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Abstract

Novel adenoviral vectored vaccines and the implications of viral diversity
in therapeutic strategies against Hepatitis C Virus infection.

Dr Christabel Kelly, Keble College
Submitted for DPAhil. in Biomedical and Clinical Sciences, Trinity Term 2013

Hepatitis C virus (HCV) is a major global pathogen estimated to infect over 170
million people worldwide. A recent study has shown that vaccination with
adenoviral vectors, based on rare human and simian serotypes encoding the
non-structural (NS) proteins of HCV, induces highly potent, multi-specific and
durable T cell responses in healthy human volunteers. In this thesis I assess the
safety and immunogenicity of these vaccines (ChAd3-NSmut and Ad6-NSmut),
for the first time in HCV infected patients. This work also explores whether
vaccine-induced T cell responses target in vivo circulating HCV antigens and
common naturally occurring epitope variants.

Patients with treatment naive chronic genotype 1 HCV infection were vaccinated
(i.m.) with ChAd3-NSmut and Ad6-NSmut in a heterologous prime boost
schedule, either with or without current IFN and ribavirin (IFN/RBV). Epitope-
specific T cell responses were defined by fine mapping using HCV peptides.
Circulating viral genomic sequence was determined in vaccinated patients at
baseline and at any point of viral relapse. Cross-reactivity of vaccine-induced T
cell responses was determined in T cell assays, using peptides corresponding to
both circulating host virus and common population HCV epitope variants. Anin
vitro dendritic cell /T cell priming model was used to identify possible
candidates for a cross-reactive vaccine immunogen at the most
immunodominant epitope, NS3140s.

33 patients were vaccinated. Vaccination was well tolerated. At the highest
vaccine dose (2.5 x 101%7p) vaccine-induced T cell responses were detectable in
11/20 patients receiving concurrent IFN/RBV and 2 /4 patients receiving
vaccination alone. In total 14 antigenic targets were identified, 2 of which have
not previously been described. However, T cell responses were of lower
magnitude and more narrowly focused than those observed in healthy
volunteers vaccinated with the same regimen.

Analysis of viral sequence showed that in many cases vaccine-induced T cells did
not target the circulating virus. At the most immunodominant epitope (NS31406),
T cells induced by vaccination failed to target common circulating genotype 1
HCV variants. An in vitro model suggested that in order to target all genotype 1
sequences at this epitope, it would be necessary to insert both a genotype 1a and
1b version of this epitope into a vaccine immunogen.

Vaccination with adenoviral vectors induces T cell responses in patients with
chronic HCV infection, however immune responses are attenuated compared
with healthy volunteers. Ultimately a successful therapeutic or prophylactic
vaccine strategy will rely on inducing responses that target conserved or cross-
reactive epitopes.



Table of Contents

1

Introduction: Hepatitis C Virus and the rationale for vaccination......... 11
1.1 Hepatitis C Virus Infection is a significant global problem............cosrsnsernnnns 11
1.2 Whatis the natural history of HCV infection?.........ccucummmmsmmmsmmmsnmsnms 12
1.3 Whatis the current treatment for HCV infection? .........cccovrnnmssnsmsnsssssenenns 14
1.4 Structure and function of HCV ... 17

1.4.1  The HCV ENOME ... sssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssasssssssasans 18
1.4.2 Variability of the HCV SEN0ME ......orrinirisnsessssisesssssssssssssssssssssssssssssssssssssssans 19
1.5 Whatis the innate immune response to HCV infection? ..........cccuonsrsnsessnsessnas 20
1.5.1  Production of INTEIferON. ... ssssseesssssesssssssesssees 21
1.5.2  Interferon Signaling ... ssssssssssssssssssssssans 24
1.5.3 Immunomodulatory effects of Type I IFNS....onnrenrninenrssensessessessesesssessnnns 26
1.5.4 Anti-Viral effects of TYPe I IFNS...nnississisessssssssssssssssssssssssssssssssssssssans 26
1.5.5 HCV subverts the innate immuNe reSPONSE .....owrrrrmerersersmemmsssssssssssssssessesssssssans 27
1.5.6 Polymorphisms in innate immune genes are associated with the outcome of
3 (O 33T o) o PSP 29
1.6 Whatis the role of T cells in HCV infection?.........cccmmvnmnmmsssmsmssssssssssssssesenns 30
1.7 Whatis the role of HCV specific antibodies in HCV infection? ...........couseiunne 32
1.8 HCV subverts the adaptive immune reSponSse.......mmmsmmmmmmsmm. 33
1.8.1 Rationale for a Therapeutic T cell VACCINE.....crrrrrnrerrssennessissessesssssessesesssssesans 36
1.8.2 Requirements of an ideal HCV T cell VaCCINe.....couvrnreneeseenneseessensessssssssessesssesssans 38
1.9 HCV vaccine strategies to date........cmmmmmnmmmssssss——— 38
1.9.1 Peptide and Protein based VACCINES .....ccumrnrnnenmininenessssnsssssssssssssssssssssssesssssssans 39
1.9.2 DNA and VECLOT VACCINES ...ccureeeeerermeesrersesssesseessessesssessesssssssessssssssssesssssssssssssessssssesssees 42
1.9.3 The HCV Vaccine Program in OXford, UK ... 43
1.10 HCVO0O02TV: therapeutic vaccination in Genotype 1 HCV infection............ 44
1.10.1  STUAY OVEIVIEW .cuiireerreserssesssisessessssssessssssssssss s s ssssssssssssssssssssssssssssssssssssssssssssssssssssssans 44
1.10.2 The IMMUNOZEN: NSIMUL ..o sesssssssssssessssssssssssssssssssssssssssssasssssssssans 45
1.10.3  AdENOVIIUSES S VECLOT'S wcereureemermsersersersesssesssessesssssssesssssssesssssssssssessssssssssssssesssssssesssees 47
1.10.4 Rationale for the Oxford therapeutic T cell trial design:.......cocreerereenrereernnnne 51
1.10.5 ROULE Of INJECTION ettt 54
1.10.6  Dose 0f ChAA3 and Ad6 ... ssessssssesssssssesasens 54
1.10.7 Potential Safety RISKS ....cnrissnesssssssssssssssssssssssssssssssssssssssssssssssssssssssans 56
1.11  Aims of thisS WOIK ... 60

Materials and Methods ... ————————— 61

2.1 Vaccination of patients with chronic HCV ... 61
2.1.1  Patient €NrOIMENT ... sees s sess s s sassessenns 61
2.2 Vaccines Ad6-NSmut and ChAd3-NSMUL........cccermismrmsmsmsmsssmsmsssssssssssssssssssssssesens 63
2.3 Healthy Volunteers from other vaccine trials ... 63
2.4 Safety: Classification of adverse events ........ummimmm—————— 64
2.5  Cell HANAIING...cicuiismsrismsnssmsessmsessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssanss 66
2.5.1 Blood Separation and PBMC ISOlation .......cemnineensisensnssssessesssssssssssesssssens 66
RSV o P13 0 T CY0] F: U (o) o PO 66
2.5.3  Preparation Of R10 ...t sssssssssssssssssssessssssses 67
2.5.4  Cell COUNLING vttt st s st st sssaseas 67
2.5.5  Cell PreServation ... ceeeseesseesesssesssessesssesse s seessesssesssesssssssesssssssesmsssssesas 67
2.5.6  Cell TRAWING..ciiiiirrrrerrinersessss st st sss s s ssssssssssssssssssssssassssessssaseas 67
2.6 Peptides and ANTIiZENS .....ccoucuummmrsmmemsmmsmsmnsmsmmsssmsssssssssssss s sssassssasss 68
2.7 Evaluation of IFN-y producing cells following HCV peptide stimulation, by
030 20 10 . 68
2.7.1 CD8+ Depletion IFN-YELISPOt ASSAY .vucvurnrerrmermrnsesseesssssesssesssssssessssssssessssssssssssessssssses 69
2.7.2 Definition of a positive IFN-y ELISPOt TE€SPONSE ....ovvvereerernsereererssensessesssssessesssssnens 69



