV gt3a infection and spontaneously

resolved infection (n=8)).
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Figure 3-1: Study outline for the assessment of HCV gt3 T cell responses
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Schematics of the study outline of experiments analysing T cell immunity in HCV gt3
infection undertaken in this thesis. A total number of 140 patients was analysed (16
acutely and 108 chronically infected HCV gt3 patients, and 16 spontaneous resolved
patients. Left: Design of overlapping peptide pools and experimental steps following
initial [FNy ELISpot screening up to desired phenotypic analyses of responses. Right:
Design of HLA predicted peptides, initial ELISpot screening on HLA types patients
and subsequent experimental steps up to desired phenotypic analyses.
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3.5 T cell responses to overlapping peptide pools

3.5.1 T cell responses in resolved HCV infection

To analyse responses to HCV genotype 3a specific peptides in spontaneously resolved
infection, we identified 16 patients with previously resolved infection. Patients were
recruited from the John Radcliffe Hospital in Oxford, and plasma and PBMC were
derived as described in the methods section (see 2.2.1 page 67, and 2.3.1 page 72).

To assess the HCV gt3a specific immune response, T cell responses were tested in
ELISpot assays using a genotype 3a specific peptide set (see 2.4.1, page 76). T cell
responses to overlapping peptide pools were found in all tested patients. The majority
of patients (14 out of 17) elicited a T cell response against NS3 peptides, with 11
patients responding to NS3 protease and 6 to NS3 helicase. Strong responses were

also seen against E2 and NS5 peptides in several patients (Figure 3-2).

Figure 3-2: T cell responses in spontaneous resolvers to HCV genotype 3a
specific peptides
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with spontaneously resolved HCV infection.

To assess cross-reactivity between HCV gt3 and gtl responses in spontaneously
resolved patients, T cell responses to HCV genotype 1b peptides were assessed in 13
out of 17 patients (Figure 3-3). Responses to HCV gtl peptides were detected in 5
patients only and generally low, and the majority targeted HCV core (4/5).
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Figure 3-3: T cell responses in spontaneous resolvers to HCV genotype 1b
specific peptides
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When comparing the overall response against HCV gtl and gt3a specific peptides in
paired patient samples, stronger responses were seen against the gt3a peptide set

(Figure 3-4).

Figure 3-4: Comparison of T cell responses in spontaneously resolved patients
against HCV genotype 3a and 1b peptide sets
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Comparison of T cell responses in spontaneously resolved patients to HCV genotype
3a and HCV genotype 1b peptide sets. Limited cross-reactivity between HCV gt3 and
gtl peptide sets was observed, with responses significantly stronger towards HCV
genotype 3a peptide sets. Mean and SEM are depicted.
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3.5.2 T cell responses in chronic HCV genotype 3a in infection

To analyse responses to HCV genotype 3a specific peptides in chronic HCV infection,
108 patients were recruited from the John Radcliffe Hospital in Oxford, and Plasma
and PBMC were derived as described in the methods section (see 2.2.1 page 67, and
2.3.1 page 72). For all patients, the infecting HCV genotype was confirmed as
subtype 3a. A table detailing patient characteristics (age, sex, IL28B genotype) and
treatment details can be found in Table 3-2 (page 88).
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T cell responses were measured by
ELISpot assays using overlapping
peptide pools spanning the full length
of the HCV gt3 genome in 108 chronic
HCV gt3a infected patients (Figure
3-5). No response was detected in 51
out of 108 patients (47%). A response
to HCV gt3a peptides was detected in
57 patients (53%), with responses
mainly targeting the core (39 out of 57,
68%) and NS3 helicase and protease
region (26 out of 57, 46%). Responses
were low in magnitude (94.34 + 13.16),
with only 17% of tested patients
exhibiting overall T cell responses over

200 SFU/million cells in magnitude.

Figure 3-5: T cells responses against
a HCV gt3a peptide set in
chronically infected HCV gt3a
patients

T cell responses detected in patients
chronically infected with HCV gt3a,
measured by IFNy ELISpot using a
HCV gt3a peptide set spanning the
entire HCV genome. T cell responses
over cut-off were detected in 56/108
patients. ELISpot assays on 12 patients
were performed by Isla Humphreys.
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HCV gt3 specific responses were
compared to HCV gtl responses in 44
gtl infected patients. T cell responses
were assessed using a HCV gtlb
peptide set (strain J4b) in IFNy
ELISpot assays (Figure 3-6). 20 out of
44 patients did not form an IFNy T cell
response (45%). The HCV region most
frequently targeted was core, with all
but one responder targeting this region
(23/24). This is in line with previously
published evidence: T cell responses in
chronic gtl infection have been
previously  described as mainly
targeting HCV core (Humphreys et al.
2012; V. M. Fleming et al. 2010).

Figure 3-6: T cell responses against a
HCYV gtlb peptide set in chronically
infected HCV gt1 patients.

T cell responses detected in patients
chronically infected with HCV gtl,
measured by IFNy ELISpot using a
HCV gtlb peptide set spanning the
entire HCV genotype. T cell responses
over cut-off were detected in 24/44
patients.  ELISpot  assays  were
performed by Anthony Brown.
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When comparing the overall magnitude of response in HCV gtl and gt3 infected
patients, no difference was seen (Figure 3-7). However, when comparing targeted
viral regions in HCV gtl and gt3 infection, responses measured in HCV gt3a

infection were significantly more aimed at non-structural regions (Fisher’s exact test,

p=0.0146).

Figure 3-7: Comparison of T cell responses to HCV viral regions in HCV gtl and
gt3 infection.
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A comparative analysis of the immune response in patients with chronic HCV gtl or
3 infection assessed by IFNy ELISpot assay is shown. (A) No difference in overall
magnitude of response was observed. Mean and SD is depicted. (B) Comparison of
targeted structural and non-structural viral regions as assessed by IFNy ELISpot is
shown (p=0.0146).

3.5.3 T cell responses in acute HCV genotype 3a infection

Immune responses in acute HCV gt3a infection have not been studied previously.
Here, we had the exceptional opportunity to study an acute cohort of 16 samples,
generously provided by Georg Lauer (Boston) and Andrea Cox (Baltimore). One
patient was recruited at the John Radcliffe Hospital, Oxford (for patient details, see
Table 3-3, page 90).

Of 16 patients studied, two patients were lost to follow up before outcome was
determined, four cleared the infection spontaneously, four were treated during the
acute phase with three patients clearing the infection under therapy and one patient
not responding to treatment, and six patients developed chronic infection.

We tested T cell responses in all 16 patients acutely infected with HCV (Figure 3-8).
Responses were detected in 9 out of 16 patients, with the majority of patients

responding to HCV non-structural regions (Figure 3-8).
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Magnitude of T cell responses was compared between patients not receiving treatment
who either resolved HCV infection or developed chronic infection. Stronger
responses were observed in patients resolving infection spontaneously, although this

trend did not reach statistical significance (t test p=0.1318).

Figure 3-8: Magnitude of T cell responses did not differ in acutely infected
patients who spontaneously cleared infection or developed chronic infection.
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(A) T cell responses measured by IFNy ELISpot assays grouped by patient outcome. 8
patients responded to overlapping peptide pools, with the majority of patients
responding to non-structural proteins. (B) Comparison of magnitude of responses
between untreated patients with different outcomes of acute HCV infection (resolved
and chronic). Mean and SEM is shown. SR spontaneously resolved patients; C
chronic HCV infection; uk unknown; SVR sustained virological response; NR not
responding to treatment.

3.5.4 Comparison of magnitude of T cell responses and targeted viral
regions using overlapping peptide pools in spontaneous resolvers,
acutely and chronically infected patients

The magnitude of T cell responses measured by IFNy ELISpot assay was compared in

spontaneous resolvers, and acutely and chronically infected patients (Figure 3-9 A).

No difference in magnitude of response was seen when comparing acutely infected

patients to spontaneously resolved patients and the chronic patient group. In contrast,

significantly higher responses were seen in patients with spontaneously resolved

infection when compared to chronically infected patients (unpaired t test, p<0.001).
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Figure 3-9: Magnitude of T cell responses in spontaneously resolved patients and

acute chronic HCV genotype 3a infected patients
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Magnitude of IFNy ELISpot responses measured using overlapping peptide pools in
spontaneous resolvers, acute and chronic HCV gt3a patients. (A) Comparison of the
total magnitude of T cell responses in IFNy ELISpot assays. No difference in
magnitude of response was seen between the acute and chronic patient groups and
acute patients and spontaneously resolved patients. Significantly higher responses
were seen in patients with spontaneously resolved infection when compared to
chronically infected patients. (B) Subgroups analysis of magnitude of T cell response
according to targeted viral regions. p<0.0001****; p<0.001***; p< 0.01**; p< 0.05*

MEAN and SEM is shown.

Subsequently, T cell responses to structural and non-structural regions of the virus

were compared separately (Figure 3-9 B). There was no difference in the magnitude

of response to structural proteins in all three patients groups. The magnitude of

responses to non-structural proteins resembled the observations made when

comparing the overall magnitude of T cell responses (Figure 3-9). Chronic patients

showed low responses, with significantly higher responses in acutely infected patients

(t test, p=0.0202), and spontaneously resolved patients (t test, p<0.0001). No

difference in magnitude was observed between acutely infected patients and

spontaneous resolvers. Of note, when comparing responses in the core region,
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chronically infected patients showed significantly higher responses than acutely
infected patients, but no difference between chronically infected and spontaneously
resolved patients was observed.

These results are reflected when analysing the percentage of T cell responses mounted
against different HCV viral regions in the different patient groups (Figure 3-10): In
spontaneous resolved patients (A), the majority of T cell responses was aimed at the
NS3 protease region, with both the NS3 helicase and NS4 being the next most
commonly targeted regions. Contrary, T cells in acute gt3 infection (C) commonly
target the NS5a, NS3 and NS4 region, most likely reflecting that some patients
progress to spontaneous resolution. Regions targeted in chronic HCV gt3 infection
(B) differ from those targeted in acute and spontaneously resolved infection: here, the

regions most commonly targeted were core, and the NS3 helicase region.

Figure 3-10: T cell responses of spontaneously resolved, acutely and chronically
infected HCV patients target different viral region
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3.6 T cell responses to HLA predicted peptides

In addition to the experiments run with overlapping HCV genotype 3a peptides
covering the whole viral genome (see 3.5 T cell responses to overlapping peptide
pools, page 92), T cell responses in HCV gt3a patients were evaluated using HLA
predicted peptides in spontaneously resolved patients, and patients acutely and
chronically infected with HCV genotype 3a using IFNy ELISpot assays. Peptides
were matched to the patients HLA type, reducing the number of PBMCs used in each
experiment. Since only a limited number of optimal peptides were used in each
experiment, potential enhancement of the number and magnitude of detected immune
responses was expected; due to optimal peptide length and limited potential

competition for HLA binding sites.

3.6.1 Responses to HLA predicted peptides in spontaneous resolvers

To assess T cell responses to HLA predicted peptides in a cohort of patients who
spontaneously resolved HCV infection, we first determined HLA types of patients
with resolved infection (14/16 patients). Next, T cell responses were assessed using
peptides matching the patients HLA type in IFNy ELISpot assays. Due to limited
availability of PBMCs in patients with spontaneously resolved infection, T cell
responses to HLA predicted gt3 specific peptides were tested in only 8 out of 14 typed
patients. Of these, T cell response to HLA predicted peptides were detected in two
patients (Figure 3-11).

Figure 3-11: T cell responses in spontaneous resolvers to HLA predicted peptides

600
[72]
S
m400-
o
©
o
>
5 200 B p7/NS2
e 0 I NS3p
[ NS3h
o LFTE AR B NS4
SO~ D OO - O+ v OO WA EEE NS5A
O~ O O NNMNMOOMNOWWOOWDMNO
T OO ONNOOO®OWO®OW®OOD®OOHOO O OD 3 NS5BI
Patient ID [ NS5BII

T cell responses measured by IFNy ELISpot assays to HLA predicted peptides in
patients with spontaneously resolved HCV infection. Magnitude of responses is
shown for the viral region the HLA predicted peptide falls in. * Not determined
(limited PBMC), ? Not HLA typed, o not mapped to individual peptides.
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3.6.2 T cell responses to HLA predicted peptides in chronically infected

patients
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3.6.3 Responses to HLA predicted peptides in acutely infected patients

HLA types of all acutely infected patients were obtained, and T cell responses tested
using I[FNy ELISpot assays using HLA predicted peptides matched to patients” HLA
type. T cell responses were detected in 6 out of 16 tested patients (37.5%), with 3

patients responding to peptides from the NS3 region. Other responses were aimed at

NS2, NS4 and NS5B viral regions.

Figure 3-13: T cell responses to HLA predicted peptides in acutely infected HCV
gt3a patients.
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T cell responses to HLA predicted peptides in 15 acutely infected patients, determined
by IFNy ELISpot assays. This graph shows the magnitude of response (SFU/million
PBMC) to the region the HLA predicted peptide lies in.

3.6.4 Responses to single peptides and viral variants

Next, we aimed to determine the overall number of peptides detected using HLA
predicted peptides. T cell responses to single HLA predicted peptides in spontaneous
resolvers, acute and chronic patients are detailed in Figure 3-14. Responses were
detected to eight different peptides out of the whole peptide set composed of 65
peptides (all peptides are detailed under 2.4.2 HLA predicted peptides, page 78), with
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one to five patients recognizing each peptide. Three peptides were detected in the
HCV NS2 region (LLYPSLIFDI/LYPSLIFDI (A02/A24 restricted) and
FOMIILSIGR (B27)), two peptides in the NS3 region (ATDALMTGY (AO1l),
IPFYGKAIPI (B51)), one peptide in the NS4B region (RVLLDILAGY (A26)), and
two peptides in the NS5B region (VLDDHYKTAL (A02) and RVKARMLTI (B08)).

Since the HLA predicted peptide set was based on sequence polymorphisms
associated with patients HLA class-I types, we aimed to define the T cell response
against the variant sequence originally associated with the restricting HLA type. If the
variant described in the original publication was contained within the tested consensus
peptide predicted by epitope prediction programs (some polymorphisms were
flanking the predicted epitopes), the described peptide variant was tested in IFNy
ELISpot assays. In all patients tested, the response to the peptide variant was lower

than the response to the consensus epitope (Figure 3-14).

Figure 3-14: Details of all responses to HLA predicted peptides.
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The magnitude of responses to the consensus and variant sequence is shown. For each
response, the responding patient, the epitopes with consensus/variant sequence and
HLA restriction and the according HCV region are shown. * not done. A: acute, C:
chronic, SR: spontaneous resolved.

In one patient (patient ID 900), responses were not mapped from pools to single
peptides due to the limitation of PBMC (marked with oo in Figure 3-11, page 101). T
cell responses were seen to two pools of A02 specific peptides containing NS2

peptides (VMGGKYFQM, ILSIGRWEFNT, LLYPSLIFDI, LLARGSRDGV) and
NS5B peptides (VLDDHYKTAL, KAINQIRSV, SLSSKAINQI). Commonly

detected responses in other patients suggest that the T cell response may be targeting

epitopes LLYPSLIFDI inthe NS2 region and VLDDHYKTAL in the NS5B region.

104




Chapter 3

3.7 Comparison of T cell responses to overlapping and HLA

matched peptide sets

After testing patients with two independent peptide sets, I aimed to define whether T
cell responses detected by HLA predicted peptides were also detected using
overlapping peptides. Since HLA predicted peptides were only defined within the
non-structural region; responses to overlapping peptide pools within the non-
structural region only were used for this comparison. In Figure 3-15, a direct
comparison of T cell responses detected using HLA predicted peptides and
overlapping peptide pools in 8 spontaneous resolvers, 16 acutely and 64 chronically
infected patients is depicted.

Overall, 44% (39 out of 88) of tested patients did not respond to either peptide set
(Figure 3-16). The majority of all patients formed a T cell response (49/88, 56%);
responses to overlapping pools were detected in 44% (39/88) of all patients, whereas
responses to HLA predicted peptides were observed in 24% (21/88) of patients. 12%
of patients responded to both peptide sets, but in only 6% (5/88) of patients the
response was aimed at the same pool for overlapping peptide pools and HLA
predicted peptides (Figure 3-16). 44% (39/89) of tested patients only responded to one
of the two peptide sets, either HLA predicted peptides (10/88, 11%) or overlapping
peptide pools (29/88, 33%).

Therefore, cross-reactivity between both peptide sets was low, with only 5 patients
responding to the same peptide pools using both approaches. When considering
different stages of infection (spontaneous resolvers, acute infection and chronic
infection), and then comparing the overlap of responses, divergent results were
observed for different patient groups (Figure 3-16, bottom).

All spontaneous resolved patients responded to either or both of the peptide sets.
This is in line with described high T cell responses in patients who spontaneously
clear infection (C. L. Day et al. 2002; Lauer et al. 2004; Schulze zur Wiesch et al.
2005). Of note, a response to HLA predicted peptides was only detected in two
patients. This low response rate might be due to the method of HLA predicted peptide
generation: viral sequence polymorphisms were associated with HLA types in a
cohort of chronic HCV gt3a patients, where escape may have already occurred in

commonly targeted T cell epitopes. In patients who clear the infection, a response to
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sites of mutation is not likely, since viral regions targeted in these patients do not tend

to escape (Erickson et al. 2001; A. L. Cox, Mosbruger, Mao, et al. 2005).
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T cell responses to HLA predicted peptides and overlapping peptide pools were
measured in patients with (B) spontaneously resolved infection (n=8), (A) acutely
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overlapping pools are compared to the HCV viral region in which the HLA predicted

peptide falls (NS3p, NS3h, NS4, NS5a, NS5b1, NS5b2).
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Figure 3-16: HCV specific T cell responses to HLA predicted peptides.

all

[ no response (either)

[ response to OPs (only)

1 response to HLA (only)

Il response to OPs & HLA (same pool)
[ response to OPs & HLA (different pools)

Total=88
acute patients chronic patients
Total=16 Total=64 Total=8

Comparison of T cell responses to HLA predicted peptides and overlapping pools
(only non-structural proteins) for acute, chronic and spontaneously resolved patients.
Responses were classified as either: no response to both peptide sets, response to only
OPs or HLA predicted peptides, response to both (same pool), response to both
(different pools). HLA: HLA predicted peptides; OPs: overlapping peptide pools; SR:
spontaneously resolved patients.

The highest overlap between two analyses was found in acute patients, where 3 out of
16 (19%) patients responded to matching pools from both sets. In two acute patients,
the responses were mapped to single peptide level (for details on peptide mapping of
overlapping peptide pools, see Table 3-6 and Table 3-7, page 113 and 114),
confirming that the response was indeed formed to an identical epitope (patient 6-40
and 822, Table 3-4). The majority of acute patients in our cohort developed chronic
infection; the comparably high level of cross-reactive responses between the two
peptide sets in acute patients might be due to patients targeting immunodominant
epitopes that subsequently mutate under T cell pressure. Due to the limited

availability of PBMC, not all responses to overlapping peptide pools were mapped to
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single peptide level. This was the case for acute patient 50163, and chronic patients
219 and 437. It is therefore possible, that, even though the same pools were targeted
in both analyses and T cell specificity may be identical in both analyses, the response
has not been included in Table 3-4.

In chronically infected patients, overlap between the two peptide approaches was
minimal, with only 2 patients (3%) responding to matching pools. However, about
half of the patients (49%) did not form a detectable T cell response to either of the
peptide sets. This might be due to an exhausted T cell response in chronic infection,

with IFNy production dropping below the level of assay detection.

Comparison of T cell targets detected by two peptide sets

Detection of the same CD8+ T cell epitopes by the two tested approaches was
minimal (Table 3-4). Immune responses to the same epitope in both peptide sets were
only detected in two acutely infected individuals at epitopes IPFYGKAIPI and
ATDALMTGY. For peptide VLDDHYKTAL, a response to the equivalent overlapping

peptide was detected, but in a different patient.

Table 3-4: Details of T cell responses to HLA predicted peptides in
spontaneously resolved, acute and chronic patients.

Protein Position 3a peptide sequence HLA type Patient ID Patient HLA type detected using OPs
NSs2 886-896 LLYPSLIFDI/LYPSLIFDI A02/A24 ¥ 6-23 A*2402 A*0201 B*3502 B*4403 C*0401 C*1601
A24 F o219 A*1101 A*2404 B*18 B*3501 C*0401 C*1203
A24 362 A*24 B*3501 B*4403 C*0401 C*0409

A02/A24 F 101 A*0205 A*2402 B*1302 B*4901 C*0602 C*0701
A02 F 299 A*0101 A*0201 B*0702 B*4001 C*0304 C*0702

941-951 FOMITLSIGR B27 F6-56 A*0201 A*2601 B*2702 B*3801 C*1203
278 A*0201 A*1101 B*1801 B*2705 C*0102 C*1203
428 A*0201 B*5701 B*2702 C*0701 C*1501
Ns3 1379-1387 IPFYGKAIPI B51 F6-40 A*0101 B*0801 B*5101 C*0102 C*0701 |yes (6-40)
¥ 50163 B*4403 B*5101 C*1402 C*1601
1443-1451 ATDALMTGY AO1 822 A*0101 B*5201 B*5701 C*0602 C*1202 |yes (822)

F7-70 A*0101 A*2402 B*0801 B*3906 C*0701 C*0702
06P A*0101 A*0301 B*0702 B*0702 C*0702 C*0702
416 A*0101 A*0201 B*0801 B*5701 C*0602 C*0701

NS4B 1853-1862 RVLLDILAGY A26 ¥ 6-56 A*0201 A*2601 B*2702 B*3801 C*120301

F 50017 A*0201 A*2601 B*3801 B*4402 C*0501 C*1203

F o110 A*2301* A*2601* B*3801 B*4901 C*0701* C*1203
332 A*0101 A*2601 B*4501 B*0801 C*0602 C*0701
437 A*0201 A*2601 B*3801 B*2702 C*1203 C*0102

NS5B 2490-2499 VLDDHYKTAL A02 416 A*0101 A*0201 B*0801 B*5701 C*0602 C*0701|yes (6-40)

871 A*3201 A*0101 B*0801 B*4402 C*0501 C*0701

2508-2516 RVKARMLTI B0O8 ' 6-40 A*0101 B*0801 B*5101 C*0102 C*0701|

HCV gt3a specific T cell responses to HLA predicted peptides are shown. For each
peptide, the position within the HCV genome, the peptide sequence, restricting HLA
type, responding patients and patients HLA types are shown. Peptides additionally
detected with overlapping peptide pools are depicted. Colour coding: yellow (chronic
patients), blue (acute patients), orange (spontaneous resolvers).
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Several epitopes were only recognized using HLA predicted peptides
((L) LYPSLIFDI, FOMIILSIGR, ATDALMTGY, RVLLDILAGY, RVKARMLTI), but
not overlapping peptide pools, suggesting that the exact peptide length matters for
MHC presentation and T cell recognition of these specific epitopes.

Another possible reason that these peptides were not recognized using overlapping
peptide pools, is that viral variants were included in the overlapping peptide set at
HLA predicted peptide sites. To assess this hypothesis, viral sequence information of
overlapping peptides was compared to peptide sequences of consensus HLA predicted
peptides. In 7 out of 65 cases, sequence differences between the screening HLA
predicted peptide (consensus) to the screening overlapping peptide were observed
(Table 3-5). Only in two cases, differences were observed at the polymorphic sites
(IPFYGKAIPL, EKALGLLOQR) originally described in Rauch et al.’s publication. In
our hands, T cells responses measured by ELISpot assays were recognized only one
peptide (IPFYGKAIPL) with existing sequence differences between the two peptide

sets.

Table 3-5: Sequence difference between overlapping peptide pools and HLA
predicted peptides.

HCV Linked | HLA predicted peptide Overlapping Peptide Additional
Protein HLA Sequence Sequence Mutations
NS2 B4402 ATLGAGILVL ATLGAGILALFGFFTL V—A
B44 AGILVLFGFF GILALFGFFTLSPWYKHW
C03 ILVLFGFFTL
NS3 B2705 IPFYGKAIPL EGEIPFYGKAIPIAQLK None
A0201 ALLKGGRHLI YGKAIPIAQLKGGRHLIF L—Q
B5101 IALLKGGRHL AQLKGGRHLIFCHSKKK
NS4 A68 EKALGLLQR HQFKEKVLGLLQRATQQQA None
NS5a A2601 ETDAELSVA PLRAETDDAELSAAAECF V—A
Extra AA D

HLA predicted peptides with varying overlapping peptide sequence. HLA predicted
peptides are specified, with the polymorphism linked to HLA type marked in bold.
For the overlapping peptide, the polymorphic site is marked bold, with additional
mutations and insertions underlined. AA, amino acid.
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3.8 High resolution analysis of HCV genotype 3 specific T cell

responses

Patient samples are often difficult to obtain and the number of PBMC generated from
each sample is limited, so experimental strategies have to be optimized to increase the
amount of information generated from one sample. To comprehensively assess T cell
responses in HCV infection, a set of 450 peptides is necessary to span the whole
genome (using peptides of 15 to 18 amino acids in length, overlapping by 11 amino
acids). Since 450 individual peptides cannot be experimentally assessed separately in
each patient, peptide-screening strategies have therefore been either based on matrixes
combining different sets of peptides in each well, or peptide pools. In our experiments,
we used the peptide pool approach, screening samples with 10 peptide pools, each
containing up to 72 peptides, and in case of a detected T cell responses, subsequently

mapping responses to sub-pool and single peptide level (see Figure 2-4, page 77).

3.8.1 Confirmation of T cell responses measured by IFNy ELISpot assay

One issue with using overlapping pools and subsequently mapping responses to single
peptides is that, even if the response to the overlapping pool was strong and easily
detectable, the response to a single mapped peptide can be very low, and often range
at the detection cut-off. Representative ELISpot responses to single peptides are
depicted in Figure 3-17, with low responses (some just above detection cut-off)
shown for chronically infected individuals, and stronger responses depicted for

spontaneously resolved infection.
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Figure 3-17: Representative T cell responses measured by IFNy ELISpot assay.
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Representative T cell responses detected by Interferon-y ELISpot assay in (A) chronic
HCYV infection and (B) spontaneously resolved infection.

We therefore first confirmed that T cell responses measured at ELISpot detection
level to single peptides were not measured false positives. To confirm responses using
a different technique, we analysed responses using intracellular staining techniques
(ICS) and flow cytometry analysis, both on patient samples ex vivo and T cell lines

(Figure 3-18).
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Figure 3-18: CD4+ and CD8+ specific T cell responses measured by ICS.
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(A) Ex vivo ICS analysis of CD4+ responses to two core peptides in chronic patients
(peptide sequence in grey text) (B). ICS following the generation of short term cells
lines in chronically infected (patient 235) and spontaneous resolved infection (patient
568 and 861).
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3.8.2 Individual peptides targeted by T cells in HCV gt3 infection

T cell responses to overlapping peptide pools were mapped to individual peptides
using the peptide mapping strategy described in the methods section (Figure 2-4, page
77). In this thesis, individual overlapping peptides targeted by T cells will be termed
as “T cell targets”, whereas T cell targets identified using HLA predicted peptides are
termed as “epitopes”, since the optimal binding peptides have been defined for these
using epitope prediction programs.

Responses to individual peptides in the structural HCV region are shown in Table 3-6.
Eleven regions were targeted by T cells from spontaneously resolved, acutely and
chronically infected HCV gt3 patients, six single peptides in the core region, and five
in E2. No T cell responses to E1 were detected. If responses were found to two
neighbouring peptides, they were grouped as one response in this table, assuming that
it was likely that the response was targeting the overlapping region between peptides.
It is possible though, that two separate epitopes are targeted.

Table 3-6: T cell responses to individual peptides in HCV structural regions
mapped from overlapping peptide pools.

Protein Position 3a peptide Patient ID Patient HLA type Patient HLA type CD8/CD4
core 27-44 GGQIVGGVYVLPRRGPRL 362 A*2402 B*3501 B*4403 C*0401 C*0409 DRB1*0103 DRB1*0701
34-51 VYVLPRRGPRLGVRATRK 06P A*0101 A*0301 B*0702 B*0702 C*0702 C*0702
884 A*3201 A*2501 B*5701 B*5101 C*0601 C*1502 DRB1*0404 DRB1*0701
66-83 PKARRSEGRSWAQPGYPW 105 A*1101 A*1101 B*3501 B*5101 C*0401 C*1402 DRB1*0101 DRB1*0701
128 A*0201 A*6801 B*0801 B*4402 C*0701 C*05 DRB1*0301 DRB1*0401
275 A*1101 B*0702C B*4402 C*0501 C*0702 DRB1*0401 DRB1*0407
450 CD4 *
73-90 GRSWAQPGYPWPLYGNEG 416 A*0101 A*0201 B*0801 B*5701 C*0602 C*0701 DRB1*0101 DBR1*0701 CD4 *
130-147 FADLMGYIPLVGAPVGGV 140 A*2402 A*3002 B*0702 B*3501 DRB1*0101 DRB1*1501
105 A*1101 A*1101 B*3501 B*5101 C*0401 C*1402 DRB1*0101 DRB1*0701
143-158 PVGGVARALAHGVRAL ¥ 656 A*0201 A*2601 B*2702 B*3801 C*1203
110 A*2301 A*2601 B*3801 B*4901 C*0701 C*1203 DRB1*0801 DRB1*1101 CD4
128 A*0201 A*6801 B*0801 B*4402 C*0701 C*05 DRB1*0301 DRB1*0401 CD4 *
129 A*1101 A*7401 B*4403 B*38 C*04 C*0702 DRB1*1504 DRB1*0701
216 A*0201 A*6801 B*5101 B*5108 C*1502 C*1602 DRB1*0301 DRB1*1602 CD4 *
219 A*¥1101 A*2402 B*18 B*3501 C*0401 C*1203 DRB1*0403 DRB1*0701
226 A*0201 A*3101 B*1801 B*55 C*0102 C*0701 DRB1*0404 DRB1*1104 CD4 *
227 A*0201 B*1501 B*5701C C*0401 C*0602 DRB1*0701 DRB1*0801 CD4 *
235 A*0301 A*3002 B*0702 B*3501 C*0401 C*0702 DRB1*0101 DRB1*1501
BS ND CD4
422 A*02 A*03 B*44 B*35 C*0401 DRB1*0101 DRB1*1501
437 A*0201 A*2601 B*3801 B*2702 C*1203 C*0102 DRB1*0101 CD4
148-165 ARALAHGVRALEDGINFA 962 CD8
E2 453-476 CPQRLSSCKPITFFRQGWGSLTDA 822 A*0101 B*5201 B*5701 C*0602 C*1202 DRB1*0701 DRB1*1502 CD4
FRQGWGSLTDANITGPSD 06P A*0101 A*0301 B*0702 B*0702 C*0702 C*0702
610-625 LTPRCMVDYPYRLWHY 06P A*0101 A*0301 B*0702 B*0702 C*0702 C*0702
109 A*0201 A*0101 B*0801 B*4402 C*0501 C*0701 DRB1*0401 DRB1*0301
900 A*0201 A*6601 B*3502 B*1401 C*1701 C*0802 DRB1*1104 DRB1*0103
635-650 KVRMFVGGFEHRFTAA 775 A*0201 A*3101 B*0702 B*0702 C*0702 C*0702
129 A*1101 A*7401 B*4403 B*38 C*04 C*0702 DRB1*1504 DRB1*0701
696-712 LIHLHQNIVDVQYLYGV 568 A*02 A*3201 B*2707 B*1501 C*0602 C*0304 DRB1*1501 DRB1*1101 CD8 *
702-719 NIVDVQYLYGVGSGMVGW ¥ 656 A*0201 A*2601 B*2702 B*3801 C*1203
861 ND CD8 *

Mapped HCV gt3a specific T cell responses to single peptides in structural regions of
the HCV genome are shown. For each peptide, the position within the HCV genome,
the peptide sequence, responding patients and patients HLA types, as well as
CD8/CD4 restriction is shown. * CD8/CD4 restriction determined by ICS; colour
coding: yellow (chronic patients), blue (acute patients), orange (spontaneous
resolvers).
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T cell responses targeting individual peptides in HCV non-structural regions were
measured by IFNy ELISpot assay in spontaneous resolvers, acutely and chronically

infected patients (Table 3-7).

Table 3-7: T cell responses to individual peptides in HCV non-structural regions
mapped from overlapping peptide pools.

Protein Position 3a peptide Patient ID Patient HLA type Patient HLA type CD8/CD4
NS3 1198-1213 KALQFIPVETLSTQAR 626 ND
1246-1261 KVPAAYVAQGYNVLVL 806 A*0101 - B*4002 B*1501 C*0202 C*0303 DRB1*0101 DRB1*0303
1264-1281 SVAATLGFGSFMSRAYGI 775 A*0201 A*3101 B*0702 B*0702 C*0702 C*0702
720 A*0301 A*0201 B*4402 B*3801 B0501 C*1203 DRB1*0401 DRBA*1601
1282-1298 DPNIRTGNRTVTTGAKL 109 A*0201 A*0101 B*0801 B*4402 C*0501 C*0701 DRB1*0401 DRB1*0301
900 A*0201 A*6601 B*3502 B*1401 C*1701 C*0802 DRB1*1104 DRB1*0103
1370-1387 EEVALGSEGEIPFYGKAI ¥ 6-40 A*0101 B*0801 B*5101 C*0102 C*0701 CD8
1423-1440 AYYRGLDVSVIPTAGDVV 226 A*0201 A*3101 B*1801 B*55 C*0102 C*0701 DRB1*0404 DRB1*1104
884 A*3201 A*2501 B*5701 B*5101 C*0601 C*1502 DRB1*0404 DRB1*0701 CD4
1437-1451 GDVVVCATDALMTGF 822 A*0101 B*5201 B*5701 C*0602 C*1202 DRB1*0701 DRB1*1502
1520-1537 RPSGMFDSVVLCECYDAGCSWYDL 105 A*¥1101 A*1101 B*3501 B*5101 C*0401 C*1402 DRB1*0101 DRB1*0701
111 A*0101 A*0201 B*35 B*14 C*0401 C*0802 DRB1*0101 DRB1*0701
140 A*2402 A*3002 B*0702 B*3501 DRB1*0101 DRB1*1501 CcD8
154 A*1101 A*1101 B*1517 B*3501 C*0401 C*0701 DRB1*0101 DRB1*1301
219 A*¥1101 A*2402 B*18 B*3501 C*0401 C*1203 DRB1*0403 DRB1*0701
235 A*0301 A*3002 B*0702 B*3501 C*0401 C*0702 DRB1*0101 DRB1*1501 CD8
268
291 A*0101 A*2901 B*3501 B*4403( C*0401 C*1601 DRB1*0103 DRB1*0701
295 A*0301 A*2402 B*3501 B*5501( C*0301 C*0401 DRB1*0101 DRB1*0901
362 A*2402 B*3501 B*4403 C*0401 C*0409 DRB1*0103 DRB1*0701 CcD8
750
787 A*0201 A*1101 B*3501 B*4001 C*0401 C*0301 DRB1*0101 DRB1*1501
906 A*0301 A*2601 B*3501 B*2701 C*0401 C*0202 DRB1*0404 DRB1*1301
955 A*0201 A*1101 B*4402 B*3501 C*0401 C*0501 DRB1*0401 DRB1*1102
1547-1569 RAYLSTPGLPVCQDHLDFWESVF 219 A*1101 A*2402 B*18 B*3501 C*0401 C*1203 DRB1*0403 DRB1*0701
NS4B 1792-1808 PAVASLMAFTASVTSPL 6-23 A*2402 A*0201 B*3502 B*4403 C*0401 C*1601
416 A*0101 A*0201 B*0801 B*5701 C*0602 C*0701 DRB1*0101 DRB1*0701 CD8
437 A*0201 A*2601 B*3801 B*2702 C*1203 C*0102 DRB1*0103 DRB1*0101 CD8
1805-1822 TSPLTTNQTMFFNILGGW 806 A*0101 - B*4002 B*1501 C*0202 C*0303 DRB1*0101 DRB1*0303
906 A*0301 A*2601 B*3501 B*2701 C*0401 C*0202 DRB1*0404 DRB1*1301
1825-1842 THLAGPQSSSAFVVSGLA 437 A*0201 A*2601 B*3801 B*2702 C*1203 C*0102 DRB1*0103 DRB1*0101 N/A
1917-1932 EGAVQWMNRLIAFASR 410 A*0101 A*3001 B*1302 B*4402 C*0602 C*0501 DRB1*0701 CD8
NS5A 2030-2047 GVMSTRCPCGASIAGHVK 129 A*1101 A*7401 B*4403 B*38 C*04 C*0702 DRB1*1504 DRB1*0701 CD8
2119-2136 CPCQVPAAEFFTEVDGVR 6-23 A*2402 A*0201 B*3502 B*4403 C*0401 C*1601
2126-2141 AEFFTEVDGVRLHRYA 6-40 A*0101 B*0801 B*5101 C*0102 C*0701 CD8
822 A*0101 B*5201 B*5701 C*0602 C*1202 DRB1*0701 DRB1*1502
871 A*3201 A*0101 B*0801 B*4402 C*0501 C*0701 DRB1*0103 DRB1*0101
975 A*3201 A*0301 B*1401 B*0702 C*0802 C*0702 DRB1*0101 DRB1*0701
2145-2162 KPLLRDEITFMVGLNSYA 7-31 A*0101 A*0301 B*0801 B*1801 C*0701 C*0701
NS5B 2484-2499 TFDRLQVLDDHYKTAL 6-40 A*0101 B*0801 B*5101 C*0102 C*0701 CD8
NS5B 2548-2565 NQIRSVWEDLLEDTTTPT 113 A*0301 A*0101 B*4402 B*4001 C*0501 C*0304 DRB1*0701 DRB1*1454 CD4
2603-2618 KRALYDVIQKLSIETM 884 A*3201 A*2501 B*5701 B*5101 C*0601 C*1502 DRB1*0404 DRB1*0701 CD4
2844-2861 IMYAPTIWVRMVMMTHFF 50017 A*0201 A*2601 B*3801 B*4402 C*0501 C*1203
2893-2908 IIERLHGLSAFTLHSY 113 A*0301 A*0101 B*4402 B*4001 C*0501 C*0304 DRB1*0701 DRB1*1454 CD4
2947-2964 GKAKICGLYLFNWAVRTK 275 A*1101 B*0702 B*4402 C*0501 C*0702 DRB1*0104 DRB1*0115 CD8
2967-2976 KLTPLPAAGQL 450 ND CD8

Mapped HCV gt3a specific T cell responses to single peptides in structural regions of
the HCV genome are shown. For each peptide, the position within the HCV genome,
the peptide sequence, responding patients and patients HLA types, as well as
CD8/CD4 restriction is shown. * CD8/CD4 restriction determined by ICS; colour
coding: yellow (chronic patients), blue (acute patients), orange (spontaneous
resolvers).
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T cell responses in chronic patients (Table 3-6 and Table 3-7) mainly targeted two
peptides: a core peptide targeted by CD4+ T cells (PVGGVARALAHGVRAL), and two
overlapping peptides targeted by CD8+ T «cells in the NS3 region
(RPSGMFDSVVLCECYDAGCSWYDL). Additionally to chronically infected patients
targeting these individual peptides, the CD4 peptide was targeted by an acutely
infected patient (6-56) later developing chronic infection and not responding to
treatment, and the CDS8 peptide was targeted by two patients (906, 955) with
spontaneously resolved HCV infection. Further individual peptides targeted by
chronically  infected patients were located in the core region
(PKARRSEGRSWAQPGYPW, CD4+ restricted; and FADLMGYIPLVGAPVGGV,
restriction not defined) and NS4B region (PAVASLMAFTASVTSPL, CD8+ restricted,
targeted by two chronic patients and one acute patient).

The pattern of T cell responses to single peptides in acute patients (Table 3-6 and
Table 3-7) was similar to that seen in spontaneous resolvers: a wide range of
individual peptides was targeted, with the majority of responses formed to non-
structural proteins. In three cases, identical single peptides were targeted in acute
patients and spontaneous resolvers (NIVDVQYLYGVGSGMVGW, E2, 6-56 and 861;
SVAATLGFGSFMSRAYGI, NS3, 7-75 and 720; AEFFTEVDGVRLHRYA, NS5A, 6-
40/882 and 871/975). This result is somewhat unexpected, since most of acutely
infected patients did not clear infection spontaneously. Acute patient 6-56 did not
respond to treatment, acute patients 6-40 and 822 both cleared the infection with
[FNo/Ribavirin treatment, and patient 7-75 was lost to follow up (see Table 3-3, page
31 for details). It is possible, though, that responses to identical peptides are formed
during acute infection in all patients, regardless of outcome, but are subsequently lost
in chronic infection. This hypothesis would be in line with observations from a recent
study observing initially high CD4+ responses in acute HCV infection regardless of
HCV outcome (Schulze Zur Wiesch et al. 2012). Several T cell targets were also
shared with chronically infected patients: the dominant core (PVGGVARALAHGVRAL)
and the NS4B peptide (PAVASLMAFTASVTSPL) mentioned in the previous
paragraph, and two E2 peptides (FROGWGSLTDANITGPSD, KVRMFVGGFEHRFTAR)
were targeted by both acutely and chronically infected patients.

Mapped T cell responses to single peptides in spontaneous resolvers (Table 3-6 and

Table 3-7) were spread over all HCV structural and non-structural proteins, targeting
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a wide range of peptides. In four cases, more than one patient with spontaneously
resolved  infection  targeted  identical  individual  peptides:  peptide
LTPRCMVDYPYRLWHY (E2, targeted in patients 109 and 900, and targeted by chronic
patient 06P), peptide DPNIRTGNRTVTTGAKL (NS3, targeted in patients 109 and
900), peptide RPSGMFDSVVLCECYDAGCSWYDL (NS3, targeted in patients 906 and
955, also frequently targeted in chronic infection), and peptide
TSPLTTNQTMFFNILGGW, (NS4B, in patients 806 and 906). Of note, patients 109
and 900 both targeted two identical individual peptides.

Next, CD4/CDS restriction of T cell responses was determined wherever enough cells
were available (Table 3-6 and Table 3-7). Restriction was either defined using CD8+
depletion IFNy ELISpot assays (see Figure 2-2 for an example, page 74), or through
intracellular staining (marked with a star in Table 3-6 and Table 3-7). The distribution
of CD4+ and CD8+ responses varied significantly in different patient groups (Figure
3-19), with CD4+ T cells in spontaneous resolvers only targeting HCV non-structural
proteins, whereas CD4+ cells in chronically infected patients only targeted structural
proteins, mainly core. Contrary, CD8+ cells from chronic patients mainly targeted
non-structural proteins (except for one CD8+ response in chronic patient 962 to core
peptide ARALAHGVRALEDGINFA). CD8+ cells in spontaneous resolvers targeted

both structural and non-structural regions equally.

Figure 3-19: CD4/CD8 responses in spontaneous resolvers and chronic patients.
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Targeted regions of CD4 and CDS restricted T cell responses detected by overlapping
peptide pools in spontaneously resolved and chronic patients are depicted. Significant
differences in targeted regions were seen for CD4+ restricted responses (Fisher’s
exact p=0.0119) and CD8+ restricted responses (p=0.0275).

These observations are in in line with previously published data suggesting that a
strong CD4+ response is required for HCV clearance (Diepolder et al. 1995; K. M.
Chang et al. 2001; Thimme et al. 2001; C. L. Day et al. 2002; Rehermann 2009). In
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addition, a recent study suggests that CD4+ responses are primed early in acute
infection, but disappear quickly in patients developing chronic infection (Schulze Zur
Wiesch et al. 2012). The phenomenon of CD8+ T cell responses being readily
detectable in chronically infected patients, and CD4 responses in spontaneous
resolved infection, has also been observed previously (K. M. Chang et al. 2001).

Overall, single peptides targeted in spontaneous resolvers, acute and chronic patients
did vary, with distinct preferential regions targeted in chronic patients (core, NS3) and
acute patients/spontaneous resolvers (broad responses to all viral proteins). A striking
feature was the differential distribution of CD4+/CD8+ responses in spontaneous
resolvers and chronic patients. However, even though a differential CD4+/CD8+
distribution was observed, different patient groups did target identical individual
peptides, suggesting that not the targeted epitope but the phenotype of the cells has a

dominant influence on outcome of infection.

3.8.3 Viral sequence analysis at individual peptides targeted by T cells

It was shown that HLA class-I restricted T cell pressure promotes viral evolution by
causing mutations within CD8 epitopes (Ruhl et al. 2011). To establish whether the
detected T cell responses are targeting circulating virus, viral sequence analysis was
attempted in all samples with a detectable T cell responses response to individual
peptides and plasma available. Methods for RNA isolation, first and second round
PCR and sequencing are described in detail in the methods section (2.2.1 to 2.2.8,
pages 67 to 71). Results of viral sequence analysis are shown for structural and non-
structural viral regions in Table 3-8 and Table 3-9, respectively.

In acutely and chronically HCV gt3 infected patients, 28 independent T cell responses
to single peptides were detected in the structural regions, and 50 to peptides in non-
structural regions. Sequence information was obtained in 26/28 cases (93%) for non-
structural T cell targets, and 31/50 cases (62%) in non-structural regions.

Sequence polymorphisms were rarely observed at individual peptides targeted by
CD4+ cells in the core region (Table 3-8). Of 21 patients sequenced at 5 individual
peptides targeted by CD4+ T cells, a sequence polymorphism was only observed in
one patient (5%, PVGGVARALAHGVRAL/A).

Sequence polymorphisms were more common within individual targeted peptides
sequenced in the E2 region (2/6, 33%), where polymorphisms were seen in a

chronically infected patient (06P) at two T cell targets, with two amino acid
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differences observed at peptide FROGWGSLTDANITGPSD/N, S and one amino acid
difference observed at peptide LTPRCMVDYPYRLWHY /L. However, no sequence
polymorphisms were observed in three acutely infected patients targeting individual

peptides within the E2 region.

Table 3-8: Viral consensus sequence analysis at T cell targets detected in HCV
structural regions.

Patient Viral Sequence
Protein 3a peptide sequence Patient at Pre-Treatment
core 27-44 GGQIVGGVYVLPRRGPRL 362 GGQIVGGVYVLPRRGPRL
34-51 VYVLPRRGPRLGVRATRK 06P VYVLPRRGPRLGVRATRK
66-83 PKARRSEGRSWAQPGYPW 105 ND

128 PKARRSEGRSWAQPGYPW

275 PKARRSEGRSWAQPGYPW

450 PKARRSEGRSWAQPGYPW

73-90 GRSWAQPGYPWPLYGNEG 416 GRSWAQPGYPWPLYGNEG

130-147 FADLMGYIPLVGAPVGGV 140 FADLMGY I PLVGAPVGGV

105 ND

143-158 PVGGVARALAHGVRAL T 6-56 PVGGVARALAHGVRAL

110 PAGGVARALAHGVRAL

128 PVGGVARALAHGVRAL

129 PVGGVARALAHGVRAL

216 PVGGVARALAHGVRAL

219 PVGGVARALAHGVRAL

226 PVGGVARALAHGVRAL

227 PVGGVARALAHGVRAL

235 PVGGVARALAHGVRAL

331 PVGGVARALAHGVRAL

422 PVGGVARALAHGVRAL

437 PVGGVARALAHGVRAL
148-165 ARALAHGVRALEDGINFA 962 ARALAHGVRALEDGINFA

E2 453-476 CPQRLSSCKPITFFRQGWGSLTDA 822 CPQRLSSCKPITFFRQGWGSLTDA
FRQGWGSLTDANITGPSD 06P FNQGWGSLTDANI SGPSD

610-625 LTPRCMVDYPYRLWHY 06P LTPRCLVDYPYRLWHY

635-650 KVRMFVGGFEHRFTAA £ 7-75 KVRMFVGGFEHRFTAA

129 KVRMFVAGFEHRFTAA

702-719 NIVDVQYLYGVGSGMVGW ¥ 6-56 NIVDVQYLYGVGSGMVGW

Viral sequence analysis at single overlapping peptides in patients with a detectable T
cell response in the HCV structural region. The peptide sequence, amino acid position,
patients with a detectable T cell response (colour coded: yellow-chronic patients,
blue-acute patients), and the according circulating viral sequence are shown.
Sequence polymorphisms in the circulating viral sequence compared to the peptide
sequence are marked red. ND not determined (insufficient RNA, or plasma sample
not available).

When analysing sequence polymorphisms within the non-structural regions, fairly

conserved sequences were observed for the dominant CD8+ epitope contained in
individual peptide RPSGMFDSVVLCECYDAGCSWYDL in the NS3 region, with only

one out of seven sequenced patients showing a mutation (Table 3-9).
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On the other hand, sequence polymorphisms were observed for the majority of
sequenced patients at the CD8+ restricted epitope ATDALMTGY. Mutational escape at
this epitopes has been described previously in the literature for HCV gtl and 3
infected patients (Neumann-Haefelin et al. 2008). Of note, in the acute patient where
a T cell response to this epitope was detected, the viral sequencing showed the wild
type ATDALMTGY, whereas the variant version ATDALMTGF was observed in all
chronic patients (Table 3-9). Similarly, sequence polymorphisms within T cell
epitopes were also observed at the newly described, GT3 specific CD8+ restricted
epitopes RVLLDILAGY in two sequenced patients (KVLLDILAGY) and
FOMITILSIGR, with three diverse sequence polymorphisms seen (FOQMAILSIGR,
FOMIILSVGR, and FQOMVILSIGK). Sequence polymorphisms in several individual
peptides targeted by T cells were also commonly observed in the NS5A and NS5B
region (Table 3-9).

Overall, sequence polymorphisms were rarely observed at CD4+ T cell targets
detected in chronic infection, but commonly seen at CD8+ restricted targets detected
using HLA predicted peptides. For further detailed analysis and assessment of

experimental T cell cross-reactivity towards sequence variants, refer to Chapter 4.

Table 3-9: Viral sequence analysis at T cell targets detected in non-structural
regions. (Table on the next page).

Viral sequence analysis at targeted viral regions in patients with a detectable T cell
response to single overlapping peptides in the HCV non-structural region. The peptide
sequence with the location of the individual peptide, the responding patients (colour
coded: yellow-chronic patients, blue-acute patients), and the according circulating
viral sequence are shown. Sequence polymorphisms in the circulating viral sequence
compared to the peptide sequence are marked red. ND not determined (insufficient
RNA, or plasma sample not available).