2.7.3 Identifying T cell epitopes through peptide mapping .....ccomenerrersensererseennens 71

2.8 Population variation at key epitopes .......cmmmmmmnmsmss———. 71
2.9 Intracellular Cytokine Staining (ICS)....ccuummmmmmmmsmmmsmsssmssssmsssssssssssasssssssssanss 71
2.9.1  GAtiNg StrateY ...cocvreererreererrerersessesse e sessesses s ssss s s ses s s s snsens 72
2.10 HLA Class I Pentamer Staining ... 73
2.11 Proliferation ASSAYS....mmemsmsmsmmsmsnssssssssssssssssssssssssssssssssssssssssssssssssssssssassssassssnsss 75
2.12 Sequencing of autologous virus in patients with HCV ........cccinnimnnsnsansnsanns 75
2.12.1  RNA €XETACTION ceoveerereresereereeseesseessesssessessssessesssessss s st sesssesssesssesssssssssssssssesmsssssesas 75
2.12.2 PR ettt ss s s e e 75
2.12.3  Extraction 0f PCR PrOQUCES...cenimsenesssissisessssssssssssesssssssesssssssssessssssssssssesssssseas 78
2.12.4  DireCt SEQUENCINE ..cvvereereereureeessesseseesessessesesssssssessessessesssssssssssessessssssssssssssssessessssssssssnens 78
2.13 Neutralising Antibodies to Adenoviral Vectors........mmmsmmsmmsn 78
2.14 IL28B geNOtYPING..cccvcrrrrerrersersrssmssmsssssmssssssssssssssssssssssssssssssssssssssssssssassasssssssssssssssssses 79
2.15 Priming naive T cells using monocyte derived dendritic cells.........c..cecvunns 79
2.15.1 Generation of immature Dendritic Cells ... 79
2.15.2 Maturation of Immature dendritic CellS ... 80
2.15.3 T cell stimulation by autologous DCS .....cenimniessnssssesessssssssessesssssees 80
2.15.4 Restimulation of Cell lINES ... ssessseens 80
2.15.5 Phenotypic Analysis of Dendritic CellS .....mimnninenennsenessssseseesssseens 81
2.15.6 Peptides and tetramers for DC eXperiments ... 81
2.16 Statistical ANalySiS.....ccummmmsmemsmnmsmsmsnsnsnss s ——————————————— 81
/288 N 1 11 82
2.18 Work done by 0thers ... 82
Is therapeutic vaccination safe and immunogenic?........uummimnmnssnssssenns 83
K 1§ 1 83
3.2  BacCKZroUnNd ......cccoimismsmmsmsmssmsessmssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssnssssnssssssasss 83
1370 N 011 123 0 ) 1 84
3.4 Enrollment and clinical course of patients in HCVOO2TV ......ccovmsmsamsmsassesanns 84
3.4.1 Treatment Outcomes in ArM A ... 88
3.5 Istherapeutic vaccination in HCVOO2TYV safe?.......ccuummsmmemsmssssmssssnssssnsasssssssesanss 91
3.5.1 Changes in ALT following vacCiNation......neesnsenesssssssssesssssssssssssssenes 95
3.6 Kinetics of T cell responses in patients receiving low (5x108vp) and
medium (5x10°vp) dose VacCiNatioN.....coismseismssssmssssmssssmssssssssssssssssssssssssssssssssssssssssnss 97
3.7 T cell responses in patients receiving high dose vaccination (2.5x101%yp)
and concurrent IFN/RBV therapy ... mmmmmmmsmsssssssssssssssssssssssssssssssssssas 99
3.7.1 What is the optimal vaccine regimen?......essssssns 103
3.8 Antivector IMMUNILY ... 107
3.8.1 Antivector Antibodies at Daseline ... 108
3.8.2 Antivector antibodies following vaccination with ChAd3/Ad6........cccuuuvueunee 109
3.8.3  Antivector T Cell FESPONSES . sssssessssssssssssssssssssssssanes 112
3.8.4 Do baseline HCV specific T cells predict response to vaccination?............. 115
3.9 Mapping of peptide specific T cell reSpONSES .......ccovrsmmmsmssmsmssssmssssmsssssssssesanss 117
3.9.1  Breadth. et 117
3.9.2 Identifying the optimal epitope targets of vaccine-induced T cells.............. 119
3.9.3 2 novel epitopes are identified ... 122
3.10 Whatis the effect of vaccination on viral load? ........cccovnrrssrnsssssnsesninnas 124
3.11 Whatis the quality of T cells produced by vaccination?.......ccoeossmsessnsesanne 126
3.11.1  Proliferative Capacity ... nenrnssnessssssssesssssssssssssssssssssssssssssssssssssssssssssanes 126
3.11.2 Intracellular CytoKine StaiNing ......cueommenenssenessnsssssssssssssssssssssssssssssssnes 127
3.11.3 Phenotyping vaccine-induced T CellS .....cumrmmrnenrenensennesnssnesesssssessessssssees 128
3.12 Discussion of Safety and ImmunNogenicity.......ccummmmmsmmmsmsssssssssssssssssssesanss 131
3.13 Key Points Learned/Summary results ... 142



4 Whatis the impact of circulating viral sequence on vaccine-induced T

cell responses in HCV? ... 143
O \ | 1 143
4.2  BacCKZroUnd .....comismseismssismssssmssssmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassnnnss 143
5 0 T 0 11 U= ) 1 144
4.4 Does mismatch between virus and immunogen (i.e. vaccination with a
novel antigen) predict T cell response to vaccination?.........cmmmmsmmssmssnas 144

4.4.1 Whatis the viral sequence of patients who respond to vaccination with
ChAd3-NSmut and Ad6-NSIMUL? ... ssssssssssssssssssssssssssssssssssees 144
4.4.2 Whatis the viral sequence in patients who do not respond to therapeutic T
CEll VACCINATIONT .ottt s 147
4.5 How variable is the HCV genome at sites corresponding to
immunodominant T cell epPItOPes?......cccsmmsmimsmmsmsmimsmmsmsmssss s ——————— 152
4.5.1 Variable T cell Epitopes Identified in HCVOOZ2TV ....veoreneeneensernsessennessssssesnenns 153
4.5.2 Conserved T cell Epitopes identified in Study HCVOO2TV......covvvrrnrererrrennenne 155
4.6 Do T cellsinduced by vaccination target circulating autologous virus in
patients with chronic HCV?......mmmmsnnsmssnssssssssssssssssssssssssssssssssssssssssass 157
4.7 Do T cells induced by vaccination recognise common viral variants at T
Cell ePitoPe SIteS? ... —————————————————— 161
4.8 Functional analysis of T cells which recognise HCV sequence variants at
EPILOPE NS3 1073 crrerrressmssmssrsursersersersemsesssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssassassassassnsses 168
4.9 Discussion of viral variation and T cell reSponSes.........covrmsmsmmsssmssssssssesesesns 173
4.10 Key Points Learned/ SUumMmary results ... 182

5 Identifying the ideal antigen: Epitope NS31406in depth.......cccocviciircnnne 183
0 L (1 183
5.2  BacK8round .....cmmemmeinssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssassssanss 183
LSS T 01 U 1) 1 185
5.4 Designing a method to test candidate vaccine antigens in vitro using the
Melan-A MOdeEl ... ————————————————— 185

5.4.1 Sample selection and tetramer tEStING. ... ssssesssssssssases 186
5.4.2 Growing Monocyte Derived Dendritic Cells .....mminenmeninesnesnssneeseesssnsenes 188
5.4.1 Monocyte derived dendritic cells can prime autologous naive T cell
POPUIATIONS 1ot it s s s b s s R e 192
5.5 Caninvitro priming produce HCV specific T cells which recognise the most
common HCV sequence variants at epitope NS3 14067 curersnsmmsmnsmssmssmssmsassessessessessesses 193
5.5.1 Refining the method for in vitro priming of HCV specific T cells .......ccruuuree 194
5.5.2 Results from the pilot experiment: there is a variant of epitope NS31406
which primes broadly cross-reactive T Cells.....nninnsessssesessssssees 198
5.5.3 Ispeptide 95C (KLVALGVNAV) the best candidate for an NS31406 containing
VACCINE IMMUNOGENT ..ooirerrerrerresseeeseses st sss s ssssssssssses 201
5.5.4 Functional recognition of different sequence variants ... 206
LI ST D) 1011 K7 o) 213
5.7 Key points/ Summary of reSults........ummmmmms—————" 222

6 Concluding Remarks.......ccmmmsmmmsmsmmmsssssssssssssssssssssssssssssssssss 223

7 Bibliography......nssssssss————————n 236

2 007 4 1 G 258



Abbreviations

Ab
Ad6
Ad6-NSmut

AE

APC

BSA

CD

ChAd3
ChAd3-NSmut

ConA
DC
DMSO
ELISpot
FACS
FBC
FCS
HBV
HCV
HIV
HLA
ICS
IFN
IFN-«
IFN/RBV
IFNA3
IM
IVDU
LPS
MSM
MVA
nAb
NK
PBS
PCR
PEG-IFNa
pfu
PMA
Pt
RBV
SAE
SFC
SVR

vp

Antibody

Human Adenovirus 6

Replication defective human adenovirus encoding an immunogen
representing the non-structural region of the HCV genome, with a
mutation in the RNA polymerase.

Adverse event

Antigen presenting cell

Bovine serum albumin

Cluster of differentiation

Chimpanzee Adenovirus 3

Replication defective Chimpanzee Adenovirus encoding an
immunogen representing the non-structural region of the HCV
genome, with a mutation in the RNA polymerase.
Concavalin A

Dendritic Cell

Dimethyl sulfoxide

Enzyme Linked ImmunoSpot
Fluorescence-activated cell sorter

Full Blood Count

Foetal calf serum

Hepatitis B Virus

Hepatitis C Virus

Human Immunodeficiency Virus

Human Leukocyte Antigen

Intracellular cytokine staining

Interferon

Interferon alpha

Pegylated Interferon and ribavirin

Interferon Lambda 3

Intramuscular

Intravenous drug user

Lipopolysaccharide

Men who have sex with men

Modified Vaccinia Ankara

Neutralising antibody

Natural killer cell

Phosphatase buffer saline

Polymerase chain reaction

Pegylated Interferon Alpha

plaque forming units

Phorbal 12-myristate 13-acetate

patient

Ribavirin

Serious Adverse Event

Spot forming colonies

Sustained Virological Response

Virus Particles



Table of Figures

Figure 1-1 Natural History of HCV Infection........ummmssssssssssssssss 13
Figure 1-2 Schematic representation of the HCV genome ... 19
Figure 1-3 Type I and IIl interferons are induced via 2 main pathways in response to HCV.
HCV interferes with Interferon production........c..———————
Figure 1-4 The signaling pathways of Interferons ...
Figure 1-5 Odds Ratio of risk factors associated with HCV treatment failure
Figure 1-6 Phylogenetic tree of human and chimpanzee adenoviruses.........coeunnnisnsnsisnans
Figure 1-7 Vaccination of Macaques using ChAd3-NSmut and Ad6-NSmut .......cccccurrerarsnsianans
Figure 1-8 Vaccination with a heterologous prime/boost regimen in healthy volunteers
from StUdY HCV OO 1......coccoiicinsesnmssssssssssmsssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssnssssssssnsasssssssnses 54
Figure 2-1 Background IFN-y ELISpot response to DMSO in patients with chronic HCV .....70
Figure 2-2. Gating strategy for Intracellular cytokine staining
Figure 2-3 Gating strategy for pentamer staining
Figure 3-1 Patient enrollment in study HCVO02TV

Figure 3-2 SVR rates according to IL28B genotype in patients in Study HCV002TV ............. 89
Figure 3-3 Local adverse events (AEs) possibly, probably or definitely associated with
vaccination with ChAd3-NSIMUL........cccoummmmmssss————————s 92
Figure 3-4 Local adverse events (AEs) possibly, probably or definitely associated with
vaccination with Ad6-NSMUL. ... ss—————————s 92
Figure 3-5 Systemic adverse events (AEs) possibly, probably or definitely associated with
vaccination following ChAd3-NSMUL ... 94
Figure 3-6 Systemic adverse events (AEs) possibly, probably or definitely associated with
vaccination following Ad6-NSMUL .......cccumms—————— 95
Figure 3-7 Changes in ALT in relation to immune responses and over time in two
INAIVIAUALS 1o —————————————— 97
Figure 3-8 Magnitude and Kkinetics of T cell responses after low and medium dose
vaccination with ChAd3-NSmut (prime) and Ad6-NSmut (boost). .......cccvnrsnsmsssnsessnnnns 929

Figure 3-9 Increase in magnitude of T cell responses measured by IFNy-ELISpot in patients
vaccinated with ChAd3-NSmut (prime), Ad6-NSmut (boost), while on concurrent