119



Chapter 3

Patient Viral Sequence

Protein 3a peptide sequence Patient at Pre-Treatment
NS2 886-896 LLYPSLIFDI T 6-23 LLYPSLIEDI
LYPSLIEFDI F 6-23 LYPSLIFDI
F o101 LYPSLIFDI
Foo219 LYPSLIFDI
7299 LYPSLIFDI
362 LYSSLIFDI
941-951 FOMIiLSIGR T 6-56 FOMAILSIGR
278 FOMIILGVGR
428 FOMVILSIGK
NS3 1264-1281 SVAATLGFGSFMSRAYGI T 7-75 SVAATLGFGSFMSHAYGI
1370-1387 EEVALGSEGEIPFYGKAI F 6-40 ND
1379-1387 IPFYGKAIPI 7 6-40 ND
F 50163 ND
1423-1440 AYYRGLDVSVIPTAGDVV 226 AYYRGLDVSVIPTAGDVV
1436-1447 GDVVVCATDALMTGF 822 GDVVVCATDALMTGY
1442-1447 ATDALMTGY 822 ATDALMTGY
F7-70 ATDALMTGF
06P ATDALMTGF
416 ATDALMTGF
1520-1537 RPSGMFDSVVLCECYDAGCSWYDL 105 ND
111 RPSGMFDSVVLCECYDAGCSWYDL
140 RPSGMFDSVVLCECYDAGCSWYDL
154 RPSGMFDSVVLCECYDAGCSWYDL
219 RPSGMFDSVVLCECYDAGCSWYDL
235 RPSGMFDSVVLCECYDAGCAWYDL
268 ND
291 ND
295 RPSGMFDSVVLCECYDAGCSWYDL
362 RPSGMFDSVVLCECYDAGCSWYDL
750 ND
787 ND
1547-1569 RAYLSTPGLPVCQDHLDFWESVFE 219 RAYLSTPGLPVCQDHLDFWESVE
NS4B 1792-1808 PAVASLMAFTASVTSPL T 6-23 ND
F 416 PAVASLMAFTASVTSPL
F 437 ND
1825-1842 THLAGPQSSSAFVVSGLA 437 ND
1853-1862 RVLLDILAGY F 6-56 KVLLDILAGY
F 50017 ND
F o110 KVLLDILAGY
332 ND
437 ND
1917-1932 EGAVQWMNRLIAFASR " 410 EGAVQWMNRLIAFASR
NS5A 2030-2047 GVMSTRCPCGASIAGHVK v 129 GVMSTRCPCGASITGHVK
2119-2136 CPCQVPAAEFFTEVDGVR F6-23 CPCQVPAPEFFTEVDGVR
2126-2141 AEFFTEVDGVRLHRYA T 6-40 ND
822 ND
2145-2162 KPLLRDEITFMVGLNSYA T 7-31 ND
NS5B 2484-2499 TFDRLQVLDDHYKTAL T 6-40 TFDRLQVLDDHYKTAL
2490-2499 VLDDHYKTAL F 416 ND
2508-2516 RVKARMLTI F6-40 RVKARMLTI
2844-2861 IMYAPTIWVRMVMMTHFF T 50017 ND
2947-2964 GKAKICGLYLFNWAVRTK 275 GKAKITGLYLFNWAVRTK
2967-2976 KLTPLPAAGQL 450 KLTPLPAAGLL

120




Chapter 3

3.9 Comparison of T cell specificity in HCV gtl and gt3

infection

Cross-reactivity between HCV gtl and 3 T cell responses is an important
consideration for T cell vaccine design. To date, it is not clear whether T cells primed
in infection with different genotypes target identical viral regions. To ultimately
design a single vaccine that covers different viral strains and genotypes, more
information is needed on T cell immunity in natural infection in different genotypes.
To assess cross-reactivity between T cell immunity previously defined in the well-
studied genotype HCV gtl and immunity assessed in HCV gt3 in the Oxford cohort in
this thesis, I analysed:

(1) Whether responses detected in the Oxford HCV gt3 cohort were previously
described in the literature in HCV gtl infection.

(2) Whether dominant HCV gt1 epitopes were targeted in the Oxford HCV gt3 cohort.
(3) HCV gtl and 3 cross-reactivity on single peptide level for peptides targeted in
HCV gt3 patients.

391 Were T cell targets detected in the Oxford HCV gt3 cohort
previously described in the literature?

To assess whether T cell targets detected in HCV gt3a infection in the Oxford cohort
were previously described in the literature, a comprehensive assessment of T cell
targets published on the immune epitope database (IEDB) at sites of HCV gt3 specific
immune response was performed. Methods for this analysis are described in detail in
the methods section (2.6.1 Analysis of epitopes described in natural HCV infection
(IEDB), page 81). In brief, T cell targets previously described for HCV gtl and gt3
were obtained from the immune epitope database resource (IEDB, www.iedb.com).
Crosschecking the primary publications for the described immune responses ensured
quality control. Peptide overlap was defined as a sequence overlap of more than 3
amino acids. Table 3-10 shows the results of the comparative analysis between 16
CD8+ restricted T cell targets described in the Oxford cohort and previously
published CD8+ epitopes.
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Table 3-10: CD8+ restricted T cell targets previously described in the literature
in the region of CD8+ restricted T cell targets defined in this study.

GT3 CDS+ epitopes (Oxford Study Cohort) GT1 epi described in cor ing regions
Viral Patient
Position 3a peptide sequence protein HLA ID HLA type Peptide (Literature) HLA First author
941-951 FQMIiLSIGR NS2 B27 6-56 A*0201 A*2601 B*2702 B*3801 C*1203 # no CD8 epitopes described
278  A*0201 A*1101 B*1801 B*2705 C*0102 C*1203 #
428 A*0201 B*5701 B*2702 C*0701 C*1501 #
1917-1932 EGAVOWMNRLIAFASR NS4B 410  A*0101 A*3001 B*1302 B*4402 C*0602 C*0501 # * |no CD8 epitopes described
2030-2047 GVMSTRCPCGASIAGHVK NS5A 129 A*1101 A*7401 B*4403 B*38 C*04 C*0702 # * |no CD8 epitopes described
2484-2499 TFDRLOVLDDHYKTAL NS5B 6-40 A*0101 B*0801 B*5101 C*0102 C*0701 # no CD8 epitopes described
2490-2499 VLDDHYKTAL A02 416 A*0101 A*0201 B*0801 B*5701 C*0602 C*0701 #
2508-2516 RVKARMLTI NS5B BO8 6-40 A*0101 B*0801 B*5101 C*0102 C*0701 # no CD8 epitopes described
871 A*3201 A*0101 B*0801 B*4402 C*0501 C*0701
2967-2976 KLTPLPAAGQL NS5B 450 # * |no CD8 epitopes described
1853-1862 RVLLDILAGY NS4B A26 6-56 A*0201 A*2601 B*2702 B*3801 C*120301 # ILAGYGAGV A2 M Battegay
50017 A*0201 A*2601 B*3801 B*4402 C*0501 C*1203 # AGYGAGV A2 N H Gruener
110 A*2301* A*2601* B*3801 B*4901 C*0701* C*1203  # ILAGYGAGV A2 T Kuntzen
B8] A*0101 A*2601 B*4501 B*0801 C*0602 C*0701 #
437 A*0201 A*2601 B*3801 B*2702 C*1203 C*0102 #
886-896 LLYPSLIFDI/LYPSLIFDI NS2 A02/A24  6-23  A*2402 A*0201 B*3502 B*4403 C*0401 C*1601 # HPTLVEDITK ClassT AL Cox
101 A*1101 A*2404 B*18 B*3501 C*0401 C*1203 # HPTLVEDITKL Class I T Kuntzen
219 A*24 B*3501 B*4403 C*0401 C*0409 #
299  A*0205 A*2402 B*1302 B*4901 C*0602 C*0701 #
101 A*0205 A*2402 B*1302 B*4901 C*0602 C*0701 #
362  A*0101 A*0201 B*0702 B*4001 C*0304 C*0702 #
2947-2964 GKAKICGLYLFNWAVRTK NS5B 275 A*1101 B*0702 B*4402 C*0501 C*0702 # * |RGGRAAICGKYLENWAVR Class I C Neumann-Haefelin
B27 C Neumann-Haefelin
Class I P T F Kennedy
A2 Z Guo
148-165 ARALAHGVRALEDGINFA core 962 # GVRVLEDGV A2 H F L6hr
RVLEDGVNY Class I D D Anthony
VLEDGVNYATGNLEG Class I K Sugimoto
1520-1537 RPSGMFDSVVLCECYDAGCSWYDL NS3 B35/C04 105 A*1101 A*¥1101 B*3501 B*5101 C*0401 C*1402 MEDSSVLCECYDAGC Class I D Ciuffreda
111 A*0101 A*0201 B*35 B*14 C*0401 C*0802
140 A*2402 A*3002 B*0702 B*3501 # *
154 A*1101 A*1101 B*1517 B*3501 C*0401 C*0701
219  A*1101 A*2402 B*18 B*3501 C*0401 C*1203
235 A*0301 A*3002 B*0702 B*3501 C*0401 C*0702 # *
268
291  A*0101 A*2901 B*3501 B*44030 C*0401 C*1601
295 A*0301 A*2402 B*3501 B*55010 C*0301 C*0401
362  A*2402 B*3501 B*4403 C*0401 C*0409 # *
750
787 A*0201 A*1101 B*3501 B*4001 C*0401 C*0301
906 A*0301 A*2601 B*3501 B*2701 C*0401 C*0202
955 A*0201 A*1101 B*4402 B*3501 C*0401 C*0501
2126-2141 AEFFTEVDGVRLHRYA NS5A ¥6-40 A*0101 B*0801 B*5101 C*0102 C*0701 # FETELDGVRLHRFAP Class I D Ciuffreda
822  A*0101 B*5201 B*5701 C*0602 C*1202
871  A*3201 A*0101 B*0801 B*4402 C*0501 C*0701
975 A*3201 A*0301 B*1401 B*0702 C*0802 C*0702
1792-1808 PAVASLMAFTASVTSPL NS4B ¥6-23 A*2402 A*0201 B*3502 B*¥4403 C*0401 C*1601 SLMAFTAAV A2 B Rehermann
¥ 416 A*0101 A*0201 B*0801 B*5701 C*0602 C*0701 # * |SLMAFTAAV A2 K M Chang
F 437 A*0201 A*2601 B*3801 B*2702 C*1203 C*0102 # * |SLUAFTAAV A2 N H Gruener
696-712 LIHLHONIVDVQYLYGV E2 568 A*02 A*3201 B*2707 B*1501 C*0602 C*0304 # * |[ALSTGLIHLHONIVD Class I D Ciuffreda
702-719  NIVDVQYLYGVGSGMVGH ¥ 6-56 A*0201 A*2601 B*2702 B*3801 C*1203 LHONIVDVQYLYGVG Class I D Ciuffreda
861 # *
1379-1387 IPFYGKAIPI NS3 B51 ¥6-40 A*0101 B*0801 B*5101 C*0102 C*0701 # IPFYGKAT & B51 S Giugliano
750163 B*4403 B*5101 C*1402 C*1601 # IPFYGKAIPL B51 D Yerly
1436-1447 GDVVVCATDALMTGF NS3 822 A*0101 B*5201 B*5701 C*0602 C*1202 ATDALMTGY Al G M Lauer, 2002
1442-1447 ATDALMTGY AO1 822 A*0101 B*5201 B*5701 C*0602 C*1202 # VATDALMTGYTGDFD Class I A M Werthheimer
¥ 7-70  A*0101 A*2402 B*0801 B*3906 C*0701 C*0702 # ATDALMTGE & Al S Giugliano
06P  A*0101 A*0301 B*0702 B*0702 C*0702 C*0702 # ATDALMIGE Al T Kuntzen
416 A*0101 A*0201 B*0801 B*5701 C*0602 C*0701 # ATDALMTGY Al AL Cox
ATDALMTGY Al E Barnes
ATDALMTGY Al G M Lauer, 2004

HCV gt3 specific CD8+ T cell targets confirmed in this study, and corresponding
CD8+ T cell targets described in the literature. T cell targets were classified by the
likelihood of overlap between described and detected targets: no matching CD8+ T
cell targets described (red); Targets described, but major gtl/gt3 sequence differences
(light red); Targets described, minor gtl/gt3 sequence differences (light green);
Matching T cell targets described, no sequence differences (green). The viral region,
position within the viral genome and gt3 sequence is given. All patients targeting each
individual peptide are specified (colour coding: orange-SR, blue-acute, yellow
chronic), including patient’s HLA class-I types where obtained. Sequences of CD8+ T
cell targets published in the literature are given, including the restricting HLA type
and first author of the publication. Differences to HCV gt3 sequences are marked in
bold, overlap between T cell targets is underlined. # CDS restriction for this patients
experimentally defined, * T cell targets from the Oxford cohort previously described
in (Humphreys et al. 2012). & T cell targets previously described for gtl and 3.
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(M Battegay et al. 1995; Rehermann et al. 1996; K. M. Chang et al. 1997; Lohr et al.
1999; Griiner et al. 2000; Wertheimer et al. 2003; Sugimoto et al. 2003; Lauer et al.
2004; A. L. Cox, Mosbruger, Lauer, et al. 2005; Kennedy et al. 2006; Kuntzen et al.
2007; Yerly, Heckerman, T. M. Allen, et al. 2008; Ciuffreda et al. 2008; Giugliano et
al. 2009; Neumann-Haefelin et al. 2008; Barnes et al. 2012; Z. Guo et al. 2012)

For 6 gt3 specific T cell targets, no immune response to the equivalent HCV gtl
sequence was previously described in the literature (colour coded ‘red’ in Table 3-10).
It is therefore likely, that FOMITILSIGR (NS2), EGAVQWMNRLIAFASR (NS4B),
GVMSTRCPCGASTIAGHVK (NS5A), VLDDHYKTAL, RVKARMLTT and
KLTPLPAAGQL (NS5B) are newly described HCV gt3 specific CD8+ restricted T
cell targets. HCV gt3a sequences were compared to reference gtla and gtlb
sequences (Table 3-11). At all sites but one (EGAVQWMNRLIAFASR), significant
sequence differences were observed at multiple amino acid positions. This suggests
that sequence differences between HCV gtl and gt3 are the cause for differing MHC

class-I presentation and CD8+ T cell recognition between the two genotypes.

Table 3-11: Sequence comparison for HCV gt3 and gtl at newly described HCV
gt3 CD8+ restricted T cell targets.

Gt3 peptide sequence Gtla H77 reference Gtlb J4B reference
NS2 FOMITLSIGR VOMATIKLGA VQOMVFMKLGA
NS4B EGAVQOWMNRLIAFASR EGAVOWMNRLIAFASR EGAVQOWMNRLIAFASR
NS5A GVMSTRCPCGASIAGHVK GIMHTRCHCGAEITGHVK GIMQTTCPCGAQIAGHVK
NS5B VLDDHYKTAL VLDSHYQDVL VLDDHYRDVL
NS5B RVKARMLTI EVKAAASKV TVKAKLLST
NS5B KLTPLPAAGQL KLTPIAAAGRL KLTPIPAASQL

Sequence comparison for detected HCV gt3a T cell targets in the Oxford cohort with
no T cell responses previously described in the literature in HCV gtl infection.
Sequence variations between HCV gt3 peptides and gtla (H77) and gtlb (J4B)
reference sequences are shown.

For three T cell targets described in the gt3 Oxford cohort, identical targeted regions
were described in gtl infection (ATDALMTGY and TPFYGKAIPI (NS3, A*0101 and
B*51 restricted), and region LIHLHQONIVDVQYLYGVGSGMVGW (E2), marked in
green in Table 3-10), suggesting an overlap of T cell responses between HCV gtl and
gt3 at these sites. Only a single mutation between HCV gt3a an gtl was observed at
epitope SLMAFTASV (gtl: SLMAFTAAV (NS4B)), which was previously described
as A*02 restricted in gtl infection (Rehermann et al. 1996; K. M. Chang et al. 1997;
Griiner et al. 2004). Further supporting the hypothesis that this epitope was targeted in
both genotypes, it was observed that all patients targeting this epitope within the HCV
gt3 cohort carried the A*02 allele.

123



Chapter 3

For the remaining 6 T cell targets, potential overlap between gtl and gt3 T cell
immunity is less well defined (marked in light green or light red in Table 3-10):
Single sequence polymorphisms in targeted regions between gtl and gt3 suggest
possible HCV gtl and 3 cross-reactivity at two further T cell targets (NS3:
RPSGMFDSVVLCECYDAGCSWYDL/ MEFDSSVLCECYDAGC, NS5A:

AEFFTEVDGVRLHRYA/ FFTELDGVRLHRFAP); however, HLA restriction was not

defined in the publication describing these targets in gtl infection (Ciuffreda et al.
2008). Another potential overlap between HCV gtl and gt3 was observed for HCV
gt3 core target ARALAHGVRALEDGINFA, but two amino acid substitutions were
observed compared to a A*02 restricted gtl T cell targets in the same region
GVRVLEDGV (Lohr et al. 1999; Anthony et al. 2002; Sugimoto et al. 2003); further
complicating the comparison patient 962 from our cohort was not HLA typed.

For T cell targets LLYPSLIFDI (NS2), RVLLDILAGY (NS4B) and
GKAKICGLYLFNWAVRTK (NS5B), substantial sequence differences or a sequence
overlap of less than 5 amino acids were observed in described gtl epitopes,
suggesting that these T cell targets are not shared between genotypes.

Overall, out of 16 CD8+ restricted T cell targets defined in the Oxford gt3 cohort,
matching gtl responses were described in 3 cases (19%). Similar T cell targets with
single amino acid substitutions were observed in 3 cases (19%), or 2 amino acid
substitutions in one case (6%). However, for the majority of T cell targets no
matching gtl epitopes were described (9/16, 56%), with major sequence differences

or small overlap in 3 cases (19%), or no described gtl T cell targets in 6 cases (38%).

Next, 7 T cell targets from the Oxford cohort defined as CD4+ restricted were
compared to gtl targets previously described in the literature (Table 3-12). For 6/7
(86%) T cell targets described in the Oxford cohort, CD4+ epitopes in the
corresponding region were described in the literature for HCV gtl infection.

For one targeted region, CPOQRLSSCKPITFFRQGWGSLTDANITGPSD (E2), detected
in two patients in the Oxford cohort, no matching T cell response was described in the
literature (epitope marked red in Table 3-12). This might be due to major sequence
differences at 13 positions between the gt3 consensus and gtla peptide (H77,
CPERLASCRRLTDFAQGWGPISYANGSGLDE) and 16 positions between gt3 and 1b

(J4b, CPERMASCRPIDWFAQGWGPITYTKPNSSDQ).
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Since peptide KRALYDVIQKLSIETM (2603-2618, NS5B) described in the Oxford
cohort and the published T cell targets overlap by 7 amino acids only, of which 4
amino acids differed in sequence, it is unlikely that a matching epitope between
genotypes is contained in these peptides (T cell target marked light red in Table 3-12).
For the 5 remaining CD4+ T cell targets, sequences were similar (marked in light
green), with only 1-3 amino acids differing within the overlapping sequences for gt3

and gtl.

Table 3-12: CD4+ T cell targets previously described in the literature in the
region of CD4+ T cell targets defined in HCV gt3 infection in this study.

GT3 CD4+ epitopes (Oxford Cohort) GT1 epi described in corr ing regions
Viral Patient
Position 3a peptide sequence protein 1D Peptide (Literature) HLA First author
453-476  CPQRLSSCKPITFFRQGWGSLTDANITGPSD E2 822 DRB1*0701 DRB1*1502 # no CD4 epitopes described

06P

2603-2618 KRALYDVIQKLSIETM NS5B 884 DRB1*0404 DRB1*0701 # * KLPLAVMGSSYGFQYSPGQR Class-II ] Schulze zur Wiesch, 2007

KLPLAVMGSSYGFQYSPGOR Class-II _C L Day
66-83 PKARRSEGRSWAQPGYPW core 105 DRB1*0101 DRB1*0701 RRQPIPKARRPEGRTWAQPG Class-II ] Schulze zur Wiesch, 2012

128  DRB1*0301 DRB1*0401 RQPIPKVRRPEGRT HLA-DR ] ] Lasarte
275 DRB1*0401 DRB1*0407 HLA-DR ] ] Lasarte

450 # PWPLYGNEG Class-II ] Schulze zur Wiesch, 2007
73-90 GRSWAQPGYPWPLYGNEG 416 DRB1*0101 DBR1*0701 # * PWPLYGNEGCGW Class-II  H F Lohr
PWP HLA-DR ] ] Lasarte
WAQPGYPWPL Class-II P T F Kennedy
143-158 PVGGVARALAHGVRAL core T 6-56 ADLMGYIPLVGA PLGGAARA Class-II ] Schulze zur Wiesch, 2007
110 DRB1*0801 DRB1*¥1101 # * |ADLMGYIPLVGAPLGGAAR HLA-DR  F A Castelli
128 DRB1*0301 DRB1*0401 # ADLMGYIPLVGA PLGGAARA Class-1I ] Schulze zur Wiesch, 2012
129 DRB1*1504 DRB1*0701 LMGYTIPLVGAPLGGA Class-1I D Ciuffreda
216  DRB1*0301 DRB1*1602 # LVGAPLGGAARAL Class-II HF Lohr
219 DRB1*0403 DRB1*0701 LVGAPLGGAARALAH K Sugimoto
226 DRB1*0404 DRB1*1104 # AH Class-II ] Schulze zur Wiesch, 2007
227 DRB1*0701 DRB1*0801 # Class-II A J MacDonald
235 DRB1*0101 DRB1*1501 Class-1I  C L Day
331 # * |GAPLGGAARALAHGVRVLED Class-II ] Schulze zur Wiesch, 2012
422 DRB1*0101 DRB1*1501 GGAARALAHGVRVLE Class-1I D Ciuffreda
437 DRB1*0101 # * |ALAHGVRVL Class-II H F Lohr
LAHGVRVLEDGVNYATGNLP Class-II ] Schulze zur Wiesch, 2012
1423-1440 AYYRGLDVSVIPTAGDVV NS3 226 DRB1*0404 DRB1*1104 GINAVAYYRGLDVSVIPTSG Class-1I ] Schulze zur Wiesch, 2007

884 DRB1*0404 DRB1*0701 # * |GINAVAYYRGL
GINAVAYYRGL
VAYYRGLD

Class-II A M Wertheimer
Class-II C L Day
Class-1II A M Wertheimer

LDVSVIPTSGDVVVVATDAL Class-1I ] Schulze zur Wiesch, 2007
IPTSGDVVVVSTDALMTG Class-1II N M Tabatabai

2548-2565 NQIRSVWEDLLEDTTTPI NS5B 113 DRB1*0701 DRB1*1454 # * |HARKAVTHINSVWKDLLEDN Class-II ] Schulze zur Wiesch, 2012
SVWKDLLEDNVTPIDTTIMA Class-II  C L Day

2893-2908 IIERLHGLSAFTLHSY NS5B 113 DRB1*0701 DRB1*1454 # * |PIIQRLHGLSAFSLHSYSPG Class-II ] Schulze zur Wiesch, 2007
PIIQRLHGLSAFSLHSYSPG Class-II ] Schulze zur Wiesch, 2012

HCV gt3 specific CD4+ T cell targets confirmed in this study, and responses
described in the literature as CD4+ restricted or without defined CD4/CDS restriction.
For each targeted region, the viral region, position within the viral genome and gt3
sequence is given. All patients targeting the viral region are specified (colour coding:
orange-SR, blue-acute, yellow chronic), including patient’s HLA class-II types where
obtained. #CD4 restriction for this patients experimentally defined, *previously
described in (Humphreys et al. 2012). Sequences of CD4+ T cell targets published in
the literature are given, including the restricting HLA type and the first author of the
publication. Differences to HCV gt3 sequences are marked in bold. (J J Lasarte et al.
1998; Lamonaca et al. 1999; Lohr et al. 1999; Tabatabai et al. 1999; C. L. Day et al.
2002; A. J. MacDonald et al. 2002; Sugimoto et al. 2003; Wertheimer et al. 2003;
Kennedy et al. 2006; Castelli et al. 2007; Schulze zur Wiesch et al. 2007; Ciuffreda et
al. 2008; Schulze Zur Wiesch et al. 2012) .

Taken together, these results suggest that CD4+ T cell target similar regions in HCV

gt3 and gtl infection, even though peptides may vary at 1-3 amino acids within

125



Chapter 3

epitopes, which may be due to the more promiscuous nature of MHC class-II

presentation (Siebenkotten 1998).

The picture is less clear for T cell targets defined in the Oxford cohort where the
CD4/CD8 restriction was not defined. For these 14 individual peptides, T cell targets
previously described in the literature were analysed, including targets with either
defined CD4+/CD8&+ restriction or without defined restriction (Table 3-13).

T cell targets without defined restriction detected in the Oxford HCV gt3 cohort were
compared to published HCV gtl CD8+ and CD4+ T cell targets separately, and
grouped accordingly (Table 3-13). For depiction in Table 3-13, data was compressed
and is shown without literature references.

I first analysed CD8+ restricted T cell targets previously described in the literature
and compared them to T cell targets without defined restriction from the Oxford
cohort (Table 3-13, middle column). If HLA restrictions of published T cell targets
matched the patients HLA type (HLA types marked in blue), the HCV gt3 peptide
was marked as “likely overlapping” (light green). If the patient did not have the
restricting HLA allele (HLA types marked in grey), the HCV gt3 peptide was marked
as “unlikely overlapping” (red). A similar classification for CD4+ restricted T cell
targets was not attempted; Due to their promiscuous nature, CD4+ responses were
classified as “likely overlapping” (light green) if a T cell target was described in the
literature. Following from this comparison, HCV gt3 T cell targets were grouped into
three categories:

(1) CD8+ T cell targets previously described, with matching HLA types; no CD4+ T
cell targets described (top section).

(2) CD8+ and CD4+ T cell targets previously defined (middle section).

(3) CD4+ T cell targets previously described, no CD8+ T cell targets defined (bottom
section).

Two T cell targets are likely to be CD8+ restricted. For seven individual peptides,
both CD4 and CDS8 T cell targets were described, however, the restricting class-I
HLA type matched the patients HLA type, making a CD8+ restriction likely (marked
in blue in Table 3-13). However, this is just an approximation: for a definite
comparison, CD4/CDS8 and ideally HLA restriction will have to be defined.

In summary, T cell responses to T cell targets without defined CD4/CDS restriction

targeted in our HCV gt3 cohort have been previously described in the literature.
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Table 3-13: HCV gtl T cell targets previously described in the literature in the
region of HCV gt3 T cell targets with non-defined CD4/CD8 restriction.

GT3 responses restriction not defined (Oxford cohort) CD8+ responses Literature CD4+ responses Literature
610-625 LTPRCMVDYPYRLWHY E2 C + CLVDYPYRL A2 no CD4 epitopes described
SR * DYPYRLWHY Cw7
2119-2136 CPCQVPAAREFFTEVDGVR NS5A A +  FFTELDGVRLHRFAP CD8+ no CD4 epitopes described
27-51 GGQIVGGVYVLPRRGPRLGVRATRK core C * (+) GQIVGGVYLL B60 + DVKFPGGGQIVGGVYLLPRR HLA-DRB1*15:01
C IVGGVYLLPR All GGQIVGGVYLLPRRGPRLGVRATRK HLA-DR
SR GVYLLPRRGPRLGVR CD8+ NVKFPGGGQIVGGVYVLPRR ND
NVKFPGGGQIVGGVYVLPRR ND VGGVYLLPRRGPRLGVRATR CD4+
GVYLLPRRGPRLGVR CD4+
LLPRRGPRL CD4+
RRGPRLGVRATRKTSERSQPRGRRQ CD4+
GPRLGVRATRK TSERSQPRG CD4+
130-147 FADLMGYIPLVGAPVGGV core C + GFADLMGYIPL A2 + TLTCGFADLMGYIPL CD4+
(A) DLMGYIPLV A2 ADLMGYIPLVGAPLGGAAR HLA-DR
GEADLMGYI A24 DLMGYIPLV CD4+
LMGYIPLVGAPLGGA CD4+
LVGAPLGGAARAL CD4+
GAPLGGAARALAHGVRVLED CD4+
1198-1213 KALQFIPVETLSTQAR NS3 SR * + KAVDFIPVENLETTMRSP CD8+ +  RAAVCTRGVAKAVDFIPVEN CD4+
VDEVEVESM B40 AKAVDFIPVENLETTMRSPVETD _ HLA-DR
1246-1261 KVPAAYVAQGYNVLVL NS3 SR * +  GKSTKVPAAYAAQGYKVL CD8+ +  GSGKSTKVPAAYAA CD4+
GKSTKVPAAYARQGYKVLYV CD4+
PARYAAQGYKVLVLNPSVAA CD4+
GYKVLVLNPSVAATLGFGAY CD4+
1264-1281 SVAATLGFGSFMSRAYGI NS3 A + ATLGFGAYMSKA A3 +  GYKVLVLNPSVAATLGEGAY CD4+
SR GAYMSKAHGV/GSFMSRAYGI ~ CD8+ VLVLNP SVAATLGEGAYM CD4+
. TLGEGAYMSK/TLGEGSEMSR ~ All VAATLGFGAYMSKAHGVD CD4+
TLGFGAYMSKAHGIDPNIRT CD4+
1282-1298 DPNIRTGNRTVTTGAKL NS3 SR * + GVDPNIRTGV/GIDEPNIRTGN A2 + GVRTITTGSPITYSTYGKFL CD4+
1547-1569 RAYLSTPGLPVCODHLDFWESVF — NS3 C + EFWESVFTGLTHIDAHFL/ CD8+ + TPAETTVRLRAYMNTPGLPV CD4+
DFWESVETGLTHIDAHFL TTVRLRAYMNTPGLP CD4+
LRAYMNTPGLPVCOD CD4+
635-650 KVRMFVGGFEHRFTAA E2 A l (+) RMYVGGVEHR A3 + TINYTIFKIRMYVGGVEHRL CD4+
C KVRMYVGGVEHRLEA CD4+
MYVGGVEHRLEAACNWTRGE CD4+
1805-1822 TSPLTTNQTMEFNILGGH NS4B SR * (+) LTTSQTLLE B57 + VISPLTTSQTLLENILGGWV CD4+
LEENILGGWV A2 LTTSQTLLFNILGGWVAAQL CD4+
LLFNILGGWVAAQLAAPGAA CD4+
1825-1842 THLAGPQSSSAFVVSGLA NS4B C * no CD8+ epitopes described + AAQLAAPGAATAFVGAGLAG CD4+
AAPGAATAFVGAGLAGARIG CD4+
2844-2861 IMYAPTIWVRMVMMTHEE NS5B A (+) ARMILMTHF B27 + NIIMFEAPTLWARMILMTHEF CD4+
- ARMILMTEFESVLIARDOLE HLA-DR11
2145-2162 KPLLRDEITFMVGLNSYA NS4B A l (+) LLREEVSFRV A2 . no CD4 epitopes described

T cell targets from the Oxford HCV gt3 cohort with non-defined restriction are shown
and were grouped into 4 categories: (1) T cell targets with no CD4+ , but matching
CD8+ T cell responses described in the literature. (2) T cell targets with matching
CD4+ and CD8+ responses described in the literature. (3) T cell targets with no CD8+,
but matching CD4+ T cell responses described in the literature. (4) T cell targets with
no matching CD4+ and CD8+ responses described. Colour coding; Red: no/unlikely
overlap with described T cell targets/no T cell targets described. Green: possible
overlap with described T cell targets. Blue: Literature HLA type matches patients
HLA type. Grey: Literature HLA type does not match patients HLA type. Orange:
Sequences of T cell targets that were described in HCV gt1/gt3 infection.

I conclude that for most genomic regions with T cell responses detected in the Oxford
HCV gt3 cohort, T cell targets were previously described in the literature. However,
only for the minority of T cell targets sequence identity was observed between HCV

gtl and 3. Observed overlap between HCV gt3 and gtl was higher for CD4+
restricted than for CD8+ restricted T cell targets (71% vs. 38%).
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3.9.2 Are CD8+ T cell epitopes dominant in HCV gtl infection targeted in

HCYV gt3 infection?

Next, I aimed to determine whether CD8+ T cell epitopes commonly targeted in HCV
gtl infections were detected in the Oxford HCV gt3 cohort.

CD4+ and CD8+ T cell epitopes commonly targeted in HCV gtl infection have been
described in detail (Lauer et al. 2004; Kuntzen et al. 2007; Lauer et al. 2005; Schulze
zur Wiesch et al. 2005; Schulze zur Wiesch et al. 2007; Lechner et al. 2000;
Fitzmaurice et al. 2011). As we have shown in a comprehensive comparison of HCV
gt3 T cell targets identified in the Oxford cohort with previously published T cell
targets in HCV gtl infection (3.9.1, page 121), T cell specificity varies considerably
between these two genotypes. However, it is not clear whether epitopes commonly
described in the literature for HCV gtl are detected in HCV gt3 infection.

To perform a comparative analysis, we first obtained published information on CD8+
restricted epitopes targeted in HCV gtl infection from the IEDB (detailed description
in 2.6.1, page 81). Subsequently, all epitopes described in more than 5 publications
after the exclusion of duplicates were defined as dominant. Results from this

comparative analysis are shown in Table 3-14.

Table 3-14: Were dominant HCV gtl CD8+ restricted epitopes detected in the
Oxford cohort?

targeted by T cells| Restriction
Epitope Viral number of in Oxford gt3 of HCV gt3
sequence region |[start AA| end AA |HLA type |publications cohort epitopes
YLLPRRGPRL |core 35 44 A2 10
GPRLGFRAT core 41 49 B7 5
NEGLGWTGW core 87 95 B44 5
ADLMGYIPLV |core 131 140 A2 11
LLALLSCLTV |core 178 187 A2 5
SMVGNWAKV El 363 371 A2 5
SLLAPGAKQNV |E2 401 411 A2 5
NTRPPLGNW E2 541 549 B57 5
RDWAHNGL NS2 957 964 B37 7
CINGVCWTV NS3 1073 1081 A2 31
LLCPAGHAV NS3 1169 1177 A2 5
HPNIEEVAL NS3 1359 1367 B35 7
HSKKKCDEL NS3 1395 1403 B8 8
KLVALGINAV |NS3 1406 1415 A2 32
ATDALMTGY NS3 1436 1444 Al 7 +
LLENILGGWV [NS4b 1807 1816 A2 7
VLSDFKTWL NS4a 1987 1995 A2 7
ALYDVVTKL NS5b 2594 2602 A2 11

Comparison of CD8+ restricted epitopes dominant in HCV gtl infection (defined as
described in 5 or more publications on the IEDB). Epitopes that were targeted in the
Oxford HCV gt3 cohort are marked with +. Epitopes described as CD4+ restricted T
cell targets in the Oxford gt3 cohort falling into regions of CD8+ restricted epitopes
described as HCV gtl epitopes in the literature are marked in grey.
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18 HCV gtl specific CD8+ epitopes from the immune epitope database were
described in five or more publications. Of these published epitopes, most were located
in the HCV core (n=5, 28%) and NS3 (n=6, 33%) region. The majority of dominant
epitopes were restricted by HLA type A*02 (11/18, 61%). When comparing dominant
CD8+ epitopes in HCV gtl infection to T cell targets detected in the Oxford HCV gt3
cohort, HCV gt3 T cell responses were only found in the region of 4 HCV gtl
epitopes, of which three were CD4+ restricted. Therefore, the majority of CD8+
epitopes dominant in HCV gtl infection (17/18, 94%) was not targeted in HCV gt3
infection, with only one dominant HCV gtl epitope (ATDALMTGY) detected in the
Oxford HCV gt3 cohort (1/18, 6%).

Possible reasons for the lack in cross-reactivity are sequence differences between
HCV gtl and gt3. To assess sequence variation at particularly common HCV gtl
CD8+ epitopes that were described in over thirty publications (KLVALGINAV and
CINGVCWTV), sequences were further evaluated for HCV genotypes 1 and 3.
Sequence material was obtained from the Los Alamos database and additional HCV
gt3 sequences generated in-house included. Figure 3-20 shows circulating viral

variants for HCV gtl and gt3.

Figure 3-20: GT3 sequence variants of commonly targeted epitopes in HCV
genotype 1 infection.
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Comparison of viral sequences for dominant HCV gtl epitopes for gtl and gt3.
Sequences for these epitopes were obtained from the Los Alamos database, with
additional gt3 sequences from our laboratory.
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HCV gtl and gt3 sequences at dominant HCV gtl epitopes vary at 4 sites:
KLVALGINAV/KLRGMGLNAV and CINGVCWTV/TVGGVMWTV. Since already a
single mutation can hamper peptide presentation by MHC complexes or recognition
by T cells (S6derholm et al. 2006; Fytili et al. 2008), these mutations may cause the
lack of cross-reactivity between the two genotypes. Indeed, for epitope CINGVCWTV,
a loss in binding activity of the HCV gt3 version TVGGVMWTV to HLA A*02 was
previously described, as well as an inability of HCV gtl primed T cell to recognise

the HCV gt3 epitope in vitro (Fytili et al. 2008).

3.9.3 Limited HCV gtl and gt3 cross-reactivity on single peptide level

Next, we aimed to assess cross-reactivity between HCV gt3 and gtl experimentally.
Therefore, HCV gt3 patients with confirmed responses to the gt3 peptide set with
PBMC available were tested with HCV gtl peptide equivalents (Table 3-15). Limited
cross-reactivity between gt3 and gtl peptides was observed on single peptide level,
with decreased or lost responses towards HCV gtl peptides compared to responses

observed against HCV gt3 peptides in all but one tested response.

Table 3-15: HCV gt3a and gtl peptide cross-reactivity.

Protei | 3a amino | 3a peptide gt3a la and/or 1b Equivalent Sequence gtl 3a/l
n acid SFU/ SFU/ Cross-
million million | reactivi
PBMC PBMC | ty
Core 73-90 GRSWAQPGYPWPLYGNE 33 la GRTWAQPGYPWPLYGNEG 28 [
G 1b GRAWAQPGYPWPLYGNEGL 23 7
143-158 PVGGVARALAHGVRAL 50 la=1b GAPLGAVARALAHGVRVL 23 17
NS3h | 1423-1440 | AYYRGLDVSVIPTAGDV | 267 1b AYYRGLDVSVIPTIGDVV 0 17
\Y%
1513-1523 RPSGMFDSVVL 30 la=1b RPSGMFDSSVL 8 [\
NS4b 1791-1806 PAVASLMAFTASVTSPL 65 la PATIASLMAFTAAVTSPL 0 -
1b PAIASLMAFTASITSPL 0 -
NS5a 2029-2046 GVMSTRCPCGASIAGHV 23 la IVHSTRHPCGESTAGHVK 30 "
K 1b GIMQTTCPCGAQIAGHVK 13 v
NS5b 2603-2618 KRALYDVIQKLSIETM 100 1b KMALYDVVSTLPQVVM 8 17
2965-2975 | AVRTKTKLTPLPAAGQL | 33 la VRTKLKLTPIAAAGRLDL _
1b AVRTKLKLTPIPAASQL 5 17

T cell responses were assessed in HCV gt3 patients using the positively identified
HCYV gt3a peptides and equivalent l1a and 1b peptides (IFNy ELISpot assays). Amino
acids differing between genotypes are shown in bold. A\ cross-reactivity maintained, -
loss of cross reactivity, W Decrease in reactivity. This table was previously published
in (Humphreys et al. 2012).

In conclusion, overlap in T cell specificity between HCV gtl and 3 was limited when
T cell targets detected in the Oxford HCV gt3 cohort were compared to HCV gtl

responses previously published in the literature. T cell targets overlapped at 6 out of
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16 described CD8+ T cell targets (38%) between HCV gt3 and 1, however, identical
sequences between genotypes were only observed at three CD8+ restricted targets.
The majority of CD8+ restricted T cell targets described in HCV gt3 infection in the
Oxford cohort were not previously described in HCV gtl (56%). A higher amount of
overlap between genotypes was observed for promiscuous CD4+ restricted T cell
targets (71%).

When comparing epitopes dominant in HCV gtl infection (defined as found in >5
publications in the literature) to HCV gt3 specific T cell targets defined in the Oxford
HCV gt3 cohort, minimal overlap of just one epitope was observed.

Finally, T cell cross-reactivity between HCV genotype 1 and 3 was assessed
experimentally. When comparing cross-reactivity of T cell responses primed in
natural HCV gt3 infection towards HCV gtla and gt1b peptides, a reduction of T cell

responses was observed.
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3.10 Associations of magnitude of HCV gt3 specific T cell
responses with clinical predictors of spontaneous resolution

of infection and treatment response
The magnitude of T cell responses influences the outcome of acute infection (Lauer et
al. 2004). In the following section, I aimed to assess whether the magnitude of T cell
responses in HCV gt3 infection prior to combination treatment with peg-
IFNo/Ribavirin was associated with treatment outcome and known independent

predictors of treatment outcome, like age, sex, pre-treatment viral load and IL28B

genotype (Kau et al. 2008; Neukam et al. 2012).

3.10.1 Associations of treatment outcome with known predictors of
treatment response

First, known predictors of treatment response were evaluated within our cohort. Of
108 chronic patients, 78 (72.2%) were treated with IFNo/Ribavirin therapy (Table 3-2,
page 88). Treatment response to the first treatment administered was evaluated. 42
patients achieved SVR (53.8%), 25 patients relapsed, 6 patients did not respond and 3
patients discontinued treatment due to interferon side effects. Patients not responding
to treatment and relapsed patients were grouped for the following analyses.

In the cohort analysed in this study (Table 3-2, page 88), a significant association
between younger age and response to combination treatment (SVR, pegylated
I[FNo/Ribivirin) was observed, whereas no association between sex and response to

treatment was seen (Figure 3-21).

Figure 3-21: Association between age and sex and treatment outcome with peg-
IFNa and Ribavirin.
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Associations between age (left) and sex (right) and treatment response in the study
cohort are depicted. A significant association between SVR and age <40 was seen
(p=0.0107, Fisher’s exact), whereas no association between sex and SVR was
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| observed. |
Pre-treatment viral loads were measured in 38 chronically HCV gt3a infected patients,

who subsequently received combination therapy with peg-IFNa and Ribavirin. 29 of
these patients resolved infection (SVR), 9 patients did not respond to treatment or had
a viral relapse (NR/REL). No association between treatment response and pre-

treatment viral load was observed (Figure 3-22).

Figure 3-22: Pre-treatment viral load and treatment outcome.

2.5x107
ns
u
_  2.0x1074
£
2
c 1.5x107
° u
L 1.0x107
g u
~ 5.0x10% . N
(P §‘.‘
SVR NR/REL
Associations of pre-treatment viral load and treatment outcome. No significant
different in pre-treatment viral loads was observed between the SVR and REL/NR
group. Mean with SEM is shown.

Next, distributions of IL28B genotypes were analysed regarding HCV treatment
outcome (Figure 3-23, A).

Figure 3-23: IL28B and influence on treatment response and baseline viral load.
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(A) Numbers of patients with favourable (TT) and non-favourable (GG/GT) IL28B
genotype responding to IFNo/Ribavirin combination treatment. There was no
influence of IL27B type on treatment outcome (SVR vs. REL/NR, Fisher’s exact
p=0.6250). (B) Pre-treatment viral load in patients with favourable and un-favourable
IL28B genotype. Mean with SEM is shown.
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There were no differences between groups achieving SVR and not responding to
treatment (SVR vs. REL/NR, Fisher’s exact p=0.6250). In the non-responder group,
more patients had an unfavourable genotype (GT/GG) than in the other groups,
however this difference did not reach statistical significance (Fisher’s exact test,
p=0.27, compared to patients achieving SVR). Additionally, there was no influence of
IL28B genotype on pre-treatment viral load in the HCV gt3 chronic patients analysed
in this study (Figure 3-23B).

3.10.2 Magnitude of T cell response

Subsequently, the magnitude of total T cell responses, measured by IFNy ELISpot
assays to overlapping peptides spanning the whole HCV genome, was associated with
treatment response and known predictors of treatment outcome. Magnitude of T cell

responses in chronic patients was not associated with treatment outcome, or with age

and sex (Figure 3-24).

Figure 3-24: Associations of magnitude of T cell response and treatment
outcome, age or sex.
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Associations between total magnitude of T cell responses measured by IFNy ELISpot
assays to overlapping peptide pools spanning the whole genome and treatment
outcome (A), age (B) and sex (C). Mean with SEM is shown.
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Next, the total magnitude of IFNy ELISpot responses was analysed regarding patients’
IL28B genotype in 98 chronically infected patients (4 patients GG, 39 patients GT, 55
patients TT). There was no significant difference in magnitude of T cell response seen
between both groups (Figure 3-25, A). In this work, we have observed significant
differences in magnitude of T cell response between spontaneous resolvers, acute and
chronic patients when comparing responses to different viral proteins separately
(structural/non-structural proteins and HCV core), even if no significant difference
was observed in total T cell response (Figure 3-9, page 99). However, when repeating
this sub-division regarding patients’ HLA types in chronically infected patients, no
relation between T cell response and IL28B genotype was observed, even if different

viral regions were considered (Figure 3-25, B-D).

Figure 3-25: Magnitude of T cell response and 1L.28B genotype.
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IL28B genotype was observed: (B) structural proteins, (C) non-structural proteins,
(D) core protein. Mean with SEM is shown.
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3.10.3 IL-28B status and outcome of primary infection

Finally, the influence of IL28B status on spontaneous resolution was assessed within
our cohort. IL28B genotypes at SNP rs8099917 were determined in 15 out of 17
(88%) patients with spontaneously resolved infection, 98 out of 108 (91%)
chronically infected patients, and 8 out of 16 (50%) patients acutely infected with
HCV gt3 infection. At this SNP, the favorable gene is “TT’. Polymorphisms ‘GT’ and
‘GG’ were grouped since associated with a non-SVR in HCV genotype 1 infection
(Ge et al. 2009)

IL28B type and spontaneous resolution of HCV infection

When comparing IL28B genotype and clinical outcome, there was a significant
difference between patients who spontaneously resolved infection and developed
chronic infection; as expected, significantly more patients had the favorable genotype
TT in the spontaneously resolved group than in the group that developed chronic

HCV gt3a infection (Figure 3-26).

Figure 3-26: IL28B genotype and clinical outcome of primary infection.
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IL28B genotypes in patients with spontaneously resolved and chronic infection. The
relation between favourable IL28B genotypes (TT) and unfavourable genotype
(GT/GG) was significantly different (Fisher’s exact p=0.0255).
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3.11 Discussion and conclusions

T cell responses are crucial in determining the outcome of acute HCV infection.
Strong and multi-specific T cell responses are associated with spontaneous resolution
of infection, whereas progression to chronic infection is characterized by weak and
narrowly focused T cell responses. HCV has 7 major infecting viral subtypes, which
vary in about 30-35% of nucleotides (Simmonds 2004). Adaptive immune responses
have been studied comprehensively in HCV gtl infection, but data on cross-reactivity
of responses to other genotypes (Yi Wang et al. 2006; Fytili et al. 2008; L. Duan et al.
2011) and comprehensive analyses of T cell immunity in non-gtl subtypes remain
scarce (Giugliano et al. 2009; Humphreys et al. 2012).

Although numerous publications included patients infected with HCV gt3a (Schulze
zur Wiesch et al. 2007), studies using specific gt3a cohorts and specific gt3 peptide
sets are limited to one investigating T cell responses to the NS3 protein (Giugliano et
al. 2009) and a recent study from our laboratory (Humphreys et al. 2012). To date, no
comprehensive comparison of responses in HCV gtl and gt3 infection using a
subtype specific peptide set is published.

In this Chapter, I aimed to comprehensively assess T cell responses in HCV genotype
3 infection and compare them to previously studied T cell immunity in gt1 infection.
Here, a cohort of spontaneously resolved patients (n=16), and acutely (n=16) and
chronically (n=108) HCV gt3 infected patients were assessed, allowing a
comprehensive comparison to previously published T cell targets described for HCV
gtl. T cell responses were tested by two different peptide sets: a set of overlapping
peptides (15-18AA, overlapping by 11AA) spanning the entire HCV genome based
on a HCV gt3 consensus sequence, and HLA predicted peptides with single peptides
from the HCV non-structural regions. The two peptide sets were complementary and

mostly detected different responses.

T cell responses detected by HCV gt3 overlapping peptides:

Multiple new T cell targets in HCV gt3 infection have been identified using a set of
overlapping peptide pools as a screening methodology. Since this peptide set is
covering the whole genome, we are confident that this description of HCV gt3 T cell

immunity is based on a comprehensive assessment.
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T cell responses in spontaneously resolved infection detected by overlapping peptide
pools were broad and strong, targeting multiple regions all over the viral genome.
HCYV gt3a specific T cell responses in spontaneous resolvers were significantly higher
than gt3a specific responses in chronic HCV infection (see 3.5.2, page 94), but not as
high as responses in spontaneous resolvers described in the literature in gtl infection
(Lauer et al. 2004).

Spontaneously resolved patients were not antibody typed for infecting genotype. T
cell responses in spontaneous resolvers were therefore tested to HCV gt3 and gtl
peptides, with significantly lower responses to the gtl peptide set compared to gt3.
Following from strong T cell responses against gt3 but not gtl peptides, we deduct
that most of spontaneously resolved patients are likely to have cleared an infection
with the HCV gt3 subtype. This also seems a likely scenario since HCV gt3a infection
is very common in our patient cohort and patient infected with gt3 are more likely to
clear the infection spontaneously than those infected with HCV gtl (M. Lehmann et
al. 2004; Bortolotti et al. 2005).

In chronically HCV gt3 infected patients, T cell responses were weak, with CD4+ T
cells mainly targeting structural proteins, particularly core, and CD8+ T cell targeting
non-structural proteins. Two frequently detected individual peptides were identified: a
HCYV core peptide targeted by CD4+ T cells (core 43, PVGGVARALAHGVRAL), and a
HCV NS3 peptide (NS31520, RPSGMFDSVVLCECYDAGCSWYDL) targeted by CD8+ T
cells. The equivalent gtl peptide to HCV gt3 corejss is known to be a DRB1*1101
restricted CD4 T cell target (Godkin et al. 2001; C. L. Day et al. 2002; A. J.
MacDonald et al. 2002; Schulze zur Wiesch et al. 2005; Schulze Zur Wiesch et al.
2012). A response to the gtl equivalent of peptide NS3;sz0 (MFDSSVLCECYDAGC)
was previously detected in HCV gtl infection in a single patient (Ciuffreda et al.
2008).

Overall, T cells in chronically infected individuals targeted non-core regions more
readily than in HCV gtl infection (Semmo et al. 2005; G Harcourt et al. 2006; V. M.
Fleming et al. 2010). It has been shown previously that the NS3 region is more readily
targeted in HCV gt3 infection (Hultgren et al. 2004), an observation also made in this
study. However, Hultgren et al. used thymidine proliferation assays stimulating T cell

using whole NS3 protein, and it is therefore expected that mainly CD4+ responses are
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detected. In contrast, majority of T cell responses targeting HCV non-structural
proteins in chronically infected patients in this study were CD8+ restricted.

In acutely infected patients, T cell responses of variable magnitude were detected.
Magnitude of responses in this cohort was not linked to the outcome of infection
during acute infection. However, a trend towards a stronger response in patients who
spontaneously cleared than in patients developing chronic infection was observed
when comparing the mean responses (352 SFU/10°PBMC vs. 44 SFU/10°PBMC).
This is in line with published literature, where strong and broad responses have been
described in patients clearing HCV infection spontaneously (C. L. Day et al. 2002;
Lauer et al. 2004; A. L. Cox, Mosbruger, Lauer, et al. 2005). However, it has been
reported recently that T cell responses in acutely infected patients are initially strong
in both patients clearing the infection spontaneously and patients developing chronic
infection (Schulze zur Wiesch et al. 2012). However, T responses disappear rapidly
from the blood in patients developing chronic infection. The trend towards stronger
responses in patients clearing infection in the cohort analysed in this study therefore
might have been due to a selection bias. Since patients with resolving infection shown
stronger clinical symptoms, they may have been diagnosed earlier, when T cell
responses were still strong and broad.

When comparing responses detected by overlapping peptide pools between patient
groups (SR, acute and chronically infected), a striking differential distribution of
CD4+ and CD8+ restricted responses across the HCV viral genome was observed
between chronically infected patients and those with spontaneous resolution of
infection. CD4+ restricted T cells in chronic infection predominately targeted HCV
structural regions, but mainly HCV non-structural regions in spontaneously resolved
infection. In contrast, CD8+ cells in chronic infection mainly targeted HCV non-
structural regions, whereas the both structural and non-structural regions were
targeted in spontaneously resolved infection. This differential distribution of T cell
responses aimed at structural vs non-structural HCV proteins in spontaneously
resolved and chronic HCV infection has not been previously described in the
literature. In some studies, though, a differential hierarchy in the role of CD4" and
CD8" T cell responses was observed: In acute infection in chimpanzees, effective
CD4+ responses were associated with clearance of HCV infection, whereas CD8+ T
cells seem to evolve in the blood of the acutely infected patients regardless of

outcome (Kaplan et al. 2007).
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In this Chapter, HCV gtl and gt3 specific T cell responses in chronic infection were
compared: No difference in magnitude of responses was observed, however, when
comparing targeted regions of the HCV viral genome, more responses to non-
structural regions were observed in HCV gt3 infection compared to gtl. This variation
in distribution of responses between HCV gtl and other HCV genotypes was
previously noted, with CD4+ T cells of HCV non-gtl patients responding to HCV
non-structural regions more commonly than HCV gt patients (Schulze zur Wiesch et
al. 2007).