IFNO /RBV therapy. coimsimssssmssissnssssssssssssssssssssssssmsssssssssssssssssssssssssssssssssssssssssassssssssasssssssnses 100
Figure 3-10 T cell responses to HCV Non-structural proteins, during treatment with
IFN/RBYV in control arm of HCVOO2TYV ......cccmsmnmmsmmmmmsmssssmssssmsmssssssssssssssssssssssssssssssssssssssnses 101
Figure 3-11 Magnitude and Kinetics of HCV specific T cell responses after high dose
vaccination with ChAd3-NSmut (prime) and Ad6-NSmut (boost). .....c.ceerrsmsnsesnssnsassnns 102
Figure 3-12 Comparison of T cell responses to early versus late vaccination and single
versus double priming vaccination with ChAd3-NSmut/NSmut......cccuvmrmsmsnsmsnsesesnsnns 104
Figure 3-13 Magnitude and Kkinetics of T cell responses to HCV antigens after single and
double priming vaccination with ChAd3-NSmut/Ad6-NSmut.......c.ccrmmmmsmsesssssssnsssssnsns 107

Figure 3-14 Levels of antivector antibodies prior to vaccination in single prime compared
with double prime arms in patients receiving concurrent treatment with PEGo.-

IFN/RBV i 108
Figure 3-15 Induction of antivector antibodies post priming vaccination with ChAd3-

3 11 1L L, 110
Figure 3-16 Induction of antivector antibodies post boosting vaccination with Ad6-NSmut

....................................................................................................... 111
Figure 3-17 Correlation between antivector immunity and immunogenicity of the HCV

L0 0L 1 UL T8 7= 1 N 112
Figure 3-18 Anti-vector T cells following vaccination in Arm A and in healthy volunteers

....................................................................................................... 114

Figure 3-19 T cell responses to the adenoviral hexon in patients with chronic HCV
compared with healthy volunteers, vaccinated with ChAd3-NSmut and Ad6-NSmut.

....................................................................................................... 115
Figure 3-20 Correlation between baseline, peak prime and peak boost T cell responses to

vaccination in Arms A and B 116
Figure 3-21 Breadth of T cell responses following vaccination with high dose ChAd3-

NSMUE/AAO-NSIMUL. ..covrrirrrtimisiisssssss s 118



Figure 3-22 Epitopes targeted by vaccine-induced T cells, in patients vaccinated with
ChAd3-NSmut and AdG-NSINUL. ......cceeeesmsmmusesmssssssssssssssssssssssssssssssssssss s ssssasass 120

Figure 3-23 Identification of novel epitopes NS4B1s91-1899 (ALVVGVVCA) and NS5B2g04-2814,
(LTRDPTTPLAR). c.ctirttessssssssissssssssssssasss s sssssss s s ssass s s s st 122

Figure 3-24 Effect of vaccination with ChAd3-NSmut/Ad6-NSmut on viral loads in Arm B3
.......................................................................................................... 125

Figure 3-26 ICS responses after high dose boosting vaccination with Ad6-NSmut in
patients in Arm A and Arm B.......ccccerurunne
Figure 3-27 Phenotype of pentamer positive HCV specific T cells
Figure 4-1 The degree of variability in genotype 1 HCV sequences at a population level 152
Figure 4-2 Variable T cell epitopes identified in study HCVOO2TV ........ccovrrrmsmsmssmsnsssnsesnsnns 154
Figure 4-3 T cell epitopes identified in Study HCVO02TV with predominant genotype 1a or
1b sequence variants ...,
Figure 4-4 Conserved T cell epitopes identified in study HCVO02TV
Figure 4-5 T cell responses to peptides corresponding to the vaccine sequence and host

virus sequence at inmunogenic epitopes......mmn—————— 159
Figure 4-6 HCV specific T cells identified by pentamer staining in patients with chronic
HCV vaccinated with ChAd3-NSmut prime/Ad6-NSmut boost.........cccocvvcrnrsnsmsssnsessnnnns 161
Figure 4-7 Cross-reactivity of T cells to peptides corresponding to common variants at
epitope NS31073 in healthy volunteers.........——————— 162
Figure 4-8 Cross-reactivity of vaccine-induced T cells to peptides corresponding to
different viral sequences at NS3140¢ in healthy volunteers..........coumnsmnnsnsmsssnsessnes 165
Figure 4-9 Cross-reactivity of T cells to peptides corresponding to common variants at
epitope NS31446 (ATDALMTGY) in healthy VOIUNEEET 'S ..eeiiieerisesrisnsssssssssssssssssssssssnssssasssssnsssssnsnss 166
Figure 4-10 T cell cross-reactivity at 3 epitopes in healthy volunteers, using different
peptide CONCENTIALIONS ... s 168
Figure 4-11 Comparison of epitope specific T cell responses to two variants of epitope
NS31073 following vaccination of two healthy volunteers..........cnmmnnsmnnsnssnssssnnn 169
Figure 4-12 Phenotypic comparison of vaccine-induced CD8* cells, stained with two
versions of pentamer NS31073 in healthy volunteers. ..., 170

Figure 4-13. Comparative ICS of vaccine-induced cells in healthy volunteers, stimulated
with peptides corresponding to (i) the vaccine immunogen (top panel) or (ii) the

most common variant HCV sequence (bottom panel). ... 172
Figure 4-14 Putative model of T cell responses to therapeutic vaccination ........c.ooiuseeennns 176
Figure 5-1 Schema for in vitro priming of naive T cells using different HCV sequence

22 L B (LN 184

Figure 5-2 Representative FACs plots of HLA-A2 Antibody staining on whole blood......... 187
Figure 5-3 Representative Melan-A pentamer staining in healthy unstimulated HLA-A2
positive samples ...,
Figure 5-4 Purity of monocyte isolation from HLA-A2 individuals ........coosuseieienns
Figure 5-5 Dendritic Cell development: representative FACS plots
Figure 5-6 Dendritic Cell development over time
Figure 5-7 Priming of Melan-A specific T cells from naive precursors, using an in vitro

Priming MOAel ... ———————————————— 193
Figure 5-8 Day 20 pentamer staining of T cell lines primed by HCV peptides in 3 healthy
INAIVIAUALS. s —————————————————— 195
Figure 5-9 Restimulation with frozen autologous feeder cells was unsuccessful at priming
HCV specific T cells at Day 28.......ccumnmmmmnmmsmmmmsmsisssssssssssssssssssssssssssssssssssssssssssssses 196
Figure 5-10 Development of HCV specific T cells, primed in vitro, in volunteer DC4 ........ 197
Figure 5-11 Loss of HCV specific T cells after trying a new method of adding autologous
feeder cells to primed naive T Cells.......ccmnmmm—————————— 198
Figure 5-12 The Universal genotype 1 HCV epitope? Pentamer staining of T cell lines
primed with variants of peptide 95A (KLSGLGINAV).....ccooummmmmmsmsmmsmsmsmssssmsssssssssssssssssnses 200
Figure 5-13 Progress of HCV specific T cell line culture..........mmmmmssn. 201
Figure 5-14 Magnitude and Cross-reactivity of T cell responses primed with HCV specific
peptides in healthy HLA-A2 positive VOIUNEEEersS ........cumrmimsmsmnnsmsmssssmssssssssssssssssssssssnes 203



Figure 5-15 Cell lines primed with peptide KLVALGVNAV (95C) do not produce universally

recognised HCV specific T cells.....cummssssssssssssss 204
Figure 5-16 Patterns of cross-reactivity in T cells primed by KLSGLGINAV (95A) ....ccceuueus 205
Figure 5-17 Representative ICS staining in a cell line primed with peptide 95C

(KLVALGVNAV) from healthy volunteer DCS5.........ccoummnmnmmmsmsmmmsmssssmsmssssssssssssssssssas 206
Figure 5-18 Functional cross-reactivity of cell lines primed with KLVALGVNAYV (95C) in 2

healthy VOIUNTEETS ..o sss s snsassssssssssssssssnses 208
Figure 5-19 Functional cross-reactivity of cell lines primed with KLVALGINAV (95B) and

KLSGLGLNAV (95H) ..oititrcciissssisssssssssssssssssssssssss s ssssssssssssssssssssssssssssssssssssssssssssssssssssssssensaes 210

Figure 5-20 Functional cross-reactivity of cell lines primed with KLSGLGINAV (95A4)..... 212

List of Tables

Table 1-1 Terminology used to define virological response to therapy for HCV...........ccueuu 15
Table 1-2 Response rates to Protease Inhbitors boceptrivir and telaprevir in different
patient groups infected with HCV genotype 1
Table 1-3 The Oxford HCV Vaccine Studies.......
Table 1-4 HCV001 Study design......c.cousererarsisnans
Table 1-5 Overview of Study Groups in HCVO02TV
Table 1-6 Blood volumes taken during the study period, per patient group in HCV002TV 56
Table 2-1 Inclusion and exclusion criteria for HCVO02TV therapeutic vaccination trial....62

Table 2-2 Study Design HCVOO2TV .....coccecvcniimsmsmsmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssass 63
Table 2-3 Scale for assessing the severity of AES.......ccvnmsssssns 65
Table 2-4 Guidelines for assessing the relationship of vaccine administration to an
B0 7 T3 D= o 66
Table 2-5 Panels of Antibodies to characterise HLA*0201 pentamer positive T cells.......... 74
Table 2-6 Primers and PCR conditions for viral sequencing of patients in HCVO02TV........ 77
Table 3-1 Patients withdrawn or lost to follow up in HCVOO2TV .....ccccvmnmrmmmsmsmssssmsssssssssssssesas 86
Table 3-2 Patients who stopped treatment with IFN/RBV early......c..cormnmsmmsmsmsssnsesssssssssesesans 88
Table 3-3 Characteristics of patients enrolled in HCVOO2TV Arms A and B .......cccocuovnneicnnans 920
Table 3-4 Characteristics of patients with chronic HCV infection in control cohort............. 91

Table 3-5 Mapping of T cell targets from patients in Study HCV0O02TV, who have made T
cell responses following vaccination with ChAd3-NSmut (prime) /Ad6NS-mut (boost).

.......................................................................................................... 121
Table 4-1 HCV sequence at mapped T cell epitopes in patients who have responded to
vaccination with ChAd3-NSmut/Ad6-NSMUL. .......ccemismsmmmsmsmssmsmssssssmssssssmssssssssssssssssssssssnss 146
Table 4-2 Circulating HCV sequence at immunogenic T cell epitope by HLA type, in patients
vaccinated with ChAd3-NSmut (prime) Ad6-NSmut (b00St). .....cccvrimimnssnsmssssnsnsssnsassnns 149
Table 4-3 Circulating HCV sequence at immunogenic T cell epitopes, non-HLA matched, in
patients vaccinated with ChAd3-NSmut (prime) Ad6-NSmut (boost).......ccccvrinreruranns 150
Table 5-1 Variants of NS31406 used for T cell priming and their relative frequency in
BENOLYPE L. iR 193
Table 5-2 Relative positions of amino acid differences between variants of NS31406 «....... 215

10



Chapter 1 Introduction

1 Introduction: Hepatitis C Virus and the rationale for
vaccination

1.1 Hepatitis C Virus Infection is a significant global problem
Hepatitis C virus is a major global pathogen, infecting approximately 180 million
people world wide, with 3-4 million people newly infected every year
(Muhlberger et al. 2009) In the UK, prevalence is approximately 0.5% of the
population, similar to Australia, Northern Europe and Canada, although in some
immigrant communities in the UK it is considerably higher. For example, in a
recent study of immigrants born in Pakistan, approximately 2% of people were
infected with chronic HCV (Costella, 2008). This reflects a higher prevalence in
developing countries across the globe, with figures between 5% and 10%
reported in Africa, Latin America and Central and South-East Asia (Shepard,
Finelli and Alter 2005). Many in these areas have limited access to expensive
antiviral therapies and complex treatments for chronic liver disease such as
transplantation. Furthermore, it is likely that the true prevalence of infection is
underestimated, given that primary infection is usually asymptomatic and often

occurs in socioeconomic groups less likely to seek health care.

The genotype of HCV infection also differs across the globe. HCV is divided into
related, but genetically distinct genotypes (discussed further in Section 1.4.2
Variability of the HCV genome). Genotypes vary in distribution between
geographical areas and amongst risk groups and are further divided into over
100 subtypes (1a, b, c etc) (Simmonds et al. 2005). In Europe genotype 1a and
1b are the most commonly identified types, while those infected via IVDU more

frequently carry genotype 3a. The UK is unusual in that there is a also a large
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group of genotype 3 infected patients, representing approximately half of all HCV
infections, making this an important genotype to consider for the local
effectiveness of any vaccination or treatment strategy (Costella, 2008). In the
USA and UK, genotype 1a accounts for over 50% infections, whereas in Japan,
genotype 1b is the most common. Central Africa and Egypt also have high levels
of genotype 1, but also have extremely high levels of genotype 4 infection. In
Asia, genotypes 3 and 6 are common. Clearly, such global diversity poses a

challenge for any prophylactic vaccine or treatment strategy.

1.2 What is the natural history of HCV infection?

HCV is a blood borne virus, most commonly spread in developed countries
through the sharing of needles and associated equipment such as during IV drug
use (IVDU) and tattooing. Approximately 40% of IV drug users (IVDUs) in the
UK are infected with HCV, with approximately half of these becoming infected
with HCV within 3 years of initiating IVDU (Hope et al. 2012). Unlike HIV, sexual
transmission is not thought to be a means of HCV transmission, apart from in a
subset of HIV positive men who have sex with men. Iatrogenic transmission
during blood product administration was also responsible for infections prior to
the discovery of the virus in 1989. This has caused notable outbreaks following
Anti-D immunoglobulin administration to women in Ireland and the former East

Germany (Kenny-Walsh 1999; Takaki et al. 2000).

Following acute infection, approximately 20% of patients spontaneously clear
the virus, while the remainder go on to develop chronic infection (Figure 1-1).
Approximately 20% of those with chronic infection will progress to liver

cirrhosis, which brings with it serious complications, including a 1-4% annual
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risk of liver carcinoma (Seeff 2002). Across the developed world, HCV is
estimated to be responsible for between 30-60% of liver cirrhosis and primary
liver malignancies (Lauer and Walker 2001). In the UK, end stage liver disease
and HCV related HCC carry an annual mortality of 25% each and are a leading
cause of end stage liver disease and liver transplantation, despite the provision

of universal free healthcare.

Figure 1-1 Natural History of HCV Infection

Infection with HCV

Spontaneous Clearance Chronic infection
y w‘%
Cirrhosis Stable
25%1
HCC
Liver transplantation
Death

Statistics from National Institute of Clinical Excellence (NICE) UK
(http://www.nice.org.uk/newsroom/pressreleases/BoceprevirAndTelaprevirForCHCGuidance.j
sp accessed 20/5/13)

The significant morbidity and mortality associated with chronic HCV infection
are predicted to rise considerably over the coming decades in developed
countries, when individuals infected during the high incidence era of the 1980s
and 1990s, develop progressive liver disease (Costella 2008). In the UK, hospital
admissions and deaths from HCV related liver disease and HCC have more than
tripled between 1998 and 2012, despite the availability of antiviral therapy

during that time (Health Protection Agency report 2012

http://www.hpa.org.uk/webc/HPAwebFile/HPAweb_C/1317135237219 accessed 23/5/13).
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Furthermore, costs of treatment and care are predicted to escalate over the
coming year making a prophylactic vaccine and readily available affordable

treatments a pressing necessity for this disease.

1.3 What is the current treatment for HCV infection?

The goals of treatment for HCV are

() Clearance of the virus from infected patients, to prevent the
progression of liver disease and its complications. This is determined
by measuring an undetectable level of virus (viral load) in the
patient’s plasma 6 months after the end of treatment.

(ii)  Prevention of transmission of infection to others

Until recently, gold standard treatment for HCV was weekly pegylated interferon
alpha injected subcutaneously, with daily oral ribavirin (IFN/RBV) (1000mg
daily for patients <75kg or 1200mg daily for those >75kg). Unfortunately, this
treatment is prolonged (24-48 weeks), expensive (approximately £11,000) and
fraught with side effects, which often result in early cessation of treatment (NICE
http://guidance.nice.org.uk/TA200, accessed 20/5/2013). Furthermore,
response rates to this combination are poor: cure rates or Sustained Virological
Response (SVR) (see Table 1-1) are only 40-50% in genotype 1 infection,

although are higher in genotypes 2 and 3 (75-85%).
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Table 1-1 Terminology used to define virological response to therapy for HCV

Term Definition

Rapid Viroloical Response Undetectable HCV RNA by PCR after 4
(RVR) weeks of treatment

Early Virological Response Undetectable viral load after 12 weeks of
(EVR) treatment

Sustained Virological Undetectable viral load 6 months after the
Response (SVR) end of treatment

Direct Acting Antivirals (DAAs) are now changing the landscape of therapy for
HCV. The two DAAs currently in clinical use are the protease inhibitors (PIs)
boceprevir and telaprevir, administered for between 12 and 44 weeks in
conjunction with [FN/RBV. These Pls inhibit the NS3/4A serine protease,
essential for viral replication and increase SVR rates both in treatment naive
individuals and in those who have been previously unsuccessfully treated with
IFN/RBV (Table 1-2). However, a significant proportion of patients remain
untreatable with these drugs. They are not suitable for patients who are
intolerant of IFN/RBV or for those with non-genotype 1 infection. Their
effectiveness in patients with cirrhosis is still under evaluation. Furthermore
these PIS add a significant cost and side effect burden to standard therapy; the
estimated additional cost of 12 weeks of boceprevir or telaprevir is £8400 and
£22,398 respectively
(http://www.nice.org.uk/newsroom/pressreleases/BoceprevirAndTelaprevirFo

rCHCGuidance.jsp accessed 20/5/13).
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Table 1-2 Response rates to Protease Inhbitors boceptrivir and telaprevir in different patient
groups infected with HCV genotype 1

Patient response Definition Response Rate
to previous to Pls (%)
treatment
Treatment Naive Never treated for HCV 67-751
Prior relapsers Undetectable viral load at end of 69-882

treatment, but positive viral load by 24
weeks after end of treatment (non-SVR)

Prior partial 2logio drop in viral load by week 12 of 40-592
responders treatment, but positive viral load by end

of treatment
Prior null Did not achieve a 2logiodrop in viral load  23-383
responders by week 12 of treatment

1. Poordad et al. 2011, Jacobson et al. 2011
2. McHutichson et al. 2010, Zeuzem et al. 2011, Bacon et al. 2011
3. McHutichson 2010 et al,, Zeuzem et al. 2011. Boceprivir has not been studied in this group.

Other DAAs are under development. This year saw the release of the first Phase
[II data on polymerase inhibitiors and interferon free regimes. Licensing of some

of these drugs is expected in the coming year. DAAs in development include:

() NS5B polymerase inhibitors such as sofosbuvir (Lawitz et al. 2013)
(i)  NS5A inhibitors such as ledipasvir or daclatsavir (Pol etal. 2012) and

(iii)  Cyclophilin inhibitors (Flisiak et al. 2011).

Preliminary trials suggest that interferon free or at least interferon sparing
regimens are realistic goals in the near future. A recent non-inferiority trial
using the NS5B inhibitor sofosbuvir plus ribavirin without interferon in
genotype 2/3 infected patients, demonstrated a 97% and 56% SVR rate in
genotype 2 and 3 patients respectively. This was compared with 78% and 63%
SVR rates with conventional IFN/RBV alone (Lawitz et al. 2013). Whilst these
results for genotype 2 are encouraging, DAAs have had limited success against
genotype 3 infection and these drugs are yet to be trialed against many of the

non-genotype 1 infections common in developing countries. Therefore, although
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more DAAs are entering the clinical arena, there will still remain a substantial
group of difficult to treat patients with advanced fibrosis or cirrhosis and

difficult to treat HCV genotypes or subtypes.

DAAs will also have to contend with the rapid emergence of escape mutations,
which limits their efficacy when they are used as monotherapy (McHutchison et
al. 2010, Hezode et al. 2009). DAAs will most likely be used in combination with
each other in the future, similar to the current approach to HIV treatment, or
combined with PEG-IFNa /RBV to limit this possibility. This of course adds to
the potential risks of drug interactions and reintroduces the problem of the
significant side effect profile of IFN. There is not yet a successful vaccine for the

prevention or treatment of HCV.