A potential reason for differential recognition of different viral regions between HCV
gt3 and 1 may be that the HCV gtlb peptide set used was based on a single patient
sequence strain (J4b), like most peptide sets previously used in the literature (Lauer et
al. 2002; A. L. Cox, Mosbruger, Mao, et al. 2005; Schulze zur Wiesch et al. 2005). In
contrast, the cohort adapted HCV gt3 peptide set was based on a full length consensus
sequence derived from 15 Oxford patients sequences, an approach previously used for
a comparative study of T cell responses to NS3 in gtl and gt3 infection (Giugliano et
al. 2009). I hypothesize that responses to conserved regions like HCV core will be
readily detected using a peptide set based on a single unrelated HCV patient sequence
(as used for HCV gtl), and less responses in variable regions. In contrast, a peptide
set matched to the cohort consensus like the HCV gt3 overlapping peptide set might
be more tailored to detect responses in variable HCV regions. To ensure that the
Oxford HCV gt3 cohort did not represent a single outbreak leading to readily
detectable CD8 responses in the HCV non-structural regions, viral diversity was
assessed in the Oxford HCV gt3 cohort using full-length HCV sequences
(Supplementary Figure 8-1, page 288), data published in (Humphreys et al. 2012)).
Phylogenetic analysis showed significant diversity and a gt3 reference strain
(accession number D28917) fell within the Oxford gt3 cluster.

Another potential reason that responses in HCV gtl were restricted to HCV core may
be that a subgroup of gtl patients was infected with subtype la and therefore did not
match the peptide strain used for screening (1b). However, when responses in a sub-
group of la patients were assessed using la peptides (strain H77), no striking
differences in the pools targeted were observed (Supplementary Figure 8-1, page 288,
data published in (Humphreys et al. 2012)).
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Potential problems with using overlapping peptide pools for the assessment of T cell
targets are the large number of cells needed for initial screening and subsequent
mapping experiments. Work intensive experiments with numerous mapping steps are
needed to map responses to single epitopes. Using a peptide matrix would have been
an experimental alternative, however, this approach requires a large number of cells
for the initial experiment, potentially leaving less material for further functional
analyses of responses. A second potential drawback with using a peptide set based on
a consensus sequence is the possibility that the consensus sequence contains variants
common in chronically infected patients, potentially limiting the detection of T cell

responses primed by the wild type sequence.

T cell responses detected by HLA predicted peptides

In addition to overlapping peptides, a novel approach to identify gt3 specific T cell
targets was used in this thesis: HLA predicted peptides.

The rationale for a second peptide screening approach was based on the
considerations, that (i) T cell responses may be missed screening with overlapping
peptides of 15-18AA length; (ii) Fewer PBMCs may be used in screening assays
using a peptide set tailored to the tested patients’ HLA type; (iii)) Time efficient
functional characterization using epitope specific tetramers may be achieved if a
peptide is identified using an HLA predicted peptide, where the optimal binding
peptide and presenting HLA type is known. Using overlapping peptide pools as a
screening approach, work intensive experiments have to be performed to define T cell
immunity to the single peptide, peptide optimals and restricting HLA types.

The HLA predicted peptide set was based on a sequence polymorphisms in a dataset
of 136 HCV gt3 sequences; sequence polymorphisms were linked to patients HLA
types to identify potential immune mediated escape mutations (Rauch et al. 2009).
We subsequently evaluated these polymorphisms that were associated with patients’
HLA types using online epitope prediction programs to identify putative T cell
epitopes, for which peptides were manufactured and used in ELISpot assays matched
to the patient’s HLA types.

Different percentages of patients responded to HLA predicted peptides in
spontaneously resolved patients, acutely and chronically infected patient groups. Even
though broad and strong responses were detected in spontaneous resolvers using the

overlapping peptide pools, only two patients (13%) mounted a response to HLA
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predicted peptides. A potential reason for this comparative lack of responses is that
the HLA predicted peptide set was based on sequence polymorphisms seen in a cohort
of chronically infected gt3 patients: a T cell target observed in chronic patients with
concomitant escape mutations is unlikely to be an epitope in spontaneously resolved
patients whose T cell response cleared the infection. In contrast, responses detected
by HLA predicted peptides in acutely and chronically gt3 infected patients were more
abundant than in spontaneous resolved patients, detected in 33% and 22% of patients,
respectively. A higher number of T cell responses detected in chronic patients
compared to spontaneous resolvers were expected; since the peptide set was based on
escape mutants within epitopes had been associated with HCV persistence previously
(Bowen and Walker, 2005, Cox, Lauer, 2005, Tester 2005),

Overall, only a limited number of T cell targets were detected, with responses to HLA
predicted peptides only seen to 8 out of a total of 65 peptides. The lack of responses
might be due to either experimental limitations or weaknesses of the original peptide
design that are discussed further in the following section.

Experimental outline: Several potential reasons for the lack of detected responses are
inherent to our study design: First, patient T cells may be sequestered in the liver,
therefore not detectable in peripheral blood and not available for analysis (Schirren et
al. 2000; Guidotti & Iannacone 2013). Second, weak ex vivo T cell responses under
detection threshold may have been missed, potentially due to inefficient priming of T
cell responses or exhausted T cells in chronic infection (Rehermann 2009; Velazquez
et al. 2012). Third, limited numbers of HLA specific peptides may have been detected
due to an insufficient number of HLA matched patients within our patient cohort,
especially possible for uncommon HLA types.

In addition, potential weaknesses discussed by the authors in the original study
describing sequence polymorphisms associated with patient HLA type may have
contributed to limited peptide detection using HLA predictive peptides (Rauch et al.
2009): Due to an underrepresentation of rare HLA types associations of
polymorphisms to patients’ HLA types may have been missed. In addition, 40% of
individuals enrolled in the analysis were co-infected with HIV, potentially limiting T
cell pressure due to the lack of CD4+ help.

Statistical methods: Other potential drawbacks relate to statistical methods initially
used for the linkage of polymorphisms to HLA type (Rauch et al. 2009): HLA

associations were assessed using the Fisher’s exact test, and multiple statistical tests
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were subsequently applied to ensure statistically significant associations
(phylogenetic correction, false positive discovery rates/q-values).

Phylogenetic corrections: Polymorphisms across the viral genome can be due to
neutral evolution or natural selection (such as T cell pressure). In a group with an
overrepresented HLA type (phylogenetic relatedness) and infection with a common
ancestor virus, associations between HLA type and mutations may reflect a founder
effect rather than immune pressure exerted by the associated HLA allele (Rauch et al.
2009). To address this issue, Rauch ef al. identified clusters of relatively homogenous
sequences (L. Kaufman & Rousseeuw 1990), in which HLA distribution should be
random. After adjusting for cluster strata, a Mantel-Haenszel test was performed. This
procedure combines the associations between viral polymorphisms and HLA alleles
within clusters of possible related sequences, which should further decrease the risk of
confounding through overrepresentation of HLA alleles in phylogenetically related
sequences (Rauch et al. 2009).

False discovery rates (q-value): In Rauch et al.’s association study, multiple different
values were associated to define HLA associations with sequence mutations. To avoid
false positive due to multiple testing problems, a g-value of q<0.2 was applied (J. D.
Storey & Tibshirani 2003). This indicates that up to 20% of the significant
associations identified may be false positive; therefore peptides that are not T cell
targets may have been included in the peptide set further contributing to the lack of T
cell responses detected in this study.

HLA types (Low resolution of HLA typing and Linkage disequilibrium): Further
potential problem originates a low resolution of HLA typing used in the Rauch ef al.’s
study, with HLA typing only performed to a 2 digit level (e.g. A*02). As shown for
A*02 and B*27 subtypes, similar HLA types from the same supertype can vary
substantially in their binding preferences (D. Barouch et al. 1995; Hiilsmeyer et al.
2002). Already a single amino acid substitution within the MHC binding complex can
alter binding properties substantially (J. M. Burrows et al. 2007). Therefore, HLA
subtype specific mutations might have been missed due to a low resolution of HLA
typing.

Epitope prediction: Described sequence polymorphisms associated with patient HLA
type (Rauch et al. 2009) were further assessed using online available epitope
prediction servers SYFPEITHI and BIMAS to define putative epitopes at matching
HLA types (Rammensee et al. 1999; K. C. Parker et al. 1994). Both epitope prediction
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algorithms are based on matrixes and score residues based on previously published T
cell epitopes and MHC ligands (Lundegaard et al. 2010). Recent publications (H. H.
Lin et al. 2008) have shown that matrix based computing algorithms are inferior to
those based on methods like artificial neural networks (ANNSs) or support vector
machines (SMVs), since they cannot take correlated effects into account (e.g. where
the contribution to the binding affinity at amino acid depends on amino acids at other
positions of the peptide (H. P. Adams & Koziol 1995; Gulukota et al. 1997; S Buus et
al. 2003; M. Nielsen et al. 2003)). Therefore, through using BIMAS and Syfpeithi as
prediction programs for our peptide set design, we potentially included false positives
in our dataset. Usage of other prediction servers based on ANNSs (such as NetCTL)
may have enabled the discovery of additional T cell targets and a minimization of
false positive predictions of T cell targets.

In addition to these considerations, MHC binding predictions are always only
estimates of the in vivo scenario: often immunodominant peptides in natural infection
have much lower prediction scores than other peptides, where no T cell response is
detectable in vivo. Furthermore, even though the peptide binding step is the most
selective step in peptide presentation, several programs have been incorporating
predictions on other steps of the antigen processing and presentation pathway, such as
proteasomal degradation and TAP binding (MAPP, netCLT), which may have

enabled a more comprehensive estimation of peptide presentation in vivo.

In conclusion, peptide sets were complimentary and mostly detected distinct T cell
targets. Overlapping peptide pools detected a greater number of new peptides and
may be a more comprehensive method for screening for new HCV gt3 specific T cell
targets. However, using a targeted approach like HLA predicted peptides enabled the
discovery of novel epitopes using limited PBMC samples. This was possible through
a reduction of screening peptides tailored to the patients HLA type.

Cross-reactivity of HCV gtl and gt3 specific immune responses

In this Chapter, a comprehensive comparison of HCV gt3a specific T cell responses
detected in the Oxford cohort to previously described responses in HCV gtl infection
was performed.

T cell targets between HCV gtl and gt3 varied considerably. Overlap between HCV
genotype 1 and 3 was particularly scarce for HCV gt3 CD8+ restricted T cell targets

144



Chapter 3

detected in the Oxford gt3 cohort, with only detected 3 epitopes (19%) matching
HCV gtl T cell targets described in the literature. For all other HCV gt3 CD8+
restricted T cell targets, sequence differences in described regions were observed. For
CD4+ restricted T cell targets, potential overlap between genotypes was higher than
that observed for CD8+ targets, possibly due to the promiscuous binding properties of
MHC class-II complexes (Siebenkotten et al. 1998). Overall, even though for most
genomic regions targeted in the Oxford HCV gt3 cohort, HCV gtl specific T cell
targets were previously described in the literature, sequence identity between HCV
gtl and 3 was only observed for the minority of epitopes.

Next, I examined whether CD8+ restricted epitopes commonly targeted in gtl
infection were detected in our gt3 cohort. Minimal overlap was found between
dominant HCV gtl epitopes and T cell targets detected in the Oxford HCV gt3 cohort,
with only common epitope ATDALMTGY detected in both HCV gtl and gt3 patients.
Intriguingly, dominant HCV gtl AO02 restricted epitopes (KLVALGINAV and
CINGVCWTV) were not detected in a single HCV gt3 infected patient. Of note, it has
been previously described that epitope specific T cells did not recognize the gt3
version of epitope CINGVCWTV (Fytili et al. 2008).

Most likely, distinct T cell specificity is due to substantial sequence differences
between HCV genotypes 1 and 3 (overall about 24%), which may abrogate HLA
binding at critical anchor residues within viral epitopes. Also, genotype-specific
polymorphisms outside the anchor positions may impair the recognition of the HLA-
epitope complex by CD8" T cells. Additionally, divergent sequences flanking
immunogenic epitopes may have a substantial impact on epitope processing:
proteasomal processing predictions by Rauch et al. have shown that about 20% of
genotype-associated amino acid variants influence proteasomal cleavage of target
peptides (Rauch et al. 2009). It is therefore possible that, even though an immune
response may be directed at the same genomic region, different epitopes are targeted
in HCV gtl and 3 infection.

I propose that further studies of subtype specific immune responses are necessary for
informed cross-reactive vaccine design. Especially in understudied HCV genotypes
like 5 and 6, with consensus sequences differing from HCV genotype 1, major

differences in T cell targets compared to published data are to be expected.
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Associations of patient parameters and treatment response

Known predictors of treatment response were assessed in the Oxford HCV gt3 cohort,
both independently and in relation to the magnitude of detected T cell responses.

First, associations between treatment response (SVR and REL/NE) and age and sex
were analysed. Younger patients achieved SVR more readily than older patients, but
no difference in treatment response was observed between male and female patients.
Similar results were reported in the literature: A strong association between younger
age and SVR has been observed in several studies (Poynard et al. 2000; Manns et al.
2001; Fried et al. 2002; M. L. Shiffman et al. 2007). Female sex has been associated
with SVR (Poynard et al. 2000), however, this association was not repeatedly
observed in several big peg-IFNo/Ribavirin trials (Manns et al. 2001; Fried et al.
2002).

No difference in pre-treatment viral loads in patients subsequently achieving SVR
compared to non-responders/relapsers was observed in this study. In contrast, low
pre-treatment viral loads have been associated with a higher SVR rate in HCV
genotype 3 infected patients in the literature (Kau et al. 2008), with baseline viral
loads of 400,000, 400,000-800,000 and 800,000 IU/ml achieving SVR rates of 81, 70,
and 59%, respectively.

Subsequently, the impact of IL28B status on HCV treatment response was evaluated,
with no differences in treatment response observed between the patients with
favourable versus un-favourable IL28B genotype. This is in line with data from a
study published on HCV gt3a infection by our research group recently, with a bigger
cohort (n=158 patients) including the patient group analysed in this thesis (Bucci et al.
2013): the SVR rate was 61% in the group with the favourable allele TT, and 63% in
the GT/GG group (p=0.1419). Comparably, the SVR rates in the sub-group analysed
in this thesis were 63% (TT allele) and 54% in the GT/GG group. No difference was
observed in pre-treatment viral loads between patients with the favourable and un-
favourable IL28B allele. Contrary, in Bucci et al.’s study, where patients analysed
here were included, a significantly higher viral baseline viral load was observed for

patients with the favourable IL28B genotype TT (Bucci et al. 2013).
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Association of magnitude of responses

Next, I aimed to assess whether the magnitude of T cell responses was associated
treatment responses to combination therapy with pegylated-Interferona/Ribavirin, and
predictors of treatment responses, such as age, sex and IL28B phenotype. No
significant associations between magnitude of T cell response measured by ELISpot
assay and either of the described parameters was observed. It is possible that
significant associations have been missed: Patient groups analysed here only form a
small test group, potentially preventing significant associations (patients achieving
SVR n=40; patients relapsing/not responding n=31).

There is no consensus regarding the role of HCV specific T cell responses in outcome
of HCV treatment. Some studies have suggested that pre-treatment proliferative
capacity and magnitude of ELISpot CD4+ and CD8+ T cell responses are important
for successful treatment response (Pilli et al. 2007; Rosen et al. 2007). Others have
shown that responses induced during therapy play a role in SVR (Cramp et al. 2000;
Kamal et al. 2002), whereas no association was found in several studies (Barnes et al.
2002; Aberle et al. 2007). Some groups, including our own, who monitored
magnitude of T cell responses longitudinally, have shown a decrease of T cell
responses during treatment in acute (F. Rahman et al. 2004; Lauer et al. 2005) and
chronic (Barnes, Gelderblom, et al. 2009; Humphreys et al. 2012) infection. In
chronic patients, the loss of T cell responses was more pronounced in the SVR group,
suggesting that T cell responses might not be required to establish SVR (Barnes,
Gelderblom, et al. 2009).

In conclusion, strong and broad HCV gt3 specific T cell responses were found in
spontaneously resolved infection, whereas responses in chronic infection were low
and mainly targeted two dominant epitopes in the HCV core protein and NS3;
however, the impact of HCV gt3 specific T cell responses on treatment outcome
remains illusive. Importantly, HCV gt3 specific T cell specificity is markedly
different from that previously described in HCV gtl infection.
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4 Characterization of dominant T cell responses in HCV
genotype 3a infection

4.1 Abstract

Background: Conserved immunodominant epitopes may act as attractive targets in
cross-reactive immunogen design, especially in a highly variable pathogen like
Hepatitis C virus (HCV). In this Chapter, I aimed to define frequently detected T cell
targets in HCV genotype (gt) 3 infection and assess when they emerge during the
course of infection. Since the failure to contain the virus in chronic HCV infection
has been associated with mutational escape within targeted T cell epitopes, sequence
variability within and between HCV genotypes and T cell cross-reactivity against
identified HCV gtl and gt3 sequence variants was assessed. Furthermore, T cell
function and phenotype at dominant epitopes was evaluated.

Methods: T cell responses were assessed in 140 patients with HCV gt3 infection
using I[FNy ELISpot assays, and defined as frequent if detected in >4 patients within
the Oxford gt3 cohort. Sequence heterogeneity at frequently detected T cell targets
was evaluated in the Oxford cohort and at population level, and T cell cross-
reactivity assessed experimentally using ELISpot analyses. T cell phenotypic profiles
were evaluated using tetramers and intracellular staining assays, implementing a
novel methodology for the detection of low level responses at detection threshold
based on pre-incubation of PBMC at high cell concentrations.

Results: Seven frequently detected HCV gt3 specific responses were identified; two
CD4+ T cell responses targeting HCV core and five CD8+ T cell responses targeting
non-structural proteins. CD4+ T cell responses to HCV core emerge once chronic
infection is established; responses were low in magnitude, but could be increased by
short-term incubation at high cell concentrations. Frequently detected HCV gt3 T cell
targets were variable within HCV gt3 and between HCV genotypes, with limited T
cell cross-reactivity against identified sequence variants detected in IFNy ELISpot
assays. HCV gt3 specific CD4+ and CD8+ T cells were monofunctional and showed
low expression of activation markers.

Conclusions: At T cell targets frequently detected in HCV gt3 specific infection
sequence polymorphisms are common and T cell cross-reactivity against viral
variants is limited. Therefore, HCV gt3 epitopes detected in natural infection may not

be ideal targets for cross-reactive vaccine design.
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4.2 Introduction

An ideal HCV immunogen would induce immune responses that are cross-reactive
against viral variants of all HCV genotypes. Conserved epitopes detected in natural
infection may act as attractive targets, especially in a variable pathogen like HCV.
Only few epitopes have been consistently linked to spontaneous resolution of HCV
infection (A. Y. Kim et al. 2010; Neumann-Haefelin et al. 2010; Fitzmaurice et al.
2011; Y. Kim et al. 2012); the evidence for the majority of dominant T cell epitopes
remains ambiguous, since identical epitopes may be targeted in both patients with
spontaneous resolution of infection and those who proceed to chronic infection, as
shown for epitope CVNGVCWTV (NS3,973) in HCV gtl infection (Lechner et al.
2000; Thimme et al. 2001; Griiner et al. 2000; Lauer et al. 2004). In addition, it has
been shown recently that epitopes linked to protection in HCV gtl infection are not
conserved across HCV genotypes, and that epitope specific T cells are not cross-
reactive against viral variants observed in other HCV genotypes (Skibbe et al. 2014).
Therefore, several considerations support the use of conserved epitopes previously
described in natural infection in cross-reactive vaccine design: Using a previously
detected epitope implies that the viral region has proven immunogenicity, and the
epitopes’ level of sequence conservation may indicate that the epitope is not subject to
immune mediated escape and may be cross-reactive between genotypes.

Viral escape

The failure to contain HCV in chronic HCV infection is associated with mutational
escape within targeted T cell epitopes (Erickson et al. 2001). In individuals of the
same HLA type identical escape mutations can be observed, as it has been
demonstrated for some HCV gtl specific CD8+ restricted epitopes (Gaudieri et al.
2006; Neumann-Haefelin et al. 2006). However, functional constraints and fitness
costs limit the amount of tolerated escape mutations, and reversion to the wild type
sequence after viral transmission to an individual without the restricting HLA type
has been observed in HIV (T. M. Allen et al. 2004; Friedrich et al. 2004) and HCV
infection (Timm et al. 2004; S. C. Ray et al. 2005). In contrast, other mutations can be
stable and persist after transmission, driving viral sequence evolution, as suggested

for HCV non-structural proteins (A. L. Cox, Mosbruger, Mao, et al. 2005).
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T cell cross-reactivity

Even if an immunodominant epitope is subject to mutational escape, T cells primed
against wild type sequences may show some degree of cross-reactivity to other
sequence variants. In the HCV literature, there is only limited evidence on the ability
of epitope specific T cells to recognize sequence variants from other genotypes. Even
though some T cell cross-genotype reactivity has been described (Giugliano et al.
2009; Humphreys et al. 2012; Skibbe et al. 2014), a systematic analysis considering
all possible variants at dominant epitopes within and across genotypes has only been
published for the immunodominant HCV gtl epitope CVNGVCWTV (NS3;73)
(Fytili et al. 2008). For this epitope, T cell cross-reactivity of the response primed
against the HCV gtla variant against variants from HCV genotypes 1, 4-6 was
detected, but responsiveness against HCV gt2 and gt3 variants was low. In addition,
limited cross-reactivity within HCV gtl peptide variants was observed at an
immunodominant HLA A*02 restricted epitope in work by our research group (Kelly
et al., manuscript in preparation). Depending on the analysed epitope, a single amino
acid substitution may either completely prevent the recognition by wild-type primed
CD8+ T cells or allow for some T cell cross-reactivity between variants (Neumann-
Haefelin et al. 2008; Fytili et al. 2008; S6derholm et al. 2006). Thus, an aim of this
Chapter was to study the sequence variability at dominant HCV gt3 epitopes and to
assess the capacity of T cells specific to cross-react with identified HCV viral variants
at these epitopes.

T cell function

T cell function is thought to play an important role in effective viral clearance. A
series of studies in viral infection have shown that distinct functional signatures
correlate with levels of viral replication and disease activity (reviewed by (Pantaleo &
Harari 2006)). In particular, T cell responses linked to effective viral clearance or
viral control in chronic viral infections like HCV and HIV infection show a high
degree of polyfunctionality (Lauer et al. 2005; J. R. Almeida et al. 2007; Ciuffreda et
al. 2008; Seder et al. 2008; I. G. Rodrigue-Gervais et al. 2010). Polyfunctionality of T
cells has been defined as the ability to produce cytokines like IL-2 and IFNy and to
proliferate (Pantaleo & Harari 2006). So far, T cell functionality at dominant HCV gt3

specific epitopes has not been defined.
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Aims of this Chapter
The aims for this Chapter were therefore (Figure 4-1):

(1) To identify T cell targets frequently detected in HCV gt3 infection.
HCV gt3 T cell specificity shows major differences to that previously described for
HCV gtl. In Chapter 3 of this thesis, multiple T cell responses to HCV gt3 peptides
were identified; in this Chapter, I aim to identify T cell targets frequently detected in
HCV gt3 infection.

(2) To assess when frequently detected HCV gt3 specific CD4+ T cell responses
evolve over the course of clinical infection.

To further define the role of frequently detected HCV gt3 specific CD4+ responses in

HCV infection, I will analyse when responses occur during the course of infection,

and whether they are abundant in acutely or chronically infected individuals, or

spontaneously resolved patients.

(3) To define sequence variation within HCV gt3 and between HCV genotypes 1
and 3 at frequently detected T cell targets.

To assess whether frequently detected T cell targets defined in HCV gt3 infection

may serve as targets for cross-reactive immunogen design, I will define the level of

sequence conservation in frequently targeted regions. Identified sequence variants

within HCV gt3 and between HCV genotypes will inform assessment of T cell cross-

reactivity experiments between defined sequence variants.

(4) To evaluate T cell cross-reactivity against HCV sequence variants.
Cross-reactivity of T cells primed in natural HCV gt3 infection against identified viral

sequence variants will be evaluated in IFNy ELISpot assays.

(5) Define the cellular phenotype and function of HCV gt3 specific responses.

Finally, the phenotype and function of T cells targeting frequently detected T cell

targets will be evaluated using flow cytometry based techniques.
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Figure 4-1: Experimental overview for Chapter 4.
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Overview of experimental strategies exploited in Chapter 4. Evaluation of HCV gt3
and HCV gtl sequence variants at defined frequently detected HCV gt3 specific T
cell targets will inform the assessment of cross-reactivity at frequently detected HCV
gt3 specific T cell targets. Functional T cell data will be obtained through intracellular
staining assays (ICS) or tetramer staining, enabling analysis of low-level epitope
specific HCV gt3 responses. The experimental strategy to define information needed
for the production of tetramers following the identification of HCV gt3 specific T cell
response using overlapping peptide pools is detailed.

4.3 Selection of frequently detected T cell responses in HCV gt3
infection in the Oxford HCV genotype 3 cohort.

T cell responses to 41 HCV gt3 individual peptides were described in this thesis
(Table 3-6 and Table 3-7, page 113 and 114). Of these, 10 HCV gt3 specific T cell
targets were located in the structural region and 31 in the non-structural region.

Frequently detected T cell targets were defined as individual peptides detected in at
least four patients in the Oxford HCV gt3 cohort, and selected for further analysis. 7 T
cell targets were defined as frequently detected, with 4 to 14 patients responding to

each individual peptide (Table 4-1). Both CD4+ and CD8+ T cells targeted frequently
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detected individual peptides. Two frequently detected peptides targeted by CD4+ T
cells were located in the HCV core region, whereas the remaining 5 frequently
detected peptides were targeted by CD8+ T cells and located in HCV non-structural
regions. In this Chapter, CD4+ and CD8+ responses will be discussed separately.
Table 4-1: Frequently detected HCV gt3 specific T cell responses.

Frequently detected HCV gt3 specific T cell response Patients responding
Viral AA Sequence HLA | CD4/ |Pept. |S |C | A Total
region | position CD8 | set
Core 66_83 PKARRSEGRSWAQPGYPW CD4 OP 5 5
143-158 PVCGVARALAHGVRAL CD4 | OPs 11 | ITxN 12
NS2 886-896 LLYPSLIFDI A02 CD8 | HLA 2 | 1AC 3
LYPSLIFDI A24 CD8 3 1AC 4
NS3 1443-1451 | ATDALMIGY * A01 CD8 | HLA 3 | 1TxS 4
1520_1537 RPSGMFDSVVLCECYDAGCSWY CDS OPS 2 12 14
DL
NS4b 1853-1862 | RVLLDILAGY A26 CD8 | HLA 3 | 1TxS
ISR
NSSa 2126-2141 | AEFFTEVDGVRLHRYA CD8 | OPs 2 2TxS 4

T cell responses frequently detected in HCV gt3a infection are depicted. For each
targeted individual peptide, the amino acid (AA) position, peptide sequence,
restricting HLA type, CD4/CDS restriction and detecting peptide sets are specified.
The total number of patients responding to the peptide and their status of infection (S:
spontaneously resolved, C: chronic, A: acute [AC: acute proceeding to chronic, TxS:
treated achieving SVR, TxN: not responding to treatment, SR spontaneously
resolved]) is detailed. An epitope previously described in HCV gtl infection is
marked with a star.

4.4 CD4+ restricted T cell responses to HCV core frequently

detected in chronic genotype 3a infection

T cell responses in HCV chronically infected individuals have been described as
highly attenuated, especially in peripheral blood (Lauer et al. 2004; Bowen & C M
Walker 2005a; A. L. Cox, Mosbruger, Mao, et al. 2005). Proliferation assays and T
cell lines in chronically infected patients have typically found limited CD4+ T cell
responses to HCV structural and non-structural proteins (Diepolder et al. 1995). In
contrast to this data, we and others have consistently detected robust, but low-level
CD4+ restricted IFNy T cell responses specific to HCV core in HCV gtl infection
(Semmo et al. 2005; Ruys et al. 2008; V. M. Fleming et al. 2010). These responses
had low proliferative capacity and a loss of IL-2 production (Barnes et al. 2002;
Semmo et al. 2005; G Harcourt et al. 2006; Ruys et al. 2008; V. M. Fleming et al.
2010).
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In the Oxford HCV gt3 cohort, core specific CD4+ response were almost exclusively
observed in chronically infected individuals, suggesting that these responses are not
contributing to clearing HCV infection. However, there is scarce data suggesting that
CD4+ responses may have a protective role against liver disease; it has been shown
that rapid progression of liver disease in chronically HCV/HIV patients appeared to
be most dramatic in persons with CD4" T cell counts of <200 cells/mm’.
Reconstitution of immunity through antiretroviral therapy leads to a decrease in the
rate of progression of fibrosis and risk of clinical events due to liver disease (Qurishi
et al. 2003). It has also been suggested that core specific CD4+ cell may form a
regulatory T cell population (Langhans et al. 2010; Dominguez-Villar et al. 2012).
However, the exact role of core specific CD4+ responses in HCV infection,
particularly HCV gt3 infection, remains unclear.

In addition to these considerations, HCV core, as a region highly conserved between
genotypes, would likely be included in a vaccine consisting of conserved regions and
aiming to induce T cell responses cross-reactive between HCV genotypes. To
compare core-specific T cell responses detected in natural infection to those induced
by a potential vaccine, core-specific response will have to be further defined.
Therefore, core-specific T cell responses of low magnitude frequent in HCV gt3
infection were analysed further. Two frequently targeted CD4+ restricted T cell
targets in the HCV core region have been identified: core 66-83
(PKARRSEGRSWAQPGYPW) and core 143-158 (PVGGVARALAHGVRAL), both
detected in more than five chronically HCV gt3 infected patients. Since these
responses were not observed in spontaneously resolved patients, we aimed to
establish when responses arise through tracking responses longitudinally from acute
infection into chronic disease. In addition, sequence variation within HCV gt3 and
between HCV gt3 and gtl infection, cross-reactivity between viral variants and the

cellular phenotype at frequently detected CD4+ restricted T cell targets was assessed.

4.4.1 Core responses in HCV gt3 infection evolve over time in acutely
infected patients developing chronic infection

To establish at which point during HCV infection core specific CD4+ responses

emerge, we analysed T cell responses in acutely infected patients over time (Figure

4-2). For 4 acutely infected patients developing chronic infection, PBMC for multiple

time points were available. In all four patients, responses to core over threshold (40
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SFU/10°PBMC) were observed, with core responses increasing over time. Responses
to other HCV viral proteins did not consistently increase over time, further supporting
the distinct role of HCV core (Figure 4-2 A).

Figure 4-2: Viral load and HCV specific T cell responses in acutely infected
patients measured over time.
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T cell responses monitored over the course of acute infection measured by IFNy
ELISpot assays. T cell responses to overlapping peptide pools and individual HLA
predicted peptides are depicted, as well as HCV viral load. (A) T cell responses in
four acutely HCV gt3 infected patients proceeding to chronic infection. Shaded areas
represent HCV viral loads, light grey shadings were added when values were missing
to represent that the patient developed chronic infection. (B) HCV specific core
responses increase over the duration of acute infection. (C) T cell responses in acutely
infected patients treated with peg-IFNa during the acute phase of infection
subsequently achieving sustained virological response (SVR). VL - viral load; FEC -
Flu, EBV and CMV.
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When analysing HCV gt3 core specific T cell responses over time in all acutely
infected patients developing chronic infection (n=6, Figure 4-2 B), a significant
increase in magnitude of T cell response to HCV core measured by IFNy ELISpot
analysis was observed.

In contrast, core specific T cell responses were not detected in patients clearing the
infection under combination therapy (pegylated Interferon-o/Ribavirin) during the
acute phase (Figure 4-2 C). Of note, HCV specific T cell responses declined during
treatment, a phenomenon observed previously by our research group and contributed
to either the immunomodulatory effect of interferons or increased T cell homing to
the liver (Humphreys et al. 2012). Both here and in our previous publication, a
concomitant decrease of a pool of CDS8+ specific flu, EBV and CMV specific
epitopes was noted during treatment (Humphreys et al. 2012).

In summary, HCV core specific T cell responses in HCV gt3 infection evolve over the
course of acute infection, and are readily detectable once chronic infection is

established.

4.4.2 Sequence variability at CD4+ epitopes frequently targeted in HCV
gt3 infection

Sequence heterogeneity within the HCV gt3 core region

Even though core specific CD4+ T cell responses were detected frequently in our
chronic HCV gt3 cohort, they do not control virus in persistent infection. A possible
reason for CD4+ T cell failure may be immune mediated escape within targeted
epitopes. Immune mediated escape has been frequently observed in common CD8+
epitopes (Bowen & C M Walker 2005b; A. L. Cox, Mosbruger, Mao, et al. 2005), has
been associated with viral persistence and also has an effect on T cell cytokine
secretion (H. Wang & D D Eckels 1999; J. H. Wang et al. 2003). However,
mutational escape at CD4+ restricted T cell epitopes in persistent infection has not yet
been thoroughly analysed, as CD4+ T cell responses in chronic infection are often
weak and difficult to detect. We therefore aimed to define sequence variants at two
epitopes frequently targeted in chronic HCV gt3 infection, core 66-83
(PKARRSEGRSWAQPGYPW, 54% of mapped responses) and core 143-158

(PVGGVARALAHGVRAL, 23% of mapped responses).
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HCV gt3 sequences of HCV core were obtained in 80 chronic and 13 acute patients
from the Oxford cohort. Sequence diversity for all sequences was calculated using the

Shannon entropy calculation (see 2.2.8, page 71), and is depicted in Figure 4-3.

Figure 4-3: Shannon entropy of core sequences.
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Sequence heterogeneity (Shannon entropy) within core in 13 acute and 69 chronic
patients from the Oxford cohort on amino acid (A) and base pair (B) level is shown.
(C) Shannon entropy calculated for all HCV gt3 sequences available on the Los
Alamos sequence depository (n=99). CD4+ peptides frequently targeted in
chronically infected HCV gt3a patients, core 66-83 (PKARRSEGRSWAQPGYPW) and
core 143-158 (PVGGVARALAHGVRAL) are marked with a box.

Next, variability at T cell targets (mean Shannon entropy of the targeted peptide) was
compared to the overall variability of the HCV region (mean Shannon entropy for

HCYV core). Variability at nucleotide level within targeted regions was not higher than

157




Chapter 4

in core regions not frequently targeted in HC gt3 infection (Figure 4-3 A). However,
amino acid  substitutions at 4 (PKARRSEGRSWAQPGYPW) and 3
(PVGGVARALAHGVRAL) positions were observed within the cohort at frequently
targeted peptides (Figure 4-3 B). When analysing a bigger HCV gt3 sequence dataset
obtained from the Los Alamos database (n=98), multiple amino acid substitutions
were observed at the two frequently detected T cell targets, with peptide
PKARRSEGRSWAQPGYPW (66-83) being one of the most variable regions within
HCYV core (Figure 4-3 C).

Sequence variants at frequently detected T cell targets with in the Oxford HCV gt3
cohort

Next, sequence variability was assessed at CD4+ T cell targets frequently detected
within the Oxford HCV gt3 cohort (Figure 4-4). In addition, it was evaluated whether
sequence polymorphisms occurred more commonly in patients with detectable a
CD4+ T cell response to the according epitope in IFNy ELISpot assays, which may
suggest immune mediated escape.

For T cell target core 66-83 (PKARRSEGRSWAQPGYPW), sequence polymorphisms
were observed at amino acid positions 1, 2, 5 and 7 (PKARRSEGRSWAQPGYPW/ 1
L; 2 A/E/R; 50; 7 D/G) (Figure 4-4 A), with substitution (R—=>Q)
PKARRSEGRSWAQPGYPW being most abundant and detected in 11% of sequenced
individuals. For T cell target core 143-158 (PVGGVARALAHGVRAL), sequence
polymorphisms were observed at positions 2, 5, and 9 (PVGGVARALAHGVRAL/ 2A;
5A; 9F) (Figure 4-4 A). Polymorphisms were not more common in patients targeting
the two frequently detected HCV core CD4+ T cell targets (marked in grey in Figure
4-4). This suggests rare immune mediated escape in these CD4+ restricted core
epitope, a finding supported by previously reported experimental data observing rare
mutational escape in CD4+ epitopes in humans (V. M. Fleming et al. 2010) and
chimpanzees (Fuller et al. 2010).
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Figure 4-4: Sequence information at frequently detected T cell targets
PKARRSEGRSWAQPGYPW and PVGGVARALAHGVRAL in the HCV core region in
HCYV gt3 patients with and without a T cell response.
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HCV core sequence analysis by PCR in 93 HCV gt3 infected patients from the
Oxford cohort, for CD4+ T cell targets (A) core 66-83 (PKARRSEGRSWAQPGYPW)
and (B) core 143-158 (PVGGVARALAHGVRAL), which were frequently targeted in
chronically infected HCV gt3 infection. Sequences of chronic patients (n=80) are
shown in columns 1 and 2, and acute patients (n=13) in column 3. The grey shading
marks patients that responding to the according epitope in INFy ELISpot assays.
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4.4.3 Comparison of CD4+ T cell specificity against HCV core in HCV
gtl and gt3 infection
HCV core is a comparatively conserved region within the HCV genome. To assess
whether HCV gt3 and gtl T cell specificity was distinct between HCV gtl and gt3,
HCV gt3 specific T cell responses described in this thesis were compared to
previously published data in HCV gtl infection (V. M. Fleming et al. 2010).
T cell specificity against HCV core in HCV gtl and gt3 infection varies considerably
(Figure 4-5): HCV gtl core specific T cell responses are broad and target multiple
peptides, whereas core specific T cell responses in HCV gt3 infection are more
focused and frequently target peptides core 141-160 and 61-80.
T cell responses to core peptides that were frequently targeted in HCV gt3 infection
have been previously described in HCV gtl infection (Lohr et al. 1996; V. M.
Fleming et al. 2010). In contrast, peptides frequently targeted in HCV gtl infection
were either rarely (core 31-59 (Lamonaca et al. 1999; A. J. MacDonald et al. 2002; V.
M. Fleming et al. 2010)), or not at all detected in HCV gt3 infected patients (core 1-
20 and 151-170 (A. J. MacDonald et al. 2002; V. M. Fleming et al. 2010)).

Figure 4-5: Comparison of CD4+ T cell responses to the core region in HCV
genotype 1 and 3 infection.
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T cell responses to core in HCV gtl (left) and gt3 (right) infection detected by IFNy
ELISpot assay. Core specific responses were mapped to individual peptides for 55 gtl
and 22 gt3 patients. HCV gtl responses adapted from (V. M. Fleming et al. 2010)

The distinct T cell specificity could be due to sequence differences between gtl and 3
at targeted individual peptides. Indeed, a comparison of peptide sequences at
frequently targeted gtl and 3 peptides reveal differences at some targeted peptides

(Table 4-2). However, even though no sequence differences were observed at amino
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acid positions 31-50 and 41-60, no responses were detected in the HCV gt3 cohort.
This could be due to a smaller sample size in the gt3 cohort, or competition at the

presenting HLA type.

Table 4-2: HCV gtl and 3 sequence comparison at commonly targeted core
peptides.

AA positions GT1 sequence GT3 sequence predomln_antely
targed in GT

1to 20 MSTNPKPQRK TKRNTNRRPQ MSTLPKPQRK TKRNTIRRPQ 1

31 to 50 VGGVYLLPRR GPRLGVRATR VGGVYVLPRR GPRLGVRATR 1

41 to 60 GPRLGVRATR KTSERSQPRG GPRLGVRATR KTSERSQPRG 1

61 to 80 RRQPIPKVRR PEGRTWAQPG RRQPIPKARR SEGRSWAQPG land 3

141 to 160 GAPLGGAARA LAHGVRVLED GAPVGGVARA LAHGVRALED 3

Sequence variations of HCV screening peptide sets for genotype 1 (used in Fleming et
al. 2010) and GT3 (consensus sequence) are depicted. Peptides dominantly targeted in
HCV gt3 infection are underlined. Sequence variation between HCV gtl and gt3
peptides is marked in bold.

Of note, sites of inter- and intra-genotypic sequence variation were different at the
frequently targeted gt3 peptide core 66-83 (PKARRSEGRSWAQPGYPW Vs.
PKARRSEGRSWAQPGYPW), whereas sites of variation within HCV gt3 and between
HCV gtl and gt3 were identical at HCV gt3 peptide core 143-158
(PVGGVARALAHGVRAL).
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4.4.4 Cross-reactivity of CD4+ T cells targeting HCV gt3 core peptides
against HCV gtl sequence variants

To assess whether CD4+ T cells primed in HCV gt3 infection targeting frequently
detected HCV core T cell targets also target circulating HCV gtl viral variants, T cell
cross-reactivity against identified HCV gt3 and gtl sequence variants was assessed by
IFNy ELISpot assays.

In HCV gt3 patients responding to the individual peptide core 66-83
(PKARRSEGRSWAQPGYPW, gt3) in IFNy ELISpot assays, reduced T cell responses
were observed when stimulating with the gtl variants PKARRPEGRTWAQPGYPW and
PKARRPEGRAWAQPGYPW (Figure 4-6 A). Likewise, in patients targeting dominant T
cell target core 143-158 (PVGGVARALAHGVRAL), a significantly reduced T cell
response against the gtl peptide variant (PLGGAARALAHGVRVL) was detected in

IFNy ELISpot assays (Figure 4-6B).

Figure 4-6: Experimental cross-reactivity against HCV gt3 and gtl sequence
variants at dominant CD4+ restricted HCV core T cell targets.
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T cell cross-reactivity of HCV gt3 specific responses at peptides (A) core 66-83 and
(B) core 143-158 to HCV gtl variants PKARRSEGRSWAQPGYPW (gtl: P, T/A) and

PVGGVARALAHGVRAL (gtl:L,A,V) measured by ELISpot assay in HCV gt3
infected patients. Mean with SEM are shown. Paired t tests were performed.
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4.4.5 Cytokine profile of core specific CD4+ responses

4.4.5.1 Ex-vivo ICS responses — cytokine profile

Next, I analysed the functional profile of dominant core specific CD4+ responses in
HCV gt3 infection, with the aim of further defining the role of these responses in
HCYV infection.

First, T cell responses were verified using IFNy ELISpot assays and ex vivo
intracellular cytokine staining (ICS) (Figure 4-7 A and B). Next, the proliferation
capacity of HCV gt3 core specific T cell responses was assessed using °H
incorporation assays as described previously (Missale et al. 1996) (Figure 4-7 C).
Core specific responses showed only low proliferation capacity in comparison with

CMYV specific responses and the positive control concavidinA (n=12).

Figure 4-7: Verification of HCV gt3a specific core responses.
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(A) Representative IFNy EliSpot responses to background DMSO, core and single
peptide core 143-158. (B) Core responses are detectable in ICS assays ex vivo in
chronic patients (gating: single live cells, CD3+, CD4+). (C) Proliferation capacity of
core specific responses in thymidine proliferation assays (background corrected data;
positive controls CMV and concavidinA (CA) are depicted).

Subsequently, the functionality of the antiviral response was analysed using ICS for

IFN-y, TNFa (tumor necrosis factor—a), and IL-2 (interleukin-2). The cytokine profile
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of core specific HCV genotype 3a responses was assessed in 22 chronically infected

patients with confirmed ELISpot responses to core (Figure 4-8).

Figure 4-8: Cytokine profile of core specific HCV gt3a responses.
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(A) Cytokine profiles of core specific responses determined by intracellular staining
after stimulation with core peptide pools overnight. (D) Polyfunctionality of HCV gt3
core specific responses assessed by ICS; the percentage of cells producing IFNy,
TNFa and IL-2 or combinations of cytokines is shown (background subtracted data).
Mean with SEM is depicted. p<0.0001****; p<0.001***; p< 0.01**

PBMC were stimulated overnight with core peptide pools and to peptide
PVGGVARALAHGVRAL (AA position 143-158) in patients where a response to the
single peptide was mapped. Intracellular staining assays were performed and cytokine
secretion assessed using flow cytometry. After stimulation with core, T cells secreted
significant amounts of IFNy, TNFa and IL-2 in comparison to un-stimulated cells
(Figure 4-8 A). Polyfunctionality of cytokine producing T cells was calculated
(SPICE software, (Roederer et al. 2011); the majority of core specific T cells are
monofunctional producing only one single cytokine, with TNFa being most abundant,
followed by IL-2 and IFNy (Figure 4-8 B). Analysed patients with a confirmed
response to peptide core 143-158 (PVGGVARALAHGVRAL) showed a comparative

phenotypical profile to core specific CD4+ T cell responses in ICS assays.
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4.4.5.2 Short-term incubation of core specific CD4+ T cells at high cell
concentrations to assessed cytokine production

HCV gt3 specific CD4+ T cell responses in chronic infection were often difficult to
detect. Even in ELISpot assays, a very sensitive method, most responses range at the
detection threshold, making the detection of responses and the mapping to single
peptides challenging. Therefore, T cell responses to frequently detected HCV gt3 core
peptides were often not detectable in ICS assays, a technique that was used for
phenotypic characterization without a tetramer available to specifically mark and
enrich cells at low frequency.

In a recent publication, it has been shown that pre-incubation of PBMC at high (over
1x10°cells/ml), but not at low concentrations increased the amount of cytokines
released upon stimulation (Romer et al. 2011). The discovery was related to a clinical
trial, where human volunteers received TGNI1412, a humanized CD28-specific
monoclonal antibody, and subsequently experienced a life-threatening cytokine
release syndrome (Suntharalingam et al. 2006). Preclinical tests using human PBMCs
had failed to announce the rapid release of toxic cytokines in response to this CD28
agonist (C.-H. Lin & Hiinig 2003; Beyersdorf et al. 2008; Eastwood et al. 2010).
However, a coincidental discovery led to a surprising observations: when cells were
pre-incubated at cell high densities for 48 hours before performing the experiments,
high cytokine releases were detected. This increase in reactivity is thought to be
mediated through increased cell-cell contact, with T cells acquiring tissue-like
properties during high-density culture. Moreover, other reports demonstrated a change
of functional signatures in antigen specific T cell responses after overnight resting of
PBMC (Kutscher et al. 2013)

Based on this evidence, high-density pre-culture at high cell concentrations was tested
in HCV gt3 patients with a confirmed core specific T cell response, before assessing
CD4+ T cells in ICS assays. T cells were incubated with HCV core peptides either ex
vivo, or after pre-incubation at high cell concentrations. Representative FACS plots of
HCV gt3 specific responses against gt3 core peptides ex vivo and after short-term

incubation at high densities are shown in Figure 4-9.
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Figure 4-9: Representative FACS plots for T cell responses ex-vivo and after
short-term incubation.
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Representative FACS plots of increased cytokine production after short term pre-
incubation at high cell concentration detected by ICS assays in chronic patient 227,
showing CD4+ PBMC after intracellular staining ex vivo (A) and high density pre-
incubation (B).

A significant increase of cytokine release in HCV gt3a core peptide stimulated
samples after pre-incubation of T cells compared to ex vivo samples was observed
(Figure 4-10). Background cytokine production was increased in samples after pre-
incubation. However, when comparing IFNy, TNFa and IL-2 release after
background subtraction for T cell responses ex vivo and after high concentration pre-
incubation, a significant increase in cytokine production was observed for TNFa and
IL-2 in pre-incubated samples (Figure 4-10). The increase in cytokine production
after pre-incubation at high cell concentrations was CD4+ specific; no equivalent
effect was observed when testing HCV CD8+ T cells (data not shown).

To assess whether core specific T cells after pre-incubation at high concentrations
alter their phenotypic profile, polyfunctionality of CD4+ core specific T cells ex vivo
and after pre-incubation was assessed. T cell responses were evaluated after
stimulation with HCV gt3a core peptide pools and frequently detected peptide core
143-158 in patients responding core or the peptide in IFNy ELISpot assays. No
alteration in T cell polyfunctionality was observed after pre-incubation of T cells,
with core specific T cells producing only single cytokines (mainly TNFo and IL-2) ex

vivo and after pre-incubation (Figure 4-11).
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Figure 4-10: Cytokine release of core specific T cells after short-term incubation.
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T cell responses ex vivo (left) and after short-term pre-incubation at high cell
concentrations (middle) are depicted, measured by ICS in chronically infected HCV
gt3 patients after stimulation with core peptides. (right) T cell responses after
background subtraction. The percentage of IFNy (top), TNFa (middle) and IL-2
(bottom) producing cells is depicted. Mean with SEM is depicted. p<0.0001****;
p<0.001***; p< 0.01**; p< 0.05*

Figure 4-11: Comparison of polyfunctionality of HCV gt3 core specific T cells
after short-term incubation.
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Cytokine profile of core and core 143-158 (PVGGVARALAHGVRAL) specific
responses assessed ex vivo and after short-term incubation at high cell concentrations
by ICS assays in chronically HCV gt3 infected patients.
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Further work on dominant low level core specific CD4+ epitopes may be facilitated
by the use of MHC class-II tetramers and include the assessment of cytokines and
phenotypic markers related to regulatory and memory T cells. However, when
analysing the class-II HLA types in patients targeting dominant CD4+ epitopes, no
common HLA types were observed (data not shown), most likely due to the
promiscuous nature of peptide binding properties of MHC class-II complexes with an

identical peptide presented by distinct MHC class-II types.

In summary, sequence polymorphisms were rarely observed at two CD4+ T cell
targets frequently detected in the HCV gt3 core region. However, even though HCV
core is a comparably conserved viral region within the HCV genome, major
differences in T cell specificity were observed between HCV genotypes 3 and 1. In
addition, T cell responses primed in natural HCV gt3 infection showed limited cross-

reactivity against HCV gt3 and gtl sequence variants in IFNy ELISpot assays.
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4.5 Frequently detected CD8+ restricted T cell responses

targeting HCV genotype 3 non-structural regions

Of seven frequently detected T cell targets defined in this study, five were CD8+
restricted and targeted HCV non-structural viral proteins (Table 4-3).

Table 4-3: Frequently detected CD8+ restricted T cell targets in HCV gt3 non-
structural regions.

Frequently detected HCV gt3 specific T cell responses Patients responding
Viral AA Sequence HLA | Pept. | Abbrev. |S | C | A Total
region | position set
NS2 886-896 LLYPSLIFDI A02 HLA | NS2g 2 1AC 3
LYPSLIFDI A24 3 IAC 4
NS3 1443-1451 | ATDALMIGY * A01 HLA | NS3,443 3 | 1TxS 4
1520-1537 g;ingDSVVLCECYDAGC OPs NS3is20 2 |12 14
NS4b 1853-1862 | RVLLDILAGY A26 HLA | NS4b,gs; 3 | ITxS 5
ISR
NSSa 2126-2141 | AEFFTEVDGVRLHRYA OPS | NSSapip6 | 2 2TxS 4

CD8+ T cell responses frequently detected in HCV gt3 infection are depicted. For
each targeted individual peptide, the amino acid (AA) position, peptide sequence,
restricting HLA type and detecting peptide sets are specified. The number of patients
responding to the peptide and their status of infection (T: total, C: chronic, A: acute
[AC: acute proceeding to chronic, TxS: treated achieving SVR, SR spontaneously
resolved], S: spontaneously resolved) is detailed. An epitope previously described in
HCV gtl infection is marked with a star.