1.4 Structure and function of HCV

HCV is an enveloped single-stranded positive sense RNA virus, from the family
Flaviviridae, and genus Hepacivirus. HCV virions exist in the infected host as
lipoviral particles in association with low and very low density lipoproteins (LDL
and VLDL) (Andre et al. 2002). They gain entry into host cells by both direct
viral infection of target cells and by cell to cell transmission (Timpe et al. 2008).
Cell entry receptors include the LDL receptor, SRB1, CD81, claudin and occludin
(Scheel et al. 2013). Viral particles are then taken up by endocytosis into the
host cells where virus uncoats and uses the host machinery and its own enzymes
to replicate. RNA replication takes place under the influence of the HCV RNA

polymerase in association with the endoplasmic reticulum.

This process lends itself to intervention by therapeutic agents at multiple levels.

Firstly cell entry can be blocked using antibodies, such as CD81 or SRB1
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antibodies (Meuleman et al. 2008). DAAs can also interfere with the enzymes
used by HCV such as polymerase inhibitors and protease inhibitors (see section
1.3 p14). Itis also possible to disrupt the proteins which are necessary for viral
replication such as cyclophilin inhibitors, however trials with these have been
discontinued due to safety concerns including a fatal case of pancreatitis
(Hopkins and Gallay, 2012). Finally T cell therapies such as a T cell vaccine can

be used to target virally infected cells.

1.4.1 The HCV genome
HCV has a 9.6kb long genome is contained within an icosahedral capsid, and
consists of an open reading frame, flanked by two un-translated regions (UTR)
(Figure 1-2). It encodes a 3011 amino acid (a.a.) polyprotein containing
structural and non-structural regulatory proteins, which is cleaved into 10 viral
proteins using proteases. These are the structural proteins (core, E1, E2, p7) and

the non-structural proteins (NS2, NS3 NS4A/B, NS5A/B) (Reed and Rice 2000).

The structural region comprises core proteins encoding the viral capsid, and two
glycoproteins E1 and E2, which form heterodimers at the surface of the viral
envelope. They are important in facilitating cell entry by binding cell receptors.
The HCV envelope is the target of the host antibody response, and it may be in
response to this that E2 is the most variable region of the HCV genome (Prentoe
et al. 2011). The last structural protein is a small ion chanel designated p7,
thought to be essential for viral particle assembly and release formation,

although its precise function remains a subject of ongoing research.
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Figure 1-2 Schematic representation of the HCV genome

Core E1 E2 p7 NS2 NS3 NS4A NS4B NS5A NS5B
Stuctural Non-Stuctural

The large black rectangle represents the 3011 amino acid long HCV polyprotein. Each section of
the genome is indicated by a different colour, with the corresponding label above each protein.
Proteins are drawn to scale. Structural proteins (core, E1, E2 and p7) and non-structural
proteins (NS2, NS3, NS4A/B, NS5A/B) are shown. UTR=untranslated region.

The non-structural proteins NS3-NS5B contain elements important for viral
replication and auto-cleavage of proteins. There are two proteases; a cystine
protease (NS2-NS3) and a serine protease formed by the N-terminal of NS3 and a
cofactor (NS4A). These are responsible for cleaving the remainder of the non-
structural proteins. NS3 also contains a viral helicase which facilitates RNA
processing. HCV also requires an RNA polymerase for replication, which is
encoded by NS5B. There are two segments which have an undetermined role in
viral replication (NS4B, NS5A). Itis possible that NS5A is important for
interferon sensitivity, containing a “interferon determining region”, mutations in
which has been associated with response to IFN/RBV therapy in many Japanese

studies (Kohashi et al. 2006; Yen et al. 2008).

1.4.2 Variability of the HCV genome
The HCV genome pictured in Figure 1-2 is hugely variable. It is divided into
genotypes, which have an identical complement of genes of similar or identical
size contained within the open reading frame. However there is considerable

divergence in genomic sequences both within and between the genotypes.
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Genotypes differ by 31 -33% at the nucleotide level, and can be further divided
into subtypes which differ by 20-25% (Simmonds et al. 2005). Within the HCV
genome itself, different segments have different levels of sequence homology.
The 5’ UTR end and the terminal 99 bases for the 3° UTR end are the most
invariant sections, and are frequently used in clinical assays for HCV genotyping,
while the core protein is the next most conserved (Simmonds et al. 2005). The
envelope proteins and NS2 protease are the most variable regions, with the NS3-

NS5 proteins being relatively conserved.

The high variability of HCV is in part due to the NS5B RNA polymerase, which
lacks proof reading capacity. This, combined with a high replication rate of up to
1012 virions per day (Neumann et al. 1998) results in a heterogenous group of
related but distinct viral strains within the same patient, known as quasi-species.
Furthermore, in countries where IVDU is the predominant mode of transmission,
ongoing risk behaviour can result in superinfection from different viral sources,
producing a complex viral milieu in each individual. Any vaccination strategy,
whether that be prophylactic or therapeutic, must either be able to combat
multiple divergent viral strains simultaneously or allow for the provision of

different vaccines for different populations.

1.5 What s the innate immune response to HCV infection?

Once HCV has breached the epithelial barrier, it is immediately confronted with a
host of innate immune defenses including phagocytes (macrophages and
neutrophils), dendritic cells, natural killer (NK) cells and circulating proteins
such as complement and defensins. These aim to control viraemia in the first

hours to days of infection until the adaptive immune response is induced.
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The interferon (IFN) family is the key anti-viral cytokine system employed by the
infected host and is also used, in the form of exogenous IFNa, for HCV treatment
(see page 14, What is the current treatment for HCV infection?). This family of
cytokines forms part of the Class II cytokine group and consists of three types of
interferons: Type I, [l and III. Type I IFNs include IFNa. and IFN{3, Type II IFN is
IFNy and Type III IFNs consist of IFNA1, IFNA2, and IFNA3, which are also called
IL29, IL28A and IL28B respectively. A fourth Type III IFN has also just been

described this year, known as IFNA4 (Prokunina-Olsson et al. 2013).

1.5.1 Production of Interferon
Knowledge of the precise mechanisms of IFN induction and Interferon
stimulated gene (ISG) activation continues to evolve. Current understanding is
that host cells detect viral RNA through two main pathways, outlined in Figure
1-3 (Iwasaki and Medzhitov 2004; Yoneyama and Fujita 2007). This results in
the production of Type I and probably Type III interferons, although much less is

known about the latter.

() Cytosolic Pathway: Cystosolic caspase recruitement domain (CARD)
containing proteins (including retinoic acid inducible gene-I (RIG-I)
and melanoma differentiation antigen 5 (MDA5)) detect Pathogen
Associated Molecular Patterns (PAMPs) in the HCV 5’ and 3’ UTRs.
These bind mitochondrial antiviral signaling protein (MAVS or Cardif)
which recruits kinases to RIG-I. This results in activation of NFxf3 and
interferon regulatory factor 3 (IRF-3). Once phosphorylated, IRF-3

translocates to the nucleus where it promotes transcription of Type I
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[FNs, Interferon Stimulated Genes (ISGs), in particular ISG56 and
ISG15 and chemokine ligand 5 (CCL5).
(ii) Endosomal Toll-Like Receptor (TLR) Pathway: Products of viral

replication such as dsRNA are detected via the endosomal receptor
TLR3, which initiates a downstream signaling cascade mediated by

the adaptor protein TRIF.
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Figure 1-3 Type I and IIl interferons are induced via 2 main pathways in response to HCV. HCV
interferes with Interferon production.

Fragments of HCV genome
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HCV binds to cell entry receptors on hepatocytes such as claudin, occludin, CD81 and
Scavenger receptor type B1 (SRB-1). Products of HCV replication or apoptosed cells are
also endoctyosed. Once inside the cell, HCV is detected via either 1. The Cytosolic
pathway or 2. The Endosomal Toll Like Receptor (TLR) Pathway.

Cytosolic pathway: RNA and products of viral replication are detected by the cytosolic
proteins retinoic acid inducible gene-I (RIG-1) and melanoma differentiation antigen 5
(MDAS). These bind mitochondrial antiviral signaling protein (MAVS or Cardif) which
recruits kinases to activate NFkf3 and interferon response factor 3 (IRF-3). Endosomal
TLR pathway: TLR3 detects double stranded RNA, TLR7 single stranded RNA and TLR9
unmethylated DNA with CpG motifs. This initiates downstream signaling via TRIF (Toll-
IL 1 receptor domain-containing-adaptor inducing IFNf3), MyD88 and other kinases.
Both pathways leading to activation of NFx[3 and IRF-3 which translocate to the nucleus
and promote IFN gene transcription.

HCV attempts to prevent IFN production via 3 mechanisms: . The HCV protease cleaves
adaptor proteins such as MAVs, necessary for downstream signalling. .NS3/4A cleaves
the promotor IRF, rendering it incapable of translocating to the nucleus for interferon
gene transcription . HCV inhibits translation of newly transcribed IFNs through
activation of Protein Kinase R (PKR).

Whilst IFNa can be produced by all nucleated cells, [FNy is typically only
produced by lymphoid derived cells such as NK cells and T cells. IFNA is also
produced by only a limited group of cell types (Coccia et al. 2004). Plasmacytoid
dendritic cells are the main produces of IFNA, however macrophages, monocyte

derived DCs and hepatocytes have all been shown to produce I[FNA.
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Interestingly, macrophage production of IFNA is markedly enhanced by pre-

culturing these cells with IFNa -evidence of interplay between the two pathways

(Ank et al. 2006; Wolk et al. 2008).

1.5.2 Interferon Signaling

All class II cytokines are structurally related, with a shared a-helical pattern, and
signal through related heterodimeric transmembrane protein receptors.
However, biological activity ultimately depends on the receptor cytoplasmic
domains, which are not related, and these may trigger overlapping but different
biological functions. This, in addition to the pattern of receptor distribution
amongst different cell types means that the different interferons (IFNs) are
functionally distinct, although clearly their properties, especially those of Type I
and Type III IFNs overlap. In particular, both are produced in response to viral

infection and have anti-viral and immunomodulatory properties.

All class II cytokines signal through the signal transducers and activators of
transcription (STATSs) and janus tyrosine kinases (JAK) as shown in Figure 1-4.
However, within this signaling cascade there are subtle differences between the
interferons that are not fully understood. All class II cytokines appear to activate
STAT1 and STAT3 and bind to IFN-gamma activated sites (GAS) to various
extents in the cell nucleus, resulting in the transcription of interferon stimulated
genes (ISGs). However, in addition, Type I [FNs and IFNAs also activate
interferon stimulated response elements (ISRE) through the activation of STAT2
in association with STAT1 and IRF9, which again results in the production of

interferon stimulated genes (Figure 1-4) (Dumoutier et al. 2004; Renauld et al.