Using HLA predicted peptides, three dominant CD8+ restricted T cell responses to
HCV gt3 non-structural regions were identified (Table 4-3). Responses were located
in the HCV viral regions NS2, NS3 and NS4b, were restricted by HLA type
A*02/A*24, A*01 and A*26 and recognized by 3 (A*02)/ 4 (A*24), 3 (A*01) and 5
(A*26) HCV gt3a patients, respectively. The majority of patients recognizing HLA
predicted peptides were chronically infected individuals.

Using overlapping peptides, two dominant T cell targets were defined in the Oxford
HCV gt3 cohort (Table 4-3). The response to the HCV NS3 peptide
RPSGMFDSVVLCECYDAGCSWYDL was mainly observed in chronically infected
patients, and found in 14 out of 29 (48%) mapped responses to the HCV NS3 region
(for details, see 3.8.2 Individual peptides targeted by T cells in HCV gt3 infection,
page 113). Of 14 patients targeting this individual peptide, two patients spontaneously
resolved infection, whereas 12 were chronically infected. A second T cell target
located in the NS5a region (AEFFTEVDGVRLHRYA) was detected in two

spontaneously resolved patients and two acutely infected patients who cleared the
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infection under therapy. Both CD8+ restricted responses detected by overlapping
peptides were of particular interest, since they were detected in patients spontaneously
clearing HCV infection and therefore may serve as an interesting vaccine target,
possibly in combination with other epitopes.

Similarly to the analysis of HCV gt3 core specific CD4+ responses, sequence
polymorphisms at dominant CD8+ restricted T cell targets were analysed, both within
HCV genotype 3 and across HCV genotypes. This was followed by an experimental
assessment of T cell cross-reactivity against identified sequence variants in IFNy
ELISpot assays. Subsequently, T cell phenotype and function of CD8+ restricted T
cell responses was evaluated.

Abbreviations as stated in Table 4-3 will be used interchangeably with peptide
sequences: LLYPSLIFDI (NS2gss), ATDALMTGY (NS3j443) and RVLLDILAGY
(NS4b;ss3) for T cell targets detected by HLA predicted peptides, and
RPSGMFDSVVLCECYDAGCSWYDL  (NS3is5) and  AEFFTEVDGVRLHRYA

(NS5a,126) for T cell targets detected by overlapping peptides.
4.5.1 Sequence variability at dominant CD8+ restricted T cell targets

4.5.1.1 HCV gt3 sequence variability at dominant CD8+ T cell targets on
population level

Initially, sequences of CD8+ T cell targets frequently detected in HCV gt3 infection
were evaluated at population level. For this analysis, HCV gt3 sequences for regions
containing dominantly frequently targeted peptides were obtained from the Los
Alamos sequence depository and sequence heterogeneity was calculated using the
Shannon entropy calculation (see 2.2.8, page 71) (Figure 4-12). Variability was
assessed by comparing the mean entropy at each T cell target to mean entropy score
of the analysed HCV region (NS2, NS3, NS4b and NS5, respectively), and
subsequently defining the T cell target as *“ conserved” or “variable”.

High sequence heterogeneity was observed at three dominant epitopes detected by
HLA predicted peptides. For epitope NS2sg6 restricted by HLA types A*02 and A*24
((L) LYPSLIFDI, Figure 4-12 A), two dominant sequence polymorphisms were
noted on population level: at position 3, amino acid tyrosine was replaced with
histidine (Y->H), and at position 7, isoleucine was replaced with valine (I=>V). With

the amino acid substitution at position 3, binding properties are expected to change
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considerably from a hydrophobic (Y) to a positively charged side chain. This
polymorphism was also linked to HLA types A*02 and A*24 in the original
publication linked HCV gt3 polymorphisms to HLA types (Rauch et al. 2009).

Figure 4-12: Sequence heterogeneity on population level at frequently detected
CD8+ restricted T cell targets within HCV non-structural regions.

NS2

A (L) LYPSLIFDI
n=371
0.4
3
2 o3
]
5
2 02
2
c
2 o1
’ |
O.O\M !l.] J. NI
0 50 100 150 200
amino acid alignment position
NS3 ADTAMTGY RPSGMFDSVVLCECYDAGCSWYFL
B n=266
0.4 [
3
2 o3
]
5
2 o2
o
c
c
g o041
»
0.0 ' Lok sa
200 400 | | 600
amino acid alignment position
C NS4b RVLLDILAGY
n=117
0.4
8
2 03
e
5
2 02
o
c
c
FR]
’ 'K
0.0
0 100 200
amino acid alignment position
NS5a AEFFTEVDGVRLHRYA
D n=743
0.4
3
2 o3
]
5
2 o2
o
c
c
& 01
7]
0.0
0 100 200 300 400

amino acid alignment position

The sequence heterogeneity (Shannon entropy) is depicted for HCV viral regions
where dominant CD8+ restricted epitopes were detected. Shannon entropy calculated
for all HCV gt3 sequences available on the Los Alamos sequence depository for the
according region: (A) NS2, (B) NS3, (C) NS4b and (D) NS5a. In each panel, the
number of analysed sequences is depicted. Frequently detected T cell targets are
marked with a box, with the sequence of each targeted peptide given.
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At epitope NS31443 (ATDALMTGY), a single polymorphisms at position 9 in the
otherwise conserved A*01 restricted epitope was observed, both within the Oxford
gt3 cohort (data not shown) and on population level (Figure 4-12 B). Epitope
ATDALMTGY is a well-known epitope in HCV gtl and gt3 infection (A. L. Cox,
Mosbruger, Lauer, et al. 2005; Neumann-Haefelin et al. 2008; Giugliano et al. 2009;
Barnes et al. 2012). The sequence polymorphisms at position 9 (F) has been
previously identified as immune mediated escape and emerges as consensus
(negatope), consistent with the fact that HLA-A*0101 is a relatively high-frequency
HLA allele (Neumann-Haefelin et al. 2008). This suggests that the escape mutation is
of similar or improved replicative capacity in comparison to the wild type. In this
cohort, a response to the variant sequence ATDALMTGF has been detected in all
three chronically HCV gt3 infected patients mounting a response to the wild type (see
Figure 3-14, page 106).

At epitope NS4b;ss3 (RVLLDILAGY) (Figure 4-12 C), a common amino acid
substitution from arginine to lysine [R—>K] at position 1 was observed, a
polymorphism previously linked to HLA type A*26 (Rauch et al. 2009).

Two CD8+ restricted T cell responses were frequently detected using overlapping
peptide pools. Comparably low sequence heterogeneity was observed at targeted
peptide NS3sy9 (Figure 4-12 B). However, an accumulation of non-synonymous
changes was observed on base pair level in the Oxford cohort (Supplementary Figure
8-3 A, page 290); however, these changes were not reflected on amino acid level,
suggesting either functional or structural constraints at this epitope (Supplementary
Figure 8-3 B, page 290). When analysing the second T cell target frequently detected
by overlapping peptides, NS5ayi26, sequence heterogeneity assessed by Shannon
entropy showed two common polymorphisms within HCV gt3 at position 1 and 13
(AEFFTEVDGVRLHRYA/P, I) (Figure 4-12 D).

Overall, sequence polymorphisms were commonly observed at three epitopes
frequently detected using the HLA predicted peptide set and at T cell target NS5ax;26
identified using overlapping peptide pools, whereas T cell target NS3;s5 was
comparably conserved within HCV gt3. Since the HLA predicted peptide screening
set was derived from sequence polymorphisms associated with HLA types (Rauch et
al. 2009), common polymorphisms were to be expected at these epitopes within the

Oxford HCV gt3 cohort.
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4.5.1.2 Sequence variability at CD8+ T cell targets frequently detected within
the Oxford HCV gt3 cohort, in context of T cell responses detected by
IFNy ELISpot and patients’ HLA type
Subsequently, sequence polymorphisms at CD8+ epitopes frequently detected were
evaluated within the Oxford HCV gt3 cohort (Figure 4-13 to Figure 4-16). Sequence
information was obtained using capillary Sanger sequencing, and analysed regarding
detected T cell responses in IFNy ELISpot assays and patients’ HLA type.
I initially compared whether sequence variants were more common in patients
mounting an IFNy ELISpot response than in those not responding to the peptide of
interest (left side of Figure 4-13 to Figure 4-15). For epitopes detected by HLA
predicted peptides, I subsequently assessed whether sequence variants were more
common in patients with the restricting HLA type than in patients with other HLA
types (right side of Figure 4-13 to Figure 4-15)
Epitope NS2g36 ( (L) LYPSLIFDI) was detected in five patients and restricted by
HLA types A*02 and A*24. Of 42 HLA A*02 positive patients tested in IFNy
ELISpot assays, a positive T cell response was detected in three patients (7%) (Figure
4-13, left panel). In comparison, NS2g3s was more commonly targeted in A*24
positive patients; IFNy secretion was detected in four out of ten A*26 positive
patients (40%). In patients with confirmed T cell response, polymorphisms within the
targeted epitope were observed in two out of five sequenced patients (40%).
Next, sequence polymorphisms were additionally analysed regarding patients’ HLA
types (Figure 4-13, right panel). Polymorphisms did not seem to cluster in A*02 and
A*24 positive patients. In 12.5% (2/16) of A*02 positive patients polymorphisms
were observed, compared to 33% (6/18) A*02 negative patients (p=0.2327, Fisher’s
exact). When comparing A*24 positive to A*24 negative patients, a higher percentage
of A*24 positive individuals had sequence polymorphisms (3/7; 43%) compared to
18.5% (5/27) of A*24 negative individuals, however, this difference was not
statistically significant (p=0.3153, Fisher’s exact).
Within the Oxford gt3 cohort, only a single patient showed the escape mutation
commonly observed at population level and linked to HLA A*02 and A*24
((L) LYPSLIFDI/H), however, this patients was A*02/A*24 negative and therefore
not tested for the HLA predicted peptide. A mutation at position 7, that was common

at population level (I=>V), was observed in four patients in the Oxford cohort, but did
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not seem to be more common in patients with HLA types A*02 and A*24, suggesting
that this mutation is not caused by HLA restricted immune pressure.

Figure 4-13: Sequence information at dominant epitope NS2ggs (L) LYPSLIFDI
in HCV gt3 patients with and without a T cell response.

EliSpot results Patient HLA types
A02+ A24+ A02+ A24+ A02/A24-
responders responders LLYPSLIFDI LLYPSLIFDI LLYPSLIFDI
B ------ V-EV B - V-EV 110
LLYPSLIFDI LYPSLIFDI 101 115
6-23 ------ V-EV 6=23 ----- V-EV 104 129
101 ———mmmmm oo 101 ——mmmmm oo 110 143
299 ————mmmo 219 —-m—mmoe - 140 229
362 --S--—---- 219 235
362 236
237
non-responders non-responders 275
102 —mmmmmmmem 104 ——m—mmmem A24- 288
1 . 140 —--—- Ve 294

457 Not seq
10256 Not seq
223
227
234
259
274
278
103
114
216
226
246
285
394
416
422
428
436
437
457
582
720
771
787
900
982
7-42 Not seq
50017Not seq
70230Not seq
7-41 Not seq
6-23 Not seq
6-56 Not seq
7-75 Not seq
7-06 Not seq

In depth analysis of sequences at epitope NS2sgs (L) LYPSLIFDI. Left: ELISpot
responses to NS2gss were detected in 3/42 A*02 and 4/10 A*24 positive patients.
Patients responding to NS2gss in IFNy ELISpot assays are marked in grey. Right:
Patient sequences were grouped after patient HLA types A*02 and A*24. Not seq:
sequence not determined.

T cell responses against epitope NS3443 (ATDALMTGY) were detected in 4 out of 26
HLA A*01 positive patients tested in IFNy ELISpot assays (15%) (Figure 4-14, left).
Common sequence polymorphisms at position 9 were observed in both patients with
and without a detected T cell response. The sequence polymorphisms at position 9
(Y=> F) has been previously identified as immune mediated escape in chronically
HCV gtl infected patients (Neumann-Haefelin et al. 2008). Of patients with a
detected T cell response in IFNy ELISpot assays, three chronic patients carried the
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escape version ATDALMTGF, whereas the acutely infected patient 822 did not carry
the escape variant at the first analysed time point.

When analysing sequence polymorphisms in HLA A*01 positive and negative
patients across the Oxford gt3 cohort, immune mediated escape was more common in
A*01 positive patients (9/11, 82%) than in HLA A*01 negative patients (23/34, 68%),
however, this difference was not statistically significant (p=0.4666, Fisher’s exact,
Figure 4-14, right panel).

Figure 4-14: Sequence information at dominant epitope NS3,443 ATDALMTGY/F
(A*01) in HCV gt3 patients with and without a T cell response.
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In depth analysis of sequences at epitope NS3i443 ATDALMTGY/F. Left: ELISpot

responses to NS3443 were detected in 4/26 A*01 positive patients. Patients
responding to NS3;443 in IFNy ELISpot assays are marked in grey. Right: Patient
sequences were grouped after patients’ HLA type A*0l. Not seq: sequence
information not determined.

T cell responses against NS4b epitope RVLLDILAGY were detected in five out of
eight HLA A*26 positive patients tested in IFNy ELISpot assays (62.5%) (Figure
4-15, left). When comparing sequence variants in HLA A*26 positive patients versus

HLA A*26 negative patients across the Oxford HCV gt3 cohort (Figure 4-15, right
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panel), a significant accumulation of polymorphisms in HLA A*26 positive patients
was observed (p=0.0166, Fisher’s exact), with sequence variation observed in all
A*26 positive patients (4/4/, 100%), compared to 6/21 (29%) of A*26 negative
patients. The most common amino acid substitution observed was a R-2>K
substitution at position 1, which was also commonly seen on population level, and
initially linked to HLA type A26 in Rauch et al.’s study (Rauch et al. 2009).

Figure 4-15: Sequence information at dominant epitope NS4bgs3 RVLLDILAGY
(A*26) in HCV gt3 patients with and without a T cell response.

ELISpot results Patient HLA types

A26+ A26+ A26-
responders 6-56 K-——-————- 102 —————————-
110 K--————--- 128 —————mm———
RVLLDILAGY 115 Kemm—mm—mm 129 Kem—m———mm
6-56 K----————- 288 ——-I--———- 135 —————m————
110 Koo 140 -—-———————-
50017 not seq 147 —————————-
332 not seq 219 e
437 not seq 227 —-—-I-V———-
229 K-——--———-
non-responders 234 K----—-—--
235 ———mmm————
115 Koo 259 K-—=—--———-
288 e e not typed 274~
236 not seq 275 @ ————————
099 K--—---———- 278 ———mmm————
230 ———-mm———- 294 e
237 ——mmm————— 297 ——mmmm————
290 K-———-———- 298 ———mmm————
331 - 299 -
387 ————mm - 301 K-—---———-
362 ——————————

In depth analysis of sequences at epitope NS4b;ss3 RVLLDILAGY. Left: ELISpot
responses to NS4b;ss; were detected in 5/8 tested A*26 positive patients. Patients
responding to NS4b;ss; in IFNy ELISpot assays are marked in grey. Right: Patient
sequences were grouped after patients’ HLA type A*26. not seq: sequence not
determined.

In summary, sequence polymorphisms at dominant epitopes detected by HLA
predicted peptides were common. Sequence polymorphisms clustered in patients
carrying the associated HLA type at epitopes NS4b;gs; and NS3443. For targeted
epitope NS2gs6, polymorphisms did not seem to cluster in patients carrying HLA
types A*02 and A*24 that were associated with sequence polymorphisms in the
original HCV gt3 cohort (Rauch et al. 2009). However, it is possible that
polymorphisms were missed due to an insufficient number of sequences obtained; a
clearer picture might have been achieved with a fully sequenced cohort. The

percentage of HLA positive patients mounting detectable T cell responses to the
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according epitope was variable: the majority of A*26 positive patients recognized
peptide NS4b,ss3 (62.5%), whereas 15% of A*01 positive patients recognized epitope
NS31443, and 40% of A*24 but only 7% of A*02 positive patients mounted a T cell
response to epitope NS2gg6, respectively. T cell responses may have been missed in
other patients positive for the restricting HLA type, since responses in chronically

infected patients are typically very low and may have been below detection threshold.

Next, sequence polymorphisms at CD8+ T cell targets frequently detected by
overlapping peptides were evaluated (NS3s20 (RPSGMFDSVVLCECYDAGCSWYDL)
and NS5a,156 (AEFFTEVDGVRLHRYA)) (Figure 4-16).

Sequences of T cell target NS3s,0 were obtained in 43 patients (chronic n=36, acute
n=7, Figure 4-16 A). Only rare sequence polymorphisms were observed, which did
not accumulate in patients with a detectable IFNy ELISpot to this epitope (1/7
(14.3%) vs 4/43 (9.3%), p=0.5591, Fisher’s exact).

Unfortunately, it was not possible to obtain any sequences of patients who responded
to peptide NS5ay126 in [FNy ELISpot assays: two responders were spontaneously
resolved patients without detectable RNA, and sequencing was not possible in two
acutely infected patients clearing the infection under treatment. In the remaining
patients without a detectable IFNy ELISpot response, polymorphisms were common
at positions 1 (alanine—> proline) and 13 (leucine to isoleucine) (Figure 4-16), both

also observed on population level (Figure 4-12, page 171).

Overall, sequence polymorphisms within HCV gt3 were commonly observed at most
frequently detected CD8+ T cell targets. This data suggests that sequence variation at
frequently detected T cell targets is structurally and functionally tolerated and

therefore circulate within the infected host.
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Figure 4-16: Sequence information at frequently detected T cell targets NS3is29
(RPSGMFDSVVLCECYDAGCSWYDL) and NS5azz¢ (AEFFTEVDGVRLHRYA) in
HCYV gt3 patients with and without a T cell response.
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4.5.1.3 Sequence variability between HCV gt3 and gtl at CD8+ T cell targets
frequently detected in HCV gt3 infection

To exploit the potential usage of CD8+ T cell targets frequently detected in HCV gt3
infection for cross-genotypic vaccine design, sequence variability between HCV
genotype 1 and 3 was assessed (Figure 4-17). Sequences for HCV gtla, gtlb and gt3a
sequences were obtained from the Los Alamos sequence database, with additional in-
house sequences for HCV gt3a.

For epitope NS2gs¢ (L) LYPSLIFDI (Figure 4-17 A), major sequence variation
within and between genotypes was observed, suggesting that this epitopes is indeed a
HCV gt3 specific epitope. Epitope NS4b;gs; RVLLDILAGY (Figure 4-17 C) is
variable between genotypes, but more conserved within subtypes la and 1b in
comparison to the highly variable epitope NS2gss. In contrast, epitope NS3j4s3
ATDAMTGY was highly conserved between HCV genotypes 1 and 3, with an identical
escape variant in both genotypes (ATDAMTGY/F) that was previously linked to
immune pressure (Figure 4-17 B) (Neumann-Haefelin et al. 2008).

At T cell target NS3i550 (RPSGMFDSVVLCECYDAGCSWYDL, Figure 4-17 D),
sequence polymorphisms between HCV gtl and gt3 were observed at three amino
acid positions: at position 9 (S>V/A), position 20 (A->S) and position 23
(E=>D/S/E) (Figure 4-17 D). However, NS3s50 was highly conserved within HCV
genotypes 1 and 3. In contrast, significant variability within and between HCV
genotypes la, 1b and 3a was observed at T cell target NS5az
(AEFFTEVDGVRLHRYA, Figure 4-17 E). Of note, the common HCV gtlb sequence
variant PEFFTEVDGVRLHRYA was also observed in several HCV gt3 infected
patients.

In summary, CD8+ T cell targets frequently detected in HCV gt3 infection were not
conserved between HCV genotypes 1 and 3.
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Figure 4-17: Comparison of HCV gtl and gt3 sequences at frequently detected
HCYV gt3 specific CD8+ T cell targets.
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Comparison of HCV gt3 and gtl sequence at CD8+ T cell targets frequently targeted
in HCV gt3 infection. Epitopes were detected by HLA predicted peptides (A-C) and
overlapping peptides (D, E) in IFNy ELISpot assays. The percentage of sequences
with a certain variant is shown at (A) NS2gss, (B) NS31443, (C) NS4b;ss3, (D) NS3 520
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4.5.2 Cross-reactivity of T cell responses primed in HCV genotype 3
infection against common viral variants

To exploit the potential use of HCV gt3 specific CD8+ T cell targets in cross-reactive

immunogen design, T cell cross-reactivity against identified HCV gt3 and gtl viral

variants was assessed in IFNy ELISpot assays.

Cross-reactivity of T cells specific for frequently detected HCV gt3 T cell targets

against common HCV gt3 sequence variants

Initially, the impact of identified HCV gt3 variants on T cell cross-reactivity was
evaluated at three T cell targets detected by HLA predicted peptides and one detected
by overlapping peptides (Figure 4-18). At epitopes frequently detected by HLA
predicted peptides, reduced T cell responses were observed to the gt3 variant peptide
in comparison to cytokine release when stimulated with the wild type peptide (Figure
4-18 A-C). Reduced, but not abrogated cross-reactivity was observed against
identified gt3 sequence variants at peptide NS5a,126 ((Figure 4-18 D).

Figure 4-18: T cell cross-reactivity against HCV gt3 variants at CD8+ T cell
targets frequently detected in HCV gt3 infection.
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T cell cross-reactivity against common HCV gt3 sequence variants at HCV gt3 CD8+
T cell targets frequently detected with HLA predicted peptides (A) NS2gs6, (B)
NS31443, (C) NS4byss3, and overlapping peptides (D) NS5a,126, assessed by ELISpot
assays. Reduced IFNy secretion was observed against variant peptides in all cases, but
only reaching statistical significance at epitope NS2ggs (paired T test). Mean with
SEM is depicted. Data displayed in panels A-C was also used in Figure 3-14, p 104.

181




Chapter 4

Cross-reactivity of T cells specific for frequently detected HCV gt3 T cell targets

against common HCV gtl sequence variants

Next, T cell cross-reactivity against common HCV gtl variants was assessed at CD8+
T cell targets frequently detected in HCV gt3 infection (Figure 4-18). Limited T cell
cross-reactivity was observed against identified HCV gtl variants at
epitopes (L) LYPSLIFDI and RVLLDILAGY (Figure 4-19 A, B). HCV gtl variants
at epitope ATDAMTGY did not differ from previously observed variants within HCV
gt3 (ATDAMTGY/F), where reduced IFNy production has been observed in ELISpot
assays when stimulated with variant ATDAMTGF (see Figure 4-18, page 181).

At two CD8+ T cell targets detected by overlapping peptides, limited cross-reactivity
of T cells primed in HCV gt3 infection was observed against HCV gtl variants
(Figure 4-19 C, D). The HCV gtl sequence variant of peptide NS3;s50 was not
recognized by T cells primed in HCV gt3 infection (Figure 4-19 C). At peptide
NSS5azi26, some T cell cross-reactivity was observed against the tested HCV gtlb

variant (PEFFTEVDGVRLHRYA), which was also detected in HCV gt3 infection;
however, IFNy release was abrogated when stimulating with the identified gtlb

variant (Figure 4-19 D).

Overall, limited cross-reactivity against sequence variants within HCV gt3 and
between HCV genotypes was observed at CD8+ T cell targets frequently detected in
HCV gt3 infection. These results strongly suggest that epitopes frequently detected in
natural HCV gt3 infection may not serve as attractive targets in vaccine design aiming

to induce cross-reactive responses.
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Figure 4-19: T cell cross-reactivity against
frequently detected CD8+ T cell targets.
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T cell cross-reactivity against common HCV gtl sequence variants at HCV gt3 CD8+
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NS4b,ss3, and overlapping peptides (C) NS3 520, (D) NS5a,126, assessed by ELISpot
assays. Reduced IFNy secretion was observed against variant peptides in all cases
(paired T test). Mean with SEM is depicted.
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4.5.3 Function of frequently detected HCV gt3 specific CD8+ T cell

responses

4.5.3.1 Phenotypic analysis of CD8+ responses frequently detected by HLA
predicted peptides

Intracellular staining assays: To assess the phenotype and function of T cell

responses frequently detected using HLA predicted peptides, patient PBMC were

initially assessed using intracellular staining assays (ICS) in 8 patients with cells

available (Figure 4-20). Ex vivo T cell responses using ICS assays after overnight

peptide stimulation were only detected for acutely infected patient 822, with all other

patients showing no or only very weak T cell responses upon peptide stimulation.

Figure 4-20: T cell responses to HLA predicted peptides frequently detected in
IFNy ELISpot assays assessed by intracellular staining assay
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ICS assays of CD8+ restricted T cell responses frequently detected by HLA predicted
peptides. Responses for peptide NS31443 ADTAMTGY were assessed in four patients
(left panel), with responses only seen in patient 822. Responses to NS2gg6
(L)LYPSLIFDI and NS4b,353 RVLLDILAGY were not detected in patients tested.
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The lack of detected responses may be due to lower sensitivity of ICS assays in
comparison to IFNy ELISpot assays. In our experience, CD8+ T cell responses less
than 200 SFU/10° PBMC in ELISpot assays are not detectable by ICS. Indeed, most
of the responses tested (marked with a blue star in Figure 4-21) were low in
magnitude. Of note, patients 822 and 6-56 were the only acutely infected patients that
were tested in ICS assays; none of the chronically infected patients tested exhibited a

high

b

T cell response in ICS assays. T cell responses for acute patient 822 were IFNy

TNFa', Miplb™ and negative for IL-2 (data not shown).

Figure 4-21: Magnitude of T cell responses in IFNy ELISpot to HLA predicted
peptides, which were further tested in ICS assays.
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Magnitude of T cell responses to the consensus and variant sequence at CD8+
epitopes (HLA predicted peptides) frequently detected by IFNy ELISpot assays is
shown. For each response, the responding patient, the epitopes with consensus/variant
sequence and HLA restriction and the according HCV region are shown. Samples
further analysed using ICS are marked with a blue star. * not done. A: acute, C:
chronic, SR: spontaneous resolved.

Taken together, the analysis of T cell responses by conventional intracellular staining
techniques was complicated by the low magnitude of T cell responses in chronically
infected patients, in which exhaustion and T cell dysfunction is common. To enable
further analysis of frequently detected low level T cell responses, the use specific

labelling techniques was required.
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Tetramer staining assays: Next, epitope NS3,43 ADTAMTGY specific T cell
responses were assessed in patients with detected responses in IFNy ELISPot assays
(one acute patient (822) and three chronic patients (7-70, 06P, 416), Figure 4-22). In
acute infection, T cell responses were primed to the wild type sequence ADTAMTGY,
with no detectable response to the escape variant ADTAMTGF (Figure 4-22 A).
Detected tetramer positive cells reflected the magnitude of T cell responses seen in
ELISpot assays (Figure 4-22 B). Epitope NS3,443 specific T cell responses decreased
during treatment in the acute phase, a phenomenon previously described in chronic
HCV infection (Golden-Mason et al. 2007; V. Kasprowicz et al. 2008; R. H.
McMahan et al. 2010). Before treatment, HCV specific T cells were high in PD-1, a
marker reflecting cell activation that has also been linked to exhaustion (Golden-
Mason et al. 2007; V. Kasprowicz et al. 2008; McMahan et al. 2010), and also
displayed high amounts of Granzyme A, a cytokine commonly expressed in memory
cells. Intriguingly, Granzyme B expression, dependent on recent activation and
associated with cytotoxic activity in the literature (Harari et al. 2009), was detected in
only 30% of epitope specific T cells in acute infection. Epitope specific cells also
showed low expression of activation markers HLA-DR and CD38, and of the
cytotoxic cytokine Perforin. The percentage of cells expressing memory markers like
CCR7 and CD127 increased over time during treatment in acute infection (Figure
4-22 C), as well as CD45RA expression (a marker of antigen exposure and expressed
on terminally differentiated CD8+ T cells).

Epitope NS3,443 specific cells in chronically infected patients displayed a similar
phenotypes (Figure 4-22 D), with only few cells expressing activation markers like
CD38 and HLA-DR, about 10% to 40% of cells expressing the differentiation marker
CD45RA and cytotoxic cytokines like Perforin and Granzyme B, whereas high
percentages of tetramer specific cells were positive for Granzyme A and PD-1. For
details on analysed phenotypic markers refer to Methods, Table 2-3, page 75.

Overall, the T cell responses detected in ELISpot assays to HLA predicted peptides
were low in magnitude, complicating phenotypic analysis by intracellular staining
assays. Tetramers were used to further analyse low-level responses: NS3443 specific T
cells in acute infection displayed low expression of activation markers and cytotoxic
cytokines, with similar phenotypic profiles observed at HCV epitope specific cells in

chronic infection.
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Figure 4-22: Phenotypic profile of ADTAMTGY in acute and chronic HCV gt3
infection.
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Phenotypic analysis of HCV gt3a specific T cell responses towards epitope NS3 ;443
ADTALMTGY in acute and chronic infection. (A) In acute infection (pt 822), a
strong T cell response was detected in IFNy ELISpot assays to the priming epitope
(ADTAMTGY), but none to the escape variant (ADTAMTGF). The response
decreased during treatment (black line). Responses to non-HCV responses CD8+
restricted (FEC: flu, EBV, CMV) and CD4+ restricted epitopes (CMV) are depicted.
(B) Percentage of tetramer+ cells. (C) Phenotype of virus specific, shown as % of
tetramer+ cells expressing different cytokines. (D) Phenotypic profile of tetramer+
cells in chronic infection does not vary from phenotype detected in acute infection.
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4.5.3.2 Phenotypic characterization of a CD8+ restricted T cell response
frequently detected using overlapping peptides

The T cell response to T cell target NS3550 RPSGMFDSVVLCECYDAGCSWYDL was
particularly frequent response in the Oxford gt3 cohort, detected in 12 chronically
infected patients as well as in two individuals spontaneously resolving HCV infection.
I aimed to assess whether T cell phenotype and function at this T cell target is distinct
in spontaneously resolved and chronically infected individuals.

ICS responses ex vivo T cell lines: Initially, NS3,s,9 specific T cells were evaluated
using intracellular staining assays (Figure 4-23) in chronically infected individuals. T
cell were incubated with and without peptide NS3;s50 overnight, and cytokine
production was assessed. However, even though strong T cell responses in chronically
infected patients were detected using ELISpot assays (160 and 165 SFU/10°PBMC in
patients 235 and 295, respectively), I was not able to detect this CD8+ response ex
vivo in ICS assays (Figure 4-23, left). However, responses in chronically infected
patients were recovered after stimulation with IL-2 for 2 weeks (Figure 4-23, right).
Ideally, NS35,0 specific T cell phenotypes will be evaluated using tetramers, enabling

a straight forward labelling technique and detection of responses not detectable by

ICS.

Figure 4-23: Responses to peptide NS3is29 were recovered by stimulation with
IL-2.
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Restoration of T cell responses to peptide NS35,9 detected by ICS assay ex vivo (left)
and after incubation of PBMC with IL-2 for 2 weeks (right) in order to generate
peptide specific T cell lines.
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Tetramer development: Since a T cell response to the HCV gt3 specific T cell target
NS3i520 has not been described previously, no tetramer was available on the market. I
therefore aimed to define HLA restriction at this frequently detected peptide, as well
as the optimal binding sequence to enable tetramer production.

To define the restricting HLA type for the epitope contained in peptide NS3s29, HLA
type distributions of responding patients versus non-responding patients in the Oxford
HCV gt3 cohort to peptide NS3is50 were assessed (Figure 4-24). All patients
responding to peptide NS3sy9 carried HLA alleles B*3501 and C*0401, but in one
patient with positive for B*3501 and C*0401 no response was detected. Of note, even
though a significant association between the HLA distribution was observed for HLA
type C*0401 was noted, not all patients who only had the C*0401 allele, but not the
B*3501 allele responded to peptide NS3s20.

Figure 4-24: HLA type distributions in patients with and without T cell response
to peptide NS31520 .

responders i B3501-
non-responders I B3501+

responders C0401-

Fekkk

non-responders I Co0401+

responders B3501/C0401-
non-responders o I B3501/C0401+

0 20 40 60 80 100

Numbers of patients

Numbers of patients responding and not responding to frequently detected peptide
NS3is520 grouped for HLA types B*3501 (top), C*0401 (middle) and B*3501/C*0401
combined (bottom). Significant associations for response/non-response and all HLA
type distributions were observed (Fisher’s exact p<0.0001).

It has been previously described that HLA alleles B*3501 and C*04 are in strong
linkage disequilibrium. Linkage disequilibrium is the non-random association of
alleles at two or more loci, which descend from single, ancestral chromosome. This
phenomenon is common for HLA class I loci, particularly for HLA-B and -C, which
are separated by only 100 kb on chromosome 6 (Reich et al. 2001; Miretti et al. 2005).
Of note, the linked HLA types B*35 and C*04 have been linked to disease
progression HIV and HCV infection: In HIV, the HLA class-I alleles B*35/C*04

were associated with rapid development of AIDS-defining conditions in Caucasians
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(Carrington et al. 1999). In HCV infection, HLA type C*04 was associated with viral
persistence in a study assessing HLA patterns in 231 individuals with spontaneously
resolved and 444 matched individuals with persistent infection (Thio et al. 2002).

To confirm the restriction of the T cell responses against peptide NS3,s,0 by HLA
types B*3501 and C*0401, HLA restriction experiments were performed as described
previously (Payne et al. 2010). In brief, peptide specific T cell lines from fresh cells
from donors with previously confirmed responses to NS3s,0 were grown for 2 weeks
under IL-2 stimulation. Subsequently, peptide was presented to patient T cell lines by
B cell lines (BCLs) matched to the donors HLA type. Reactivity of T cells was
assessed by measuring IFNy production using flow cytometry and ELISpot assays.
Background corrected results for IFNy production measured by ELISpot assay and

flow cytometry are depicted in Figure 4-25.

Figure 4-25: HLA restriction experiments at peptide NS31s3o.
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(A) Peptide-pulsed B cell lines (BCLs), matched at each HLA allele to the HLA type
of the donor subject, were incubated with peptide
(RPSGMFDSVVLCECYDAGCSWYDL) -specific CDS8" T cell line cultured from
PBMCs from the donor subject. Only the HLA-matched BCLs and the T cell lines
elicited a response measured by the production of IFNy by intracellular cytokine
staining (grey bars) and ELISpot assays (black bars). (B) Representative FACS plots
of T cells stimulated by B cell lines A*0201 (left), and B*3501 (right) for a negative
without (top row) and with peptide NS3,sy (right).

HLA restriction was confirmed in two patients with available fresh PBMC (chronic

patients 111 and 787). Since HLA-type B*3501 is in strong linkage disequilibrium
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with C*04, we were not able to generate a B cell line for B*3501 alone. Strong IFNy
production was observed after peptide stimulation from B cell lines with
B*3501/C*04 restriction in both tested patients. Only patient 111 showed a reaction
to the peptide presented by C*04 alone, which was not observed in patient 787.

Next, I aimed to define the peptide with optimal binding properties within the
overlapping peptide RPSGMFDSVVLCECYDAGCSWYDL (Figure 4-26).

Figure 4-26: Strategies of optimal mapping for overlapping peptide NS3;s20 and
representative ELISpot responses to different optimal mapping strategies.
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Strategies followed for optimal mapping at peptide NS3s0. (A) First, the overlapping
peptide was tested. Then, epitopes predicted as binders for B*3501 and C*0401 were
assessed in ELISpot assays. Since no response was detected, overlapping 11mers
were tested. Finally, both peptides with detected responses were shortened from both
sides. (B) Representative results from ELISpot assays for optimal peptide mapping,
here shown for testing overlapping 1 1mers.
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Since this T cell target was identified using two neighboured overlapping peptides

(RPSGMFDSVVLCECYDA and DSVVLCECYDAGCSWYDL) we first tested the

overlapping 11mer as an optimal (DSVVLCECYDA) (Figure 4-26 Al). No response to

this 11mer was observed. We subsequently followed the stragety outlined in Figure
4-26 (A): To optimize cell use in ELISpot experiments, an epitope prediction using
freely available online tools (Syfpeithi, BIMAS and NetMHC) was run for the
overlapping peptide, with 3 strong binders predicted (Figure 4-26 A2). However, no T
cell responses were detected in IFNy ELISpot assays. Next, we tested 14 consecutive
peptides of 11 amino acids in length (Figure 4-26 A3); again, no T cell response was
detected using this approach (representative responses in Figure 4-26 B).

B*3501 was reported to present untypically long peptide for HLA class-I complexes,
with peptide binding length up to 14 amino acids described (Probst-Kepper et al.
2004). B*3501 has its anchor binding residues at position 2 (Proline, P) and position
9/10 (Tyrosine, Y) (Takamiya et al. 1994); however, was described as a relatively
non-restrictive molecule. This is a feature it shares with other HLA alleles linked to
HIV progression (Kosmrlj et al. 2010). To account for this B*3501 specific properties,
we next shortened the presented overlapping peptide on both sides (Figure 4-26 A4).
This strategy would also account for an unlikely but possible scenario, where two
different peptides are contained in NS3s,9, both restricted by HLA types B*3501 or
C*0401. However, using this approach I was not able to detect the optimal binding
peptide length.

The failure to recognize T cell responses to optimals derived from overlapping
peptides could be due to a contamination of the original screening peptide with a
different peptide that was exclusively presented by HLA type B*3501. To test for
contamination of used overlapping peptides, peptides RPSGMFDSVVLCECYDA and
DSVVLCECYDAGCSWYDL were assessed by mass spectrometry. The sequences of
the two peptides were confirmed, but no contamination was detected (data not shown).
Taken together, we were unable to define the optimal binding peptide, and therefore

were not able to produce a tetramer for this response.

In summary, the epitope contained in peptide NS3;s520 is a B*3501/C*0401 restricted.
In chronically infected patients, cytokine release was not detected ex vivo, but

recovered after in vitro IL-2 stimulation.
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4.6 Discussion

In this thesis, I have identified multiple HCV gt3 specific T cell responses (Chapter 3).
In Chapter 4, I further assessed whether T cell targets frequently detected in HCV gt3

infection would serve as potential targets in cross-reactive immunogen design. The
role of HCV gt3 specific T cell targets frequently detected in acute, chronic and
spontaneously resolved HCV gt3 infection was evaluated regarding; sequence
variability at frequently detected T cell targets, cross-reactivity to identified sequence
variants within HCV gt3 and between different genotypes and functionality of T cells.

Definition of T cell targets frequently detected in HCV gt3 infection: Seven

frequently detected HCV gt3 T cell targets were identified, defined as those observed
in more than four patients. Two common targets in the core region were CD4+
restricted (core  66-83, PKARRSEGRSWAQPGYPW and core 143-158,
PVGGVARALAHGVRAL), whereas five T cell targets in HCV non-structural regions
were targeted by CD8+ T cells, of which three were detected by HLA predicted
peptides  (NS2s3¢ LLYPSLIFDI, NS3j43 ATDALMTGY and NS4bjgss
RVLLDILAGY), and two by overlapping peptides (NS3i520
RPSGMFDSVVLCECYDAGCSWYDL and NS5a;156 AEFFTEVDGVRLHRYR).

Due to the composition of the study cohort (108 chronic patients and only 16
spontaneously resolved patients), the majority of T cell responses defined as
“frequently detected” were identified in chronically infected patients. Even though T
cell responses detected in spontaneously resolved infection were significantly higher
in magnitude than those detected in chronic infection, most have not been defined as
“frequently detected”. In addition to the potential reason discussed above,
spontaneously resolved patients targeted a wide range of different peptides, further
decreasing the likelihood of being defined as “frequently detected” following the
definition applied here. However, two frequently detected peptides were targeted by
spontaneously resolved patients; NS3;s50 and NS5ay 2 are therefore of particular
interest for potential vaccine design.

Sequence variability and T cell cross-reactivity within and between HCV

genotypes: To assess whether identified frequently detected T cell targets could serve
as attractive targets for cross-reactive immunogen design, sequence variability was

assessed within HCV gt3 and across HCV genotypes.
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CD4+ restricted responses to HCV core: In comparison to other HCV viral regions,
core is comparably conserved (Contreras et al. 2002), potentially leading to a high
level of cross-reactivity of T cells primed in HCV gt3 infection against viral variants
within and between HCV genotypes. Indeed, for two frequently detected core specific
CD4+ responses, sequence polymorphisms were rarely observed within HCV gt3
cohort sequences.

However, sequence variants were observed between HCV gt3 and gtl at CD4+ T cell
targets frequently detected in HCV gt3 infection. In addition, it was shown that T cell
specificity is distinct in HCV genotype 1 and 3 infection (Semmo et al. 2005; G
Harcourt et al. 2006; V. M. Fleming et al. 2010; Rohrbach et al. 2010): Compared to
gtl infection, where broad CD4+ core responses to multiple peptides have been
described (V. M. Fleming et al. 2010), specificity of T cell responses in gt3 infection
was narrow with mainly two frequently detected peptides targeted. Since core is a
comparably conserved region of the HCV genome, this phenomenon can only be
partly explained by sequence diversity between genotypes. An additional possible
reason for distinct peptide presentation between genotypes may be binding
interference of other competing peptides at presenting HLA class-II epitopes, which
might skew peptide binding and presentation of core peptides. Of note, distinct
response profiles between HCV gtl and gt3 have been previously described in the
literature in a cohort of HIV/HCV co-infected individuals (Rohrbach et al. 2010);
high CD4+ T cell responses to core peptides were specifically observed in the
subgroup of patients infected with HCV gt3, however, T cell specificity has not been
defined in this publication.

Next, cross-reactivity of T cells specific for frequently detected CD4+ T cell targets
against identified HCV sequence variants was tested in [FNy ELISpot assays. Limited
cross-reactivity was observed against common HCV gtl sequence variants at peptides
core 66-83 and core 143-158.

CD8+ restricted responses to non-structural viral regions: For four out of five
frequently detected CD8+ T cell targets detected in HCV non-structural regions, high
numbers of polymorphisms were observed within HCV gt3. However, one CD8+ T
cell target, NS3s20, was conserved within HCV gt3. Sequence analysis between HCV
genotypes 3 and 1 at frequently detected CD8+ T cell targets demonstrated that four

targets were not conserved between genotypes, including peptide NS3is55 (highly
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conserved within HCV gt3 and gtl). In contrast, the frequently detected epitope
ATDALMTGY is conserved between HCV genotypes 1 and 3, with a common T cell
mediated escape variant has been previously described in the literature (Neumann-
Haefelin et al. 2008), which was also observed in this study.

CD8+ T cells specific for frequently detected HCV gt3 specific T cell targets showed
limited cross-reactivity in IFNy ELISpot assays against identified HCV gt3 and gtl
viral variants.

Taken together, high degrees of sequence variability at frequently detected HCV gt3
specific T cell targets have been observed, with limited T cell cross-reactivity against
viral variants within gt3 and across genotypes. This was especially true for epitopes
detected by HLA predicted peptides, which were based on escape variants within a
large HCV gt3 sequence dataset, suggesting that they might be particularly prone to
accumulation of sequence polymorphisms. These results are in line with limited
cross-reactivity previously reported for T cells primed in HCV gtl infection (Fytili et
al. 2008; Skibbe et al. 2014), and will potentially limit the sensible use of frequently
detected HCV gt3 specific T cell targets as vaccine targets priming cross-reactive

immune responses.

Phenotypic analyses of T cell responses: Polyfunctional T cells have been defined
as having the ability to secrete cytokines and mediate cytolysis and are highly
predictive of protective immunity. However, in chronic viral infection, T cells often
become exhausted in response to persistent antigen stimulation, upregulating multiple
inhibitory receptors and get progressively monofunctional (Minton 2014). It has been
recently described that exhausted CD4+ and CD8+T cells in chronic infection exhibit
distinct profiles (Crawford et al. 2014). To further define the role of T cells specific
for frequently detected HCV gt3 CD4+ and CD8+ T cell targets, function and
phenotype was assessed.

Analysis of CD4+ T cell phenotype and function: The analysis of core-specific
CD4+ restricted T cells was complicated by the low magnitude of responses just
above IFNy ELISpot detection threshold. Based on previous studies, where a
substantial increase in T cell responses was described after short term pre-incubation
of cells at high concentrations (Romer et al. 2011), a similar experiment for CD4+
restricted HCV core responses was attempted. Increased responses are thought to be

mediated by increased cell-cell contact in high concentration cultures, thus reflecting
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a cell phenotype similar to PBMC activation in vivo. Indeed, we observed an increase
in percentage of cytokine secreting HCV core specific CD4+ cells after pre-
incubation at high cell concentrations. However, in contrast to a previous study
reporting increased cytokine production after pre-incubation and an altered cytokine
profile (Kutscher et al. 2013), no difference in T cell polyfunctionality after short term
incubation was observed in our hands. Core specific CD4+ T cell were poorly
proliferative and mainly monofunctional. T cells were positive for TNFa only with
some cells producing IL-2, which is in contrast to previously published data, where
IL-2 was rarely observed in core specific HCV gt3 responses (Semmo et al. 2005).
This data proves that short-term pre-incubation of T cells may serve as a technique to
detect and further analyse low level CD4+ T cell responses just above detection
threshold. This technique may be potentially useful for analysing other low level
responses in cancer and other persistent infections like HIV and HCV where epitope
specific tetramers are not available.

Analysis of CD8+ T cell phenotype and function: Similarly to analysed CD4+
responses, CD8+ restricted responses were weak and not detectable by ICS in the
majority of samples, however, it was possible to recover CD8+ T cell responses by
culturing cells with IL-2. Tetramer analysis showed that responses had low expression
of activation markers and cytotoxic cytokines, suggesting that they are exhausted and
do not exert immune pressure on the virus, similarly to dominant HCV gtl responses
previously described in the literature (Bengsch et al. 2010; Jo et al. 2012).

Further work: Future experiments could address cross-reactivity at frequently

detected HCV gt3 specific T cell targets against HCV variants of other genotypes (2,
4, 5, 6) to enable an informed decision on whether these would indeed not serve as
attractive targets in cross-reactive immunogen design.

The particular role of CD4+ restricted responses remains illusive and could be focus
of future experiments. Evidence from the literature points to a T regulatory
phenotype: it has been described previously that HCV core primes a regulatory T cell
phenotype (Langhans et al. 2010). In addition, core-transduced CD4+ cells have been
shown to exhibit a regulatory phenotype, with an increased basal secretion of the
regulatory cytokine IL-10, a decreased IFNy production and expression of regulatory
cytokines, CTLA-4 and FoxP3, compared to non-transduced CD4+ cells
(Dominguez-Villar et al. 2012; Fernandez-Ponce et al. 2014). Specifically, T cells
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specific for the HCV gtl version of core 143-158 have been shown to produce high
amounts of IL-10, but not in chronically infected individuals (Godkin et al. 2001).
The increase in core specific CD4+ responses in late acute infection in individuals
developing chronic infection is reminiscent of that previously observed in
cytomegalovirus and Parvovirus 4 infection (Sylwester et al. 2005; R. Simmons et al.
2013). In these infections, some virus-specific T cells do not contract after the
proliferative expansion during the acute phase, but instead are maintained and/or
accumulate at high frequencies, a phenomenon termed memory inflation (O’Hara et al.
2012). It is therefore also possible that core specific CD4+ cells represent an effector
memory population, a hypothesis requiring further evaluation.

A comprehensive analysis of phenotypic markers expressed on frequently detected
CD4+ and CD8+ HCV gt3 specific T cells has not been assessed in this study; further
experiments could define phenotypic markers greater detail. MHC class-I and -II
tetramers specific would have facilitated a better analysis of cell phenotypes, and may

be subject of further research effort.

In summary, T cell targets frequently detected in natural HCV gt3 infection show
high levels of variability between genotypes, with limited cross-reactivity against
sequence variants both within genotype 3 and across genotypes, suggesting that they
might not serve as attractive targets for cross-reactive vaccine design. Further
supporting this hypothesis, it was previously shown that cross-reactivity profiles at
dominant gtl epitopes did not vary between cells primed in natural infection and
vaccine-induced T cells (Fytili et al. 2008); therefore, it is likely that the exclusive use
of frequently detected HCV gt3 specific T cell targets in an immunogen aiming to
prime cross-reactive responses will not be applicable. Leading from this data, it might
be beneficial for the induction of cross-reactive immune responses by a T cell vaccine
to exclude variable regions. Thereby, no T cell responses to immunodominant
epitopes falling in variable regions would be induced, and subdominant responses
against conserved regions potentially cross-reactive against multiple genotypes may

be up-ranked.
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5 Immunogen design

5.1 Abstract

Background: Currently, no vaccines exist for Hepatitis C virus (HCV), which is one
of the most diverse viral pathogens known and exists as 6 major genotypes with
~80% sequence homology. We have previously shown that immune responses
induced by a potent T cell vaccine containing HCV genotype-1b non-structural
regions target epitopes dominant in natural infection. However, viral regions
corresponding to these epitopes are highly variable at population level; ex vivo
analysis of vaccine-induced T cells showed poor cross-reactive between variants. We
therefore aimed to design a generic algorithmic approach generating cross-genotypic

immunogens containing only conserved viral regions.

Methods: A computer algorithm defining sequence variability within sequence
datasets was generated, which was applied to HCV sequence datasets obtained from
standard database resources and generated in-house. To assess potential
immunogenicity of conserved segments under a set threshold, we assessed T cell
epitopes described in natural infection and additionally predicted epitopes using
epitope prediction programs. Designed immunogens were blasted to exclude potential

cross-reactivity with human material.

Results: Immunogens containing viral regions conserved between major HCV
genotypes (for 1a/lb, 1/3a, 1-6) were designed. Patient sequences most similar to the
segment consensus were selected for final immunogens, ensuring cross-genotypic
reactivity. Conserved segments contain multiple epitopes described in natural
infection, suggesting in vivo immunogenicity of designed constructs; additionally,
strong binding peptides were predicted for conserved segments. Predicted artificial
epitopes in junctional regions (~20%) were abrogated through the insertion of 2-6
amino acid linkers. To optimize peptide presentation, a TPA leader sequence was

included in all immunogens.

Conclusions: This work paves the way for future studies of novel HCV immunogens

based on conserved viral segments, and can be applied for other variable pathogens.
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5.2 Rationale

5.2.1 Do we need a vaccine for HCV?

Hepatitis C virus infects 170 million people worldwide and is the leading cause of
end-stage liver disease and transplantation in the UK (Health Protection Agency
2013). 25% of all HIV infected people are co-infected with HCV, and it is the leading
cause of death in HIV+ people on HAART.

HCV treatment has become considerably more effective in the era of directly acting
antivirals (DAA) (Schinazi et al. 2014). Although the DAAs are a big step forward in
HCYV therapy, treatment will not be available to many infected patients; the new drugs
are very expensive and even health care systems in developed countries might not be
able to afford treatment of all patients, a limitation that is even more pronounced in
developing countries (Camma et al. 2012; Camma et al. 2013). In addition, most
people infected with HCV worldwide are unaware that they carry the virus,
preventing them from being treated in the first place. Compliance can be poor in
patient groups where HCV incidence is high, such as IVDU. Furthermore, treatment
success remains variable in patient groups difficult to treat: previous non-responders
and relapsers on interferon, patients with advanced liver disease and decompensated
cirrhosis, and patients not infected with HCV genotype 1 (gtl) (see Introduction,
1.3.2.2 Directly acting antivirals (DAA, page 31). Currently, side effects in treatment
combinations still administered with interferon are considerable, but are expected to
decrease with the new combinations of DAAs. Finally, successful treatment does not
prevent re-infection: a problem particularly relevant in an IVDU population.

In conclusion, available treatment options do not ensure effective treatment, and most
importantly, do not prevent further infections: in lessons learned with HIV infection,
we know that even with various treatment options available for more than a decade,
treatment does not reach about 7.5 million people infected with HIV (WHO report

2011). Therefore, a HCV vaccine is a pressing need.

5.2.2 Current HCV vaccine candidates

For HCV, several technologies have been investigated for the induction of specific
antigens to induce protective immunological memory. Vaccine strategies have been
recently reviewed by (Swadling et al. 2013) and (L. M. J. Law et al. 2013) and
include (Figure 5-1):
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1. Recombinant protein vaccines based on HCV structural regions: core (Drane
et al. 2009), E1 (Leroux-Roels et al. 2004) , E1 and E2 (Verstrepen et al.
2011), E1/E2 combined (Choo et al. 1994; Frey et al. 2010);

2. Peptide vaccines, using HLA-A2 epitopes (Firbas et al. 2006; Firbas et al.
2010);

3. Virally vectored vaccines encoding non-structural regions (E Fattori et al.
2006; Folgori et al. 2006; S.-H. Park et al. 2012; Barnes et al. 2012), core-NS3
(Youn et al. 2008), or structural proteins core-E2 plus NS3 (Rollier et al.
2007);

4. Virus-like particles encoding structural proteins (Elmowalid et al. 2007)

Figure 5-1: HCV vaccine candidates

[Core [ ET [JJE2| P7 [NS2 | NS3_|NS4A[NS4B] NS5A | NSSB |

Leroux-Roels1b -
Protein Frey/Choo 1a )
vaccines Drane 1a r—
Verstrepen 1b — - -
Peptide )
vaccines o Firbas 1b 0000 0
) Rollier 1b IS - c—/
Virally Barnes 1b [ 1 | 1 1 )
vectored Park 1b ( 1 I I | J
vaccines Youn 1b ( I I | - I I |
Viustke ¢ Eimowalid 1 —— | -
particles

Schematic HCV genome and vaccine immunogens. Prophylactic vaccines for HCV
tested in primates (including man) are listed according to the lead author of the paper
in which they are described. The relative coverage of the HCV genome by vaccine
immunogen is shown. The hypervariable regions of E2 (HVR1 + HVR2) are
indicated by black bars. The genotype of the immunogen encoded in each vaccine is
shown. Figure modified from (Swadling et al. 2013).

When comparing the magnitude of IFNy T cell responses, as a surrogate marker of
immune response, a wide range of magnitudes have been observed using approaches
discussed above (Figure 5-2): highest responses were seen against virally vectored
vaccines in Rhesus macaques. In humans, highest responses were seen using
combinations of different viral adenovectors (Barnes et al. 2012). Even higher
responses ranging up to over 6000 SFU/million PBMC were seen using a
combination of adenovectors and MVA in humans (manuscript in preparation,

Swadling et al.).
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Figure 5-2: Magnitude of T cell responses to different vaccine approaches.
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Even though the magnitude of immune response represents a fundamental
characteristic of T cell responses in clinical vaccine studies, it does not necessarily
correlate with immune protection (Rollier et al. 2007). Other parameters like breadth
of response, the profile of T cells including cytokine production, cytotoxicity,
phenotype, and immune exhaustion are known to play an additional important role,
but are difficult to compare between studies.

Of note, all strategies exploited to date are based on HCV gtl immunogens, and

cross-reactivity remains one of the challenges to be addressed.

5.2.3 Why develop a T cell vaccine for HCV?

There is plenty of evidence that the adaptive immune response plays a crucial role in
HCYV infection: We know that a robust and broad T cell response plays a crucial role
in the clearance of acute infection (Lechner et al. 2000; Lauer et al. 2004; Lucas et al.
2007), and it has been shown that HLA types A03, B57 and B27 are associated with
clearance of acute HCV infection (Neumann-Haefelin et al. 2010; Fitzmaurice et al.
2011). On the other hand, a down-regulation of T cell responses, T cell exhaustion,
viral escape and suppression by regulatory T cells is associated with viral persistence
(reviewed by (Neumann-Haefelin et al. 2007)). If CD8" specific T cell responses in

chimpanzees that previously cleared HCV infection are blocked using specific
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antibodies, re-infection with HCV resulted in prolonged viral replication (Shoukry et
al. 2003). Finally, strong evidence for the importance of T cells for viral clearance
originates from prophylactic vaccine data (Adeno/DNA) in a chimpanzee challenge
model (Folgori et al. 2006). In this experiment, vaccinated animals developed no or
very low viremia and no elevation of liver parameters, whereas all control animals

had marked rises of liver parameters and substantial viremia (Figure 5-3).

Figure 5-3: HCV viral load and liver parameters in animals vaccinated with a
prophylactic vaccine and control animals

7 Vaccine group 6 o Control group
‘ 97A006 700 97A009

e e TN aeEae=="
Car=" 0
9 50 51 52 53 54 55 56 57 58 50 60 62 64 66 70 74 78 82 86 90 94 09104114 122 126

97A014

£ 80C 10
97A005 | 700 \ 97A015
1

95A005 98A002

96A022 98A005

T™MA - + +

HCV RNA, ALT, y-GT

The course of acute HCV infection (18 months follow up) is shown for animals
vaccinated with a vaccine containing an HCV immunogen in an adenoviral vector
(left panels) and control chimpanzees (right panels). Red lines represent the kinetics
of HCV RNA measured in plasma samples using branched DNA assay, blue and
green lines represent kinetics of ALT and GGT liver enzymes, respectively. Blue and
green dots at T = 49 weeks represent the average ALT and GGT values calculated
from 10 time points before challenge. Results of the qualitative HCV RNA assay
(TMA; detection limit, 50 copies/ml) are reported as + or — at the bottom of each
graph. Anti-HCV seroconversion is indicated by a grey bar across the bottom of each
graph. Figure and legend modified from (Folgori et al. 2006).
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This evidence has lead to the assessment of a HCV vaccine inducing T cell responses
in humans.

In our research group, the clinical Phase-I trial using a HCV genotype 1b T cell
vaccine in healthy volunteers and chronically HCV infected patients was started in
2011. The immunogenic insert contained HCV non-stuctural regions from NS3 to
NS5b, including a mutation in the NS5b protein preventing replication (Figure 5-4)
(Barnes et al. 2012).

Figure 5-4: HCV genotype 1b insert
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HCV genotype 1b insert, containing HCV non-structural regions from NS3 to NS5b.

The HCV gtlb insert was incorporated in Adenoviral and MV A vectors, and given to

healthy volunteers and patients in different regimens:

1. HCV 001 Adenoviral prime and boost in healthy volunteers (Barnes et al.
2012);

2. HCV 002 Adenoviral prime and boost in chronically infected individuals
(therapeutic vaccine) with standard of care therapy (peg-INF-o/Ribavirin)
(Manuscript in preparation, Kelly et al.);

3. HCV 003 Adenoviral prime and MVA boost in healthy volunteers and

chronically infected patients (Manuscript in preparation, Swadling et al.).

Immune responses to the vaccine insert were assessed using ELISpot assays, and
strong HCV genotype 1 responses were observed in healthy volunteers (Barnes,

Folgori, et al. 2009; Barnes et al. 2012).

5.2.4 Cross-reactivity of HCV genotype 1b vaccine-induced responses
HCV is one of the most variable pathogens known, and exists in both multiple viral

genotypes and quasi-species within each infected individual (see introduction; page

18, HCV genotypes and variability of the HCV genome). An effective HCV T cell
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vaccine should induce T cells that target multiple viral strains in conserved regions,
and therefore should be effective against multiple subtypes and quasi-species of the
virus. The T cell vaccine described above was therefore tested against both peptide
sets of different genotypes (HCV vaccine trial 001 and 003) and patient circulating

viral sequences (HCV vaccine trial 002).

5.2.4.1 Genotype cross-reactivity of vaccine-induced responses

Cross-reactivity of vaccine-induced T cells in healthy volunteers (HCV 003) was
assessed using peptide sets for genotype lb (J4 strain), genotype la (H77 strain),
genotype 3a (K3a strain), and genotype 4a (ED43 strain; EMBL accession Y11604)
(Figure 5-5): In comparison to HCV gtlb specific responses, lower immune responses
were detected to HCV gtla, 3a and 4a peptide sets. (Swadling et al., manuscript in
preparation). This decrease was most likely due to sequence differences in
immunodominant epitopes in genotypes la, 3a and 4a compared to the priming
genotype 1b sequence. This suggests limited cross-reactivity of HCV gtlb vaccine-

primed T cells to other genotypes.

Figure 5-5: Cross-reactivity of immune responses against HCV genotype 1b, 1a,
3a and 4a peptide sets in patients vaccinated with a HCV genotype 1b insert.
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Cross-reactivity of HCV gtlb vaccine-induced T cells against peptide sets for gtlb,
gtla, gt3a and gtda measured by ELISpot assay. Immune responses in healthy
volunteers were measured a week post MVA boost (HCV 003). Figure from
(Swadling et al., manuscript in preparation).

5.2.4.2 Cross-reactivity against quasi-species in a single host

HCV does not only exist in different genotypes, but also in different circulating viral
quasi-species in each infected individual (S. Duffy et al. 2008). The abundance of
multiple sequence variants especially at dominant epitopes, is due to a rapidly

mutating virus. The HCV polymerase does not contain a proofreading function,
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resulting in multiple viral copies, of which some are replication efficient. Additionally,
T cell pressure towards immunodominant epitopes can result in immune mediated
escape variants, further increasing viral variability. Therefore, even in HCV gtlb
patients vaccinated with the therapeutic vaccine (HCV 002), T cells primed with a
gt1b vaccine immunogen may not necessarily target circulating virus.

To test whether vaccine-induced immune responses in chronically infected patients
target circulating virus, the HCV gtlb vaccine was administered in a prime/boost
regimen to patients chronically infected with HCV genotype 1 (HCV 002). Some of
the most dominant primed T cell responses were directed towards highly variable
epitopes with little evidence of cross-reactivity between variants. Interferon (INF)-y
production of vaccine-induced T cells was assessed using ELISpot assays, measuring
immune responses against the vaccine sequence and patient’s circulating viral

sequence at dominant epitopes (Figure 5-6).

Figure 5-6: Cross-reactivity of vaccine-induced T cell responses against
circulating patient variants.
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T cell responses measured by ELISpot in chronically HCV infected patients
vaccinated with a HCV genotype 1b vaccine. T cell responses are depicted as
SFU/million PBMCs. Responses to the vaccine sequence (red), and responses to other
variants at the dominant KLSGLGINAV epitope are shown. The circulating viral
sequence in the tested individuals is marked with an arrow. Figure from (Kelly et al.,
manuscript in preparation).

Vaccine-induced T cells showed a strong response against the epitope variant
contained in the vaccine, but little or no IFN-y production was observed against other
common epitope variant peptides at this epitope. Of note, even the response against

the epitope circulating in the patients was barely detectable, suggesting either a low T

205




Chapter 5

cell response against the infecting virus or a low cross-reactivity of vaccine-induced T
cells.

Overall, circulating viral sequences at dominant epitopes targeted in the HCV 002
trial were markedly different to the HCV 1b sequence used as a vaccine immunogen
(Table 5-6). This reflects that the inserted HCV 1b strain did not contain epitope

variants most abundant in the population.

Table 5-1: Comparison of vaccine epitope sequences at immunodominant
epitopes with circulating viral sequences in patients.

T cell response detected Circulating viral sequence Patient
to immunogen peptide  in patient at baseline ID
KLSGLGINAV KLVSLGLNAV 27
KLVALGINAV 28
KLVALGVNAV 50
KLVALGVNAV 55
KLVALGINAV 103
KLVAMGVNAV 40
CVNGVCWTV CINGVCWTC 27
CINGVCWTC 55
ALYDVVSTL ALYDVVSKL 27
HSKKKCDEL HSKRKCDEK 45
SVVIVGRIIL CVVIVGRVVL 27
QEFDEMEECASHLPY REFDEMEECSQHLPY 27
APNYSRALWRVAAEE APNYTFALWRVSAEE 39
VTLTHPITKYIMACM IILTHPITKYIMACM 45
FOVGLNQYLVGSQLP FRVGLHDY PVGSQLP 39

T cell responses detected in HCV infected individuals vaccinated with a HCV gtlb
vaccine in comparison to circulating viral strain sequences at immunogenic epitopes.
In all patients with detectable T cell responses, the sequence of the vaccine-induced T
cell epitopes does not match the circulating viral sequence. Figure from: (Kelly et al.,
manuscript in preparation)

In summary, from clinical and experimental data evaluating the HCV gtlb vaccine,

there are two lines of evidence supporting the need of a cross-reactive vaccine:
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(1) Lack of genotype cross-reactivity by vaccine-induced T cells; and

(2) Lack of quasi-species cross-reactivity within an infected host by vaccine-induced
T cells.

To overcome these limitations of a single genotype vaccine - inducing responses to
immunodominant, but not cross-reactive epitopes - we therefore aimed to design a

cross-reactive HCV vaccine.

5.2.5 Limited cross-reactivity of HCV gt3 and gtl subtype specific T cell
responses in natural infection
In previous Chapters of this thesis, I have demonstrated that T cell specificity is
distinct between HCV subtypes 1 and 3 (Chapter 3). In addition, I have shown that
there is limited experimental T cell cross-reactivity at T cell targets frequently
detected in HCV gt3 infection, both between viral sequence variants within HCV gt3
and across HCV genotypes 1 and 3 (Chapter 4). This suggests that T cell targets
primed in natural HCV infection, particularly those detected in chronically infected

individuals, might not serve as attractive targets for cross-reactive vaccine design.

5.2.6 Rationale for a HCV vaccine based on conserved viral regions
Several options are possible to address the highly variable nature of HCV through
immunogen design.
A. Use common sequence variants at imnmunodominant epitopes.

One option to generate vaccine-induced responses targeting a wide range of
circulating strains is choosing a common sequence variant at known
immunodominant epitopes. However, in a highly variable pathogen like HCV, it is
difficult to choose a common sequence variant between different genotypes, since (i)
common sequence variants vary massively between genotypes, as demonstrated for
HCV gtl and gt3 in Chapters 3 and 4 of this thesis; (ii)) some immunodominant
epitopes (such as NS3 1406 for HCV gtl) show major sequence variability even
within a single genotype; and (iii) T cell specificity, and therefore immunodominant
epitopes, are likely to be different in all HCV genotypes. This is to be confirmed for
HCV genotypes 2, 4, 5 and 6, in which immunogenicity has not been analysed in
detail, and in which different immunodominant epitopes might be defined. In addition,
even if common sequence variants are defined for each immunogenic epitope, it is not

guaranteed that they will be capable of priming immune responses in vivo.
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B. Choice of a cross-reactive version at each immunodominant epitope.
This approach is based on evaluating different sequence variants for the capability to
prime cross-reactive T cells. These variants may either occur in natural infection, or
may be generated in silico using computer prediction algorithms, as previously
obtained for HIV epitopes (W. Fischer et al. 2007). Capability of epitopes to prime T
cell responses potentially cross-reactive between viral variants and genotypes may be
assessed in vivo using vaccines, or, more applicable, in in vitro models using dendritic
cells to present peptide variants and subsequently assessing cross-reactivity of primed
T cells (see Kelly et al., manuscript in submission). However, this approach is very
labour intensive, and it is not guaranteed that a cross-reactive version exists at each
immunodominant epitope.

C. Use of ancestral sequences
This option was previously evaluated in HCV infection. A vaccine design based on
ancestral sequences was evaluated using this rational approach, with the aim of
maximizing immunogenicity and minimizing genetic distance across circulating
strains (Burke et al. 2012). Three different approaches were compared: a combination
of epitopes with predicted tight MHC binding, a consensus sequence and a
representative ancestral sequence derived using Bayesian phylogenetic tools; CD8" T
cells expanded with representative ancestral sequence recognized diverse circulating
HCV strains better than T cells expanded with consensus sequence or naturally
occurring sequence variants (Burke et al. 2012).

D. Exclusion of variable HCV epitopes
Another option is to exclude variable epitopes from the design, and only choose
highly conserved epitopes or conserved viral regions for immunogen design.
Based on the evidence discussed above, we hypothesized that T cell vaccines
targeting the most conserved regions of the HCV proteome, which are common to
most subtypes and bear fitness costs when mutated, will generate effector T cells that
efficiently recognise and kill virus-infected cells early enough after transmission to
potentially impact on HCV replication and will do so more efficiently than T cell
vaccines using the whole viral genome as a vaccine insert. However, a common
concern with using conserved regions in immunogen design is that they may not be
capable of priming potent T cell responses based on poor HLA avidity, or insufficient
processing and presentation. I hypothesize that even if these regions are sub-dominant

in priming immune responses in natural infection, they may be capable of priming
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strong cross-reactive T cell responses once epitopes immunodominant in natural
infection are removed from the immunogen, an effect previously observed for a

conserved HIV immunogen (E.-J. Im et al. 2011).

For other viruses, especially for HIV, some of these approaches for cross-reactive
vaccine have been exploited: Approaches aiming to generate cross-reactive HIV
vaccines were based on an choosing the most conserved sequence variant at each
amino acid, termed “mosaic T cell approach” (W. Fischer et al. 2007; Thurmond et al.
2008; Stephenson et al. 2012), vaccines based on HIV Gag conserved regions
(Kulkarni et al. 2014), conserved “promiscuous” CD4+ T cell epitopes (Ribeiro et al.
2010; D. S. Rosa et al. 2011; R. R. Almeida et al. 2012), conserved B cell epitopes, or
on viral regions conserved between genotypes.

A vaccine consisting of conserved regions of HIV (HIV,s) designed by the Hanke
group at the Jenner Institute (Oxford University) was pre-clinically tested in mice
(Létourneau et al. 2007; Ondondo et al. 2013), macaques (SIV.consv, (Koopman et al.
2013)) and a recent Phase I clinical trial (Borthwick et al. 2013). The vaccine
immunogen was designed using conserved regions between major HIV-1 clades A, B,
C, and D, containing a consensus sequence between the four clades. The included
segments alternate between the different clades to ensure equal coverage. In mice and
macaques, significant immune responses to the immunogen were seen in mice using
different vaccine vectors and administration methods (Koopman et al. 2013; Rosario
et al. 2012). In humans, the vaccine was administered using DNA, simian adenovirus
and MVA vector strategies, with encouraging results: high levels of induced effector
T cells that recognised virus-infected autologous CD4" cells and inhibited HIV
replication (Borthwick et al. 2013), with effector T cells typically subdominant in
natural infection mediating the virus inhibition.

A cross-reactive immunogen design approach similar to the approach exploited by
Tom Hanke’s groups has also been attempted for Dengue virus, and the
immunogenicity of this construct was subsequently tested in mice (Khan et al. 2006;
Khan et al. 2008).

In addition, an epitope based vaccine design approach aiming to generate broadly
neutralizing antibodies was described for respiratory syncytial virus (RSV), which
was based on a computational method to design scaffold proteins with full backbone

flexibility (Correia et al. 2014).
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5.2.7 Aims of this work
Based on this evidence, we aimed to design a cross-reactive vaccine for HCV based
on conserved viral regions. Ideally, a single vaccine would prevent infection with
HCYV genotypes 1 to 6, ensuring that the vaccine could be used in multiple continents.
HCV genotype 7 was not included in the vaccine design, since only one single
sequence was described for this subtype to date (D. B. Smith et al. 2013). In the UK,
both HCV genotype 1 and genotype 3 are common infecting strains, and therefore a
preventative vaccine would protect against both subtypes.
The aims of this Chapter were to:
(1) Define sequence regions conserved between HCV genotypes
(2) Select conserved HCV sequence segments for conserved immunogen design
(3) Design HCV immunogens for genotypes la/b, 1/3a and 1-6
(4) Evaluate potential immunogenicity of conserved regions and junction areas
through
a. Computational approaches using epitope prediction servers
b. Assessment of previously described epitopes in natural infection
falling into conserved regions
(5) Optimize designed immunogens for:

a. Potential artificial, non-HCV epitopes in junctional regions
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5.3 Programming approach for conserved immunogen design

To design a vaccine consisting of only conserved segments, it was necessary to define
conserved segments within a sequence dataset, and select appropriate conserved
segments for subsequent immunogen design. Work described in this section (5.3) was

done in collaboration with Jose Lourenco (Zoology, Oxford).

5.3.1 Sequence selection for HCV genotypes 1 to 6

First, a sequence dataset had to be selected. For this, sequences from the HCV LOS
ALAMOS HCV sequence database and additional in-house sequences for HCV
genotype 3a were used. To ensure equal representation of differing strains, for each
genotype sequences were selected from different research groups and countries. To
design 3 different immunogens for (1) HCV gtl, (2) HCV gtl and 3 and (3) HCV gtl-
6, we generated 3 different sequence datasets for further analysis (Table 5-2). 36
sequences for each included subtype (HCV genotypes 1 to 6) were selected,
considering different geographic regions, different research groups and genotype
subtypes. Due to the lack of a sufficient number of genotype 5 sequences, two
different analyses had to be run: one only using the 3 available full length genotype 5
sequence, with a resulting under-representation of genotype 5 in the resulting dataset,
and a second analysis using the 3 available sequence sets multiplied by 12, resulting

in an equal number of input sequences, but in a lower variability.

Table 5-2: Sequence selection for immunogen design, overview.

Immunogen Included subtypes Number of sequences
HCV gtl la 48
1b 48
HCV gtl/3a la/1b 36
3a 36
HCV gtl-6 la/1b 36
2a/2b 36
3a 36
4a/4other 36

5 3*12

6a/60other 36

Sequence datasets selected for immunogens for HCV gtl, HCV gt1/3a, HCV gtl-6,
including equal numbers of sequences for each subtype included in the according
immunogen design. Since only 3 full-length sequences were available for HCV gt5,
this sequence material was multiplied to ensure equal sequence representation for this
subtype in the HCV gt 1-6 dataset.
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5.3.2 Calculating sequence diversity within a sequence dataset

Sequence diversity was calculated using pairwise comparisons within a certain
window size. To design the immunogens containing conserved regions, a window size
of 20 AA was used, aiming to capture both CD4 and CDS epitopes. Most of these
epitopes vary between 8-12 AA in length for CD8+ T cell epitopes, and 11-16 AA for
CD4 cells. Subsequently, amino acids within certain window sizes are compared
using pairwise comparisons, and a mean variability threshold for each amino acid is
calculated (Figure 5-7). To define conserved segments, a cut off at 25% of the
variability within each dataset was chosen (marked green in Figure 5-7). An example
set of sequences of conserved segments is shown underneath the variability plot.
Between 25 and 30 conserved segments were defined for the different analyses: 30 for

the GT1a/lb dataset, 27 for the GT1/3a and 25 for the GT1-6 dataset.

Figure 5-7: Sequence diversity of the entire HCV genome between HCV
genotypes 1 and 3.
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Calculated sequence diversity for an example sequence dataset (HCV gtl/3a,
containing 72 sequences) using a window size of 20, shown for the full HCV genome.
For conserved vaccine design, segments with a variability <25% (lowest quartile),
marked in green, were defined as conserved and selected for immunogen design and
are depicted as consensus sequences.
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5.3.3 Approaches for immunogen design

The final strategy for immunogen design was based on several key considerations:

1. By joining previously non-related sequences segments, artificial (non-HCV)
epitopes might be generated.

2. Highly conserved segments might be very short, which would cause multiple
junction sites if all segments were included.

3. Long immunogens are often difficult to manufacture, and therefore, segment

selection might be constrained by the total immunogen length.

Therefore, four approaches (A to D) for immunogen design were considered (Figure
5-8). Selection of conserved segments to be included in the final immunogen were
prioritized by either (A) individual segment length; (B) most conserved segments; (C)
including only sequence segments over a certain length; or (D) all segments under the

set threshold.

Figure 5-8: Approaches for immunogen design

A. set length — prioritizing by length (minimizing junction points)

H defined immunogen length i

low

B. set Iength — prioritizing by most conserved sequence bits

>
______________ defined immunogenlength ________________, 3
.©
©
C. only sequence bits > 100 AA (minimizing junctions, not defining final length) =
[ |
high
D. all sequence bits under threshold
I L I

Approaches for immunogen design are shown: for (A) and (B) a defined immunogen
length was set, and segments ranked by either length (A) or conservation (B) were
included, until the set length was met. For (C), only sequence segments bigger than
100 amino acids were included. For approach (D), all selected conserved segments
were included.

Considerations for favouring either of the immunogen approaches are detailed in

Table 5-3.
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Table 5-3: Potential advantages/ disadvantages for different immunogen designs

A+ * Minimizing junction sides, less artificial epitopes

* Shorter immunogens: easier to produce

- * Not all segments included: important immunogenic
epitopes might be missing

B | + * Highly conserved segments included: generated immune
responses most likely cross-reactive

- * Segments tend to be very short: many junctions and
thereby many artificial epitopes

C| + * Minimizing junction sides, less artificial epitopes

- * Comparably short immunogens, potentially restricting the
number of presented epitopes

D | + * All selected sequence segments included: maximisation of
immunogenic regions and thereby potential epitopes

- * Long immunogens: difficult to manufacture

* Multiple junction sides, many artificial epitopes

To address considerations detailed in Table 5-3, a short pilot epitope prediction
experiment was run for all approaches with datasets for HCV gtla, gt1b and 3a using
the online prediction server NetMHC (for details on epitope prediction, refer to:
5.5.2.3 and 5.5.3, page 236 and 238). Immunogens were assessed for immunogen
length, potential immunogenicity and possible artificial, non-HCV epitopes at

junction sites between segments. Results for this analysis are shown in Figure 5-9.

Based on this data, two immunogen design approaches were excluded from further
analysis:

Approach B was excluded because of a high percentage of artificial epitopes in
comparison to Approach A, most likely caused by a high proportion of segment
junction sites;

Approach C was excluded because of the potential shortage of immunogenic
material.

Based on these considerations, we decided to only include approach A and D in

further analyses and the final immunogen design.
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Figure 5-9: Pilot epitope prediction analysis for immunogens for HCV gtla, 1b

and 3a designed by approaches A to D.
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Results of online epitope prediction pilot experiment using the NetMHC prediction
server: Immunogen design approaches were compared regarding (A) immunogen
length, (B) potential immunogenicity assessed by number of predicted strong binders
(NetMHC score <0.5), (C) number of artificial junctions in each immunogen, (D) the
percentage of strong binders falling into junction areas potentially forming artificial
epitopes, and (E) number of predicted strong binders in segment areas forming natural
HCYV epitopes, and strong binders in junction areas forming potential artificial, non-
HCYV epitopes.
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5.3.4 Comparison of conserved sequence segments for HCV gtl, HCV
gtl/3a and HCV gt1-6 datasets

Subsequently, conserved segments for all three analyses (HCV gtl, HCV gtl/3a and

HCV gtl-6) were compared (Figure 5-10). Significant overlap between conserved

segments was observed; 1090 of all amino acids positions were shared between the

three analyses, with an overlap of 1090/1544 (71%) for the HCV gtl immunogen,

1090/1444 (75%) for HCV gt1/3a and 1377 (79%) for HCV gt1-6, respectively.

Figure 5-10: Comparison of conserved segments for HCV gtl, HCV gt1/3a and
HCYV gt1-6 datasets (Figure next pages)

Consensus sequences of conserved segments for all three analyses (HCV gtl, HCV
gtl/3a, HCV gtl-6) are shown. Non-conserved regions are depicted as — for each
amino acid. HCV viral protein regions are colour coded. Bold sequences represent
segments that were included in Immunogen approach A (see 5.3.3 Approaches for
immunogen design, page 213).

216



Chapter 5

B O - b et MRIOMEddaVEVEVIAIVDAVAT AEENTOOONIDSTIHVAIHITOLIADEMITTEQDOAI TOdINTAVETEALIZVAITEAMVYIOVAADEDTAASCIRDSIYTDISARERAIOTED
uuuuuuuuuu ROAVOTEATIdLdOHTIANTEATONMREIAMSIIIVOVEVIAIVDAVATAZANTODONIDSTIHVAIHITOLIASEMITTEADOAL TOdINTAVE TEALIEVADTEZANVDOVAADED TAASCIROSIYEDI AT HALOTED
Py ANTEITORMROCMEIJAVDVEVIAIVDAVAT AEINTOVONID S TIHVAIHITOLIADEMITTEQDOAI TOdINTAVETHALIZVAITEAMVYDOVAADEDTASSCIRDSIYTDILAIER -~ ~¥D

YOIEOEEDSESAVADIALIIZILAIJ QTS IAALDIAVARDOIASAICOIIDIKTVAIVOAAMCOSLI IASACTOERAVAYN
WOLYOYEDSHSAVADAVIIIZISIIdATSIAALDIADIRIGIASGICOLE O LK TYALV OAAAG DB Id IAB ——— = == === = = = = = = m = e e e e e e e m——m e T
YOIEOEEDIESAVADATIIIZILAIJ QTS SAALDIADIRIOIASAICOIIDIKTVAIVAAAACDOSLd IASACTOERAVAVYN

TEADVIEVOATALOIOTIIIVAISHIECOIIICAVOOSO0OCVIENOAISALIAVIOLIAIEADIE - - - - IDAVESNAVOZDTIVVASINTATAR R ODOVVAVVAAX L SHOSOLAVETHOADALIDIAVAdISNAISAISHR - -TTSEASISC
TEVOVIEVOATALOIOTISIVADSHOZCGOI I ICAVOOSODOCVIENOAISALINVOLIIZENDL -~ -~~~ ~~ VASHAVOZDTIVVASINTATARR ODVVAVVEAX I SHOSOLIVETHVADASDIAVAdISNASI5d5E - - -~ TIZAI 1D
TEVOVIZEVOATALOIDTISIVAISHIECGOIIICAVOOSODOCVIENOAISALIAVOLIIZEADL -~~~ ADEVASHAVDIDTIVVASANTATARRODVVAVVAARLSHOSOLAVETHVADIIDEAVAdSENCIZAISERILITSEASISA

TVRVADELDAVVEIIDAAHD SO TADOSSOXTISIdEdSTISVESCONEEVA TAQVHEIATATASSDD2I04d
TVRVADELDAVVEI I OVAHDSdOTTdD0SSOXTAVIdEaSTISVESCONNEVA TAQVHEIATATASSDD230d
AVRVADELDAVVEIIDAVHDSdOTTdD0SSOXTASIdEdSTISOESCONEEAd TAQVHEIATATASSDDI0d

.................................... mo>u»n»o>n>nzomnmuauam:<mnan(m0mA~<su4
ROSOADKTADAGAINDETHITOLS TVATAIISOdTIVIAS
ASSOADRTADAGAINOETH IT0L8 TVATILE50dTADMES S

.............................................................................................................. SVAALTOSTIVITE 153500 TNOIVANIDCT TAEADEYT
S TOOARTY S IRLYWDAT TG A m == == = = = = = e e e e e e SVABLTOSTIVITEIS3SO0d TNOIVANADCT TVEADEYT
VSVaALTOSTIVITEI53500d TNOIVARADCITAEADEVT

VEVADDAIVOATAIAONTAVIOOITLOIAND INY SEN YA ONd OMSIE S OIS TTMOVMDDOER DA TANE ADJOVMSEDEIEEVId IdDNE DTS EIS I XU IVEAD TEEDHEATTAADDAIDDDOd INACDIEENIRERL -~ -~~~ - =~~~
VEVADDTAVOATAIADNTAVI DI TLOIAND INE SEE YA ONd OMSIESOUdSTTIMOVMDDOERDATANE ADJOVMSEDEIBE NI I DNEDEADSEIS I XU IVEAD TEE DN EATTAADDAIDDDDdINACDITENIRE N INEDERA T
VEVVODTAVOATI IAONTAVIOOITLOIAND INE SEEEAQLdOMSIES OIS TIMOVMDDOEROATANE ADJOVMIEDZIEE VA I DNEDEIDSEITS INE IVEAD TEEDHEATTAADDAIDODDd INACDIEENINE N INEDERANIERN

217



Chapter 5

SHTISIVSTOHTED I IVATUTdIASAIVOA----——~-~~--—~ DTISIIHINTAREAMI IEVAKI INDTMSNAJIHEVIEMY
RADITVVE .u D05 TTAVEA - - - EHEMVETIIOOTHETOOVAENT ﬂumma SETSEVSTORTERIIVATOTdEASALIVDA -~~~ -~ - === ======—— = TARSAMI IEVARI INDTHSNASIREVIEMY
VEASEVEHEMVE TIIAD THETOVVAERIZOdSASETSEVESTORTEDIIBATIQTIdE -~ - -~ -~~~ === == ——-—-—————mm e TIREVMTIEVIRI INDTHSNASIREVIEMY

VEVTAI-———— === m === GHYASANSSISL
VEVTAIIIQEITARAENON -~~~ === == === === m == == 3 I
NEVTE 08 S TAAAEROSYAEVAS ARG S D5 L TTETOATA0dd00daVS RETRVELANETS V0501 0VE=07 AATCa00ATH D~ -ggmgauaquzogua;cméuﬁauuzsnmzuamcoi.ﬂmunm .........

ST .:mv

TRSLTASAGEE4E04T059T

S LTASS

BYVVASEJARELISABNOYSVIVITENRMDAVO IO DAHNETIVYOAADAATYOE S TIVATIRATAZ IS EXZOSHINAVATVOVAOVO ROV TIGATAND IO IS DAVVYD ~ — — = = = === = —— - = o e e e e oo TESLANVL
WYVVOSEJAAELISABNDYSVIVITENKMDAVOIOd OAHEE TIVEIDAADAANTYOE S TIVE TIRARGZ IS TZOORINIVATVOVADV D ROV T IQATAND IO IS DI~~~ — = = == == = === e e e e e 07
WYVVOSEJAAELISABNDYSVIVITENKMDAVO DI OAHEE T IVNDAADAANTYOE S TIVE TIRATAZISIAZOSKINIVATVOVAOVD ROV TIQATANDTOISD -~~~ — = === mmm e mmm e e e e o e = =D LI TEELAVY L
EVRTISVAVANDITISTOVIADIOS Nhgs ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| DATAADDASTIAVVIVVTADDATARLSIAAZTAOVSHOVAIR

VTSV IVAROd T IS TOV T AN TS T NMHH UM I —mm m = e e e e e e e e e e e e e e e e e e e —————————————————— HOATAADODISTIAYVIVYTIADOTIA ASTOVSKOVA--

SYWTSVIVANDTISTOVIADIOS T3 NMAHAYMS DSTATEOATAADDISTIAVVIVVTADDATARLISIAAZTAVSADIRI K

218



Chapter 5

5.4 Sequence selection for final immunogens

5.4.1 Comparison of within-genotype consensus sequences to all-genotype
consensus
Consensus sequences of conserved segments generated across different HCV
genotypes might show major differences to real patient sequences. Subsequently, an
immunogen built from consensus sequences might generate immune responses to
artificial, non-HCV epitopes.
We therefore decided to only include real patient sequences in our final immunogens
that were optimally matched for identity to the “overall consensus” of the conserved
segment. The term “overall consensus” was defined as a consensus generated from all
sequences included for each immunogen design (for gtl, gtl/3a and gtl-6), whereas
the term “subtype consensus” is used for a consensus sequence generated from
sequences of single genotype (for example, for only genotype 3 sequences in the gtl-
6 analysis).
To choose patient sequences that were included in the final immunogen a selection
approach was followed, in which the similarity between overall consensus and
subtype consensus sequences of the included genotypes was analysed for each
conserved segment (Figure 5-11).
The subtype consensus with the highest sequence similarity to the overall consensus
was selected. Next, all patient sequences of the according subtype were compared to
the subtype consensus, and an identical or almost identical sequence was selected for

the immunogen.
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Figure 5-11: Selection process for sequences to be included in the final
immunogen

|_ Entry Sequence Dataset._|

ﬂ select conserved fragments

Subtvpe consensus
Subtvpe consensus
J DE CONSENSU

Subtype consensus

select patient sequence most similar to
subtype consensus

Fragment 2

Subtvpe consensus
Subtype consensus

Fragment

To select patient sequences for the final immunogen, for each segment, the overall
consensus sequence from the entry sequence dataset was compared to subtype
consensus sequences. The most similar subtype consensus was selected (marked by
arrows pointing towards similar subtype consensus, exemplified by a similar colour),
and the patient sequence from the according subtype identical or most similar to the
subtype consensus selected and included in the final immunogen. The numbers of
sequences used in this analysis for each subtype can be found in Table 5-2, page 211.

Results of this analysis are shown in Figure 5-12 for the HCV genotype 1 immunogen,
Figure 5-13 for the HCV genotype 1 and 3 immunogen, and Figure 5-14 for the HCV

genotype 1-6 immunogen.
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Figure 5-12: Comparison of HCV genotype 1a and 1b consensus sequences to the
overall HCV genotype 1 consensus sequence
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Results of the comparison of HCV gtla and gt1b consensus sequences to the HCV gtl
consensus are shown. Consensus sequences for conserved segments are shown on the
left, with core segments at the bottom of the figure and NS5b segments at the top. For
each conserved segment, the percentage of sequence identity with the overall
consensus is shown: in red for the HCV gtla consensus and blue for HCV gtlb

consensus.
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Figure 5-13: Comparison of HCV genotype 1a, 1b and 3a consensus sequences to
the overall HCV genotype 1/3a consensus sequence
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Results of the comparison of HCV gtl and gt3a consensus sequences to the HCV
gtl/3a consensus are shown. Consensus sequences for subtypes la and 1lb were
analysed separately. Consensus sequences for conserved segments are shown on the
left, with core segments at the bottom of the figure and NS5b segments at the top. For
each conserved segment, the percentage of sequence identity with the overall

consensus is shown.
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Figure 5-14: Comparison of HCV genotype 1, 2, 3, 4, 5 and 6 consensus
sequences to the overall HCV genotype 1-6 consensus sequence
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Results of the comparison of HCV gtl-6 subtype consensus sequences to the HCV
gtl-6 consensus are shown. Consensus sequences for conserved segments are shown
on the left, with core segments at the bottom of the figure and NS5b segments at the
top. For each conserved segment, the percentage of sequence identity with the overall

consensus is shown.
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Next, the percentage of sequence identity of the subtype consensus sequences for each
segment was compared to the overall consensus at each segment. This analysis was
done using input datasets for HCV gtl, HCV gtl/3a, and HCV gtl-6 (Figure 5-15).
When similarity of subtype consensus to overall consensus at each segment was
summed, consensus sequences for HCV gtla are most similar to the overall HCV gtl
consensus (A), HCV gt3a consensus most similar to the HCV gtl/3a consensus (B),

and HCV gtl consensus most similar to the HCV gt1-6 consensus (C).

Figure 5-15: Comparison of subtype consensus (all segments) to overall
consensus.
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Comparison of subtype consensus sequences for all segments to the overall consensus
sequence of each analysis (A) HCV gtl, (B) HCV gt1/3a, (C) HCV gtl-6.

5.4.2 Selection of patient sequences for final immunogen constructs

Patient sequences for the final immunogen have been selected by the following
process:

(1) Comparison of overall consensus to all subtype consensuses (5.4.1) to select the
most similar.

(2) Comparison of patient sequences of the selected subtype to the subtype consensus.
If no 100% match was found, patient sequences of other subtypes were examined and
selected, if a higher match to the overall consensus was found.

Selected patient sequences are depicted in Table 5-4 for the immunogen designs ((A)
HCV gtl, (B) HCV gtl/3a, (C) HCV gtl-6)). The match percentage between the
patient viral sequence and the overall consensus was > 90% for all conserved
segments. Segment 17 of the HCV gt1-6 analysis was not included, since this segment
was selected as conserved, but sequence information was only available in 2 subtypes

(gt4 and gt6), where this region was an insertion.
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Table 5-4: Patient sequences selected for final HCV gtl immunogen.

Patient sequences selected for the final immunogen are shown for each conserved
segment defined for immunogen designs for (A) HCV gtl, (B) HCV gtl/3a, (C) HCV
gt1-6). For each conserved segment, the segment identifier, starting position and HCV
viral region are shown. The subtype with the consensus sequence most closely related
to the overall consensus is given, as well as the selected patient sequence identifier,
the match percentage between patient sequence and overall consensus and the
included patient sequence. If the segment was included in the shorter immunogen

(Approach A), the segment is marked in the column labelled “A”.

A HCYV genotype 1 immunogen

segment |starting |region lected lected pt match % [subtype consensus sequence
position subtype (pt/overall)

1 1[core GTla 1a.EU862823.DE.HCV-1a/DE/BID-V24/2003._ 100 MSTNPKPQRKTKRNTNRRPQDVKFPGGGQIVGGVYLLPRRGPRLGVRATRKTSERS
QPRGRRQPIPKARRPEGRTWAQPGY PWPLYGNEGCGWAGWLLS PRGSRPSWGPTDP
RRRSRNLGKVIDTLTCGFADLMGYIPLVGAPLGGARRALAHGVRVLEDGVNYATGN
LPGCSFSIFLLALLSCLTVPASA

2 276|E1 GT1lb 1b.EU256059.US.HCV-1b/US/BID-V 100 YVGDLCGSVFLVSQLFTFSPR

3 309 [E1 GTla 1a.EU862823.DE.HCV-1a_DE_BID-V24_2003._ 100 YPGHITGHRMAWD P

4 502 [E2 GT1a/GT1b [1b.EU256061.US.HCV-1b_US_BID-V364_2006._ 100 VCGPVYCFTPSPVVVGTTDR

5 534 |E2 GTla 1a.EU862841.US.HCV-1a_US_BID-V48_2003._ 100 TDVFLLNNTRPPLGNWEGCTWM

6 581 [E2 GT1lb 1a.EU362899.US.1013q.1013 100 CPTDCFRKHPEATYSRCGSGPWLTPRCLVDYPYRLW

7 656 |E2 GTla 1a.EU687193.DE.HCV-1a_DE_BID-V1562_2005._ 98 DRDRSELSPLLLSTTQWQVLPCSFTTLPALSTGLIHLHQNIVDVQYLYGVGSSV

8 729|E2/p7 GT1lb 1b.AB049088.JP.HCVT094._ 100 ARVCACLWMMLLIAQAEAALENLV

9 1021 [NS3 GTla 1a.EU255975.US.HCV-1a_US_BID-V183_1994._ 98 KGWRLLAPITAYAQQTRGLLGCIITSLTGRDKNQVEGEVQIVST

10 1067 |NS3 GTla 1b.EU482859.CH.HCV-1b_CH_BID-V272_2003._ 100 QSFLATCINGVCWTVYHGAG

11 1122|NS3 both 1b.JN120912.FR.Lex._ 99 PCTCGSSDLYLVTRHADVIPVRRRGDSRGSLLSPRPISYLKGSSGGPLLCPSGHAV
GIFRAAVCTRGVAKAVDFIPVESMETTMRS PVETDNSSPPAVPQTFQVAHLHAPTG
SGKSTKVPAAYAAQGYKVLVLNPSVAATLGFGAYMSKAHGV

12 1280|NS3 GTla 1a.EU862836.CH.HCV-1a_CH_BID-V244_2003._ 99 TGVRTITTGSPITYSTYGKFLADGGCSGGAYDIIICDECHSTDATSILGIGTVLDQ
AETAGARLVVLATATPPGSVTVPHPNIEEV

13 1413 |NS3 GTla 1a.EU529681.CH.HCV-1a_CH_BID-V251_2005._ 100 NAVAYYRGLDVSVIPTSGDVVVVATDALMTGFTGDFDSVIDCNTCVTQTVDFSLDP
TFTIETTTLPQDAVSRTQRRGRTGRGR

14 1499 [NS3 both 1b.EU256059.US.HCV-1b_US_BID-V220_2005._ 99 YRFVTPGERPSGMFDSSVLCECYDAGCAWYELTPAETTVRLRAYLNTPGLPVCQDH
LEFWEGVFTGLTHIDAHFLSQTKQAGDNFPYLVAYQATVCARAQAPPPSWDOMWKC
LIRLKP

15 1643 |NS3/NS4a [GT1a 1a.EU155233.US.HCV-1a_US_BID-V445_2006._ 100 KYIMTCMSADLEVVTSTWVLVGGVLAALAAYCLSTGCVVIVGRIVLSG

16 1760|NS4b GTla 1b.EU155220.US.HCV-1b_US_BID-V147_2004._ 98 FWAKHMWNFISGIQYLAGLSTLPGNPAIASLMAFTASVTSPLTTQ

17 1840|NSab both 1b.AF165051.JP.MD4-0.MD-4 100 GSIGLGKVLVDILAGYGAGVAGALVAFKIMSGEVPSTEDLVNLLPAILSPGALVVG
VVCAAILRRHVGPGEGAVQWMNRLIAFASRGNHVSPTHYVPESDAAARVTQILS

18 1975 [NS5a GTla 1a.EF032886.BR.BR601.BR601 100 SWLRDIWDWICEVLSDFKTWLK

19 2112|NS5a GTla 1a.EU362876.US.1013_FU24.1013 100 CPCQVPSPEFFTELDGVRLHR

20 2188|NS5a GT1b 1b.AF165051.JP.MD4-0.MD-4 100 RRLARGSPPSLASSSASQLSAPSLKATCTTNH

21 2380|NS5a GTla 1a.DQ838745.US.LIV23-11.LIV23 97 SDAESYSSMPPLEGEPGDPDLSDGSWSTVSSEA

22 2445|NS5b GT1lb 1b.U45476.DE.HD-1._ 100 LSNSLLRHHNMVYATTSRSA

23 2511|NS5b GTla 1a.AF011753.US.H77-H21.Patient 100 LTPPHSAKSKFGYGAKDVRCH

24 2575|NS5b both 1b.EU256059.US.HCV-1b_US_BID-V220_2005._ 100 KPARLIVFPDLGVRVCEKMALYDVV

25 2634 |NS5b GTla 1a.EU155233.US.HCV-1a_US_BID-V445_2006._ 100 PMGFSYDTRCFDSTVTESDIRTE

26 2675|NS5b GT1b 1b.AB154179.1E.No--4.P2 100 SLTERLYVGGPLTNSKGONCGYRRCRASGVLTTSCGNTLTCYLKASAACRAAKL

27 2731|NS5b GT1lb 1b.D50480.JP.HCV-K1-R1.Patient 100 CTMLVCGDDLVVICESAGTQEDA

28 2755[NS5b both 1b.AB049088.JP.HCVT094. _ 99 SLRAFTEAMTRYSAPPGDPPQPEYDLELITSCSSNVSVAHDASGKRVYYLTRDPTT
PLARAAWETARHTPVNSWLGNIIMYAPTLWARMIL

29 2875 |NS5b GTla 1a.EU529681.CH.HCV-1a_CH_BID-V251_2005._ 100 EPLDLPQIIQRLHGLSAFSLHSYSPGE INRVAACLRKLGVPPLRAWRHRARSVRA

30 2935|NS5b both 1b.AB442220.JP.KAHS._ 100 GGRAAICGKYLFNWAVRTKLKLTPIPAA
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B HCV genotype 1/3a immunogen

segment [starting |region ! d pt. match % b A
iti subty] (pt/overall)
1 1{core GT1 1a.EF032886.BR.BR601.BR601 97 MSTNPKPQRKTKRNTNRRPQDVKFPGGGQIVGGVYLLPRRGPRLGVRATRKTSERS|  x
QPRGRRQPIPKARRPEGRSWAQPGYPWPLYGNEGCGWAGWLLSPRGSRPSWGPTDP
RRRSRNLGKVIDTLTCGFADLMGYIPLVGAPLGGAARALAHGVRVLEDGVNYATGN
LPGCSFSIFLLALLSCLTVPAS
2 262 [E1 GT3 3a.6Q356206.GB.Patient 95 VDLLVGAATMCSALYVGDMCG
3 352 [E1 GT3 3a.GQ356202.GB.Patient 100 HWGVLAGLAYYSMQGNWAKV
4 503 [E2 GT1 1a.D010749.JP.HC-J1.HC-J1 100 SVCGPVYCFTPSP GTTDR
5 603 [E2 GT1 1a.EU862841.US.HCV-1a_US_BID-V 100 RCGSGPWLTPRCLVDYPYRLWHYPCT
6 649 [E2 both 3a.GQ356201.GB.Patient 100 AACNWTRGERCDIEDRDRSEL
7 676 [E2 GT3 3a.JQ717257.IN.ILBSRAS6._ 100 TTELAILPCSFTPLPALSTGLIHLHQONIVDVQYLYGVGSGM X
8 1028 [NS2/3 GT3 3a.GQ356204.GB.Patient 96 MGWRLLAPITAYAQQTRGLLGTIVTSLTGRDKNVVTGEVQVLSTA X
9 1129|NS3 GT3 3a.GQ356200.GB.Patient 93 PCTCGSADLYLVTRDADVIPARRRGDSTASLLSPRPLACLKGSSGGPVMCPSGHVA| x
GIFRAAVCTRGVAKALQFIPVETL
10 1213|NS3 GT1 1a.EU256072.CH.HCV-1a_CH_BID-V 97 RSPVFSDNSSPPAVPQSYQVAHLHAPTGSGKSTKVPAAYAAQGYKVLVLNPSVAAT X
LGFGAYMSKA
11 1287[NS3 GT3 3a.GQ356215.GB.Patient 95 TGNRTITTGAKLTYSTYGKFLADGGCSGGAYDVIICDECHAQDATSILGIGTVLDO| «x
AETAGVRLTVLATATPPGSITVPHSNIEEVAL
12 1431|NS3 GT3 3a.JN714194.IN.RASILBS2-SR-PO. 95 SVIPTAGDVVVCATDALMTGFTGDFDSVIDCNVAVEQYVDFSLDPTFSIETRTAPO[ x
DAVSRSQRRGRTGRGRLGTYRYVGPGERPSGMFDSVVLCECYDAGCAWYELQPAET
TVRLRAYLSTPGLPVCODHLDFWESVFTGLTHIDAHFLSQTKQQGLNFPYLTAYQA
TVCARAQAPPPSWDEMWKCLVRLKPTLHGPTPLLYRLGPVON
13 1653 |NS3/NS4a [GT3 3a.GQ356200.GB.Patient 98 MACMSADLEVTTSTWVLLGGVLAALAAYCLSVG IVGH
14 1767 |NS4b GT1 1a.EF407449.US.2027.2027 100 FWAKHMWNFISGIQYLAGLSTLPGNPAIASLMAFTA
15 1846|NS4b GT1 1a.EU529681.CH.HCV-1a_CH_BID-V 96 IGSVGLGKVLVDILAGYGAGVAGALVAFKIMSGEIPSTEDLVNLLPAILSPGALVV| x
GVVCAAILRRHVGPGEGAVQWMNRLIAFASRGNHVSPTHYVPESDAAARVTAILSS
LT
16 2119|NS5a both 1b.EU256088.US.HCV-1b_US_BID-V 100 CPCQVPAPEFFTEVDGVRLHR
17 2163 |NS5a GT3 3a.GQ356206.GB.Patient 100 IGSQLPCEPEPDVSVLTSML
18 2192|NS5a GT3 3a.GQ356201.GB.Patient 97 TAARRLARGSPPSEASSSASQLSAPSLKATCQTHR
19 2391|NS5a GT3 3a.GQ356209.GB.Patient 94 ESDSESCSSMPPLEGEPGDPDLSCDSWSTVSD
20 2427|NS5a/NS5HGT3 3a3.GQ356214.GB.Patient 97 QSVVCCSMSYSWTGALITPCSAEEEKLPINPLSNSLLRHHNLVYSTSSRSASQRQK X
KVTFDRLOVLDDHYK
21 2581 |NS5b GT1 1a.AB520610._.HCV-RMT._ 100 PEKGGRKPARLIVYPDLGVRVCEKMALYDV
22 2640 |NS5b GT3 3a.GQ356212.GB.Patient 100 WTSKKTPMGFSYDTRCFDSTVTEQDIRVEEE
23 2706 |NS5b GT1 1a.AF011753.US.H77-H21.Patient 93 CGYRRCRASGVLTTSCGNTLTCY IKARAAC
24 2767 |NS5b GT3 3a.GQ356203.GB.Patient 100 ALRAFTEAMTRYSAPPGDAPQP
25 2809 |NS5b GT3 3a.JQ717257.IN.ILBSRAS6._ 96 KGKRYYYLTRDPTTPLARAAWETARHT PVNSWLGNIIMYAPTIWVRMVM X
26 2880 [NS5b GT3 3a.GQ356210.GB.Patient 91 YGATYSVTPLDLPAI IERLHGLSAFTLHSYSPVELNRVAGTLRKLGCPPLRAWRHR| x
27 2939|NS5b GT1 1b.AB442220.JP.KAH5._ 100 VRAKLLSQGGRAAICGKYLFNWAVRTK
.
C HCV genotype 1 — 6 immunogen
segment |starting [region ! d pt match % [subtype consensus sequence A
iti b (pt/overall) (1000
1 11|core GT4 4Q_RWAN_: 36682_FJ462434_QC2 99 TKRNTNRRPMDVKFPGGGQIVGGVYLLPRRGPRLGVRATRKTSERSQPRGRRQPIP X
KARRPEGRSWAQPGYPWPLYGNEGCGWAGWLLSPRGSRPSWGPNDPRRRSRNLGKV
IDTLTCGFADLMGYIPLVGAPVGGVARALAHGVRALEDGINYATGNLPGCSFSIFL
LALLSCLTVPAS
2 304 [E1 GT1 1a.AY615798.US.HCV-TWB-1._ 100 CNCSIYPGHITGHRMAWDMMMNWSPTT
3 417|E2 either 2b.JP._.AB661431._ 100 NGSWHINRTALNCNDSLNTGF I
4 503 |E2 GT4 4a.EG.2006.Eg10._ 100 SVCGPVYCFTPSP GTTDR
5 588 |E2 GT1/GT2/G |1b.AB049088.JP.HCVT094. 100 CPTDCFRKHPEATYTKCGSGPWLTPRCLVDYPYRLWHYPCTVNF X
6 672 [E2 GT1/GT3 1b.AY587844.RU.N589.589 95 LLLSTTEWQILPCSFTTLPALSTGLIHLHQNIVDVQYLYGVGS X
7 1028|NS2/NS3_[GT3 3a.D17763._.NZL1.NZL1 97 MGWRLLAPITAYAQQTRGLLGTIVTSLTGRDKN
8 1129|NS3 GT1 1a.EU529681.CH.HCV-1a_CH_BID-V 94 PCTCGSSDLYLVTRHADVIPVRRRGDSRGSLLSPRPISYLKGSSGGPVLCPSGHAV| x
GIFRAAVCTRGVAKAVDFIPVESLE
9 1212[NS3 GT4 42.EG.2006.Eg4._ 99 MRSPVETDNSTPPAVPQTYQVAHLHAPTGSGKSTKVPARYAAQGYKVLVLNPSVAA| x
TLGFGAYMSKAYGI
10 1286|NS3 GT1/GT4 [4a.EG.2006.Eg12._ 96 RSGVRTITTGAPITYSTYGKFLADGGCSGGAYDIIICDECHSTDSTTILGIGTVLD| x
QAETAGVRLVVLATATPPG
11 1392 |NS3 all except [1a.AY615798.US.HCV-TWB-1._ 100 IKGGRHLIFCHSKKKCDELA
12 1420(NS3 GT1 1b.EU155357.CH.HCV-1b_CH_BID-V 94 NAVAYYRGLD' IPTSGD TDALMTGFTGDFDSVIDCNTCVTQTVDFSLDP| x
TFTIETTTVPQDAVSRSQRRGRTGRGRRGIYRFVTPGERPSGMFDSSVLCECYDAG
CAWYELTPAETSVRLRAYLNTPGLPVCQDHLEFWEGVFTGLTHIDAHFLSQTKQAG
DNFPYLVAYQATVCARAQAPPPSWDOMW
13 1645|NS3/NS4a [GT4 4a.EG.2006.Eg4._ 98 THPITKYIMACMSADLEVVTSTWVLVGGVLAALAAYCLSVGSVVIVG X
14 1767 |Ns4b GT1 1a.EF407449.US.2027.2027 98 FWAKHMWNFISGIQYLAGLSTLPGNPAIASLMAFTAAVTSPL X
15 1843 |NS4b GT1 1a.0Q430811.US.TN168-1FL.TN168 98 GAAVGSVGLGKVLVDILAGYGAGVAGALVAFKIMSGEVPSTEDLVNLLPAILSPGA| x
LVVGVVCAAILRRHVGPGEGAVQWMNRLIAFASRGNHVSPTHYVPESDAAARV
16 2189|NS5a GT4/GT6 _ [6d.VN._.VN235.VN235 100 TAETAARRLARGSPPSLASSSASQLSAPSLKATCT
17 2398|NS5a not included ESYSSMPPLEGEPGDPDLEFEQVESQ
18 2453 |NS5a/NS5HGT6 6a.HK._.6a66._ 97 VCCSMSYSWTGALITPCAAEEEKLPINPLSNSLIRHHNMVYSTTSRSASLROKKVT| x
FDR
19 2604 |NS5b GT3/GT6  |3a.JQ717260.IN.ILBSRASS. _ 100 PSKGGRKPARLIVYPDLGVRVCEKRALYDV
20 2666 |NS5b GT1/GT6 _ [6h.VN._.VN004.VNOO4 100 KKTPMGFSYDTRCFDSTVTERDIRTE
21 2729 |NS5b GT1/GT2  [2a._._.NDM228._ 97 CGYRRCRASGVLTTSMGNTITCYIKALAA
22 2796 |NS5b GT1 1a.EU256072.CH.HCV-1a_CH_BID-V 100 EAMTRYSAPPGDPPQPEYDLELITSCSSNVSVAHD
23 2845[NS5b GT6 6a.HK._.6a61._ 100 TPLARAAWETARHTPVNSWLGNIIMYAPTIWVRMVLMTHFFSILQ X
24 2903 |NS5b GT3/GT5  [3a.6Q356206.GB.Patient 94 YGATYSVTPLDLPAIIERLHGLSAFTLHSYS
25 2936 [NS5b GT6 6a.HK._.6a33._ 96 ELNRVGACLRKLGVPPLRAWRHRARAVRAKLIAQGGKAAICGKYLFNWAV X
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In Figure 5-16, the numbers of sequences selected from each subtype are shown. Of
note, the numbers of selected patient sequences do not entirely reflect the percentage
of homology depicted in Figure 5-15: for example, no sequences were selected from
HCV gt5, and proportionally less sequence from HCV genotype 2. This is based on
cases where two subtypes were similar to the overall consensus (e.g. segment 24 for
immunogen design HCV gtl-6, Table 5-4, page 225), and a patient sequence from
one subtype most similar to the overall consensus (in the example from subtype 3 and

not subtype 5) was included in the final immunogen.