2003).
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Figure 1-4 The signaling pathways of Interferons
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Dendritic Cells (DCs) make Type I and III IFNs. T cells and Natural Killer (NK)
cells make Type II IFN. IFNs bind their specific receptor (R1), leading to a
conformation change and recruitment of the second receptor chain. Jak1 and
Tyk 2 transphophyrolate the receptor chains and form phosphyrlated tyrosine
peptides on the receptor chain (P). STAT proteins bind and are phosphorylated.
They can then form homo or heterodimers and migrate to the nucleus to bind
gene regulatory elements (Gamma Activated Sequences or GAS). In the case of
Type I and Type III [FNs they can also bind Interferon Regulatory Factor 9 (IRF9)
in the cytoplasm and then migrate to the nucleus to bind Interferon Stimulated
Regulatory Elements (ISREs) to regulate gene transcription.

Ultimately the interferons produce their specific effects through the stimulation
of specific ISGs. Microarray experiments have shown that hundreds of ISGs are
produced in response to IFN stimulation and the full spectrum of these genes for
the different interferon types has not been defined. For a discussion of the
differences between Type I and Type III IFNs see a review by Kelly C. et al., 2011.

For the purposes of this project, the next section outlines the better
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characterised downstream effects of Type I IFNs. Many of the effector genes and

targets however, remain the subjects of active research.

1.5.3 Immunomodulatory effects of Type | IFNs
Type I IFNs enhance the proliferation and maturation of dendritic cells, and
increase expression of HLA-II and the co-stimulatory molecules CD80 and CD86
(Luft et al. 1998). This is important, not only for antigen presentation in the
innate immune system, but also for the role of DCs as priming agents of T cells in
the adaptive immune system. Type I IFNs further enhance T cell priming by
facilitating a process known as ‘cross-priming’, where CD8+* T cells can be primed
against exogenous antigens (Le Bon et al. 2003). Normally, exogenous antigens
are presented on HLA Class Il molecules and stimulate CD4* T cell responses.
However dendritic cells, with the right co-stimulation, can process these
endocytosed antigens so that they enter the cytosolic antigen presentation
pathway and are presented on HLA-Class | molecules, thereby stimulating CD8*

T cells.

[FNa also causes upregulation of HLA-I molecules (Epperson et al. 1992) and

upregulates NK cell function (Bolitho et al. 2007).

1.5.4 Anti-Viral effects of Type | IFNs

Type I interferons also have direct antiviral effects involving a number of

different downstream signaling pathways, described below.

() ISG-15. This prominent ISG is a ubiquitin homologue, which binds to
and activates a large number of effector proteins (Loeb and Haas,

1992). There are over 158 target proteins identified thus far. These
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(ii)

(iii)

(iv)

include signaling components of the IFN pathway like JAK1 and RIG-I,
leading to a positive feedback loop and further induction of the IFN
system. They also include antiviral effector proteins such as MxA, PKR
and RNAseL (Zhao et al. 2005). Importantly, activation by ISG-15 is
reversible, and can be blocked or inhibited by certain viruses as
discussed further below.

PKR: This is a constitutively expressed enzyme, which is further
induced by Type I IFNs and activated by viral RNA. It inhibits
translation of cellular and viral proteins (including HCV proteins),
through the inactivation of eukaryotic translation initiation factor 2a
(Sadler et al. 2008).

0AS: Like PKR, this is constitutively expressed in all cells, and is
upregulated by type I [FNs. It is activated by viral RNA, and then binds
to RNAseL and cleaves viral and cellular RNA

Mx-GTPases: These are located near the smooth endoplasmic
reticulum in the cytoplasm and trap viral components to prevent

replication and transcription (Accola et al. 2002).

1.5.5 HCV subverts the innate immune response

As described above, an effective innate anti-viral response centres around the

capacity of immune cells to produce interferons. It is therefore no surprise that

HCV has developed a myriad of strategies to evade host interferon responses,

both by inhibiting IFN production and by interfering with its downstream effects.
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Inhibition of IFN production

HCV prevents the production of Type I IFNs via three well characterised
pathways, shown in Figure 1-3, p23. Firstly, the serine protease NS3/4A cleaves
the adaptor proteins TRIF and MAVs, necessary for downstream signaling via
IRF3 and NFxf for IFNa production (Li et al. 2005; Meylan et al. 2005). It has
also been shown in HCV infected Huh7 C5B2-3 cells, that NS3/4A cleaves IRF-3
itself, preventing nuclear translocation of this critical promotor (Foy et al. 2003).
Interestingly, when these cells are treated with [FNa2b, this pathway is restored,
illustrating a potential mechanism for the therapeutic effect of exogenous IFNa
in patients. Recently translation silencing via enhanced PKR activity has also
been described (Arnaud et al. 2010). This group demonstrated that whilst HCV
infection of Huh7.25 cells decreased IFNf mRNA production as described above,
there was a greater decrease in translation, pointing to a novel mechanism of

translational silencing in HCV’s fight against interferons.

Interference with the actions of Interferon

HCV is also able to interfere with the downstream signaling of IFNs, the normal

sequence of which is outlined in Figure 1-4, p25.

() STAT1: HCV core protein can bind STAT1 and subsequently inhibit
downstream IFN signaling (Lin et al. 2006). STAT1 is also inhibited
through HCV induced upregulation of protein phosphatase2A (PP2A),
which is an enzyme with key roles in cell homeostasis (Duong et al.

2004). HCV core protein further interferes with this by binding
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STAT1 and STAT 2. This prevents nuclear translocation of these
critical signaling molecules (Mélen et al. 2004).

(i)  PKR: NS5A binds interferon induced PKR and prevents its activation
by dsRNA (Pflugheber et al. 2002). The HCV E2 protein also inhibits
PKR by means of an shared sequence with part of PKR and one of its
downstream targets, the translation initiator elF2o . This blocks
PKR’s inhibitory effect on cell growth and protein production (Taylor
et al. 1999).

(iii)  OAS: There is indirect evience that NS5A binds OAS and inhibits its

action (Taguchi et al. 2004),

1.5.6 Polymorphisms in innate immune genes are associated with the outcome
of HCV infection

Historically, most of the scientific community’s efforts to understand the HCV-
IFN interplay have focused on Type I interferons. However recently, Type III
interferons have created a storm in the HCV arena due to research using genome
wide association studies, which discovered a striking association between
spontaneous clearance of HCV infection and single nucleotide polymorphisms
(SNPs) linked to the gene encoding IFNA3 (Rauch et al. 2010). The same
association was seen with treatment response (SVR) by 4 groups in close
succession (Ge et al. 2009; Rauch et al. 2010; Suppiah et al. 2009; Tanaka et al.
2009), demonstrating that the IFNA pathway plays a key role in the response to
[FNa as well as in natural host immunity. Indeed, in the study by Ge and others,
this association was stronger than any previously identified predictor of

response such as gender, baseline viral load and degree of fibrosis (see Figure
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1-5). The mechanism behind how changes in these SNPs result in different
immunological outcomes is unclear, although work just recently presented
suggests the key may lie in a newly discovered member of this cytokine family
called IFNA4, the focus of much ongoing research endeavour (Prokunina-Olsson

etal. 2013).

Figure 1-5 Odds Ratio of risk factors associated with HCV treatment failure

Ge rs12979860-
Tanaka rs12980275+
Rauch rs80999174

Suppiah rs80999174

Advanced vs minimal Fibrosis*-
HCYV viral load >800,000*+

Male vs Female*- V—a—

Genotype 1/4 vs 2/3*- —a—
i

> e ' .....\0 .;Q.Q.
Odds Ratio of treatment failure (log,)

Risk factors for HCV treatment failure with IFN/RBV are listed on the y axis, IFNA3 linked single
nucleotide polymorphisms (rs12979860, rs12980275 and rs809917) are shown with the corresponding
authors from published genome wide association studies Ge et al 2009; Tanaka et al. 2009; Rauch et al.
2010; Suppiah et al. 2009. *Derived from Rauch et al. 2010. Adapted from Kelly C et al. 2011.

1.6 What is the role of T cells in HCV infection?

Human and animal studies suggest that a key determinant of viral clearance in
acute HCV infection is a broad and robust T cell response (Cooper et al. 1999;
Lechner et al. 2000; Neumann-Haefelin et al. 2010; Thimme et al. 2001). In
chimpanzee models, depletion of CD8* T cells abrogates protective immunity
from previous HCV infection, while CD4+ depletion prevents effective
development of CD8* responses, resulting in viral persistence (Grakoui et al.
2003). In humans, the importance of HLA type has been demonstrated in single

source outbreak studies. In these studies, women were infected with the same
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inoculum of HCV from contaminated anti-D immunoglobulin. Approximately half
of the women developed persistent infection whilst the remainder cleared the
virus spontaneously, with HLA-A*03, B*27 and Cw*01 occurring more frequently
in spontaneous clearers (39.5%, 14% and 9.3% respectively) than those who
developed chronic infection (19.1&, 2.1% and 1.4% respectively; p<0.005)

(McKiernan et al. 2004).

Other observational studies demonstrate a temporal relationship between the
appearance of CD8* T cells and the control of viraemia in human and chimpanzee
subjects (Shoukry et al. 2004; Thimme et al. 2001). In 5 subjects who developed
HCV infection following a needlestick injury, 3 subjects mounted a detectable T
cell response. In these individuals, a decrease in viral load was Kinetically
associated with the appearance of T cell responses, with the one person who
spontaneously cleared the virus showing the most vigorous CD8* responses at

the time of viral clearance (Thimme et al. 2001).

In contrast, the hallmark of chronic HCV infection is a narrowly focused,
functionally impaired T cell response, despite the presence of circulating antigen
(Lechner, Gruener et al. 2000; Missale et al. 2012). Furthermore, those T cells
which can be detected are often functionally impaired, with high levels of
exhaustion markers like PD-1s (Radziewicz et al. 2008), low levels of CD127
(Urbani et al. 2006) and poor effector function, demonstrated by downregulated
activation markers such as HLA-DR and CD38 (Lechner et al. 2000). Indeed
mouse models of chronic viral infection with lymphocytic choriomengitis virus
(LCMV) suggest that constant antigenic stimulation may impair T cell function by

leading to a state of functional exhaustion or anergy (Wherry, Blattman and
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Ahmed 2005; Youngblood et al. 2011). These studies also suggested that it
might be possible to rescue T cell responses under certain conditions. When
LCMV infected mice were vaccinated with a recombinant vaccinia virus, those
with lower viral loads responded better to vaccination than those with high viral
loads, suggesting that attempts to induce or recover T cells in chronic HCV

infection may be best performed in the context of a low viral load (Wherry,

Blattman and Ahmed, 2005).