Figure 5-16: Number of patient sequences of each subtype included in the final
immunogen.
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For each analysis, (A) HCV gtl, (B) HCV gtl/3a, (C) HCV gtl-6, the numbers of
patient sequences selected for each subtype included in the analysis are shown.

5.5 Evaluation of potential immunogenicity of designed

immunogens

In general, immune responses in every infected individual focus on a small number of
immunodominant epitopes (Yewdell 2006). Since the immune response mounted by
each individual is limited and mainly focused on a few immunodominant regions,
issues have been raised regarding the immunogenicity of vaccines containing only
conserved regions, thereby potentially missing many immunodominant epitopes.

On the contrary, there is evidence that conserved regions with subdominant epitopes
are capable of inducing robust immune responses if dominant epitopes were absent. In
a recent study, it was shown that sequential inactivation of dominant HIV epitopes
up-ranks the remaining sub-dominant epitopes (E.-J. Im et al. 2011).

Since we only included conserved regions in the immunogens, there is a chance that

only regions with poor immunogenicity are selected. However, by removing
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immunodominant T cell epitopes, the immunogenicity of sub-dominant HCV epitopes
might be improved as has been observed in HIV(E.-J. Im et al. 2011).

To evaluate potential immunogenicity of the designed immunogens, we took two
different approaches: (1) Epitopes described in natural HCV gtl and gt3 infection
were analysed regarding their position in conserved or non-conserved segments, and
(2) Designed immunogens were evaluated using HLA epitope prediction programs.
Subsequently, the number of potential artificial, non-HCV MHC class-1 epitopes

caused by joining conserved segments was assessed.

5.5.1 Epitopes in conserved regions described in natural infection
We evaluated conserved segments selected for the immunogen with regards to
previously described epitopes in the literature. To do this, we selected all T cell
epitope entries on the immune epitope database (http://www.iedb.org, (Vita et al.
2010) search date 19/02/2014) for HCV genotype 1 and 3. Subsequently, we checked
retrieved data for the following parameters and excluded all publications where
requirements were not met:

1. Only human data;

2. Results from T cell assays (ELISpot, Thymidine proliferation, ICS, FACS

etc.), but no prediction data was to be included;

3. Duplicates of the same epitopes in the same publication were excluded.

Epitope datasets were then analysed regarding their position in defined HCV

conserved/non-conserved regions.

5.5.1.1 Do CDS8+ epitopes described in natural HCV gtl infection fall into
conserved regions?

CD8+ restricted epitopes previously described in natural HCV gtl infection and
deposited on the IEDB were included in the analysis. After exclusion of duplicates,
454 CD8 HCV gtl epitopes described in natural infection were included in the
analysis.

For 160 out of 454 deposited CDS8 restricted T cell epitopes, the HLA class-I
restriction was not defined. The HLA type distribution of HCV gtl specific CD8
epitopes is depicted in Figure 5-17. CDS8+ restricted epitopes were mainly A2
restricted (181 described epitopes), which is most likely due to an experimental and

publication bias. For HLA type A2, several well-characterized tetramers are available,
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which have been used in multiple studies, such as CINGVCWTV and
KLVALGINAV.

Figure 5-17: HLA type distribution of published epitopes as derived from the
IEDB.

3 Ao1 I BO7 [ cw?
B A02 = B0S [ other
[ A03 I B15
= A1 I B27
3 A24 [ B35
B A25 [ B38
B A26 I B37
[ A29 [ B44
= A31 [ B51
Il A68 I B55
I B57
Il B58
Il B60

HLA distribution of previously described HCV epitopes with defined HLA type
deposited on the immune epitope database (IEDB).

To define whether conserved regions were capable of priming responses in natural
HCV infection, previously described CD8+ restricted epitopes were mapped on
defined conserved regions (Figure 5-18 A). It has to be noted that the number of
publications, used here as an approximation for immunodominance, may relate to real
immunodominance or HLA dominance.

It was shown that conserved regions (as defined for the HCV gtl immunogen defined
in this thesis) are not immunologically inert in natural infection. However, the most
immunodominant epitopes outside of HCV core fall into variable regions. Overall,
there was no clear relation between regions commonly targeted by immune responses
and sequence variability observed, represented by an association plot of
immunogenicity (assessed as number of publications in which an epitope was
detected at each amino acid position) in relation to variability score at each amino

acid (Figure 5-18 B).
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Figure 5-18: Distribution of epitopes previously described in natural HCV gtl
infection in relation to HCV gtl sequence variability
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(A) Plot of HCV gtl sequence heterogeneity (top) and CD8+ (bottom) epitopes
previously described in natural HCV gtl infection. Top/right Y-axis: A variability
plot of HCV gtl sequences is depicted; conserved regions are regions below the
dashed line. Bottom/left Y-axis: Epitopes previously described in the literature in
relation to conserved regions included in the HCV gtl immunogen (marked in grey).
The number of publications in which HCV gtl specific epitopes were described is
depicted with the epitope position. HCV viral regions are marked at the top. For
selected immunodominant epitopes sequence information is shown. (B) assessed as
number of publications in which an epitope was detected at each amino acid position
(in relation to variability score at each amino)

5.5.1.2 Are HCV gtl epitopes previously linked to protection included in the
immunogens?

Next, I assessed whether epitopes previously linked to spontaneous resolution of

natural HCV infection in the literature were included in the designed immunogens.

Four epitopes were defined as linked to protection in HCV gtl infection (see Table

5-5, page 231), which were mapped on selected conserved viral regions. Only one

epitope (NTRPPLGNW) was contained in full in the HCV gtl construct. For the other
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three epitopes, only fragments of the epitopes were defined as “conserved” within gtl
sequences. Epitopes KSKKTPMGF and ARMILMTHF were contained in the HCV
gtl/3a and HCV gtl-6 construct, respectively. However, for these epitopes, the
sequence version included in the final immunogen varied from the sequence of the
epitope described as protective in HCV gtl infection by one (TSKKTPMGF) or two
(VRMVLMTHF) amino acids (Table 5-5). In addition, it has been shown previously
that the protective effect of HLA-B27 is limited to HCV genotype 1 infection and
does not expand to the genotypic sequence variant of HCV gt3 (Neumann-Haefelin et
al. 2010).

Table 5-5: Are epitopes linked to protection in HCV genotype 1 included in the
conserved segments.

Linked | Epitope AA | Reference construct | included? | sequence
HLA version included
in immunogen
B*57 NTRPPLGNW | 541 (A. Y. Kim | gtl yes NTRPPLGNW
escape: et al. 2010) gtl/3a no
NTRPPXGNW gtl-6 no
A*03 TVYHGAGTK | 1080 | (Fitzmaurice | gtl partially TVYHGAG
escape: - etal. 2011) gtl/3a no
TVYHGAGXX | 1088 gtl-6 no
B*57 KSKKTPMGF | 2629 | (A. Y. Kim | gtl partially PMGF
escape: etal. 2010) gtl/3a yes TSKKTPMGF
XXKKXPMGF gtl-6 partially | KKTPMGF
B*27 ARMILMTHEF | 2841 | (Neumann- gtl partially | ARMIL
escape: - Haefelin et | gtl/3a partially | VRMVL
XRMILXTHF | 2849 | al. 2008) gtl-6 yes VRMVLMTHF

5.5.1.3 Epitopes described in HCV gt3 infection

Subsequently, it was assessed whether epitopes detected in natural HCV gt3 infection
were located in conserved or variable HCV gt3 regions. Due to the limited number of
epitopes described in HCV gt3 infection, and the fact that for the majority of epitopes
a CD4/CD8 restriction was not described, both CD4 and CDS epitopes and as well as
epitopes without restriction were included in the analysis. HCV gt3 specific epitopes
deposited on the immune epitope database included epitopes from four publications
(Giugliano et al. 2009; H. Qureshi et al. 2011; Ruhl et al. 2012; Humphreys et al.
2012). In addition, epitopes described in Chapter 3 and 4 of this thesis were mapped,
counting detection in this thesis as the equivalent to one publication (Figure 5-19).
Similarly to epitopes described in HCV gt infection, epitopes described in HCV gt3

infection fell into conserved and non-conserved regions. Of note, the dominant
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epitope AEFFTEVDGVRLHRYA that was found in 2 spontaneously resolved patients
in this study (Chapter 4) fell into a conserved region and was included in the
immunogen. So far, no epitopes in HCV gt3 infection were clearly linked to
spontaneous resolution of HCV infection, therefore no analysis on potential protective

epitopes has been attempted.

Figure 5-19: Distribution of epitopes previously described in natural HCV gt3
infection in relation to HCV gtl/3a sequence variability
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Plot of HCV gtl/3a sequence heterogeneity (top) and CDS8+ (bottom) epitopes
previously described in natural HCV gtl infection. Top/right Y-axis: A variability
plot of HCV gtl sequences is depicted; conserved regions are regions below the
dashed line. Bottom/left Y-axis: Epitopes previously described in the literature in
relation to conserved regions included in the HCV gt3 immunogen (marked in grey).
The number of publications in which HCV gt3 specific epitopes were described is
depicted with the epitope position; if the sequence was described in this thesis, this
was counted as one publication. HCV viral regions are marked at the top. For selected
immunodominant epitopes sequence information is shown.

In summary, based on this data from natural HCV gtl and gt3 infection, we
hypothesize that designed immunogens will not be immunogenically inert, but may be

capable of priming immune responses to previously subdominant regions.
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5.5.2 Evaluation of immunogenicity using epitope prediction programs

Next, we aimed to evaluate potential immunogenicity by MHC class-I epitope
prediction using freely available online prediction programs. First, we evaluated
common HLA types, to ensure that epitope prediction was attempted for HLA types
abundant in the population. Next, we chose three online epitope prediction servers
from the wide range of freely available servers based on literature evidence.
Subsequently, selected conserved viral regions were evaluated for potential
immunogenicity using these three servers. Particular attention was paid to

immunogenicity in junctional regions between conserved segments

5.5.2.1 Evaluation of HLA type distribution

To ensure that common HLA types were included in the epitope prediction analysis
(see 5.5.2.3, page 236), worldwide HLA type distributions were evaluated using the
NCBI HLA resource (http://www.ncbi.nlm.nih.gov/projects/gv/mhc/ihwg.cgi,
accessed in February 2013). Distributions for HLA-A and B types were assessed for

different regions and populations combined (Figure 5-20).

Figure 5-20: Frequency of HLA types worldwide.
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Of the HLA types listed in Figure 5-20, the most common HLA types were
subsequently evaluated for potential MHC class-1 epitopes using freely available

online prediction programs.

5.5.2.2 Choosing an epitope prediction server

Available online epitope prediction servers offer predictions for different steps in
peptide processing and binding to MHC class-I and II complexes. Options allow
predictions for proteasomal degradation, TAP processing, MHC binding and MHC
peptide presentation. Since peptide predictions are complex, we tried to keep the
analysis to a well-defined step: the peptide binding stage.

Several computational methods for the assessment of T cell epitopes have been
developed, using a variety of statistical and machine learning approaches. However, it
gets increasingly more complicated to choose the best server for the desired analysis,
since there is no guarantee that servers produce good quality predictions (Brusic et al.
2004). Therefore, an epitope prediction server was chosen based on previously
published evidence. Lin et al. compared 30 combinations of servers and
computational methods for MHC class-I epitope prediction (Table 5-6) (H. H. Lin et
al. 2008).

Table 5-6: Evaluated MHC class-I epitope prediction servers and computational
methods

Server URL Method Reference

BIMAS http://www-bimas.cit.nih.gov/molbio/hla_bind/ Matrix (K. C. Parker et al. 1994)
HLA Ligand http://hlaligand.ouhsc.edu/prediction.htm Matrix (M Sathiamurthy et al. 2003)
IEDB (ANN) http://tools.immuneepitope.org/analyze/html/mhc_binding.html ANN (M. Nielsen et al. 2003)
IEDB (ARB) http://tools.immuneepitope.org/analyze/html/mhc_binding.html Matrix (Bui et al. 2005)

IEDB (SMM) http://tools.immuneepitope.org/analyze/html/mhc_binding.html Matrix (B. Peters & Sette 2005)
MAPPP (Bimas) http://www.mpiib-berlin.mpg.de/MAPPP/binding.html Matrix (Hakenberg et al. 2003)
MAPPP (SYFPEITHI) http://www.mpiib-berlin.mpg.de/MAPPP/binding.html Matrix (Hakenberg et al. 2003)
MHC Binder Prediction http://www.vaccinedesign.com/ Matrix -

MHC-BPS http://bidd.cz3.nus.edu.sg/mhe/ SVM (Cui et al. 2006)

MHC-I (Multiple matrix) http://atom.research.microsoft.com/hlabinding/hlabinding.aspx SBM (Jojic et al. 2006)

MHC-I (Single matrix) http://atom.research.microsoft.com/hlabinding/hlabinding.aspx SBM (Jojic et al. 2006)
MHCPred (Amino Acids) http://www jenner.ac.uk/MHCPred/ PLS (Guan et al. 2006)
MHCPred (Interactions) http://www jenner.ac.uk/MHCPred/ PLS (Guan et al. 2006)
MULTIPRED (ANN) http://antigen.i2r.a-star.edu.sg/multipred 1/ ANN (G. L. Zhang et al. 2005)
MULTIPRED (HMM) http://antigen.i2r.a-star.edu.sg/multipred 1/ HMM (G. L. Zhang et al. 2005)
MULTIPRED (SVM) http://antigen.i2r.a-star.edu.sg/multipred 1/ SVM (Bhasin & Raghava 2007)
NetMHC (ANN) http://www.cbs.dtu.dk/services/NetMHC/ ANN (S Buus et al. 2003)
NetMHC (Weight Matrix) http://www.cbs.dtu.dk/services/NetMHC/ Matrix (M. Nielsen et al. 2004)
nHLAPred (ANNPred) http://www.imtech.res.in/raghava/nhlapred/neural.html ANN (Bhasin & Raghava 2007)
nHLAPred (ComPred) http://www.imtech.res.in/raghava/nhlapred/comp.html ANN/Matrix (Bhasin & Raghava 2007)
PepDist http://www.pepdist.cs.huji.ac.il/ DF (Wan et al. 2006)
PeptideCheck http://www.peptidecheck.org/ Matrix (Reche et al. 2002)

Predep http://margalit.huji.ac.il/Teppred/mhc-bind/index.html SBM (Wan et al. 2006)

ProPredl http://www.imtech.res.in/raghava/propred1 Matrix (H. Singh & Raghava 2003)
Rankpep http://bio.dfci.harvard.edu/Tools/rankpep.html Matrix (Reche et al. 2002)

SMM http://zlab.bu.edu/SMM/ Matrix (B. Peters et al. 2003)
SVMHC (MHCPEP) http://www.sbc.su.se/~pierre/svmhc/new.cgi SVM (Donnes & Kohlbacher 2006)
SVMHC (SYFPEITHI) http://www.sbc.su.se/~pierre/svmhc/new.cgi SVM (Donnes & Kohlbacher 2006)
SVRMHC http://SVRMHC.umn.edu/SVRMHCdb SVM (Wan et al. 2006)
SYFPEITHI http://www.syfpeithi.de/ScriptssMHCServer.dll/EpitopePrediction.htm Matrix (Rammensee et al. 1999)

Servers and computational methods evaluated in (H. H. Lin et al. 2008). ANN
artificial neural networks, SBM, structure based model, PLS partial least square, DF
distant function
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The performance of different servers and computational methods was assessed using
an experimental dataset from a full-overlapping binding study of 9-mer peptides to
seven HLA-I molecules (Peters & Sette 2005). Peptides were derived from a tumor
antigen and a fragment of a viral antigen, and assessed against HLA types. Prediction
results of the different servers were normalized and then compared regarding different
HLA types. Overall, HLA types A*0201, A*0301, A*1101, B*0702, B*0801,
B*1501 had excellent prediction accuracy, and B*2402 moderate classification
accuracy. According to this study, NetMHC artificial neural networks (ANN
computing method, at http://www.cbs.dtu.dk/services/NetMHC) is likely to produce
best prediction results, being ranked as the best overall peptide predictor, showing
best performance for thresholds that optimize the selection of T cell epitopes, and
thresholds that do not allow false positives (H. H. Lin et al. 2008).

Prediction capabilities of available MHC class-II servers do not match MHC class-I
servers (H. H. Lin et al. 2008). 21 available MHC class-II prediction servers were
evaluated (Table 5-7), comparing prediction results to experimental data from four
independent studies involving 721 peptide binding assays to seven common HLA-DR
molecules: DRB1*0101, 0301, 0401, 0701, 1101, 1301, and 1501. NetMHClIIpan was
the best individual predictor, closely followed by PROPRED, IEDB (Consensus), and
MULTIPRED (SVM). Overall, the authors conclude that available servers offer only

limited prediction accuracy and further development of class-1I predictors is needed.

Table 5-7: Evaluated MHC class-II epitope prediction servers and computational
methods

Server | URL Method Reference

HLA-DR4Pred (ANN) http://www.imtech.res.in/raghava/hladr4pred/index.html ANN (Bhasin & Raghava 2007)
HLA-DR4Pred (SVM) http://www.imtech.res.in/raghava/hladr4pred/index.html SVM (Bhasin & Raghava 2007)
IEDB (ARB) http://tools.immuneepitope.org/analyze/html/mhc_lI_binding.html Matrix (Bui et al. 2005)

IEDB (SMM) http://tools.immuneepitope.org/analyze/html/mhc_lI_binding.html Matrix (M. Nielsen et al. 2007)
IEDB (Saturniolo) http://tools.immuneepitope.org/analyze/html/mhc_lI_binding.html Matrix (Sturniolo et al. 1999)
IEDB (Consensus) http://tools.immuneepitope.org/analyze/html/mhc_lI_binding.html Matrix

MHC Binder Prediction http://www.vaccinedesign.com Matrix

MHC2Pred http://www.imtech.res.in/raghava/mhc2pred SVM

MHC-BPS http://bidd.cz3.nus.edu.sg/mhc SVM (Cui et al. 2006)
MHCPred http://www.jenner.ac.uk/MHCPred PLS (Guan et al. 2006)
Multipred1 (ANN) http://antigen.i2r.a-star.edu.sg/multipred1 ANN (G. L. Zhang et al. 2005)
Multipred1 (HMM) http://antigen.i2r.a-star.edu.sg/multipred1 HMM (G. L. Zhang et al. 2005)
Multipredl (SVM) http://antigen.i2r.a-star.edu.sg/multipred1 SVM (G. L. Zhang et al. 2007)
NetMHCII http://www.cbs.dtu.dk/services/NetMHCII Matrix (M. Nielsen et al. 2007)
NetMHCllpan http://www.cbs.dtu.dk/services/NetMHClIpan ANN (M. Nielsen et al. 2008)
PeptideCheck http://www.peptidecheck.org Matrix (DeLuca et al. 2007)
ProPred http://www.imtech.res.in/raghava/propred Matrix (H. Singh & Raghava 2003)
Rankpep http://bio.dfci.harvard.edu/Tools/rankpep.html Matrix (Reche et al. 2002)
SVMHC http://www-bs.informatik.uni-tuebingen.de/SVMHC/index_html Matrix (Dénnes & Kohlbacher 2006)
SVRMHC http://www-bs.informatik.uni-tuebingen.de/SVMHC/index_html SVM (Wan et al. 2006)
SYFPEITHI http://www.syfpeithi.de/Scripts/MHCServer.dll/EpitopePrediction.htm Matrix (Rammensee et al. 1999)

Servers and computational methods evaluated in (H. H. Lin et al. 2008). ANN
artificial neural networks, SBM, structure based model, PLS partial least square, DF
distant function
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Hence, we chose to analyse our immunogens for HLA class-I types A and B with 3
different, freely available online prediction programs:

(1) NetMHC (ANN)/ NetMHClIpan at http://www.cbs.dtu.dk/services/NetMHC,
which ranked highest in Lin et al., 2008,

(2) Syfpeithi (http://www.syfpeithi.de/Scripts’ MHCServer.dll/EpitopePrediction.htm),
and

(3) BIMAS, (http://www-bimas.cit.nih.gov/molbio/hla_bind/).

Syfpeithi and BIMAS servers were included in the analysis since these servers have
been commonly used in our department previously. Based on the restricted accuracy
of MHC class-II prediction, potential CD4+ restricted epitopes were not evaluated in

the designed immunogens.

5.5.2.3 Are the designed immunogens immunogenic? - MHC class-1 epitope
prediction using the NetMHC server

To assess the potential immunogenicity of the designed immunogens, we ran an
epitope prediction analysis for full-length immunogens for HCV gtl, gt1/3a and gt1-6
(approaches A and D). The following settings were selected for the NetMHC (ANN)
analysis: HLA supertype representatives available on the NetMHC server were
selected for the analysis (HLA A*0101, *0201, *0301, *2402, *2601, HLA B*0702,
*0801, *1501, #2705, *3901, *4001, and *5801). For these HLA types, peptides of 8
to 11 amino acids in length were predicted, with a threshold of a predicted IC50 of 50
for a strong binder and a score <0.5. We used the 2.8 server version available in
November 2013.

Short and long versions of the designed immunogens for each sequence dataset (HCV
gtla/lb, HCV gtl1/3a, HCV gtl-6) had significant immunogenicity, with more than
190 strong binders predicted for the shorter immunogen length (approach A), and
more than 250 strong binders predicted for the long immunogen versions (approach
D) (Figure 5-21 B). The number of predicted strong binders was related to the length
of the immunogen (Figure 5-21 A).
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Figure 5-21: Numbers of predicted strong binders to MHC class-I epitopes.
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(A) The length of different immunogens depends on the design approach used. (B)
Numbers of peptides with potential strong binding to MHC class-I complexes,
depicted for immunogen design approaches A and D and for datasets HCV gtl, gtl/3a
and 1-6.

To ensure that no major HLA type was underrepresented by reducing the immunogen
length from an all segments approach (analysis D) to an immunogen with a restricted
number of segments (analysis A), HLA type distributions for predicted MHC class-I
epitopes were compared between different immunogen approaches. No major change
in HLA type distributions of predicted strong binders was observed when shortening

the long version (version D) of the designed immunogens (Figure 5-22).

Figure 5-22: HLA type distributions of predicted epitopes in different analyses
and immunogens.
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HLA types of epitopes predicted in using the NetMHC server for the long (D, bottom
row) and short (A, top row) immunogens for HCV gtl (left), gt1/3a (middle) and gt1-
6 (right).
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Based on this epitope prediction analysis, I conclude that the designed conserved
immunogens have the potential of inducing potent immune responses to subdominant

epitopes to a range of different HLA types.

5.5.3 Putative artificial MHC class-I epitopes in junction areas

If conserved segments are joined together in a single, open reading frame immunogen,
immune responses to segment junctions will target artificial, non-HCV epitopes. To
assess putative artificial epitopes, junction regions between conserved segments were
defined using different online prediction servers. Junctional regions were defined as
10 amino acids on each side of each conserved segment.

Initially, junction regions were assessed for artificial, non-HCV epitopes using the
NetMHC prediction server (Figure 5-23). Depending on the immunogen design
approach, about 8-25% of all predicted strong binding epitopes fall in junction regions.
The number of segment junctions is directly related to the amount of putative artificial

epitopes formed.

Figure 5-23: Potential artificial epitopes generated at segment junctions
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(A) The number of junction areas for different immunogen design approaches (A and
D) and designs (HCV gtl, gtl/3a, gtl1-6) is shown. (B) The percentage of predicted
strong binders falling in segment junction areas is depicted.

A detailed analysis showing numbers of predicted epitopes for each junction region of

the different immunogens is depicted in Figure 5-24.
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Figure 5-24: Detailed numbers of potential artificial epitopes in junction regions
for all immunogen designs.
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Depicted are immunogens for immunogen designs (A) and (D) for all sequence entry
datasets (HCV gtl [red], HCV gtl/3a [orange], HCV gtl-6 [blue]). Segments size
depicted is related to original segment size. The number of artificial epitopes
predicted at each junction point is always shown between two segments. Segment 17
of the HCV gt1-6 analysis was not included (marked in red), since this segment only
existed in 2 subtypes (gt4 and gt6).

Since epitope prediction analyses will never fully reflect the immune response in vivo,
we aimed to optimize prediction results by including and comparing predictions from
different servers. Ideally, this should enable the exclusion of false positive predictions
without a loss of prediction sensitivity. Three different prediction servers were used to
predict artificial epitopes:

(1) NetMHC server (ANN, http://www.cbs.dtu.dk/services/NetMHC)

(2) Syfpeithi server (http://www.syfpeithi.de)

(3) BIMAS server (http://www-bimas.cit.nih.gov/molbio/hla_bind/)

The selection was based on a meta-analysis of available prediction servers (NetMHC),
as well as on the previous usage of prediction servers in our laboratory
(Syfpeithi/BIMAS).

The following strategy for the comparison of predicted epitopes was used (Figure

5-25); first, junction regions were defined, selecting 10 amino acids on each side of
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the segment junction for each junction of designed immunogens (gtl, gtl/3, gtl-6).
Then, the epitopes prediction analyses were run for all available MHC class-I types
for each of the three servers, and strong binders defined following the
recommendations on each prediction server (NetMHC score <0.5, Syfpeithi score >20,
BIMAS score >100). Strong binders not falling exactly on the junction (e.g. a
predicted peptide of 8AA in length, starting at the first amino acid of the defined
junction region) were excluded from the analysis. To then compare the datasets
generated by different epitope prediction servers, we excluded epitopes predicted for
HLA types that were not shared between servers. If different peptide lengths for the
same HLA type were predicted, these were not excluded, since we reasoned that
interesting information was contained, even if the exact match between peptides was
not met: these epitopes were classified as “similar” in our analysis. Remaining
epitopes were compared, and junction regions with strong binders adapted using

linkers between segments (see 5.5.3.1, page 242).

Figure 5-25: Strategy for comparing different epitope prediction servers
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Strategy for comparing epitope prediction results generated by different servers. For
each analysis, strong binding epitopes were predicted in junction areas between
segments. Subsequently, HLA types between servers were compared and epitopes
predicted for non-matching HLA types excluded. Then, remaining epitopes were
compared.

A detailed description of the analysis and results can be found in the appendix (see

8.2 Comparative analysis of CD8+ restricted epitopes predicted by three different
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online epitope prediction servers, page 291 following). In brief, the overlap in
prediction of strong binders by the used epitope prediction servers was minimal.
When comparing the NetMHC to Syfpeithi prediction, of 169 artificial strong binders
predicted by NetMHC (70 epitopes) and Syfpeithi (99 epitopes) servers, 24 epitopes
were identical, reflecting an overlap of 34% (NetMHC) and 24% (Syfpeithi)
(Supplementary Table 8-3, page 293). All other predicted strong binders were either
predicted for different HLA types or lengths. If predicted epitopes differed in length
by one or two amino acids, but were predicted for identical HLA types, they were
classified as “similar”: this applied to 8 more epitopes, increasing the overlap from
34% to 46% (NetMHC) and 24% to 32%, respectively.

Next, I compared prediction results of NetMHC and BIMAS servers: of 107 predicted
artificial strong binders [46 (NetMHC), 61 (BIMAS)], only 5 predicted epitopes were
identical, estimating at 11% overlap of epitopes predicted by the NetMHC server and
8% overlap for the BIMAS analysis (Supplementary Table 8-6, page 299). All other
predicted strong binders were either predicted for different HLA types or lengths. 5
more epitopes were classified as “similar”, increasing the match percentage from 11%
to 22% (NetMHC) and 8% to 16% (BIMAS).

191 epitopes were predicted in junction regions between segments by Syfpeithi and
BIMAS servers [96 (Syfpeithi) and 95 (BIMAS)], of which 24 were identical for both
prediction analyses, which estimates at 25% for both analyses (Table 8-9, page 302).
A further 2 epitopes were classified as “similar”, increasing the percentage of
matching epitopes to 26%.

Overall, overlap percentage ranged from 8% to 34% (or 16% and 46%, if similar
epitopes were considered), with the greatest overlap between the Syfpeithi and
NetMHC server, and a low overlap for predicted epitopes between NetMHC and
BIMAS. In conclusion, there is a significant mismatch between strong binders
predicted for identical HLA types by different servers. Overall, the NetMHC server
predicted the smallest number of epitopes, implying a higher rate of false positives
using both of the other servers. This is in line with published evidence by Lin et al. (H.
H. Lin et al. 2008). The comparative analysis implies that there is more overlap of
predicted epitopes between NetMHC and Syfpeithi than between NetMHC and
BIMAS, with 21 (+6 similar; NetMHC/Syfpeithi) versus 5 (+5 similar;
NetMHC/BIMAS) identical epitopes predicted. This is potentially caused by an
overrepresentation of HLA B*27 and B*51 epitopes in the BIMAS prediction.
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5.5.3.1 Avoiding potential artificial epitope: Usage of linkers

Linkers between two joined segments are used in immunogen design to avoid the
generation of artificial antigens. Commonly used linkers include various
glycine/proline or glycine/serine combinations. Examples for these linkers used in
previous immunogen designs include GGGPGGG in the heterotypic Influenza A
NP+M1 vaccine (T. K. Berthoud et al. 2011), GGGSGGG in a recent Malaria
immunogen (Biswas et al. 2011) or GS, used in the ME-TRAP malaria vaccine (S. C.
Gilbert et al. 1997). Other possibilities include lysine linkers (A. Yano et al. 2013),
sulthydryl linkers potentially augmenting T cell immune responses (Timmerman
2009), glutaraldehyde linkers (Hurvitz & Timmerman 2005) and furin sensitive
linkers (J. Lu et al. 2004). However, not all vaccines containing several joint segments
include linkers at junction sides, the HIV immunogen HIV s designed by Tom
Hanke’s group (Létourneau et al. 2007) does not contain any linkers. Here, about 20%
of the generated immune response in mice was aimed against junctional regions
(correspondence with Tomas Hanke).

Since the conserved immunogens contained multiple different segments, and
according to epitope prediction programs about 20% of potential epitopes were lying
in junction areas, we chose to include linkers in junction areas where strong binders
were predicted in epitope prediction analyses by at least 2 different servers. Linkers
were designed to abrogate artificial binders. However, linker design was complicated
by divergent prediction results obtained through epitope prediction servers. Therefore,
linker design was only attempted in cases where epitopes were predicted by at least
two independent epitope prediction servers. After the insertion of linkers at junctions
with strong binding artificial epitopes, regions were re-assessed for strong binders
using online prediction servers. If strong binders were not abolished by the usage of
linkers, original junction sites without linkers were used. Since multiple identical
linkers included in a construct might cause dimerization during cellular immunogen
expression and therefore complicate production, different linkers were designed to
avoid dimerization.

In the following section, results for the HCV gtl immunogen (design D) are discussed
as an example. For a detailed depiction of results of this analysis, refer to the
appendix (Table 8-10, page 305). For this immunogen, 11 of the 29 junction sites
were not modified: no epitopes were predicted at two junctions (5, 18), and no

overlap between prediction servers was seen at 4 junction sites (3, 7, 10, 27), and for
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the remaining 5 junction sites (4, 8, 9, 17, 20), inserted linkers did not modify strong
binders, or created other putative epitopes. An example of modified junction regions

with different linkers is shown in Table 5-8.

Table 5-8: Inserted linker regions for HCV gtl immunogen (approach D)

Junction |Amino acid sequence Suggested linkers at junctions
0 SQETHARFRRSTNPKPQRKT SQEIHARFRRkggg jgk STNPKPQRKT
1 V SAYVGDLCGSVF LSCLTV 99sgYVGDLCGSVF
2 SQLEFTEFSPRYPGHITGHRM VSQLEFTEFSPRpYPGHITGHRM
3 VCGPVYCFEFTP
4 TDVFLLNNTR
5 WMCPTDCFRKHP
6 C DYPYRLWDRDRSELSPL CLVDYPYRLWgDRDRSELSPL
7 QYLYG VARVCACLWMM
8 QOAEAALENLVKGWRLLAPIT
9 A STQSFLATCING
10 AGPCTCGSSDLY
11 \ TGVRTITTGS GAYMSKA
12 TVPHPNIEEVNAVAYYRGLD TVPHPNIEE gNAVAYYRGLD
13 QRRGRTGRGRYRFVTPGERP QORRGRTGRG ggsggg YREVTPGERP
14 MWKCLIRLKPKYIMTCMSAD MWKCLIRLKPggkgpggKYIMTCMSAD
15 IVLSGFWAKHMWNET v gFWAKHMWNE'T
16 PLTTOGSIGLGKVLV PLTTOpGSIGLGKVLV
17 JTOILS SWLRDIWDWI
18 KTWLKCPCQVPSPEF
19 TEL RLHRRRLARGSPPS TELDGVRLHRkkgpgsgpgp RRLARGSPPS
20 SLKATCTTNHSDAESYSSMP
21 SALSNSLLRHHN GSWS AgsgsLSNSLLRHHN
22 LTPPHSAKSK YATTS Jp LTPPHSAKSK
23 / KPARLIVFPD GYGAKDVRCH: JgsKPARLIVEFPD
24 \LYDVVPMGFEFSYDTRC CEKMALYDV PMGFSYDTRC
25 T RTESLTERLYVGG TVTESDIRTEggsgggSLTERLYVGG
26 A AAKLCTMLVCGDDL ASAACRAAKLggsggCTMLVCGDDL
27 CESAGTQEDASLRAFTEAMT
28 APTLWARMILEPLDLPQIIQ APTLWARMILggsggEPLDLPQIIQ
29 WRHRARSVRAGGRAAICGKY WRHRARSVRA s GGRAAICGKY

Modified junction regions between conserved segments by inserting a linker. Junction
regions are numbered (junction O is between TPA leader sequence and conserved
segment 1). On the left, designed linker sequences are depicted in blue letters.

In the following, divergent results were obtained using the different online epitope
prediction programs used:

NetMHC: For the first prediction analysis in junction areas, 70 artificial strong
binders were predicted. 23 (33%) of these were not modified, since linker insertion at
the binding site did not achieve a binding score reduction, or epitopes were not
predicted by two independent prediction servers (junction 4, 7, 8, 9, 10, 17 and 27).
The number of remaining epitopes (47) was reduced by 57% to 20 (Supplementary
Table 8-10, page 305). Of these 20 epitopes, 2 were new predicted strong binders
(defined as new predicted HLA type, or entirely different sequence to previously
predicted epitopes, marked in purple). 15 epitopes were modified epitopes (defined as
modified predicted strong binders, predicted for the same HLA type, partly

overlapping with previously predicted epitope but now including linker regions,
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marked light red) predicted containing linker amino acids. For 3 epitopes, a stronger
binding score was calculated after modification (marked in red).

Syfpeithi: For the first prediction analysis in junction areas, 148 artificial strong
binders were predicted. 35 (24%) of these were not modified (junction 4, 7, §, 9, 10,
17 and 27). The number of remaining epitopes (113) was reduced by 24% to 86
(Supplementary Table 8-10, page 305). Of these 86 epitopes, 46 were new predicted
strong binders (defined as new predicted HLA type, or entirely different sequence to
previously predicted epitopes, marked in purple). 38 epitopes were modified epitopes
(defined as modified predicted strong binders, predicted for the same HLA type,
partly overlapping with previously predicted epitopes but now including linker
regions, marked light red) predicted containing linker amino acids. For 5 epitopes, a
stronger binding score was calculated after modification (marked in red).

BIMAS: For the first prediction analysis in junction areas, 103 artificial strong
binders were predicted. 14 (14%) of these were not modified (junction 4, 7, §, 9, 10,
17 and 27). The number of remaining epitopes (89) was reduced by 66% to 30
(Supplementary Table 8-10, page 305). Of these 30 epitopes, 4 were new predicted
strong binders (defined as new predicted HLA type, or entirely different sequence to
previously predicted epitopes, marked in purple). 22 epitopes were modified epitopes
(defined as modified predicted strong binders, predicted for the same HLA type,
partly overlapping with previously predicted epitope but now including linker regions,
marked light red) predicted containing linker amino acids. For 4 epitopes, a stronger
binding score was calculated after modification (marked in red).

Overall, numbers of modified predicted strong binders were reduced by 49%. An
example for removal of strong binders within several junction regions, evaluated by
NetMHC, Syfpeithi and BIMAS, is shown in Figure 5-26. 24% of predicted epitopes
were not modified, since predictions did not overlap between servers or modifications

did not results in a decreased binding score.

244



Chapter 5

Figure 5-26: Examples for abrogated predicted strong binders by insertion of
linkers

score without linker score with linker

ID [Junction sequence Linker HLA type peptide NetMHC (Syfpeithi [BIMAS |peptide NetMHC |Syfpeithi |[BIMAS

24 |CEKMALYDVVPMGFSYDTRC |GG A*2402 LYDVVPMGF 0.4 22 140 |LYDVVGGPMGF 0.8 11 0.5
25 |[TVTESDIRTESLTERLYVGG |GGSGG  [A*01 RTESLTERLY 0.12 30 112.5|RTEGGSGGSLTERLY 2 17 2.25
26 ASAACRAAKLCTMLVCGDDL |GGSGG B*2705 CRAAKLCTM 0.5 21 600 |CRAAKLGGSGGCTM 5 12 27

Binding scores before and after insertion on linkers are shown at 2 predicted epitopes
with strong binding predictions. Strong binders were defined as: NetMHC <0.5,
Syfpeithi >20, BIMAS >100. In these cases, strong binders were removed by the
insertion of linkers.

5.6 Adaptations of the designed immunogens

5.6.1 TPA leader sequence and invariant chain

There is evidence that the tissue plasminogen activator (tPA) leader sequence encodes
a strong signal peptide for protein secretion, thus mediating the secretion of antigen
into extracellular space (Weinberger et al. 2013). Secreted antigen can be taken up
and processed by APC, which then promotes the presentation of antigenic material
onto MHC class-II complexes, resulting in presentation of antigenic peptides on
MHC-II. Peptides will also be presented on MHC class-I molecules by a mechanism
called cross-priming (see 1.5.1 Antigenic peptide presentation - MHC class-I and -II
processing, page 44).

It was shown in several studies that the inclusion of a TPA leader increased the
expression of viral proteins such as Rotavirus VR4 protein (Choi et al. 1998) and the
SIV envelope protein. In addition, in a comparison of leader sequences, the TPA
leader induced highest levels of HIV-gp120 secretion in a baculovirus system (Golden
et al. 1998). Based on this evidence, we included a TPA leader sequence
(MDAMKRGLCCVLLLCGAVFVSPSQEIHARFRR) in the conserved immunogens.
Newly created junction sides between the TPA leader and the first segment (junction
0) were evaluated for putative epitopes using NetMHC, Syfpeithi and BIMAS servers,

and modified accordingly in the case of predicted strong binders in junction areas.

5.6.2 BLAST assessment for selected immunogens
Since we generated artificial junction sites between conserved segments, there was a
possibility of creating vaccine-induced epitopes with potential cross-reactivity

reactivity to human epitopes. To evaluate junction sites and to exclude potential
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epitopes, we performed a BLAST assessment for all junction regions (including TPA
leader sequence — first HCV segment) of conserved immunogens for HCV gtl, HCV
gtl/3a and HCV gt1-6. Linker regions, defined as 10 amino acids on both sides of the
junction, plus the linker sequence, were blasted using the ncbi blast website
(http://blast.ncbi.nlm.nih.gov). Since CD8" T cell epitopes are typically 8 to 11 amino
acids in length, we aimed to modify junction sequences with a homology to human
proteins of more than 7 amino acids.

All junction regions (after linker insertion, or without linker if none was included) had
a sequence homology to human proteins lower than 7 amino acids. Therefore, no
additional adjustments of junctional sequence material based on BLAST results were

made.

5.6.3 Safety

In the immunogen design approach described here we have identified conserved
regions that have been spliced together, in some cases with linker regions, to form a
single open reading frame. None of the constructs include the complete coding
sequence for any structural or non-structural protein in the HCV genome. All seven
constructs encode one chimeric protein, and we do not expect this protein to possess
any of the functions of native HCV antigens in vivo in mice or humans. In our design
approach we have taken the additional precaution of modifying linker sequences to
avoid the creation of strong T cell epitopes. We additionally blasted junction regions
against the human genome to check for homology against human proteins (see 5.6.2).
Consequently we have minimized the risk of any auto-reactive immune responses.
The strategy employed here for HCV is similar to the HIV,.ns vaccines currently
being evaluated by the Hanke group at the Jenner Institute for HIV-1. Based on these
studies (Létourneau et al. 2007; Koopman et al. 2013; Borthwick et al. 2013), the

risks of oncogenicity, toxicity and allergenicity can be presumed to be negligible.
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5.7 Summary of results and discussion

5.7.1 Final immunogens
To address the diversity of HCV, we have designed novel T cell immunogens by
assembling the most conserved regions of the HCV proteome. Schematics of all final

immunogens are shown in Figure 5-27.

Figure 5-27: Schematics of final immunogens
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Schematics of final immunogens for HCV gtl, gtl/3a and gt1-6 including linkers and
TPA leader sequence in long (approach D) and short (approach A) versions are
shown. The length of the depicted immunogens represents the length of the defined
constructs. Additionally, the viral regions from which segments originate are shown.
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The segments in each construct represent conserved sequences within Genotype 1,
between Genotypes 1 and 3, or Genotypes 1-6. Two of the constructs possess
conserved regions of HCV Genotype 1 (HCV gtl long and short constructs), two
constructs contain conserved regions of Genotypes 1 and 3 (HCV gtl/3a long and
short constructs), and the final 3 constructs encode conserved sequences from
Genotypes 1-6 (HCV gtl-6, 2 long and 1 short construct). Conserved segments were
joined to constructs of a final length of 832 AA (gtl), 819 AA (gtl/3a), 820 AA for
the short constructs, and 1543 AA (gtl), 1443 AA (gtl/3a) or 1376 AA (gtl1-6) for the
long constructs.

The designed HCV immunogens are novel and differ from previously described HCV
vaccine inserts. They are assembled from protein regions rather than epitopes (Firbas
et al. 2006; Firbas et al. 2010), enabling a broader coverage of epitopes presented by
multiple HLA types rather than epitopes based vaccines. In addition, they combine
patient sequences from different strains similar to the overall consensus of each
segment, ensuring possible priming of broad, cross-reactive immune responses.
Immunogens for all genotypes have been evaluated for potential immunogenicity
using two independent approaches: first, epitopes previously described in natural
infection mapped onto conserved regions, second, putative T cell epitopes were
evaluated using three freely available online epitope prediction programs.
Subsequently, linkers were included in places where strong artificial, non-HCV
epitopes were predicated in junction areas between segments. For one construct, we
did not include linkers between conserved segments (HCV gtl-6, long), to evaluate
immunogenicity of junction regions in vivo.

Final adaptations of designed immunogens included the insertion of a TPA leader
sequence to improve MHC class-II presentation. Epitopes were blasted to exclude

potential cross-reactivity to human epitopes.

5.7.2 Discussion of results

Designing an effective HCV vaccine is challenging: a vaccine should induce immune
responses which ideally prevent, but at least control infection, even though immune
responses in natural HCV infection often fail to achieve this.

One of the key obstacles in HCV immunogen design is the extensive variability of the

virus (D. B. Smith et al. 2013). This genetic diversity makes it difficult to design one
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single vaccine that covers all different strains and subtypes of the virus (Houghton &

Abrignani 2005) .

Initial effort in HCV vaccine design has focused on sterilizing immunity using an
E1/E2 heterodimer dimer (Verstrepen et al. 2011). Although neutralizing antibodies
can play a role in HCV clearance (Osburn et al. 2009; Dowd et al. 2009; Pestka et al.
2007), specific envelope sequences that drive neutralizing AB generation remain
unknown. Strategies that use only a handful of epitopes or maximize recognition of
several epitope variants (Firbas et al. 2006; Firbas et al. 2010) may optimize specific
recognition of a single epitope, but most likely at the expense of other regions needed
for immune mediated control. Other strategies included the selection of a single viral
strain, as in the vaccine previously trialled in our laboratory (Barnes et al. 2012).
However, single sequence selection is always arbitrary, since a single strain cannot
resemble the majority of circulating viral strains in a population. This is reflected by
limited cross-reactivity of vaccine-induced responses seen between genotypes and
circulating viral strains (Swadling et al., manuscript in preparation; Kelly et al.,
manuscript in preparation).

In the past, HCV research has often benefitted from results of studies on other
variable viruses, particularly in HIV research. The HIV vaccine design field has been
extraordinarily busy over the last years, approaching the challenge of designing
immunogens for this highly variable pathogen in a multitude of ways. Attempted
approaches included poly-epitope vaccines, such as HIVA and EP HIV-1090, which
have exhibited only poor immunogenicity in clinical trials. Other strategies focused
on central vaccines based on HIV ancestral sequences and polyvalent mosaic vaccines,
with more successful results in preclinical studies (reviewed by (B. T. Korber et al.
2009)). A strategy similar to the one described in this thesis has been attempted by
Thomas Hanke’s research group, with promising results in preclinical and clinical
trials. Nonetheless, a study by a different group in rhesus monkeys assessing the
immune response elicited in response to vaccination with a full-length HIV vaccine in
comparison to a conserved-region-only vaccine saw greater magnitude using the full-
length construct compared to the conserved-region-only construct (Stephenson et al.
2012). However, comparable breadth of responses was observed, showing no clear
benefit of the full-length construct over the conserved-regions-only immunogen. T

cells primed by conserved immunogens are expected to be highly cross-reactive and
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target a multitude of circulating viral strains. In addition, T cells targeting conserved
viral regions might be particularly beneficial, since immune mediated mutations in
these regions may cause high fitness costs to the virus.