1.7 What is the role of HCV specific antibodies in HCV infection?

Antibodies are clearly an important component of the adaptive host immune
response, and if induced effectively could result in sterilising immunity to HCV.
This is an advantage over a T cell vaccine, which can only target cells which have
already been infected. Antibodies have also been shown in some individuals to
correlate with viral clearance in acute infection, and to drive selection pressure

in the hypervariable E2 region (Dowd et al. 2009).

Studies in chimpanzees show that it is possible to generate neutralising HCV
antibodies, which are cross-reactive to other genotypes in vitro (Meunier et al.
2011). However human data suggests that such antibodies can only be generated
in a minority of healthy volunteers (Law et al. 2013). Furthermore, E1 and E2
proteins are technically difficult to produce in large quantities (personal
correspondence Dr Antonella Folgori). Attempts at therapeutic antibody based
vaccination in the post liver transplant context have been disappointing,
resulting in small, transient reductions in viral load (less than logio) (Galun et al.

2007).
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Nontheless, although conventional circulating antibodies to HCV are readily
detectable within 1-3 months of infection, their presence in high titres during
chronic infection demonstrates they have a limited ability to prevent or
eliminate chronic disease (Bartosch et al. 2003). This is in contrast to many other
viruses where vaccine-induced antibodies provide lasting sterilising immunity,
for example in the cases of Hepatitis B Virus, Measles virus or even the RNA virus

Rubella virus.

In order to be successful, it is likely that effective antibody based immunity to
HCV will hinge upon the identification of broadly neutralising antibodies.
Although there is much still to explore on this subject, a conserved antibody
target has been identified in the hypervariable region. Antibodies to this region
have resulted in protection from chronic HCV infection in chimeric mouse

models (Law et al. 2008).

In the case of HCV it is plausible that a vaccine which does not induce antibodies
could be effective against HCV. In high risk cohorts, T cell responses to HCV have
been detected in the absence of seroconversion (Post et al. 2004 and
Abdelwahab et al. 2012). Furthermore, studies in chimpanzees provide evidence
that T cells can be induced and provide protection from chronic HCV infection
without inducing HCV antibodies (Folgori et al. 2006). Thus, although ideally
both antibody and T cell responses would be induced through vaccination, this

may not be a pre-requisite for success.

1.8 HCV subverts the adaptive immune response

Reasons for the weak and poorly focused T cell response observed in HCV

infection include host factors and intrinsic properties of HCV itself. An active
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immune response also relies on the host’s ability to detect the presence of
pathogenic material and target appropriate virally infected cells. HCV is a
hepatotropic virus although the precise mechanism which causes liver homing is
not clear. The liver itself is an immunotolerant organ, being one of the few
organs in the body which does not require HLA tissue matching for
transplantation (Poli et al. 1998), thus once hepatocytes are infected, this
relatively immune quiescent environment may permit HCV to establish chronic
infection. Furthermore, it has been suggested that antigen presentation by non-
professional APCs such as hepatocytes may lead to defective activation of the
adaptive immune response (Zinkernagel 1996). This has been shown with other
chronic human viruses, for example human papilloma virus, which when
sequestered in keratinocytes fails to activate an effective T cell response until
antigens are released from lysed cells and taken up by professional APCS (Tindle
and Frazer 1994). Although viral antigens are expressed on the surface of
hepatocytes on Class [ molecules, the lack of CD4+ activation (through the paucity
of HLA Class II presenting cells) and the lack of co-stimulation from APCs, may

partially account for the weak responses.

HCV has also developed the capacity to hide from immune cells via direct cell to
cell transfer within the liver (Timpe et al. 2008) and by masking potential
antibody targets by glycosylating envelope proteins on the surface of viral

particles (Helle et al. 2007; Gremion and Cerny 2005).

Even ifa T cell or antibody response is triggered, finding an effective, durable
target in a rapidly mutating virus is a difficult task. As described previously, this

rapidly mutating virus results in a swarm of divergent quasispecies being
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simulataneously present in the host. These quasispecies are driven by immune
pressure, with mutations in the HCV viral sequence almost 17 times more likely
to occur within a T cell epitope region than without (Cox et al. 2005). Some of
these, such as mutations at the HLA-B27 epitope ARMILMTHF, come at a cost to
viral fitness, or produce variants which are cross-recognised by T cells (Dazert et
al. 2009). However others allow viral escape through a variety of potential
mechanisms, including (i) decreased recognition by T cells of either the epitope
or its flanking region (ii) decreased antigen binding (iii) impaired antigen

processing or presentation.

Nevertheless, there is clearly more at play here than simply the virus’ ability to
hide or escape from the adaptive immune system. It has been shown in
chimpanzee models that CD4+ epitopes are more highly conserved than CD8*
epitopes and rarely escape (Fuller et al. 2010). In this work, whilst 75% of CD8*
epitopes showed evidence of escape over a four year period, only 18% of CD4+*
epitopes did. Furthermore, despite ongoing viral sequence variation, T cells tend
not to develop new epitope specificities after the first 6 months of infection
(Burke and Cox 2010). Even when T cells are induced, they tend to be poorly
functional, as described above (p31). T regulatory cells are enriched in the livers
of patients with chronic HCV and can actively suppress CD4* and CD8* T cells
(Ward et al. 2007). The lack of functional T cells implies that functional T cell
development is arrested within the first year of HCV infection which begs the
question: Can T cells be induced de novo, or existing responses recovered,

through therapeutic vaccination of chronically infected individuals?
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1.8.1 Rationale for a Therapeutic T cell vaccine
Data from human and chimpanzee studies suggest that inducing protective
(although not sterilising) immunity is a realistic goal in the treatment and
prevention of chronic HCV infection. Epidemiological studies have shown that in
cohorts of injecting drug users, individuals have long periods of aviraemia
despite ongoing risk behaviour (Villano et al. 1999) and analysis of an HCV
mono-infected cohort demonstrated that individuals with previously
documented infection were 12 times more likely to spontaneously clear the virus
when re-infected (Mehta et al. 2002). A vaccination strategy, which mimics these
natural antiviral responses, could provide protection from chronic disease and
could enhance responses to treatment or reduce viral load before treatment,

which would prove a major benefit to patients.

Evidence of T cell immunogenicity in healthy volunteers

Recent work by Barnes and others has demonstrated that vigorous
polyfunctional T cell responses can be generated in healthy volunteers,
vaccinated with adenoviral vectors expressing proteins from the non-structural
HCV genome, NS3-NS5 (NSmut) (Barnes et al. 2012). In this Phase I study (called
HCV001), healthy volunteers were vaccinated with escalating doses of two
replication deficient adenoviral vectors: human adenovirus 6 (Ad6) and
chimpanzee adenovirus 3 (ChAd3). Both vectors were safe up to a maximal dose
of 7.5x101%p, and primed and boosted polyfunctional, durable CD4+ and CD8+ T
cell responses. These produced IL-2, [FNy and TNFa and recognised a broad
range of T cell epitopes. Vaccine-induced T cells were detectable up to 48 weeks

following vaccination and retained proliferative capacity, perforin, granzyme A
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and B production. The magnitude and quality of the T cells induced was in
marked contrast to those T cells described in chronic infection. If such potent T
cell responses could be induced in patients with chronic HCV infection, it is
possible that therapeutic vaccination could lower viral load and improve

response to therapy.

The scientific rationale for a therapeutic T cell vaccine can be summarised by the

following:

() An effective anti-HCV T cell response can control and induce
spontaneous resolution of acute HCV infection. This observation
suggests that T cells may be a valid therapeutic mechanism for the
treatment of HCV.

(i)  Administering antigen to a peripheral site (muscle) in a novel form,
such as via an adenoviral vector, could allow T cell priming outside the
liver and also prevent the HCV mediated suppression of T cell
responses

(iii) Animal models of chronic viral infection suggest that administering a
therapeutic vaccine in the context of a low viral load may generate T
cell responses more effectively than when viral loads are high. Hence
vaccinations will be administered both alone and with IFN« therapy

(iv)  The fact that unlike HIV, HCV can be cleared either spontaneously or
with exogenous [FN/RBV therapy suggests that HCV may be more
amenable to immuno-therapeutics than some other chronic viral

infections.
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(v) Data from healthy volunteers indicates that vigorous anti-HCV specific

T cell responses can be generated through vaccination.

1.8.2 Requirements of an ideal HCV T cell vaccine

() Safe: the vaccine must be well tolerated, with minimal local and
systemic adverse events, especially if administered to patients with
pre-existing liver disease.

(i) Immunogenic: Ability to generate long-lasting high quality T cells
with proliferative and killing capacity.

(iii)  Cross-reactivity against different HCV viral variants: Ability to
generate HCV specific responses to a large range of circulating HCV
viral subtypes and quasispecies, ideally across multiple genotypes.

(iv) Applicable to a global population: Effective in populations with
multiple different HLA types. Easily administered and stored with
either no cold chain required or stability in the face of an inconsistent

cold chain.

1.9 HCV vaccine strategies to date

A variety of HCV vaccination strategies have been evaluated over the past decade
in animal and human studies. Most of these vaccination strategies have been well
tolerated, although they have been tested only in small groups and few have
produced convincing evidence of immunogenicity. The major vaccine strategies

in human clinical studies are summarised below.
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Vaccine Type Description Advantages Disadvantages
Recombinant HCV protein is cloned - can combine - predominantly
Protein into bacteria, yeast or  antigens of interest stimulate CD4+ T cell
mammalian cellsand  into one immunogen and antibody
injected - technically simple responses rather than
CD8* T cells
- poorly immunogenic
Peptide Peptides, often with - produce targeted - specific to certain
adjuvants, are immune responses to  HLA types
injected in emulsion relevant antigens - poorly immunogenic
- easy to assess
immune responses
DNA A plasmid containing - can express whole - poorly immunogenic

the gene of interest is
injected and taken up
by cells which then

express HCV antigens.

genome, thus broad
range of antigenic
targets

without adjuvant
methods

Attenuated viruses
like adenoviruses or
MVA viruses carry
HCV genes and
transduce cells which
express HCV antigens

Viral Vector

- strong priming and
boosting potential of
CD4+*and CD8* T cells

- Immune responses
to vectors may limit
immunogenicity

- safety concerns
about live virus

1.9.1 Peptide and Protein based vaccines

The majority of HCV vaccine studies have historically used peptide or

recombinant protein approaches to generate T cell or antibody responses. These

have predominantly used antigens from the envelope or core region.