Here, I describe the design of a vaccine based on conserved sequences of HCV
subtypes 1 to 6. To target common viral strains in different regions, immunogens
were designed for three different genotype selections: HCV genotype la/1b, HCV
genotype 1/3a and HCV genotype 1-6. The rationale for this selection of sequences
was that HCV gtl is the most common genotype world wide, and prevalent in the US,
Europe, Russia, China, Australia and South America. An immunogen for HCV
genotypes 1 and 3a was designed to cover the most common subtypes in the UK; and
an immunogen based on conserved regions between HCV genotypes 1 to 6 would
ideally protect against strains worldwide.

Sequence selection for immunogen design: The input datasets were generated from
sequence material deposited on the Los Alamos database, including additional
sequence material derived in-house for HCV gt3. Only full-length sequences
deposited were selected to generate the different sequence datasets. Sequences were
checked manually for human origin, and to ensure high diversity and minimize bias
sequences from different research groups and areas were selected for each genotype.
However, since only full-length sequences were included in the dataset, sequence
selection per se was biased: only research groups with sufficient funds and according
research interest will deposit full-length sequences. Furthermore, numbers of full-
length sequences for the different genotypes found on the databases vary massively;
only 2 full-length sequences were reported for HCV genotype 5, whereas 762 full-
length sequences were reported for only subtype la. We tried to account for this bias
by weighing subtypes equally; the same numbers of sequences were included in the
entry sequence dataset for each genotype. However, since we did not want to limit
numbers of sequences for each genotype to 3, and, at the same time, wanted to weigh
subtype 5 equally to other genotypes, so that sequences for subtype 5 were multiplied
to match the other genotypes. Included genotype subtypes were chosen according to
common circulating viral strains, for example subtype 3a for HCV genotype 3.

A different possible approach would have been a use of all sequences deposited on
the database, including sequence segments: this would have increased diversity, but

not decreased publication bias.
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Patient sequences vs. consensus sequences: In contrast to the HIV o, immunogen
(Létourneau et al. 2007), patient sequences rather than consensus sequences have
been used in the HCV designed immunogens. The rationale for using patient
sequences was based on the observation that a consensus sequence derived from up to
6 HCV genotypes may hold artificial epitopes. In addition, escape mutations can
become the dominant sequence for epitopes where the restricting HLA type is
common, as it was demonstrated for a common HCV HLA A*01 epitope (Neumann-
Haefelin et al. 2008). To prevent these limitations, patient sequences with a high
similarity to the consensus sequence were selected. This does prevent the generation
of artificial epitopes, however, escape mutations due to immune pressure in the
individual patient might be present.

To select patient sequences for the immunogens, a separate analysis was performed
for each conserved segment. First, the subtype most similar to the overall consensus
was defined, and then a patient sequence most similar to the overall consensus was
selected. Overall, selected patient sequences were very similar to the overall
consensus, with all sequences showing over 90% homology with the overall
consensus (99.6% for gtl, 97.4% for gtl/3a and 94% for gt1-6 constructs). HCV
genotype 1 sequences were most commonly included.

Instead of patient sequences, it would have been possible to include ancestral
sequences, as described for HCV in a recent publication by Andrea Cox’s group
(Munshaw et al. 2012; Burke et al. 2012). To re-construct ancestral sequences,
phylogenetic calculations build genetic trees where recent, host-specific changes are
placed close to the tips, whereas sequences deeper in the tree reflect early shared
ancestors (Bhattacharya et al. 2007). Although the ancestral sequence is similar to
currently circulating viral strains, they may not reflect patient-specific escape
mutations. Cox and colleagues describe a better ability to expand functional and
cross-reactive T cell responses to known HCV epitopes using the representative
phylogenetic HCV 1a ancestral sequence compared to a gtla consensus sequence. In
addition, the ancestral sequence contained the greatest number of optimal epitopes
(Burke et al. 2012). However, T cell reactivity was assessed in a surrogate model of
expansion of pre-existing T cell responses in chronically infected individuals; ideally,
vaccination of naive hosts with the consensus and ancestral sequence would have

been performed.
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Potentially limited immunogenicity: A second potential weakness of designed
immunogens is that the immunogenicity of conserved regions might be limited.
Reasons for relative conservation of these regions might be related to structural and
functional constraints, but could also reflect a lack of immunological pressure, e.g.
absence of epitopes that are presented and select for immune mediated mutations. |
have addressed the problem of a potential lack of immunogenicity using two
approaches:

First, epitopes described in natural infection were mapped on the HCV variability
curve, to analyse whether they fall into variable regions excluded from the
immunogens, or conserved regions included in the immunogens. Conserved regions
are well populated with known, but less dominant, HCV CD4 and CD8+ restricted
epitopes. For HCV genotype 1 epitopes, similar amounts of epitopes in conserved and
non-conserved regions were observed, proving that non-conserved regions indeed
have the potential of priming immune responses. A comprehensive analysis of HCV
epitopes described in natural infection based on compiled data from the IEDB found
that epitopes frequently recognized by both T cells and B cells correlated with low
variability at sequence level (Y. Kim et al. 2012). This observation was not replicated
in this thesis. This might be due to the fact that in Kim et al.’s work, all published
epitope data was used for the analysis, whereas this study crosschecked IEDB data
with original publications, and non-human data. Inaccurately included positives and
duplicate epitopes within the same publication were excluded from the analysis.
Furthermore, the entropy analysis in Kim et al. included sequence data across all six
genotypes, subsequently comparing variability to T cell data obtained in genotype 1,
whereas we compared epitope data to only gtl sequence variability.

Second, I performed an epitope prediction analysis to estimate potential
immunogenicity of designed constructs. High numbers of strong binders were
predicted for conserved regions using the online epitope prediction server NetMHC,
suggesting that conserved regions indeed possess the ability to induce potent immune
responses. However, this analysis was only performed for MHC class-I complexes;
leaving the potential generation of CD4+ restricted epitopes unaddressed.

Leading from these results, we expect conserved regions to be immunogenic, even
though this has to be proven in vivo by trials in mice and humans. Supporting this
assumption, strong immune responses to conserved regions immune-subdominant in

natural infection were detected using a similar conserved HIV construct in mice,
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macaques and humans (Létourneau et al. 2007; Rosario et al. 2012; Borthwick et al.
2013). In experiments in mice, it was also shown that serially deleting
immunodominant epitopes tripled the frequencies of immune responses to previously
subdominant epitopes (Létourneau et al. 2007).

However, algorithmic epitope prediction has multiple potential pitfalls, since the “real
life” differs from computer predictions, which can always only re-model a small part
of the complex path of epitope presentation. About 90% of immunodominance can be
explained by the finding that only ~1% of peptides bind to MHC class-I complexes
with sufficient stability to be presented (Yewdell 2006). Therefore, the epitope
prediction analysis in this work was limited to the peptide binding step. However,
once the threshold for peptide binding to the MHC complex is met, other factors like
the location within the polypeptide, proteasomal degradation, peptide abundance, and
thymic education and T cell pre-cursor frequencies seem to play a dominant role in
determining immunodominance (Yewdell 2006; Assarsson et al. 2007). In addition,
only poor correlation between strong peptide binders and recognition of T cell
responses was observed in previous in vivo experiments (Burke et al. 2012).

Epitopes linked to protection: Four epitopes linked to protection were described in
HCYV infection (A. Y. Kim et al. 2010; Neumann-Haefelin et al. 2010; Fitzmaurice et
al. 2011), however, to date no epitopes have been linked to protection in HCV gt3
infection. To define whether epitopes linked to protection were included in the
conserved immunogens, protective epitopes were mapped on selected conserved
segments. In each immunogen (gtl, gtl/3a, gtl-6), only a single epitope was fully
included (gtl: NTRPPLGNW, gt1/3: TSKKTPMGF, gt1-6: VRMVLMTHF). However, the
sequence for the two epitopes included in the gtl/3 (TSKKTPMGF) and gtl-6
(VRMVLMTHF) construct were different to epitopes sequences described as linked to
protection (KSKKTPMGF, ARMILMTHF). Since it was recently reported that no
cross-reactivity was observed between the HCV gtl and gt3 version of epitope
ARMILMTHF (Skibbe et al. 2014), only limited protective benefit is expected at this
epitope when priming with the gt3 version VRMVLMTHF. Theoretically, it would have
been possible to extend the conserved set to include epitopes that were previously
described in acute infection. We decided against this approach, to keep the

immunogen design stringent and limited to conserved regions defined initially.

253



Chapter 5

Artificial non-HCV epitopes in junction areas —linker design: The combination of
multiple conserved segments in one open reading frame immunogen potentially leads
to the formation of artificial, non-HCV epitopes. To avoid these potentially
immunodominant targets, linkers were designed at junction sites where strong binders
were predicted. However, linker design was complicated by divergent results obtained
by different peptide prediction servers used. Therefore, linker design was only
attempted in regions where strong binders were predicted by two independent
prediction algorithms, In addition, where designed linkers did not abrogate predicted
strong binders, no linkers were inserted in the final immunogen. However, this
approach is error prone: a potential strong binder only predicted by a single prediction
server will not be modified. In addition, prediction data will not reflect in vivo
immunodominance, and unnecessary linkers may be included, potentially altering the
peptide presentation and immune responses towards HCV peptide material.

In summary, 6 immunogens based on regions conserved between viral genotypes (for
la/1b, 1/3a, 1-6) have been designed. Patient sequences most similar to the segment
consensus were selected for final immunogens, ensuring cross-genotypic reactivity.
Conserved segments contain multiple epitopes described in natural infection,
suggesting in vivo immunogenicity of designed constructs; additionally, strong
binding peptides were predicted for conserved segments. Predicted artificial epitopes
in junctional regions (~20%) were abrogated through the insertion of 2-6 amino acid
linkers. To optimize peptide presentation, a TPA leader sequence was included in all

immunogens.

5.7.3 Cross-reactive HCV vaccine — the future

In this thesis, 7 HCV immunogens based on conserved viral regions were defined
(HCVons). To progress to clinical use, immunogens will have to be further assessed in
animal models and Phase 1 to 3 clinical studies. However, it will not be feasible to
assess seven different immunogens in human Phase I to III studies. Therefore,
selection criteria will based on experimental studies and immunological results will be
necessary.

Selection of a delivery modus — viral vectors

Viral vaccine vectors are known to induce strong and broad T cell responses in
healthy volunteers (Draper & Heeney 2010). Viral vectors based on chimpanzee

adenoviral strains have been successful in priming T cell responses, with the
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additional advantage that pre-existing immunity to chimpanzee strains is lower than
that to rare human subtypes (Dicks et al. 2012; Antrobus et al. 2014), whereas
Modified Vaccinia Ankara (MVA) as a viral vector has been successful in boosting T
cell responses primed by adenoviral vectors (McConkey et al. 2003; Gherardi et al.
2003; Webster et al. 2005). An HCV non-structural insert (HCV-NSmut) in a prime-
boost regimens using chimpanzee adenoviruses and MVA induced stronger immune
responses than combinations of human and chimpanzee adenoviruses (Barnes et al.
2012); Swadling et al, in submission).

For immunogens designed in this thesis, a replication-defective E1/E3 deleted
chimpanzee adenovirus vector (ChAdOx1) will be used (Dicks et al. 2012). ChAdOx1
including HCV,,ns was manufactured by the Viral Vector Core Facility (Jenner
Institute, University of Oxford, Oxford). In this vector, the expression of the HCVons
immunogen is driven by the human cytomegalovirus immediate early promoter, and
the conserved immunogens were inserted at the E1 locus of the ChAdOx1 genome.

To generate MVA-HCV,,s vectors, the expression cassette containing the conserved
immunogen HCV.,s was subcloned into the MVA shuttle vector pMCA-GFP-TD
flanked by TKL (thymidine kinase gene left region) and TKR (thymidine kinase gene
rightregion) generating the transfer vector pMVA-GFP-TD-HCVons. pMVA-GFP-
TD-HCVons drives the antigen expression using the vaccinia P7.5 early/late promoter,
and expression of green fluorescent protein (GFP) using the fowlpox late promotor,
FP4b. The production of recombinant MVA-HCV.,s was based on in vitro
recombination between the MVA-Red genome and homologous sequence (TKL and
TKR) within the transfer vector pMVA-GFP-TD-HCV ¢ops.

Assessment of HCV immunogens in animal models- basic immunogenicity

The designed conserved HCV immunogens are chimaeric and not natural proteins,
and concatenating conserved fragments may impact the processing of intact epitopes
that are embedded within the fragments. It is therefore important to demonstrate that
the immunogens are capable of inducing T cells in pre-clinical animal model.
However, lack of animal models remains a major challenge in HCV vaccine
development. The only animal model for HCV are chimpanzees, with other primate
models like macaques and rhesus monkeys being unsusceptible to HCV (J. Bukh et al.
2001). However, the use of chimpanzees in HCV research is banned in Europe and
has recently been limited in the USA (National Academy of Sciences 2011). We will

therefore resort to testing our immunogens in inbred and outbred mice, aiming to
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prove basic immunogenicity, even though results will not represent epitope
presentation in humans. Mice with human adaptive immune functions (Pajot et al.
2004) may fill this gap, however, will only present epitopes specific for transgenic
HLA alleles. Immunogenicity will be compared to results obtained using the existing
HCV vaccine with an HCV-gtlb-NSmut insert. An immunogen that generates large
numbers of CD8+ and CD4+ T cell responses with a broad range of presented
epitopes will be preferentially selected over one with limited epitope presentation at
low magnitude.

Alternative assessments of immunogenicity

A potential alternative may be the evaluation of immunogenicity in an in vitro system.
Even though possible models have limitations inherent to any in vitro system, this
could enable an assessment of epitopes presented by several dominant HLA types,
rather than the preclinical assessment of only one single HLA in humanized mice.
One possible experimental scenario would be the transfection of dendritic cell lines
expressing defined, dominant MHC complexes with the designed immunogens, and
subsequently eluting and analysing presented peptides by mass spectrometry. If
facilitated as a high-throughput method, this approach could allow routine analyses of
vaccine constructs prior to the investigation in animal and human models. The breadth
of epitope presentation defined using this approach could serve as an additional
selection parameter when ranking conserved immunogens for clinical studies.
Selection of a single conserved immunogen for clinical studies

An ideal HCV immunogen should be highly immunogenic, covering as many
genotypes as possible and inducing maximal number of cross-reactive T cell
responses. If, due to financial considerations, only a small number of immunogen can
be tested in clinical studies, pre-clinical parameters will have to serve for the selection
of a single immunogen.

An obvious selection criterion is the genotype coverage of the conserved immunogens.
If sufficient immunogenicity can be proven in pre-clinical studies, HCVons
immunogens covering HCV genotypes 1 to 6 or HCV genotypes 1 and 3 will be
chosen for further studies. In addition, it has been shown in HIV infection that full-
length HIV immunogens induce greater magnitude of T cell responses and
comparable breadth in comparison to shorter conserved immunogens (Stephenson et
al. 2012). Therefore, the longer HCV o, immunogen version will be favoured over

the shorter one, if manufacturing can be accomplished.
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Phase I studies - safety

Phase I studies will enrol a small number of individuals at low risk for HCV infection.
The primary outcome measured is safety, and adverse events will be recorded in all
vaccinated individuals. As a secondary outcome, vaccine immunogenicity will be
monitored. Despite the uncertainty what constitutes an effective HCV immune
response, the breadth and magnitude of HCV specific CD4+ and CD8+ responses will
be assessed. As previously shown for the HCV-NSmut vaccine, which was
administered using viral vectors (AdCh3, AdHu6, MVA), the magnitude and breadth
of adaptive immune responses targeting the immunogen and anti-vector immunity
will be assessed for the HCV o,s immunogens (Folgori et al. 2006; Barnes et al. 2012).
Phase I trials may also gather data on vaccine doses and vaccine schedules,
parameters currently being assessed in our laboratory using the HCV-NSmut vaccine.
It is likely that results will influence the study outline for the HCV,ns immunogens.
Phase II/11I studies — efficacy and further data on safely and immunogenicity

Phase II studies will enrol larger numbers of individuals and aim to yield further data
on safety and immune responses elicited by the vaccine. Phase III studies are
designed to test whether a vaccine provides protection against HCV infection and can
include individuals at greater risk of infection. HCV infection rates in vaccinated
individuals are to be compared to infection rates in placebo vaccinated individuals, in
a double-blinded study layout. A realistic goal for vaccine efficiency should be the
prevention of HCV chronic infection.

Unlike in malaria (Webster et al. 2005), it is currently not ethical to perform HCV
challenge studies to vaccine efficacy. However, given the astonishing efficiency of
new HCV drugs with treatment cure rates over 95%, the perception on whether it is
ethical to infect a patient with HCV for trial purposes might undergo a substantial
change over the coming years.

The current state of the art is to evaluate the efficacy of HCV vaccines in prospective
studies performed in at risk groups, where HCV prevalence and incidence rates of the
cohort are known. A current Phase II study in intravenous drug using cohorts in San
Francisco/Baltimore assesses HCV infection rates in 300 individuals, either
vaccinated with the HCV genotype 1b vaccine HCV-NSmut (n=150) or placebo
vaccinated (n=150) (ClinicalTrials.gov 2014). In these cohorts, about 90% of patients
are infected with HCV genotype 1, and 10% with HCV genotype 3. Results of this

study are expected in 216. Potential suitable cohorts in the UK include cohorts of
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intravenous drug users (IVDU) and men who have sex with men (MSM). The
advantage of MSM cohorts is the high compliance, however, epidemic rates are
though to be peaking and new infections are declining. Well-defined IVDU cohorts in
the UK exist in Glasgow and Plymouth, and the mix of infecting genotypes (50%
HCV gt3, 50% HCV gtl) would make them suitable for testing a vaccine aiming to
induce T cell responses cross-reactive between genotypes. To date, no HCV vaccine

has reached phase III development (L. M. J. Law et al. 2013).

Clearly, there are major challenges to take until a new vaccine reaches clinical use.
But, despite the new HCV drugs, with global prevalence rates at 170 million, an
efficient vaccine inducing T cell responses cross-reactive against several HCV

genotypes will be necessary to combat HCV infection worldwide.
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6 Concluding remarks

HCV infection constitutes a major health burden, leading to chronic infection with
liver fibrosis and hepatocellular cancer. Major advances in HCV treatment have been
achieved over the recent years; however, the absence of HCV screening programs,
high treatment costs and limited access in low and middle-income countries with high
HCYV prevalence rates remain important challenges. The administration of an effective
HCYV vaccine will undoubtedly be key to broadly prevent new infections, especially in
high-risk groups like intravenous drug users, and crucial for HCV eradication.
However, the significant genetic diversity is a major challenge in the development of
a viral vaccine.

This thesis aimed to design a HCV vaccine immunogen priming T cell responses
active against all major viral genotypes.

To define the need for a cross-reactive vaccine, I initially assessed whether T cell
specificity differs between HCV subtypes, and whether immunodominant responses
are cross-reactive. So far, extensive research has been published on HCV gtl specific
immunity, but data on T cell immunity towards other genotypes remains scarce. |
therefore comprehensively evaluated T cell specificity against HCV gt3, which is now
the major infecting genotype in the UK, and cross-reactivity between HCV subtypes 1
and 3. T cell specificity was markedly different between HCV gtl and gt3, and
limited T cell cross-reactivity was observed at immunodominant epitopes. Leading
from this data, a vaccine immunogen was designed based entirely on regions

conserved between HCV genotypes.

Comprehensive assessment of HCV gt3 specific T cell responses

To assess T cell responses in HCV gt3 infection, 140 patients (acute (n=16), chronic
(n=108)) infected with HCV and patients who spontaneously resolved infection (n=16
patients) were screened using IFNy ELISpot assays. T cell responses were assessed
using an HCV gt3 specific peptide set (15-18aa in length, overlapping by 11aa) based
on a cohort consensus sequence spanning the whole viral genome.

Similarly to T cell responses previously described in HCV genotype 1 infection (C. L.
Day et al. 2002; Lauer et al. 2004; A. L. Cox, Mosbruger, Lauer, et al. 2005), strong
and broad T cell responses were detected in spontaneously resolved infection. In

contrast, T cells in chronically infected individuals were weak and mainly targeting
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two epitopes in the core (CD4+ restricted) and NS3 (CD8+ restricted) region. In acute
HCV infection, patients who subsequently cleared infection had higher T cell
responses than those who developed chronic infection, however, this difference was
not statistically significant. No association was found between magnitude of T cell
response and clinical outcome after therapy or between the magnitude of T cell
response and other known predictors of treatment response.

Distribution of CD4 and CDS8 responses targeting the different HCV regions is
distinct in spontaneous resolvers and chronically infected patients: in spontaneously
resolved patients, non-structural regions were mainly targeted by CD4 cells, whereas
CD8+ restricted cells targeted both HCV structural and non-structural regions. In
contrast, CD4+ responses in chronic patients were only formed against structural
proteins and were very low in magnitude, and CD8+ responses mainly targeted HCV
non-structural proteins. This result suggests that particularly CD4+ specific responses
primed in acute infection targeting HCV non-structural proteins play a role in
resolving the infection, as it has been previously suggested in chimpanzee studies
(Kaplan et al. 2007).

In addition to the overlapping peptide set used, T cell responses were assessed using
an HLA predicted peptide set based on previously described sequence polymorphisms
linked patients” HLA types (Rauch et al. 2009). The polymorphisms were evaluated
using online epitope prediction tools, and subsequently tested in IFNy ELISpot assays
matched to the individuals HLA type. The rationale for the assessment of T cell
responses using a second peptide set was based on several considerations; (1) HCV
specific T cell responses are only in the minority of chronically infected patients. It is
known that T responses can be missed using overlapping peptides, but detected using
the optimal peptide length (Draenert et al. 2004) (2) using an overlapping peptide,
binding optimals, CD4/CD8 and HLA restriction have to be defined after detecting a
T cell response in ELISpot assays to enable further detailed phenotypic analysis of a
T cell response. Since this information is pre-defined when using an HLA predicted
peptide, subsequent experiments are less laborious. The two peptide sets used
identified distinct epitopes, underlining the relevance of testing for HCV specific
responses using optimal HLA matched peptides. Using the HLA predicted peptide set,
T cell responses were mainly identified in chronically infected patients with low level

responses, but not in spontaneously resolved patients. One possible reason for this
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observation is that spontaneous resolution is associated with T cell responses that
target HCV virus that is not subject to viral escape, whereas the HLA predicted
peptide set was determined through polymorphisms induced by T cell pressure.

HCV gt3 specific T cell responses are markedly different to those detected in
HCYV gtl infection

HCV genotypes vary at 20-30% on sequence level (Simmonds et al. 2005). I
hypothesized that this variation would lead to a distinct T cell specificity in HCV
genotypes. I therefore aimed to assess whether T cell specificity varies between HCV
gtl and gt3 infection.

To compare HCV gt3 and HCV gtl specific immunity, genotype specific T cell
responses were assessed in chronically infected HCV gtl patients. A comparison of
magnitude of T cell responses between chronic HCV gtl and gt3 showed no
difference. However, the distribution of responses to different HCV viral regions was
distinct. In HCV gt3 infected individual, non-structural regions were more commonly
targeted than in HCV gtl infection. Similar results have been observed in a study
comparing T cell responses in HCV gtl and non-gt1 patients using a HCV gtl peptide
set (Schulze zur Wiesch et al. 2007).

Next, I determined whether T cell specificity varies between genotypes 1 and 3. 42
HCV gt3 specific epitopes were identified using both peptide sets in IFNy ELISpot
assays. These HCV gt3 specific epitopes were compared to previously described
HCV gtl epitopes in the literature. HCV gtl epitopes were obtained from the immune
epitope database (IEDB, www.iedb.org). T cell specificity was markedly different
between HCV gt3 and gtl infection, supporting the observation that there are major
differences in sequence polymorphisms linked to immune mediated pressure between
the two genotypes (Rauch et al. 2009). Inter-genotypic differences were especially
observed for CD8+ restricted epitopes, whereas a higher overlap in targeted regions
was seen for CD4+ restricted epitopes. When comparing epitopes frequently targeted
in HCV genotype 1 infection (defined as those deposited 5 or more times on the
IEDB) to those detected in HCV gt3 infection in this study, only a single epitope of
those dominant in HCV gtl infection was also detected in this study (ATDALMTGY),
which has been previously described as cross-reactive between HCV genotypes.
Major differences between HCV gtl and gt3 T cell specificity suggest that T cell

epitopes primed in natural HCV infection are not those that one would seek to induce
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if the aim was to generate a T cell vaccine that was cross-reactive between HCV gtl
and gt3. To further assess this hypothesis, cross-reactivity at epitopes dominant in
HCV gt3 infection was evaluated experimentally.

Definition of dominant HCV gt3 specific epitopes

Even though T cell targets in natural infection vary between HCV gtl and gt3, it is
possible that T cells primed with one genotype are cross-reactive against sequence
variants from other genotypes. Cross-reactive epitopes might serve as attractive
targets for a vaccine covering different viral genotypes. I therefore aimed to assess
cross-reactivity at dominant T cell epitopes primed in natural HCV gt3 infection.
Initially, I defined dominant HCV gt3 epitopes as those targeted in more than 4
patients from our cohort. Following this definition, seven epitopes were selected: two
dominant CD4+ restricted epitopes in the HCV core region and five dominant CD8+
restricted epitopes within the HCV non-structural regions. Of five CD8+ restricted
epitopes, three were detected using gt3 specific HLA predicted peptides and two were
detected using overlapping peptide pools. Most immunodominant epitopes were
detected in chronic patients, which is likely due to the overrepresentation of chronic
patients within the Oxford HCV gt3 cohort in comparison to acute and spontaneously
resolved patients.

High sequence variability and limited T cell cross-reactivity was observed within
HCYV gt3 and between gt3 and gtl sequence variants

Sequence variability at immunodominant epitopes was initially assessed within HCV
gt3; with low observed variability at epitopes targeted by CD4+ T cells, and high
variability at CD8+ epitopes detected using HLA predicted peptides. T cell responses
against HCV gt3 epitope variant sequences were reduced at all tested sites.
Subsequently, sequence variability at frequently targeted epitopes was assessed
between HCV gt3 and gtl. High variability was observed at all immunodominant
epitopes but one (ATDALMTGY), which was described as conserved between viral
genotype previously (Fytili et al. 2008). Next, T cell cross-reactivity between HCV
gtl and gt3 variants was assessed for defined immunodominant epitopes: Limited
cross-reactivity of responses primed in natural HCV genotype 3 infection was
observed to HCV gtl sequence variants. Furthermore, phenotypic analysis of
immunodominant epitopes revealed limited polyfunctionality of T cells specific for
immunodominant epitopes, particularly in chronically infected individuals. This data

suggests that responses dominantly targeted in natural infection might not serve as
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attractive targets for vaccine aiming to induce responses cross-reactive against several

HCV genotypes.

Rationale for a cross-reactive vaccine

HCV is one of the most variable pathogens known, constituting a major challenge for
cross-reactive immunogen design. We have previously shown that T cells induced by
a potent HCV gtl vaccine immunogen are poorly cross-reactive between HCV viral
genotypes and circulating HCV gtl variants (Swadling et al. manuscript in
preparation, Kelly et al., manuscript in preparation). In addition to this data, I have
demonstrated in Chapters 3 and 4 of this thesis that T cell specificity varies between
HCV genotypes 1 and 3 and cells primed in natural HCV gt3 infection are poorly
cross-reactive against HCV gtl variants. Therefore, we reasoned that epitopes
immunodominant in natural infection might not serve as attractive targets for cross-
reactive immunogen design. Based on this experimental data, we aimed to design a
vaccine entirely based on viral regions conserved between HCV subtypes.

Design of a HCV vaccine based on conserved viral regions

Immunogens based on conserved viral regions between HCV subtypes 1la/lb,
genotypes 1/3a and genotypes 1-6 were designed. Conserved viral segments were
determined using a computer algorithm defining variability using pairwise
comparisons and selecting conserved segments within the lowest variability quartile.
Conserved segments were then joined to form long and short immunogen versions
based on length of conserved segments. Patient sequences with high similarity to the
overall consensus were included in final immunogen design. Junction regions
between conserved segments were optimized to avoid non-HCV epitopes based on
prediction data. Finally, a TPA leader sequence was inserted to increase MHC class-II
presentation and immunogens were blasted to estimate similarity to human sequences.
Evaluation of potential immunogenicity of HCV vaccine immunogens based on
conserved viral regions

A concern when using conserved regions for vaccine immunogen design is the
possibility of choosing regions of poor immunogenicity. This might be based on poor
proteasomal processing of conserved regions, as well as limited HLA avidity and
peptide presentation. Additionally, they might present epitopes for which there is a
reduced T cell precursor frequency. To address these potential limitations, we aimed

to assess the designed immunogens for their potential immunogenicity.
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Ideally, immunogenicity would be evaluated in vivo, using either humanized mouse
models or in humans. However, humanized mouse models are limited to one single
HLA type, and direct assessment in humans is not practicable at this stage of
development. We therefore aimed to estimate potential immunogenicity using two
surrogate approaches; (i) the evaluation of epitopes detected in natural HCV infection
falling into defined conserved regions, and (ii) computer algorithm based epitope
prediction. However, these results will not fully represent immunogenicity in vivo;
computer predictions reliably only utilize peptide binding affinity, whereas only
approximate predictions are possible for proteasomal peptide cleavage, TAP
processing and endosomal transport. Therefore, predictions in this work only
accounted for peptide binding affinity.

I have shown that (i) Epitopes detected in natural infection were distributed across
conserved and non-conserved segments. Highly immunodominant HCV gtl epitopes
like CINGVCWTYV and KLVALGINAV fell into variable regions.

(i1) Strong binding epitopes were predicted within conserved regions, suggesting that
these viral regions are not immunologically inert.

Even though conserved viral regions may be less immunodominant than variable viral
regions in natural infection, we hypothesize that potent cross-reactive immune
responses will be primed using conserved viral regions if variable viral regions that
harbour dominant epitopes are removed from the vaccine. This hypothesis will have
to be assessed experimentally. The sub-dominance might be advantageous, since T
cell responses elicited towards conserved regions will be different to those mainly
detected in natural infection, which fail to control the virus in the majority of infected
individuals. Supporting this hypothesis, serial up-ranking of sub-dominant epitopes
has been demonstrated previously for an HIV immunogen based on conserved regions

(E.-J. Im et al. 2011).

Limitations of this work:

This study assessed cross-reactivity of immune responses in natural HCV gt3 and
compared them to HCV gtl to inform rational cross-reactive vaccine design.

Several limitations are inherent to the study: Firstly, peripheral blood mononuclear
cells were obtained to analyse T cell responses in HCV gt3 infection. This represents
a common method to assess immunity in HCV infection, since there are ethical issues

about obtaining T cells from liver biopsies — a procedure associated with patient
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morbidity and mortality. Therefore, relevant cell populations may have been missed,
as they might be homing to the liver during infection. However, it has been shown
that peripheral blood mononuclear cells reflect the properties of liver resident T cells,
albeit at lower frequencies (M. Mueller et al. 2010). Secondly, subtype specific
immunity was only assessed in one single HCV genotype, which was compared to the
commonly analysed HCV subtype 1. The choice of HCV gt3 was based on the fact
that this genotype represents the second most common genotype globally. Other HCV
genotypes (2, 4, 5, and 6) were not assessed. Evaluation of these might have
facilitated the discovery of immunodominant, broadly cross-reactive epitopes, which
could have served as attractive targets for cross-reactive vaccine design. Thirdly, the
majority of recruited patients were chronically infected individuals, which biased the
definition of immunodominant epitopes that were further analysed. If a larger number
of patients with spontaneously resolved infection had been included, a different
selection of epitopes would have been defined as immunodominant. This might have
led to the definition of highly cross-reactive epitopes conserved between all genotypes
that would have constituted attractive vaccine targets.

Viral sequence information was obtained using capillary Sanger sequencing to
evaluate variability at dominant epitopes. Better coverage, more depth and the
possibility to analyse viral quasi-species in a single host might have been achieved by
deep sequencing using techniques like RNAseq (Batty et al. 2013). In addition,
complete sequence datasets at immunodominant epitopes might have enabled the
proof of immune mediated escape. Further work could include analysis of sequences
of regions flanking epitopes, since it has been shown previously that polymorphisms
in these regions alter the T cell repertoire in the case of a CD4+ influenza epitope
(Cole et al. 2012), which might have implications on sequence versions included in
future immunogens.

Although a range of different assays to assess T cell function was performed in this
study, the use of HCV gt3 specific tetramers would have enhanced this analysis.
Further analyses of CD4+ and CD8+ restricted epitopes would have enabled closer
definition of T cell function, such as regulatory properties or exhaustion profiles. In
addition, more detailed and extensive analysis may have been achieved using the

recent CYTOF technology (cytometry by time-of-flight) (Newell et al. 2012).
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I aimed to generate a cross-reactive vaccine using a stringent rational approach based
entirely on HCV sequence regions conserved between HCV viral genotypes. However,
we used previously deposited sequence information for vaccine design that may have
been subject to selection bias. We tried to account for this bias by carefully choosing
sequences from different research groups and weighting full-length sequence
information from different genotypes equally. A different option for sequence
selection would have been the inclusion of all HCV sequences from sequence
depository. Even so, this approach would have increased the publication bias and
secondary measures would have been necessary to down-rank over-represented
sequence information, especially for HCV gtl.

To assess for potential strong binders, immunogens were assessed using freely
available online prediction algorithms. However, epitope prediction analyses using
computing models can always only estimate the complex cellular process of
proteasomal processing, peptide binding and presentation. Therefore, adaptations to
vaccine design at junction sites between conserved regions based on epitope
prediction data to avoid strong binders are always approximations, and potential

immunodominant, non-HCV epitopes cannot be excluded definitively.

Further applications of this work:

A prophylactic vaccine remains a highly desirable goal to prevent the global 3-4
million new HCV infections every year. In this study, immunogens aiming to prime
cross-reactive T cell responses have been designed based on conserved viral regions.
Designed immunogens will be assessed for immunogenicity in mice, before being

trialled in humans.
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8 Appendix
8.1 Supplementary figures

Figure 8-1: Sequence diversity of full-length genotype-3a sequences.
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Neighbour-joining tree of full-length nucleotide sequences from 20 genotype-3a
infected chronic patients, including eight patients followed longitudinally through
combination therapy (green = sustained virological response, orange = relapse, red =
non-responders, genotype-3a consensus sequence = blue). Also included are the
genotype-3a peptide consensus sequence, a genotype-3a reference sequence
(accession number D28917), together with H77 genotype-la nucleotide sequence
(accession number AF009606) used as an outgroup. Bootstrap scores >70% are
shown. Data for this Figure was generated by Isla Humphreys.
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Figure 8-2: T cell responses in HCV gtl infection measured by IFNy ELISPot
assays using HCV subtype specific peptide sets.
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Hepatitis C virus (HCV)-specific interferon (IFN)-y T cell responses in HCV gtl
infection. The total magnitude of the HCV-specific T cell responses measured by
IFN-y ELISpot assay (spot-forming units (SFU)/10° peripheral blood mononuclear
cells (PBMC)) is shown for (a) T cell responses to HCV gtlb peptides in a cohort of
HCV gtla, 1b and la/lb co-infected patients; and (b) in a subset of chronically
infected gtla patients using gtla and 1b peptides. Figure published in (Humphreys et
al. 2012). ELISpot assays were performed by Anthony Brown.
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Figure 8-3: Sequence heterogeneity (Shannon entropy) of NS3 sequences
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The sequence heterogeneity (Shannon entropy) within NS3 in 8 acute and 46 chronic
patients from the Oxford cohort on (A) base pair and (B) amino acid level is shown.
(C) Shannon entropy calculated for all HCV gt3 sequences available on the Los
Alamos sequence depository for NS3 (n=266). The NS3 epitope frequently targeted in
chronically infected HCV gt3a patients RPSGMFDSVVLCECYDAGCSWYDL is marked
with a box.
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8.2 Comparative analysis of CD8+ restricted epitopes predicted
by three different online epitope prediction servers in

junction regions between conserved epitopes

MHC class-I epitopes in junction areas between conserved segments were predicted
using three different online prediction servers: NetMHC, Syfpeithi and BIMAS.
Junction regions were defined as 10 amino acids on each site of the junction between
conserved segments. For all analyses, strong binders (defined according to each
server’s cut-off) were initially predicted for all available HLA types of each server.
Predicted epitopes not falling on segment junction sites were excluded (e.g. 8mers
and 9mers at each side of the junction). Subsequently, matching HLA types
overlapping between servers that were to be compared were selected. As an example
for the analysis, results for the HCV gtl immunogen approach D (long construct) are

discussed.

8.2.1 NetMHC - Syfpeithi

Using the Syfpeithi server, 205 strong binders were predicted in junction areas of the
HCV gt]l immunogen (approach D) for all available HLA types of the server. Of these,
57 (28%) were excluded since they did not overlap with junction areas (e.g. 8mers
and 9mers on each side of the junction). The HLA type distribution of predicted
artificial epitopes predicted by the Syfpeithi server is shown in Figure 8-4.

Figure 8-4: HLA type distribution of predicted strong binders forming artificial
epitopes in junction areas using the Syfpeithi prediction server.
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HLA types of artificial, non-HCV epitopes predicted in junction areas for the HCV
gt] immunogen using the Syfpeithi server.

291




Appendix

To compare MHC class-I prediction results of Syfpeithi and NetMHC servers, HLA

types only available on either Syfpeithi or NetMHC prediction servers were excluded

from the comparison. HLA types available on both servers and therefore included in

the comparative analyses are marked in green in Table 8-1.

Table 8-1: MHC class-I types assessed for epitope prediction using the Syfpeithi
prediction server.

NetMHC Syfpeithi NetMHC Syfpeithi NetMHC Syfpeithi
HLA-A  mers HLA-A  mers HLA-B mers  HLA-B mers HLA-B mers  HLA-B mers
A*0101 8 |A*01 8 B*0702 8 B*3902 10
A*0101 9 |A*01 9 B*0702 9 [B*0702 9 B*4001 8
A*0101 10 [A*01 10 B*0702 10 |B*0702 10 B*4001 9 [B*4001 9
A*0101 11 |A*01 11 B*0702 11 B*4001 10 |B*4001 10
A*0201 8 B*0801 8 [B*08 8 B*4001 11
A*0201 9 |A*0201 9 B*0801 9 |[B*08 9 B*4002 9
A*0201 10 |A*0201 10 B*0801 10 B*4002 10
A*0201 11 B*0801 11 B*41 9
A*0202 9 B*13 9 B*4101 9
A*0202 10 B*13 10 B*4101 10
A*0203 8 B*1402 8 B*4105 9
A*0203 9 B*1402 9 B*44 9
A*0203 10 B*1501 8 B*4402 9
A*0204 9 B*1501 9 [B*1501 9 B*4402 10
A*0205 10 B*1501 10 |B*1501 10 B*4402 11
A*0206 9 B*1501 11 B*45 9
A*0207 9 B*1509 9 B*4501 9
A*0301 8 B*1510 9 B*4501 10
A*0301 9 |A*03 9 B*1516 9 B*4701 9
A*0301 10 [A*03 10 B*18 8 B*4701 10
A*0301 11 B*18 9 B*4901 9
A*1101 9 B*1801 9 B*4901 10
A*1101 10 B*2702 9 B*5001 9
A*1101 11 B*2704 9 B*5001 10
A*23 9 B*2705 8 B*51 10
A*2402 8 B*2705 9 [B*2705 9 B*5101 8
A*2402 9 |[A*2402 9 B*2705 10 |B*2705 10 B*5101 9
A*2402 10 [A*2402 10 B*2705 11 B*5301 9
A*2402 11 B*2706 9 B*5301 10
A*25 9 B*2709 9 B*57 9
A*2601 8 B*3501 9 B*5701 9
A*2601 9 |A*26 9 B*3501 10 B*5701 10
A*2601 10 |A*26 10 B*37 8 B*5801 8
A*2601 11 B*37 9 B*5801 9 |B*5801 9
A*2602 9 B*3801 8 B*5801 10
A*29 9 B*3801 9 B*5801 11
A*3101 9 B*3801 10 B*5802 9
A*6801 9 B*3901 8 B*5802 10
A*6801 10 B*3901 9 [B*3901 9
A*6801 11 B*3901 10 |B*3901 10
A*6801 15 B*3901 11
A*6802 9 B*3902 9

MHC class-I types available for prediction analysis on the Syfpeithi server. The HLA
analysed using the NetMHC server and then compared to the

types which were

Syfpeithi results are marked in green.

Of 148 artificial epitopes predicted using the Syfpeithi server, 49 (33%) were

excluded because of an HLA mismatch between Syfpeithi and NetMHC servers

(Table 8-2). Of the strong binders predicted using the NetMHC server, none were

excluded due to HLA mismatch.
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Table 8-2: Predicted strong binders in junction areas excluded from the
comparative analysis, because of non-matching HLA types in the comparative
analysis between NetMHC and Syfpeithi servers

HLA type mers | Junction peptide Syfpeithi score HLA type mers | Junction peptide Syfpeithi score
A*1101 9 15 IVLSGEWAK 23 B*37 9 4 TDRTDVFLL 21
A*1101 10 16 TTQGSIGLGK 25 B*37 8 4 TDRTDVFL 21
A*1101 9 27 GTQEDASLR 24 B*37 8 6 WDRDRSEL 21
A*6801 9 12 EVNAVAYYR 22 B*37 9 21 SEALSNSLL 25
A*6801 9 23 DVRCHKPAR 21 B*37 8 21 SEALSNSL 24
A*6801 10 25 DIRTESLTER 23 B*37 8 24 YDVVPMGF 24
B*13 10 6 RLWDRDRSEL 21 B*37 8 25 TESLTERL 28
B*13 10 9 VQIVSTQSFL 21 B*4402 11 8 LENLVKGWRLL 23
B*13 9 9 TQSFLATCI 22 B*4402 10 8 LENLVKGWRL 21
B*13 10 16 TQGSIGLGKV 22 B*4402 11 9 GEVQIVSTQSF 21
B*1402 9 4 DRTDVFLLN 21 B*4402 10 12 TEEVNAVAYY 21
B*1402 8 4 DRTDVFLL 23 B*4402 9 12 EEVNAVAYY 24
B*1402 8 14 IRLKPKYI 23 B*4402 9 12 IEEVNAVAY 25
B*1402 8 19 VRLHRRRL 25 B*4402 9 21 SEALSNSLL 23
B*1402 8 28 MILEPLDL 26 B*4402 10 25 TESDIRTESL 23
B*1516 9 1 LTVPASAYV 28 B*4402 9 25 TESLTERLY 24
B*1516 9 3 WSPVCGPVY 22 B*4402 9 27 QEDASLRAF 25
B*18 9 12 TEEVNAVAY 22 B*4402 10 28 LEPLDLPQIT 21
B*18 8 12 EEVNAVAY 26 B*4402 9 28 LEPLDLPQI 22
B*18 9 25 TESLTERLY 21 B*4901 10 8 LENLVKGWRL 22
B*18 8 25 TESLTERL 21 B*4901 10 25 TESLTERLYV 22
B*18 9 27 QEDASLRAF 22 B*5101 8 2 SPRYPGHI 24
B*2709 9 14 IRLKPKYIM 22 B*5101 9 11 HGVTGVRTI 22
B*2709 9 23 VRCHKPARL 21 B*5101 8 11 KAHGVTGV 22
B*5101 9 16 SPLTTQGSI 24

Strong binders predicted by the Syfpeithi server that were excluded from the
comparative analysis between Syfpeithi and NetMHC servers due to non-matching
HLA types between the two servers.

Next, the remaining 169 artificial strong binders predicted by both NetMHC (70
epitopes) and Syfpeithi (99 epitopes) servers were compared (Table 8-3): 24 epitopes
predicted by both servers were identical (marked in red), reflecting an overlap of 34%
(NetMHC) and 24% (Syfpeithi). All other predicted strong binders were either
predicted for different HLA types or lengths. If the HLA type matched for two
epitopes, and they only differed in one or two amino acids in length, they were
classified as “similar”: this applied to 8 more epitopes predicted by Syfpeithi and
NetMHC, marked in grey in Table 8-3, increasing the overlap from 34% to 46%
(NetMHC) and 24% to 32%, respectively.

Table 8-3: Comparison of MHC class-I prediction results using NetMHC and
Syfpeithi servers (table on the next pages).

Comparison of epitope prediction results for NetMHC and Syfpeithi servers. Epitopes
predicted by both servers are marked in red. Similar epitopes (epitopes of different
length predicted for the same restricting HLA type) were marked in grey.
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Junction ID  Junction sequence HLA type Syfpeithi NetMHC

1 LSCLTVPASAYVGDLCGSVFE A*0101 LTVPASAY
A*0201 CLTVPASAYV
A*03 CLTVPASAY
A*2601 LTVPASAY
B*0702 VPASAYVGDL |VPASAYVGDL
B*1501 CLTVPASAY similar
B*1501 LTVPASAY similar

2 VSQLFTFSPRYPGHITGHRM A*01 VSQLFTEFSPRY |VSQLFTEFSPRY
B*0702 SPRYPGHIT SPRYPGHIT similar
B*0702 SPRYPGHI similar
B*08 SPRYPGHI
B*1501 QLFTFSPRY
B*2705 PRYPGHITGH

3 AWDMMMNWSPVCGPVYCFTP A*0201 MMNWSPVCGPV
A*26 PVCGPVYCF
B*0702 GPVYCFTPSPV

4 SPVVVGTTDRTDVFLLNNTR A*0101 TTDRTDVF similar
A*0101 TTDRTDVFLL |[similar
A*26 TTDRTDVFLL

5 LGNWFGCTWMCPTDCFRKHP none

6 CLVDYPYRLWDRDRSELSPL A*0201 RLWDRDRSEL
B*08 WDRDRSEL
B*2705 YRLWDRDRSEL
B*3901 YRLWDRDRSEL

7 OYLYGVGSSVARVCACLWMM A*0201 GVGSSVARV
A*03 YLYGVGSSVA
B*08 VARVCACL
B*5801 SSVARVCACLW [similar
B*5801 SVARVCACLW [similar
B*5801 VARVCACLW similar

8 QOAEAALENLVKGWRLLAPIT A*0201 NLVKGWRLL
A*03 AEAALENLVK
B*08 ENLVKGWRL
B*4001 LENLVKGWRL [LENLVQGWRL |[similar
B*4001 LENLVQGWRLL [LENLVQGWRLL [similar
B*58 AALENLVKGW |AALENLVQGW

9 VEGEVQIVSTQSFLATCING A*26 EVQIVSTQSF similar
A*26 EVQIVSTQS similar
B*1501 VQIVSTQSF VQIVSTQSF

10 VYHGAGPCTCGSSDLY none

11 GAYMSKAHGVTGVRTITTGS A*0201 SKAHGVTGV

12 TVPHPNIEEVNAVAYYRGLD A*01 NIEEVNAVAYY |[NIEEVNAVAYY |similar
A*01 NIEEVNAVAY similar
A*01 IEEVNAVAYY similar
A*01 IEEVNAVAY similar
A*03 NIEEVNAVAY
A*26 EEVNAVAYY EVNAVAYY

13 ORRGRTGRGRYRFVTPGERP B*2705 RRGRTGRGRY
B*2705 GRTGRGRYRF similar
B*2705 GRTGRGRYR similar
B*2705 GRYRFVTPGER |similar
B*58 RTGRGRYRF

14 MWKCLIRLKPKYIMTCMSAD A*03 RLKPKYIMTC
A*03 CLIRLKPKY
B*0702 KPKYIMTCM
B*08 LIRLKPKYI LIRLKPKYI similar
B*08 LIRLKPKY similar
B*0801 LIRLKPKYIM |[similar
B*08 RLKPKYIM RLKPKYIM similarl
B*08 RLKPKYIMT similarl
B*0801 RLKPKYIMTCM [similarl
B*1501 CLIRLKPKY
B*2705 IRLKPKYIM

15 VIVGRIVLSGFWAKHMWNETI A*03 IVGRIVLSGF
A*03 RIVLSGFWAK |RIVLSGEFWAK |similar
A*03 IVLSGFWAKH similar
A*03 IVLSGFWAK similar
A*0301 VLSGEFWAK similar
A*2402 GFWAKHMWNE
A*26 IVGRIVLSGF
B*2705 GRIVLSGEFWAK
B*58 LSGFWAKHM similarl
B*5801 LSGFWAKHMW |similarl
B*5801 SGFWAKHMW similarl
B*5801 IVGRIVLSGFEW |similar
B*5801 RIVLSGEFW similar
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Junction ID Junction sequence HLA type |Syfpeithi NetMHC
16 PLTTQOGSIGLGKVLV B*0702 SPLTTQGSI similar
B*0702 SPLTTQGSIGL [similar
17 AAARVTQILSSWLRDIWDWI A*0201 QILSSWLRDI similar
A*0201 ILSSWLRDI simialr
B*2705 ARVTQILSSWL
B*58 SSWLRDIWDW |SSWLRDIWDW
B*58 RVTQILSSW RVTQILSSW
B*58 LSSWLRDIW LSSWLRDIW
B*5801 AARVTQILSSW |similarl
B*5801 VTQILSSW similarl
B*5801 LSSWLRDIWDW [similar2
B*5801 SSWLRDIW similar?2
18 VLSDFKTWLKCPCQVPSPEF none
19 TELDGVRLHRRRLARGSPPS A*03 RLHRRRLAR
B*2705 VRLHRRRLAR similar
B*2705 VRLHRRRL similar
20 SLKATCTTNHSDAESYSSMP A*01 CTTNHSDAESY |CTTNHSDAESY
A*01 TTNHSDAESY |TTNHSDAESY
A*0101 HSDAESYSSM
B*3901 NHSDAESYSSM
21 GSWSTVSSEALSNSLLRHHN A*03 ALSNSLLRH
B*4001 SEALSNSLL [SEALSNSLL ([similar
B*4001 SEALSNSL similar
B*58 VSSEALSNSL similarl
B*58 SSEALSNSLL similarl
B*58 SSEALSNSL similarl
22 MVYATTSRSALTPPHSAKSK A*03 ALTPPHSAK ALTPPHSAK similar
A*0301 RSALTPPHSAK [similar
A*2402 VYATTSRSAL
B*0702 MVYATTSRSAL [similarl
B*0702 YATTSRSAL similarl
23 GYGAKDVRCHKPARLIVFPD A*26 DVRCHKPARL
B*08 VRCHKPARL
B*2705 VRCHKPARL
B*3901 CHKPARLIV ? similar
B*3901 VRCHKPARL ? similar
24 CEKMALYDVVPMGFSYDTRC A*01 LYDVVPMGFSY
A*0201 KMALYDVVPM similar
A*0201 ALYDVVPM similar
A*03 ALYDVVPMGF
A*03 DVVPMGFSY
A*2402 LYDVVPMGF LYDVVPMGF
A*26 DVVPMGFSYD
A*26 DVVPMGFSY DVVPMGFSY
B*1501 ALYDVVPMGF similarl
B*1501 KMALYDVVPM |similarl
B*3901 EKMALYDVVPM
B*5801 MALYDVVPMGEF
25 TVTESDIRTESLTERLYVGG A*01 RTESLTERLY [RTESLTERLY
B*2705 IRTESLTERL similar
B*2705 IRTESLTER similar
B*3901 IRTESLTERL
B*4001 TESDIRTEST, |TESDIRTESL
B*58 RTESLTERLY similarl
B*58 RTESLTERL similarl
26 ASAACRAAKLCTMLVCGDDL B*08 AAKLCTML
B*2705 CRAAKLCTML similar
B*2705 CRAAKLCTM CRAAKLCTM similar
B*3901 CRAAKLCTML
B*58 RAAKLCTML
27 CESAGTQEDASLRAFTEAMT B*58 ASLRAFTEAM
28 APTLWARMILEPLDLPQIIQ A*0201 ILEPLDLPQI
A*0201 RMILEPLDL
B*0801 WARMILEPL
B*2705 ARMILEPLDL similar
B*2705 ARMILEPL similar
B*3901 ARMILEPLDL
29 WRHRARSVRAGGRAAICGKY A*03 SVRAGGRAATI similar
A*03 SVRAGGRAA similar
B*0702 SVRAGGRAAI |similarl
B*0702 SVRAGGRAA similarl
B*2705 VRAGGRAAT
B*2705 ARSVRAGGR
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8.2.2 NetMHC - BIMAS

Next, an epitope prediction analysis was performed for junction areas of the HCV gtl
immunogen (approach D) using the BIMAS epitope prediction server. The search was
run for all available HLA types and including all available peptide lengths (8mers,
9mers and 10mers). Epitopes with a BIMAS score >100 were defined as strong
binding epitopes.

159 strong binders in junction areas (10 amino acids on each side of the junction area)
were predicted for the HCV gtl D immunogen, of which 103 were artificial, non-
HCV epitopes. Of note, HLA type distribution for the predicted epitopes in junction
areas using the BIMAS server was skewed towards B*2705 and B*5101 in

comparison to the other servers (Figure 8-5).

Figure 8-5: HLA type distribution of predicted strong binders forming artificial
epitopes in junction areas using the BIMAS prediction server.

Bl A0101 Il B3501
B A0201 Il B3701
B A24 Bl B4401
[ A68 [ B5101
1 BO7 [ B60
Il BOS [ B62
[ B14 1 Cwo0301
[ B27 B Cw0401

HLA types of epitopes predicted in junction areas for the HCV gtl immunogen using
the BIMAS server.

To compare results from the BIMAS analysis with those from the NetMHC analysis, |
first determined HLA types shared by both servers (marked in blue in Table 8-4).
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Table 8-4: MHC class-I types assessed for epitope prediction using the BIMAS
prediction server.

NetMHC BIMAS NetMHC BIMAS NetMHC BIMAS
HLA-A mers HLA-A mers HLA-B mers HLA-B mers HLA-B mers HLA-B mers
A*0101 8 B*0702 8 B*3901 9
A*0101 9 A*01 9 B*0702 9 B*07 9 B*3901 10
A*0101 10 A*01 10 B*0702 10 B*07 10 B*3901 11
A*0101 11 B*0702 11 B*4001 8
A*0201 8 B*0801 8 B*4001 9 B*40 9
A*0201 9 A*0201 9 B*0801 9 B*08 9 B*4001 10 B*40 10
A*0201 10 A*0201 10 B*0801 10 B*08 10 B*4001 11
A*0201 11 B*0801 11 B*4403 9
A*0301 8 B*14 9 B*4403 10
A*0301 9 A*03 9 B*14 10 B*5101 8
A*0301 10 A*03 10 B*1501 8 B*5101 9
A*0301 11 B*1501 9 B*15 9 B*5101 10
A*¥1101 9 B*1501 10 B*15 10 B*5102 9
A*¥1101 10 B*1501 11 B*5102 10
A*2402 8 B*2702 9 B*5103 9
A*2402 9 A*24 9 B*2702 10 B*5103 10
A*2402 10 A*24 10 B*2705 8 B*2705 8 B*5201 8
A*2402 11 B*2705 9 B*2705 9 B*5201 9
A*2601 8 B*2705 10 B*2705 10 B*5201 10
A*2601 9 B*2705 11 B*5801 8
A*2601 10 B*3501 8 B*5801 9
A*2601 11 B*3501 9 B*5801 10
A*3101 9 B*3501 10 B*5801 11
A*3101 10 B*3701 9 B*60 9
A*3302 9 B*3701 10 B*60 10
A*3302 10 B*3801 9 B*61 9
A*68 9 B*3801 10 B*61 10
A*68 10 B*3901 8

MHC class-I types avaiable for prediction analysis on the BIMAS server. The HLA
types which were analysed using the NetMHC server and then compared to the
BIMAS results are marked in blue.

Epitopes predicted for these HLA types were included in the comparative analysis. Of
103 artificial strong binders predicted by the BIMAS server, 42 (41%) were excluded
from the BIMAS prediction dataset since HLA types did not match those used in the
NetMHC analysis (Table 8-5, left). Likewise, of artificial 70 epitopes predicted for
the NetMHC analysis, 24 were excluded (Table 8-5, right).
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Table 8-5: Excluded predicted strong binders in junction areas in comparative
analysis, because of non-matching HLA types in comparative analysis between
NetMHC and BIMAS servers.

HLA type mers Junction peptide BIMAS score HLA type mers Junction peptide NetMHC score
A*68 9 12 EVNAVAYYR 600 A*2601 8 1 LTVPASAY 0.3
A*68 9 15 TVLSGFWAK 240 B*1501 8 1 LTVPASAY 0.5
A*68 9 23 DVRCHKPAR 600 B*3901 11 6| YRLWDRDRSEL 0.25
B*14 10 19 DGVRLHRRRL 135 B*5801 9 7| VARVCACLW 0.15
B*14 9 19 VRLHRRRLA 250 B*5801 10 7 SVARVCACLW 0.25

B*2702 10 13 RRGRTGRGRY 600 B¥5801 11 7| SSVARVCACLW 0.075

B*2702 10 13 GRTGRGRYRF 200 B*5801 10 8]  AALENLVQGW 0.175

B*2702 9 15 GRIVLSGEW 100 B*1501 9 9] VOQIVSTQSF 0.025

B¥2702 10 17 ARVTQILSSW 100 A*2601 B 12 EVNAVAYY 0.05

B*3501 9 14 KPKY IMTCM 240 B*5801 8 15 RIVLSGEW 0.5

B*3701 9 7] TDRTDVELL 200 B¥5801 9 15| SGEWARHMW 0.5

B*4403 10 12 TEEVNAVAYY 540 B*5801 10 15| LSGEWAKHMW 0.15

B*4403 9 12 TEEVNAVAY 180 B¥5801 11 15| IVGRIVLSGEW 0.5

B*4403 9 12 EEVNAVAYY 1080 B*5801 8 17 VTQILSSW 0.15

B¥4403 9 25 TESLTERLY 120 B*5801 B 17 SSWLRDIW 0.175

B*5101 10 1 VPASAYVGDL 130 B*5801 9 17| RVTQILSSW 0.125

B*5101 8 2 SPRYPGHL 400 B*5801 9 17| LSSWLRDIW 0.075

B*5101 10 10 GPCTCGSSDL 110 B¥5801 10 17| SSWLRDIWDW 0.2

B*5101 9 11 HGVTGVRTI 106.48 B*5801 11 17| AARVIQILSSW 0.4

B*5101 10 12 HPNIEEVNAV 220 B*5801 11 17| LSSWLRDIWDW 0.075

B¥5101 9 16 SPLTTQGSI 484 B*3901 11 20| NHSDAESYSSM 0.2

B*5101 8 21 EALSNSLL 100 A*2601 9 24| DVVPMGESY 0.1

B*5101 9 26 AARKLCTMLYV 100 B*3901 11 24| EKMALYDVVEM 0.5

B*5101 8 29 RAGGRAAL 110 B*5801 11 24| MALYDVVPMGE 0.4

B*5102 10 1 VPASAYVGDL, 100

B*5102 10 7 YGVGSSVARV 528

B*5102 10 10 GPCTCGSSDL 121

B*5102 9 11 HGVIGVRTI 351.384

B*5102 10 12 HPNIEEVNAV 200

B*5102 9 16 SPLTTQGSI 1597.2

B*5102 10 19 DGVRLHRRRL 145.2

B*5102 9 22 YATTSRSAL 110

B*5102 10 26 RAAKLCTMLV 121

B*5103 10 26 RAAKLCTMLV 121

B*5103 9 26 AAKLCTMLYV 133.1
B*60 9 8 LENLVKGWRL 176
B*60 9 21 SEALSNSLL 320
B*60 9 25 TESDIRTESL 320

Cw*0401 10 1 VPASAYVGDL 160

Cw*0401 10 15 GFWAKHMWNF 132

Cw*0401 10 22 VYATTSRSAL 200

Cw*0401 9 24 TYDVVPMGE 150

Strong binders predicted by the BIMAS server (left) and the NetMHC server (right)
that were excluded from the comparative analysis between BIMAS and NetMHC
servers due to non-matching HLA types between the two servers.

Next, I compared the remaining 107 artificial strong binders [46 (NetMHC), 61
(BIMAS)] predicted for matching HLA types between the NetMHC and BIMAS
servers (Table 8-6): only 5 epitopes predicted by both servers were identical (marked
in red), estimating at about 11% of epitopes for the NetMHC analysis and 8% for the
BIMAS analysis. All other predicted strong binders were either predicted for different
HLA types or lengths. If the HLA type matched for two epitopes, and they only
differed in one or two amino acids in length, they were classified as “similar”. 5 more
epitopes predicted by BIMAS and NetMHC servers only varying in length were
classified as “similar” and are marked in grey in Table 8-6, increasing the match

percentage from 11% to 22% (NetMHC) and 8% to 16% (BIMAS), respectively.
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Table 8-6: Comparison of MHC class-I prediction results using NetMHC and
BIMAS servers.

Comparison of epitope prediction results for BIMAS and NetMHC servers. Epitopes
predicted by both servers are marked in red. Similar epitopes (epitopes of different
length predicted for the same restricting HLA type) were marked in grey.

junction ID Junction sequence HLA* type BIMAS NetMHC

1 SCLTVPASAYVGDLCGSVF A*0101 LTVPASAY
A*0204 CLTVPASAYV
B*0702 VPASAYVGDL

2 VSQLFTFSPRYPGHITGHRM A*0101 VSQLFTFSPRY
B*0702 SPRYPGHI similar
B*0702 SPRYPGHIT |similar
B*15 SQLFTFSPRY
B*2705 SQLFTFSPRY
B*2705 PRYPGHITGH similarl
B*2705 PRYPGHIT similarl

3 AWDMMMNWSPVCGPVYCFTP A*0201 MMNWSPVCGPV]
B*0702 GPVYCEFTPSPV]

4 SPVVVGTTDRTDVFLLNNTR A*0101 TTDRTDVF similar
A*0101 TTDRTDVFLL |similar
B*2705 DRTDVFLL

5 LGNWEGCTWMCPTDCFRKHP none

6 CLVDYPYRLWDRDRSELSPL A*0203 RLWDRDRSEL
B*2705 YRLWDRDRSEL|similar
B*2705 RLWDRDRSEL similar
B*2705 YRLWDRDR similarl
B*2705 YRLWDRDRS similarl

7 QYLYGVGSSVARVCACLWMM none

8 QAEAALENLVKGWRLLAPIT B*4001 LENLVQGWRL [similar
B*4001 LENLVQGWRLL|similar

9 VEGEVQIVSTQSFLATCING B*2705 VQIVSTQSFL similar
B*2705 VQIVSTQSF similar

10 CWIVYHGAGPCTCGSSDLY none

11 GAYMSKAHGVTGVRTITTGS none

12 TVPHPNIEEVNAVAYYRGLD A*0101 NIEEVNAVAYY

13 ORRGRTGRGRYRFVTPGERP B*2705 GRYREFVTPGER|similar
B*2705 GRYRFVTPGE similar
B*2705 GRYREVTPG similar
B*2705 GRYREVTP similar
B*2705 RRGRTGRGRY similarl
B*2705 GRTGRGRYRF similarl
B*2705 GRTGRGRYR similarl
B*2705 GRTGRGRY similarl
B*2705 GRGRYRFV similar?2
B*2705 GRGRYRFVT similar2

14 MWKCLIRLKPKYIMTCMSAD B*0702 KPKYIMTCM
B*0801 RLKPKYIM similar
B*0801 RLKPKYIMTCM|similar
B*0801 LIRLKPKYI similarl
B*0801 LIRLKPKYIM |similarl
B*2705 IRLKPKYI similar?2
B*2705 IRLKPKYIM similar?2
B*2705 IRLKPKYIMT similar?2

15 VIVGRIVLSGFWAKHMWNEI A*0301 VLSGFWAK similar
A*0301 RIVLSGFWAK [similar
A*2402 GFWAKHMWNF
B*2705 GRIVLSGFWAK|similarl
B*2705 GRIVLSGF similarl
B*2705 GRIVLSGFWA similarl
B*2705 GRIVLSGFW similarl
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junction ID Junction sequence HLA* type BIMAS NetMHC

16 ASVTSPLTTQGSIGLGKVLV B*0702 SPLTTQGSI similar
B*0702 SPLTTQGSIGL|similar
B*2705 TQGSIGLGK

17 AAARVTQILSSWLRDIWDWI B*2705 ARVTQILSSWL|similar
B*2705 ARVTQILSSW similar
B*2705 ARVTQILSS similar
B*2705 TQILSSWL similarl
B*2705 TQILSSWLR similarl

18 VLSDEFKTWLKCPCQVPSPEF none

19 TELDGVRLHRRRLARGSPPS B*07 GVRLHRRRL
B*2705 VRLHRRRLAR similar
B*2705 VRLHRRRL |VRLHRRRL similar
B*2705 RRRLARGS

20 SLKATCTTNHSDAESYSSMP A*0101 TTNHSDAESY |[similar
A*0101 CTTNHSDAESY|similar
A*0101 HSDAESYSSM

21 GSWSTVSSEALSNSLLRHHN B*4001 SEALSNSL similar
B*4001 SEALSNSLL similar

22 MVYATTSRSALTPPHSAKSK A*0301 ALTPPHSAK ([similar
A*0301 RSALTPPHSAK|similar
A*24 VYATTSRSAL
B*0702 YATTSRSAL [similarl
B*0702 MVYATTSRSAL|similarl
B*2705 SRSALTPPHS similar2
B*2705 SRSALTPPH similar?2

23 GYGAKDVRCHKPARLIVFEFPD B*07 DVRCHKPARL
B*08 DVRCHKPARL
B*2705 VRCHKPARL similar
B*2705 VRCHKPAR similar
B*2705 VRCHKPARLI similar

24 CEKMALYDVVPMGFSYDTRC A*0201 ALYDVVPM
A*24 LYDVVPMGF |LYDVVPMGF
B*1501 KMALYDVVPM

25 TVTESDIRTESLTERLYVGG A*01 RTESLTERLY |[RTESLTERLY
B*2705 IRTESLTERL similar
B*2705 IRTESLTER similar
B*4001 TESDIRTESL

26 ASAACRAAKLCTMLVCGDDL B*2705 CRAAKLCTML similar
B*2705 CRAAKLCTM |CRAAKLCTM similar
B*2705 CRAAKLCT similar

27 CESAGTQEDASLRAFTEAMT B*2705 TQEDASLR

28 APTLWARMILEPLDLPQIIQ B*07 WARMILEPL
B*0801 WARMILEPL
B*2705 ARMILEPL |(ARMILEPL similar
B*2705 ARMILEPLDL similar
B*2705 RMILEPLDL similar

29 WRHRARSVRAGGRAAICGKY B*0702 SVRAGGRAA
B*0702 SVRAGGRAAI
B*2705 ARSVRAGGR similar
B*2705 ARSVRAGGRA similar
B*2705 VRAGGRAATI similarl
B*2705 VRAGGRAAIC similarl
B*2705 VRAGGRAA similarl
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8.2.3 BIMAS - Syfpeithi

To compare results from the BIMAS analysis with those from the Syfpeithi analysis, |
first determined HLA types shared by both servers (marked in orange in Table 8-7).

Table 8-7: MHC class-I types shared between Syfpeithi and BIMAS servers.

Syfpeithi BIMAS Syfpeithi BIMAS Syfpeithi BIMAS |
HLA-A mers HLA-A mers HLA-B mers HLA-B mers HLA-B mers HLA-B  mers

A*01 8 B*0702 9 B*07 9 B*4002 9
A*01 9 A*01 9 B*0702 10 B*07 10 B*4002 10
A*01 10 A*01 10 B*08 8 B*41 9
A*01 11 B*08 9 B*08 9 B*4101 9
A*0201 9 A*0201 9 B*08 10 B*4101 10
A*0201 10 A*0201 10 B*13 9 B*4105 9
A*0202 9 B*13 10 B*44 9
A*0202 10 B*1402 8 B*14 9 B*4402 9
A*0203 8 B*1402 9 B*14 10 B*4402 10
A*0203 9 B*1501 9 B*15 9 B*4402 11

A*0203 10 B*1501 10 B*15 10 B*4403 9

A*0204 9 B*1509 9 B*4403 | 10
A*0205 10 B*1510 9 B*45 9
A*0206 9 B*1516 9 B*4501 9
A*0207 9 B*18 8 B*4501 10
A*03 9 A*03 9 B*18 9 B*4701 9
A*03 10 A*03 10 B*1801 9 B*4701 10
A*1101 9 A*1101 9 B*2702 9 B*2702 9 B*4901 9
A*1101 10 A*1101 10 B*2702 10 B*4901 10
A*1101 11 B*2704 9 B*5001 9
A*23 9 B*2705 8 B*5001 10
A*2402 9 A*24 9 B*2705 9 B*2705 9 B*51 10

A*2402 10 A*24 10 B*2705 10 B*2705 10 B*5101 8 B*5101 8

A*25 9 B*2706 9 B*5101 9 B*5101 9

A*26 9 B*2709 9 B*5101 | 10

A*26 10 B*3501 8 B*5102 9

A*2602 9 B*3501 9 B*3501 9 B*5102 | 10

A*29 9 B*3501 10 B*3501 10 B*5103 9

A*3101 9 A*3101 9 B*37 8 B*5103 | 10

A*3101 10 B*37 9 B*3701 9 B*5201 8

A*3302 9 B*3701 10 B*5201 9

A*3302 10 B*3801 8 B*5201 | 10
A*6801 9 A*68 9 B*3801 9 B*3801 9 B*5301 9
A*6801 10 A*68 10 B*3801 10 B*3801 10 B*5301 10
A*6801 11 B*3901 9 B*57 9
A*6801 15 B*3901 10 B*5701 9
A*6802 9 B*3902 9 B*5701 10
B*3902 10 B*5801 9
B*4001 9 B*40 9 B*5802 9
B*4001 10 B*40 10 B*5802 10

B*60 9

B*60 10

B*61 9

B*61 10

MHC class-I types avaiable for prediction analysis on the Syfpeithi and BIMAS
server. The HLA types which were shared between the two servers and for which
predicted epitopes were compared, are marked in orange.

Of 148 artificial strong binders predicted by the Syfpeithi server, 52 (35%) were
excluded from the Syfpeithi prediction dataset since HLA types did not match those
used in the BIMAS analysis (Table 8-8, left). Likewise, of artificial 103 epitopes
predicted for the BIMAS analysis, 8 (8%) were excluded (Table 8-8, bottom).
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Table 8-8: Excluded predicted strong binders in junction areas in comparative
analysis, because of non-matching HLA types in comparative analysis between
Syfpeithi and BIMAS servers.

HLA type mers Junction | Predicted peptide [ Syfpeithi score HLA type mers Junction [Predicted peptide | BIMAS score
A*26 9 3 PVCGPVYCF 22 B*15 10 2 SQLFTFSPRY 160
A*26 10 4 TTDRTDVFLL 21 B*4403 10 12 IEEVNAVAYY 540
A*26 10 9 EVQIVSTQSF 29 B*4403 9 12 TEEVNAVAY 180
A*26 9 9 EVQIVSTQS 21 B*4403 9 12 EEVNAVAYY 1080
A*26 9 12 EEVNAVAYY 28 B*4403 9 25 TESLTERLY 120
A*26 10 15 IVGRIVLSGF 23 B*60 9 8 LENLVKGWRL 176
A*26 10 23 DVRCHKPARL 26 B*60 9 21 SEALSNSLL 320
A*26 10 24 DVVPMGFSYD 24 B*60 9 25 TESDIRTESL 320
A*26 9 24 DVVPMGFSY 35
B*13 10 6 RLWDRDRSEL 21
B*13 10 9 VQIVSTQSFL 21
B*13 9 9 TQSFLATCI 22
B*13 10 16 TQGSIGLGKV 22

B*1516 9 1 LTVPASAYV 28

B*1516 9 3 WSPVCGPVY 22
B*18 9 12 IEEVNAVAY 22
B*18 8 12 EEVNAVAY 26
B*18 9 25 TESLTERLY 21
B*18 8 25 TESLTERL 21
B*18 9 27 QEDASLRAF 22

B*3901 9 23 CHKPARLIV 21

B*3901 9 23 VRCHKPARL 22

B*3901 10 25 IRTESLTERL 21

B*3901 10 26 CRAAKLCTML 21

B*3901 10 28 ARMILEPLDL 26

B*4402 11 8 LENLVKGWRLL 23

B*4402 10 8 LENLVKGWRL 21

B*4402 11 9 GEVQIVSTQSF 21

B*4402 10 12 TEEVNAVAYY 21

B*4402 9 12 EEVNAVAYY 24

B*4402 9 12 TEEVNAVAY 25

B*4402 9 21 SEALSNSLL 23

B*4402 10 25 TESDIRTESL 23

B*4402 9 25 TESLTERLY 24

B*4402 9 27 QEDASLRAF 25

B*4402 10 28 LEPLDLPQII 21

B*4402 9 28 LEPLDLPQI 22

B*4901 10 8 LENLVKGWRL 22

B*4901 10 25 TESLTERLYV 22

B*5802 10 8 AALENLVKGW 21

B*5802 9 13 RTGRGRYRF 22

B*5802 9 15 LSGFWAKHM 21

B*5802 10 17 SSWLRDIWDW 21

B*5802 9 17 RVTQILSSW 21

B*5802 9 17 LSSWLRDIW 21

B*5802 10 21 VSSEALSNSL 21

B*5802 10 21 SSEALSNSLL 21

B*5802 9 21 SSEALSNSL 21

B*5802 10 25 RTESLTERLY 27

B*5802 9 25 RTESLTERL 23

B*5802 9 26 RAAKLCTML 23

B*5802 10 27 ASLRAFTEAM 21

Strong binders predicted by the Syfpeithi server (left) and the BIMAS server (right)
that were excluded from the comparative analysis between Syfpeithi and BIMAS
servers due to non-matching HLA types between the two servers.

Of the remaining 191 [96 (Syfpeithi) and 95 (BIMAS)], epitopes, 24 were identical
for both prediction analyses, which estimates at 25% for both analyses (Table 8-9). A
further 2 epitopes were classified as “similar”, increasing the percentage of matching
epitopes to 26%.

Table 8-9: Comparison of MHC class-1 prediction results using Syfpeithi and
BIMAS servers (table on next pages).

Comparison of epitope prediction results for Syfpeithi and BIMAS servers. Epitopes
predicted by both servers are marked in red. Similar epitopes (epitopes of different
length predicted for the same restricting HLA type) were marked in grey.
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Junction  Sequence junction HLA type Syfpeithi Score BIMAS score
1 SCLTVPASAYVGDLCGSVF A*0201 CLTVPASAYV  |CLTVPASAYV
A*03 CLTVPASAY
B*0702 VPASAYVGDL
B*1501 CLTVPASAY
B*5101 VPASAYVGDL [similar
B*5102 VPASAYVGDL |[similar
Cw*0401 VPASAYVGDL
2 VSQLFTFSPRYPGHITGHRM A*01 VSQLFTFSPRY
B*0702 SPRYPGHIT
B*08 SPRYPGHI
B*1501 QLFTESPRY
B*2705 PRYPGHITGH PRYPGHITGH [similar
B*2705 PRYPGHIT similar
B*2705 SQLFTFSPRY
B*5101 SPRYPGHI SPRYPGHI
3 AWDMMMNWSPVCGPVYCETP  none
4 SPVVVGTTDRTDVFLLNNTR B*1402 DRTDVFLLN similar
B*1402 DRTDVFLL similar
B*2705 DRTDVFLL
B*37 TDRTDVFLL TDRTDVFLL [similarl
B*37 TDRTDVFL similarl
5 LGNWFGCTWMCPTDCFRKHP none
6 CLVDYPYRLWDRDRSELSPL A*0201 RLWDRDRSEL RLWDRDRSEL
B*08 WDRDRSEL
B*2705 YRLWDRDR similar
B*2705 YRLWDRDRS similar
B*2705 RLWDRDRSEL [similar
B*37 WDRDRSEL
7 OYLYGVGSSVARVCACLWMM A*0201 GVGSSVARV
A*03 YLYGVGSSVA
B*08 VARVCACL
B*5102 YGVGSSVARV
8 OAEAALENLVKGWRLLAPIT A*0201 NLVKGWRLL
A*03 AEAALENLVK
B*08 ENLVKGWRL
B*4001 LENLVKGWRL
9 VEGEVQIVSTQSFLATCING B*1501 VQIVSTQSF
B*2705 VQIVSTQSFL |[similar
B*2705 VQIVSTQSF similar
10 VCWTVYHGAGPCTCGSSDLY B*5101 GPCTCGSSDL
B*5102 GPCTCGSSDL
11 GAYMSKAHGVTGVRTITTGS A*0201 SKAHGVTGV
B*5101 HGVTGVRTI HGVTGVRTI similar
B*5101 KAHGVTGV
B*5102 HGVTGVRTI similar
12 TVPHPNIEEVNAVAYYRGLD A*01 NIEEVNAVAYY similar
A*01 NIEEVNAVAY similar
A*01 IEEVNAVAYY similarl
A*01 IEEVNAVAY similarl
A*03 NIEEVNAVAY
A*68 EVNAVAYYR EVNAVAYYR
B*5101 HPNIEEVNAV [similar2
B*5102 HPNIEEVNAV [similar2
13 ORRGRTGRGRYRFVTPGERP B*2702 RRGRTGRGRY [similar
B*2702 GRTGRGRYRF |similar
B*2705 RRGRTGRGRY  |RRGRTGRGRY [similar
B*2705 GRTGRGRYRF  [GRTGRGRYRF [similar
B*2705 GRTGRGRYR GRTGRGRYR [similar
B*2705 GRTGRGRY similar
B*2705 GRGRYRFV similarl
B*2705 GRGRYRFVT similarl
B*2705 GRYREVTPG similar2
B*2705 GRYRFVTPGE [similar2
B*2705 GRYRFVTP similar2
14 MWKCLIRLKPKYIMTCMSAD A*03 RLKPKYIMTC
A*03 CLIRLKPKY
B*08 RLKPKYIMT similar
B*08 RLKPKYIM similar
B*08 LIRLKPKYI similarl
B*08 LIRLKPKY similarl
B*1402 IRLKPKYI
B*1501 CLIRLKPKY
B*2705 IRLKPKYIM IRLKPKYIM |[similar2
B*2705 IRLKPKYI similar2
B*2705 TRLKPKYIMT [similar2
B*2709 IRLKPKYIM
B*3501 KPKYIMTCM
15 VIVGRIVLSGFWAKHMWNFI A*03 IVLSGFWAKH
A*03 IVGRIVLSGF
A*03 RIVLSGFWAK
A*03 IVLSGFWAK
A*1101 IVLSGFWAK
A*68 IVLSGFWAK
B*2702 GRIVLSGFW
B*2705 GRIVLSGF
B*2705 GRIVLSGEWA
B*2705 GRIVLSGEW
Cw*0401 GFWAKHMWNF
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Junction  Sequence junction HLA type Syfpeithi Score BIMAS score
16 ASVTSPLTTQGSIGLGKVLV A*1101 TTQGSIGLGK
B*2705 TQGSIGLGK
B*5101 SPLTTQGSI SPLTTQGSI similar
B*5102 SPLTTQGSI similarl
17 AAARVTQILSSWLRDIWDWI A*0201 QILSSWLRDI similar
A*0201 ILSSWLRDI similar
B*2702 ARVTQILSSW |similarl
B*2705 ARVTQILSSW |similarl
B*2705 ARVTQILSS similarl
B*2705 TQILSSWL similar?2
B*2705 TQILSSWLR similar?2
18 VLSDFKTWLKCPCQVPSPEF none
19 TELDGVRLHRRRLARGSPPS A*03 RLHRRRLAR
B*07 GVRLHRRRL
B*14 DGVRLHRRRL |[similar
B*14 VRLHRRRLA similar
B*1402 VRLHRRRL similar
B*2705 VRLHRRRLAR VRLHRRRLAR |similarl
B*2705 VRLHRRRL similarl
B*2705 RRRLARGS
B*5102 DGVRLHRRRL
20 SLKATCTTNHSDAESYSSMP A*01 CTTNHSDAESY similar
A*01 TTNHSDAESY similar
21 SSWSTVSSEALSNSLLRHHN A*03 ALSNSLLRH
B*37 SEALSNSLL similar
B*37 SEALSNSL similar
B*4001 SEALSNSLL
B*5101 EALSNSLL
22 MVYATTSRSALTPPHSAKSK A*03 ALTPPHSAK
A*24 VYATTSRSAL VYATTSRSAL
B*2705 SRSALTPPHS [similar
B*2705 SRSALTPPH similar
B*5102 YATTSRSAL
Cw*0401 VYATTSRSAL
23 GYGAKDVRCHKPARLIVFPD A*68 DVRCHKPAR DVRCHKPAR
B*07 DVRCHKPARL
B*08 VRCHKPARL similar
B*08 DVRCHKPARL |similar
B*2705 VRCHKPARL VRCHKPARL similarl
B*2705 VRCHKPAR similarl
B*2705 VRCHKPARLI [similarl
B*2709 VRCHKPARL
24 CEKMALYDVVPMGFSYDTRC A*01 LYDVVPMGFSY
A*0201 KMALYDVVPM
A*03 ALYDVVPMGF
A*03 DVVPMGFSY
A*24 LYDVVPMGF LYDVVPMGF
B*1501 ALYDVVPMGF
B*37 YDVVPMGF
Cw*0401 LYDVVPMGF
25 TVTESDIRTESLTERLYVGG A*01 RTESLTERLY RTESLTERLY
A*6801 DIRTESLTER
B*2705 IRTESLTERL IRTESLTERL
B*2705 IRTESLTER IRTESLTER
B*37 TESLTERL
B*4001 TESDIRTESL
26 ASAACRAAKLCTMLVCGDDL B*08 AAKLCTML
B*2705 CRAAKLCTML CRAAKLCTML [similar
B*2705 CRAAKLCTM CRAAKLCTM similar
B*2705 CRAAKLCT similar
B*5101 AAKLCTMLV similarl
B*5102 RAAKLCTMLV |similarl
B*5103 RAAKLCTMLV |similarl
B*5103 AAKLCTMLV similarl
27 CESAGTQEDASLRAFTEAMT A*1101 GTQEDASLR
B*2705 TQEDASLR
28 APTLWARMILEPLDLPQIIQ A*0201 ILEPLDLPQT
A*0201 RMILEPLDL
B*07 WARMILEPL
B*1402 MILEPLDL
B*2705 ARMILEPLDL ARMILEPLDL |similar
B*2705 ARMILEPL similar
B*2705 RMILEPLDL similar
29 WRHRARSVRAGGRAAICGKY A*03 SVRAGGRAAI similar
A*03 SVRAGGRAA similar
B*2705 VRAGGRAATI VRAGGRAATI
B*2705 ARSVRAGGR ARSVRAGGR
B*2705 ARSVRAGGRA [similarl
B*2705 VRAGGRAAIC [similarl
B*2705 VRAGGRAA similarl
B*5101 RAGGRAAT
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8.3 Linker design at junction regions between conserved

segments to avoid predicted strong binders

Table 8-10: Prediction of artificial epitopes in junction regions by three different
servers and modification through linkers (table depicted on the next 3 pages).

A prediction analysis was run using three independent epitope prediction servers
before (left) and after (right) linker insertion at junction sites. Epitope sequence,
predicted HLA type and prediction scores are shown are shown before and after linker
insertion. Results for the different servers are depicted both before and after linker
insertion, for NetMHC (left column), Syfpeithi (middle column) and BIMAS (right
column. Scores of <0.5 (NetMHC), >20 (Syfpeithi) and >100 (BIMAS) were defined
as strong binding peptides. Junction regions that were not modified are marked in
light blue. Predicted epitopes are colour coded: Putative epitopes included in final
immunogen are marked in light red (light red bar for junction regions that were not
modified), newly predicted epitopes after linker insertion in purple and epitopes with
a higher prediction score after linker insertion in bright red.
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1D Junction sequence HLA NetMHC Score Syfpeithi Score BIMAS Score _Linkers HLA NetMHC Score Syfpeithi Score BIMAS Score
[T ] YVGDLCGSVE A*0101 |LTVPASAY 04 [ [LsCLTveAsA YVGDLCGSVE AT01.01 |ASAGGSGY 05
AYVGDLCGSVE A*0201 CLTVPASAYV 21| CLTVPASAYV 383
A*03 CLTVPASAY 23
A*2601 |LTVPASAY 03 A*26:01 |TVPASAGGSGY |03
B*0702 |VPASAYVGDL 0.5 VPASAYVGDL 22 B*07:02 VPASAGGSGYV 0.5
B*1501 [LTVPASAY 05
B*1501 CLTVPASAY 21
8*1516 LTVPASAYV 28 8*1516 ASAGGSGYV 2
83501 VPASAGGSGY | 20
85301 VPASAGGSGY | 21
8°5101 VPASAYVGDL 130 B*5101 saceseyv 121
B*5102 VPASAYVGDL 100
Cw*0401 VPASAYVGDL 160
2 PRYPGHITGHRM A*01  |VSOUETESPRY) 0.18 [VSQUFTFSPRY| 21 SPR; YPGHITGHRH ATO101 0.4
A*26:01 |FTFSPRPY 025
B*0702 [SPRYPGHI 0.15 B*07:02 SPRPYPGHI 03
B*0702 |SPRYPGHIT 0.25 SPRYPGHIT 22 B*07:02 0.5
8*07:02 05
B*08 SPRYPGHI 21 B*08 SPRPYPGHI 20
SPRYPGHITGHRM B*15 SQLFTFSPRY 160 SPRpYPGHITGHRM
B*1501 QLFTFSPRY 21 B*1501 QLFTFSPRPY 22
B*15:01 SQLFTFSPRPY 0.4
B*2705 PRYPGHITGH 26/ PRYPGHITGH 100 B*2705 RPYPGHITGH 20
8%2705 SQLETFSPRY 100
B*2705 PRYPGHIT 100
B*5101 SPRYPGHT 24 SPRYPGHI 400 B*5101 SPRPYPGHT 23 SPRPYPGHIT 400
B*5101 B*5102 SPRPYPGHT 200
B*5802 FSPRPYPGHI 20
3 B A¥0201 |MMNWSPVCGEV 04
P A*26 PVCGPVYCF 22
B*0702 |GPVYCFTPSPV 0.4
B*1516 WSPVCGPVY 22
7 "DRTDVFLLNNTR A*0101 |TTDRIDVE 04
A*0101 [TTDRTDVFLL 0.4
DRTDVFLLNNTR A*26 TTDRTDVFLL 21
DRTDVFLLN 21
DRTDVFLL 23
DRTDVELL 200
TDRTDVFLL 21| TDRTDVFLL | 200
TDRTDVFL 21
5
6 VDY RLWDRDRSEL 24 RLWDRDRSEL 727 CLVDYPYRLWgDRDRSELSPL
VDY
WDRDRSEL 24 B8*08 cororser [
RLWDRDRSEL 21
YRLWDRDRSEL ~ 0.5
YRLWDRDR 1000 82705 YRLWGDRDR [1300
YRLWDRDRS 200 8*2705 YRLWGDRDRS | 200
8%2705 RLWDRDRSEL 450 B*2705 RLWGDRDR | 225
8*2705 YRLWGDRDR 25
837 WDRDRSEL 21 B*37 21
B*3901 |[YRLWDRDRSEL 0.25
7 JYGVGSSVARVCACLWMM A*0201 GVGSSVARV 21
A*03 YLYGVG:! A 23
B*08 VARVCACL 22
YGV VARVCACLWMM B*5102 YGVGSSVARV 528
YGUGSSVARVCACLWMM B*S5801 [SSVARVCACLW  0.08
*5801 [SVARVCACLW 0.25
B*5801 |VARVCACLW 0.15
8 LENLVKGWRLLAPIT A*0201 NLVKGWRLL 22
A*03 AEAALENLVK 23
B*08 ENLVKGWRL 23
ALENLVKGWRLLAPIT B*4001 |LENLVOGWRL 0.5 LENLVKGWRL 22
B*4001 [LENLVQGWRLL 0.3 LENLVKGWRLL 23
B*4402 LENLVKGWRL 21
B*4901 LENLVKGWRL 22
B*58 [AALENLVKGW 0.18 ARLENLVKGW 21
LENLVKGWRLLAPIT B*60 LENLVKGWRL 176
9 QIVSTQSFLATCING A*26 EVQIVSTQSF 29
A*26 EVQIVSTOS 2
8*13 VOIVSTQSFL 21
B*13 TQSFLATCI 22
EVOIVSTQSFLATCING B*1501 |VQIVSTOSE: 0.03 VOIVSTOSE 22
QIVSTQSFLATCING B*2705 VQIVSTQSFL 200
82705 VOIVSTQSF 100
84402 GEVQIVSTOSF 21
10 VHGAGPCTCGSSDLY B*5101 GPCTCGSSDL 110
B*5102 GPCTCGSSDL 121
i) TTGURTITIGS A*0201 SKARGVT 21 MSKARGVSGTGVRTITTGS A%0201 GVSGIGVRTI | 21
B*1516 VSGTGVRTI
B*5101 HGVIGVRTT 22 HGVIGVRTT | 106 B*5101 SGTGVRTT 21 kaHGVSGTGY 1110
85101 KAHGVTGV 2
B*5102 HGVIGVRTI 351 B*5802 VSGTGVRTT 27 kaHGYSGTG 1110
B*5802 GVSGTGVRTI 23
12 [T PNIEEVNAVAYYRGLD A*01 (INIEEVNAVAYY 0.4 NIEEVNAVAYY 23 EEV NAVAYYRGLD
A*01 NIEEVNAVAY 23
A*01 IEEVNAVAYY 24
A*01 IEEVNAVAY 23
A*03 NIEEVNAVAY 23 A*03 EVGPGNAVAY
A*03 EVGPGNAVA 22
A*26 [EVNAVAYY 0.05 EEVNAVAYY 28 A*26:01 |EVGPGNAVAYY | 0.12 EVGPGNAVAY
A*26:01 |EVGPGNAVAY 03
A*26 EVGPGNAVA 21
A*6801 EVNAVAYYR 22 EVNAVAYYR 600
B*1501 EVGPGNAVAY 23
B*18 IEEVNAVAY 22
B*18 EEVNAVAY 26
B*3501 GPGNAVAYY 20
B*4101 IEEVGPGNA 21
B*4101 EEVGPGNAVA 22
B*4402 IEEVNAVAYY 21 B*4402 EEVGPGNAVAY -
B*4402 EEVNAVAYY 24
B*4402 IEEVNAVAY 25
874403 IEEVNAVAYY 540
874403 IEEVNAVAY 180
874403 EEVNAVAYY 1080
B*4501 IEEVGPGNA 21
84501 EEVGRGNAVA | 24
84901 IEEVGBGNAV | 20
B*5001 IEEVGPGNA 20
8*5001 SVGPGNAVA | 21
B*5101
B*5102
B*5301 GPGNAVAYY 20
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B*2702
B*2702
B*2705
B*2705
B*2705
B*2705
B*2705
B*2705
B*2705
B*2705
B*2705
B*2705

B*5802

GRYRFVIPGER

0.2
RRGRTGRGRY
GRTGRGRYRF
GRTGRGRYR

RTGRGRYRF

RRGRTGRGRY
GRTGRGRYRF

24 RRGRTGRGRY

B R

GRTGRGRYR
GRTGRGRY
GRYRFV
GRGRYRFVT
GRYRFVTPG
GRYRFVTPGE
GRYRFVTP

GRTGRGRYRF 1

YREVIPGERP

B*1516

B*2705

B*2705

B*3501
B*5301

GSGGGYREV

GGSGGGYRF

RPGGGSGGGY
RPGGGSGGGY

2

20

20
20

GRGRPGGGS | 200

LIRLKPKYIMTCMSAD

\IRLKPKYIMTCMSAD

A*03
A*03

B*0702

B*08

B*0801
B*0801
B*1402
B*1501
B*2705
B*2705
B*2705
B*2709
B*3501

KPKY IMTCM
LIRLKPKYT
RLKPKYIM

LIRLKPKYIM
RLKPKYIMTCM

RLKPKYIMIC
CLIRLKPKY

0.5

0.5 LIRLKPKYT

0.3 RLKPKYIM
RLKPKYIMT
LIRLKPKY

0.4

0.4
IRLKPKYI
CLIRLKPKY
IRLKPKYIM

IRLKPKYIM

26 IRLKPKYIM
IRLKPKYI
IRLKPKYIMT

KPKYIMTCM

"TRLKP

600
600
200

240

TMTCMSAD

B*08

B*2705

B*5101

RLKPGGKGP
CLIRLKPGGK
LIRLKPGGK

LIRLKPGGK

LIRLKPGG

23
25

21

21

IRLKPGGK

GGKGPGGKYI | 106

SGFWAKAMWNE T

SGFWAKHMINE T

GFWAKHMWNE T

A*03
A*03
A*03
A*03
A*0301
A*1101
A*2402

B*2705

B*5801

RIVLSGFWAK

VLSGEWAK

GEWAKHMANE

GRIVLSGFWAK

IVGRIVLSGFW
LSGEWAKHMW
RIVLSGEW
SGEWAKHMW

0.4 RIVLSGFWAK
IVLSGFWAKH
IVGRIVLSGF
IVLSGFWAK
IVLSGFWAK

IVGRIV!

0.18

LSGFWAKHM

IVLSGFWAK
GRIVLSGFW

GRIVLSGF
GRIVLSGFWA
GRIVLSGFW

GFWAKHMANF

FWAKHMANE T

A%0201
A*03

A*03

A*1101

A*24:02
A*26

B*5301
B*58:01
B*58:01

Cw*0401

RIVLSGGPGF

IVLSGGPGF

LSGGPGFIAK

0.4
IVLSGGRGF

GEWAKHMWNF

GPGFWAKHMW

1vrsceereri [JIEE

LSGGGPGFW | 017

20

23

2

20

VLSGGPGEWA | 269,

GFWAKHMWNF | 132

GSIGLGKVLV

GSTIGLGKVLYV

B*2705

B*5101
B*5102

TTQGSIG!

TQGSIGLGKV

SPLTTQGST

TOGSIGLGK

24| SPLITQGST
SPLTTQGST

GSIGLGKVLV

B*07:02

B*2705
B*2705
B*5101
B*5102
B*5102
B*5101

SPLTTOPGSI [0S

TQPGSIGLGK
TQPGSIGL
SPLTTQPGST
SPLTTQPGST
OPGSIGLGKY | 440
QPGSIGLG!

17

UTO1LSSWLRDIWDWI

SSWLRDIWDWI

QTLSSWLRDIWDWI

A*0201
A*0201
B*2702

ARVTQILSSWL

LSSWLRDIW
RVTQILSSW
SSWLRDIWDW
AARVTQILSSW
LSSWLRDIWDW
SSWLRDIW
VTQILSSW

OTLSSWLRDI
ILSSWLRD,

0.08
0.13

0.2

0.4
0.08
0.18
0.15

LSSWLRDIW
RVTQILSSW
SSWLRDIWDW

ARVTQILSSH

ARVTQILSSH
ARVTQILSS
TOILSSWL
TQILSSWLR
21
21
21

WLKCPCQVPSPEF

RLERRRLARGSEPS

.DGVRLHRRRLARGSPPS

RLHRRRLARGSPPS

VRLHRRRL

20

"NESDAESYSSMP

A*01
A*01
A*0101
B*3901

CTTNHSDAESY
TTNHSDAESY
HSDAESYSSM
NHSDAESYS

RLERRRLAR

VRLHRRRL

°
o

VRLHRRRLAR

GVRLERRRL
DGVRLERRRL
VRLERRRLA

VRLHRRRL
VRLHRRRLAR
RRRLARGS
DGVRLHRRRL

e

RRLARGSPES

03
03
B*2705

<
A%

B*5802

RLERKKGPGS
ELDGVRLHRK

GSGPGPRRL

20
2

25

HRKKGPGS | 200!

0.15
0.25

CTTNHSDAESY
TTNHSDAESY

0.2

21

EALSNSLLRHAN

ALSNSLLRHHN

SSEALSNSLLRHHN

22

ALTPPHSAKSK

ALTPPHSAKSK

A*03

B*37
B*37
B*4001
B*4001
B*4402
B*5101

B*60
A%03
A*0301
A*24
B*0702
B*0702
B*2705
B*2705
B*5102
Cw*0401

SEALSNSL

[sEALSNSLL

ALSNSLLRH

SEALSN.
SEALSNSL

0.4

0.4 SEALSNSLL
SEALSNSL!

VSSEALSNSL
SEALSNSLL
SEALSNSL

EALSNSLL

SEALSNSLL

LSNSLLREEN

A*1101

B*37
B*40:01

B*5802
B*5802

B*5802
B*5802

GSLSNSLLR

SEAGSGSL
SEAGSGSL

VSSEAGSGSL
SSEAGSGSL

GSGSLSNSLL
GSGSLSNSL

29

20

21
20

21
21

ALTPPHSAK

RSALTPPESAK

YATTSRSAL

0.25 ALTPPESAK

0.5
VYATTSRSAL

03

04

N

VYATTSRSAL

SRSALTPPHS
SRSALTPPH
YATTSRS

VYATTSRSAL

LTPPHSAKSK

A%03

B*2705

PLTPPHSAK

27

SRSAGPLT | 200
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Appendix

23 HKPARLIVFPD KPARLIVEPD A*1101 HSGSGGGSK 21
A*1101 GSGGGSKPAR | 22
A*26 DVRCHKPARL 26 A*26 DVRCHSGS! 20
A*26 DVRCHSGSG 20
A*6801 DVRCHKPAR 21 DVRCHKPAR | 600
807 DVRCHKPARL 200
B*08 'VRCHKPARL B*08 GGGSKPARL 21
B*08 DVRCHKPARL 160
B*1516 GSKPARLIV 27
8%2705 VRCHKPARL 24 JVRGHKPARTI 2000
872705 VRCHKPAR 1000
82705 VRCHKPARLI 180
B*2709 VRCHKPARL 21
83901 CHKPARLIV 21
83901 VRCHKPARL 2
85802 GSKPARLIVF |12
24 |CEKMALYDVVPMGFSYDTRC A*01 LYDVVPMGFSY 26 CEKMALYDVV PMGFSYDTRC
CEKMALYDVVPMGFSYDTRC A*0201 [ALYDVVPM 0.4
A*0201 KMALYDVVEM 21
A*03 ALYDVVEMGE 2 A*03 aLyovveee |22
A*03 ALYDVVGGP 20
A*03 DVVPMGFSY 24 A*03 DVVGGPMGF 20
A*03 VVGGPMGFSY 23
VPMGFSYDTRC A*24  |E¥DUVBMGE 0.4 LYDVVEMGF 22 JE¥BUVBMEEN 140
A*26  |DVVEMGESY 0.1 DVVPMGFSYD 2 A%26 pvvegrrcrsy [JB] pvveerHGES 23
A*26 DVVPMGFSY 35 A*26 DVVGGPMGF 0.1 DVVGGPMGF 30
A*26 VVGGPMGFSY 22
B*1501 |KMALYDVVEM 03
B*1501 ALYDVVPMGF 24 B*1501 VVGGPMGFSY 20
B*37 YDVVPMGF 24 B*37 YDVVGGPM 21
B*3901 |EKMALYDVVPM 0.5
B*5801 |MALYDVVPMGEF 0.4
Cw*0401 LYDVVPMGF 150 Cw*0401 LYDVVGGPM 150
25 DIRTESLTERLYVGG A*01 [RTESLTERLY 0.13 RTESLTERLY 30/RTESLTERLY 113 SLTERLYVGG
A*1101 GSGGGSLTER 23
A*26 EGGSGGGSL 22
A*6801 DIRTESLTER 23
B*18 TESLTERLY 21
B*18 TESLTERL 21
B*1516 GSLTERLYV 20
B*2705 IRTESLTERL 24 IRTESLTERL 2000
B*2705 IRTESLTER 27, IRTESLTER 1000
B*37 TESLTERL 28
B*3901 IRTESLTERL 21
B*4001 |TESDIRTESL 0.4 TESDIRTESL 23 B*4001 TEGGSGGGSL 22
B*4402 TESDIRTESL 23 B*4402 TEGGSGGGSL 21
B*4402 TESLTERLY 24
874403 TESLTERLY 120
B*4901 TESLTERLYV 22
B*5802 RTESLTERLY 27
85802 RTESLTERL 23
B*60 TESDIRTESL 320 B*60 T .| 160
26 RAAKLCTMLVCGDDL RAAKL CTMLVCGDDL A*03 KLGGSGGCTM 22
B%08 ARKLCTML 25
B*1516 GSGGCTHLY 21
AACRAAKLCTMLVCGDDL B*2705 |CRAAKIGEH 0.5 CRAAKLCTM 21| CRARKLCTM | 600
8%2705 CRAAKLCTML 22 CRAAKLCTML 2000
8%2705 CRARKLCT 200 B*2705 CRAAKLGGS [11200!
83901 CRAAKLCTML
B*5101 100
B*5102 RAAKLCTMLV 121
B*5103 RAAKLCTMLV 121
B*5103 ARKLCTMLV 133
B*5802 RAAKLCTML 23
27 |CESAGTQEDASLRAFTEAMT A*1101 GTQEDASLR 24
B*18 QEDASLRAF 22
SLRAFTEAMT B*2705 TQEDASLR 100
B*4402 QEDASLRAF 25
B*5802 ASLRAFTEAM 21
28 NARMILEPLDLPQIIQ A*0201 ILEPLDLPQT 26 EPLDLPQIIQ A*0201 ILGGSGGEPL 24
A*0201 RMILEPLDL 21
WARMILEPLDLPQIIQ B*07 WARMILEPL 120
LEPLDLPQIIQ B*0801 |WARMILEPL 0.5
B*1402 MILEPLDL 26 B*1402 SGGEPLDL 22
B*2705 |ARMILEPL 0.25 ARMILEPL 2000 B*2705 ARMILGGS 200
B*2705 ARMILEPLDL 22| ARMILEPLDL 2000
B*2705 RMILEPLDL 150
B*3901 ARMILEPLDL 26
B*4402 LEPLDLPQIT 21 B*4402 GEPLDLPQIT 21
B*4402 LEPLDLPQT 22 B*4402 GEPLDLPQI 22
8*4901 GEPLDLEQT 20
85802 GSGGEPLDL 21
29 | SVRAGGRAAICGKY A*03 SVRAGGRAAT 21 GGRAAICGKY A*03 SVRASGGRAA 20
A*03 SVRAGGRARA 22 A*03 SVRASGGRA 20
SVRAGGRAAICGKY B*0702 |SVRAGGRAA 04 B*07:02 |SVRASGGRAAT [[0:25
0702 |SVRAGGRAAT ~ 0.15 B*07:02 |RASGGRAAL 04
8%2705 VRAGGRAAT 21 VRAGGRAAI 600 B*2705 VRASGGRAAT [ 1600
B*2705 ARSVRAGGR 22 ARSVRAGGR 1000 B*2705 ARSVRASGGR 22 ARSVRASGGR 1000
82705 ARSVRAGGRA 200
82705 VRAGGRAAIC 200
B*2705 VRAGGRAA 200
B*5101 RAGGRAAI 110 B*5101 RASGGRAAL 21 RASGGRAAI
8*5102 RASGGRAAI
8*5103 RASGGRAAI
85802 RASGGRAAI 2

junction regions not modified

all epitopes after linker insertion

new epitope after linker infertion
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