Peptide based vaccines directly present antigen on HLA molecules to induce T

cell responses. One limitation of this technique is that such vaccines contain only

a limited repertoire of antigens, thus responses broad enough for protection may

not be generated. Furthermore, although weak T cell responses and antibodies

have been induced using this approach, single peptides must generally be HLA

matched for T cell presentation, making this approach difficult to institute at a

population level.
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Antigens from the HCV envelope

The first therapeutic vaccine trial for HCV used peptides from the E1 region of
the virus. There was initially a suggestion of an improvement in liver histology
and ALT in patients however, this was not born out in further work and this
vaccine was discontinued (Nevens et al. 2003). Whilst the envelope region is an
attractive antigenic target, since it the target for antibody responses, the
limitations of the host humoral response to control HCV infection, in
combination with the variability of this region, suggest that envelope antigens
may have limited efficacy (see 1.7, “What is the role of HCV specific antibodies in

HCV infection?”, p32).

However recently, data reported from a joint venture with industry (Novartis)
and multiple academic sites, suggest that it may be possible to generate broadly
neutralising antibodies in humans, albeit only in a small number of individuals
(Law et al. 2013). In this study of vaccination with envelope glycoproteins from
a genotype lavirus, 5/13 vaccinated volunteers had sufficient antibody titres to
neutralise 50% virus in in vitro cell culture assays (Law et al 2013). For the first
time, this group showed that serum generated by genotype 1a glycoproteins
could neutralise virus from other genotypes. Further studies are planned with

this vaccine.

Antigens from the core region

Other peptide vaccines have included core peptides. The core region is highly
conserved from a sequence perspective and thus potentially immunogenic

across a broad range of genotypes. However, most known epitopes in this region
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are CD4- responses, with few CD8+ responses identified. Core responses have
also been identified in many patients with chronic infection in the absence of
viral control (Semmo et al. 2005), suggesting that the functional significance of
these responses may be limited. A Japanese study designed a vaccine program
based on a conserved region of the core protein (Yutani et al. 2009). IFNy
responses were measured by ELISA so are difficult to compare to other studies
which have traditionally used IFNy-ELISpot assays. Nonetheless, 17 /26 patients
developed detectable IFNy levels by ELISA compared with 11 patients at
baseline (range 0-780 pg/ml, no background subtracted). Only 2 patients had a

decrease in viral load of 1 log during the 12 weeks vaccination follow up period.

Another peptide based vaccine, called IC41, used 5 peptides selected from core,
NS3 and NS4 in HLA-AZ2 positive HCV infected patients (Klade et al. 2012). This
vaccine was well tolerated but resulted in only a peak median IFN-y ELISpot

response of 40x10°PBMC and a very small transient reduction in HCV viral load

(0.47 log change in 34 /53 patients), which does not carry clinical significance.

Alarger protein vaccine, using a yeast vector to deliver a fusion protein of
core/NS3/NS5B has also resulted in weak immunogenicity (GI-5005). Interim
data from a Phase II study reported improved viral kinetics with vaccination +
[FN/RBV, however published peer reviewed results are still awaited

(Habersetzer et al. 2009).

An interesting variation on this method was attempted by an Australian group
(Gowans et al. 2010) and has also been trialled in HIV (Garcia et al. 2013).
Gowans and others harvested autologous dendritic cells from patients, and

attempted to prime them in vitro with antigens of interest before re-infusing
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them into patients. As a proof of concept study this was interesting: all six
patients in the study generated HCV specific T cell responses, however this was
short lived and had no effect on viral load as well as being a very labour intensive

and expensive process, not easily applicable to clinical practice.

1.9.2 DNA and vector vaccines
There are two DNA vaccine studies and two viral vector strategies with
published results available. The DNA vaccine trials were small, involving 15 or
fewer patients. In one trial, antibody and weak T cell responses were generated
in 11/15 patients, however these were not sustained and no change in viral load
was observed (Alvarez-Lajonchere et al. 2009). In the second study, 2/4 patients
receiving high dose vaccination developed weak T cell responses and reductions
in viral load, however all patients had low viral loads prior to enrollment in the
study (<800,0001U/ml) (Sallberg et al. 2008). No further development of these

DNA studies into Phase Il trials has been reported.

Recently results from two viral vectored vaccines have been published, one using
an MVA vector in patients with HCV and one from our group in Oxford using a
heterologous prime/boost vaccination strategy using adenoviral vectors in
healthy volunteers (Habersetzer et al. 2011; Barnes et al. 2012). Viral vectors
appear to be the most promising mechanism for inducing T cell responses out of
all the strategies tried. Habersetzer and others demonstrated the generation of T
cell responses in response to MVA vaccination, using HCV proteins NS3, NS4 and
NS5B (TG4040). However, most of these responses were found in individuals
with pre-existing T cell responses and resulted in only small and transient

decreases in viral load at early stages of treatment. Furthermore there was no

42



Chapter 1 Introduction

analysis of viral sequence in responders, making it difficult to establish whether
T cell responses were to relevant viral strains. Results from a Phase II study
using this vaccine in conjunction with standard treatment (IFN/RBV) were
recently presented in oral form (Wedemeyer, EASL, 2013) which showed no
statistically significant difference in SVR rates between vaccinated patients and

controls and only weak T cell responses (<200SFC/10¢ PBMC().

In Oxford, the Barnes/Klenerman group in collaboration with Okairos (an Italian
pharmaceutical company) have been trialing a number of viral vectored HCV
vaccines. The first study (HCV001) was introduced above (page 36 Rationale for
a Therapeutic T cell vaccine) and demonstrated safe induction of potent T cell
responses in healthy volunteers. Studies in progress from our group are listed in
the next section, which summarises the Oxford HCV vaccine program (Table

1-3).

The work in this project builds on the adenoviral vector vaccine strategy from
Barnes and others in healthy individuals to determine whether such responses

can also be generated in the context of chronic HCV infection.

1.9.3 The HCV Vaccine Program in Oxford, UK
There are 3 HCV vaccine studies based in Oxford, which aim to test HCV vaccines
in healthy volunteers and in patients with chronic HCV infection. All use the
same HCV immunogen called ‘NSmut’ (see page 45 The Immunogen: NSmut
below), delivered in a viral vector prime/boost regimen. The type of vector and
the timing of vaccinations differ between the studies. These studies are outlined
in Table 1-3. This thesis focuses on study HCV002, which is introduced in detail

in the section to follow. Vaccine responses are compared with healthy
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volunteers from HCV001, so a synopsis of the HCV001 study design is also listed
below (Table 1-4) and some samples from studies HCV001 and HCV003 are used
for further immunological assays in Chapter 4 (see Materials and Methods for

more information).

Table 1-3 The Oxford HCV Vaccine Studies

Study Participants Vaccines Immunogen
HCV001 Healthy Volunteers Priming with ChAd3 or NSmut
(n=36) Ad6, boosting with the
heterologous vector
HCV002  Patients with chronic =~ Priming vaccination with NSmut

HCV infection (n=32) ChAd3, boosting
vaccination with Ad6

HCV003  Healthy volunteers Priming vaccination with NSmut
(n=10) and patients ChAd3, boosting
with chronic HCV vaccination with Modified
infection (n=13) Vaccinia Ankara (MVA)

Table 1-4 HCV001 Study design

1 4 Ad6 (0,4) 5x108 ChAd3 (24)  2.5x1010
2 4 Ad6 (0,4) 5x109 ChAd3 (24)  2.5x1010
3 6 Ad6 (0,4) 2.5x1010  ChAd3(24)  2.5x1010
5 4 ChAd3 (0,4) 5x108 Ad6 (24) 2.5x1010
6 4 ChAd3 (0,4) 5x109 Ad6 (24) 2.5x1010
7 5 ChAd3 (0,4) 2.5x1010  Ad6 (24) 2.5x1010
9 5 Ad6 (0) 2.5x1010  ChAd3 (8) 2.5x1010
10 5 ChAd3 (0) 2.5x1010  Ad6 (8) 2.5x1010
11 4 ChAd3 (0) 7.5x101  Adé6 (8) 7.5x1010

Number=number of healthy volunteers in each group. ChAd3= ChAd3-NSmut, Ad6= Ad6-NSmut.

1.10 HCVO002TV: therapeutic vaccination in Genotype 1 HCV infection

1.10.1 Study Overview
This is a Phase I open label, dose escalation study to assess the safety and

immunogenicity of ChAd3-NSmut/Ad6-NSmut vaccination in patients with

44



Chapter 1 Introduction

chronic Hepatitis C infection. An overview of the study design is presented in

Table 1-5.

Table 1-5 Overview of Study Groups in HCVO02TV

Arm Patients ChAd3 ChAd3 Adé6 Vaccination Follow up
(no.) Prime second Boost dose (vp) (months)

(week) prime (week)

Patients receiving vaccination and concurrent IFNa/RBV therapy where
week 0= start of therapy

Al 2 14 - 24 5x108 18
A2 2 14 - 24 5x10° 18
A3 6 14 - 24 2.5x1010 18
A4 6 2 - 12 2.5x1010 18
A5 4 14 18 28 2.5x1010 18
A6 4 2 6 16 2.5x1010 18

Patients receiving vaccination alone where
week 0= start of trial

B1 2 4 - 14 5x108 9
B2 2 4 - 14 5x10° 9
B3 4 4 - 14 2.5x1010 9

1.10.2 The Immunogen: NSmut
The choice of a vaccine immunogen is critical to the success of any vaccine. An
immunogen must be first and foremost safe for use in humans. It also must be
immunogenic and produce, in this case, T cell responses to antigens of interest
contained within the immunogen. From a technical perspective, it must also be
easily producible and deliverable within the chosen vaccination strategy, which

for HCVO02TYV are the adenoviral vectors ChAd3 and Ad6, discussed below.

The non-structural (NS) portion of the HCV genome is a target for multiple HCV
specific T cell responses and an attractive candidate for a T cell vaccine
immunogen. According to registered epitopes on the Los Alamos Database, more
than 90 CD4+ and 70 CD8* T cell epitopes have been identified in this region

(Yusim et al. 2005). Furthermore HLA types associated with protection from
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HCV infection have been linked to epitopes which lie within the NS portion of the
genome, such as the protective HLA-B27 allele, linked to the NS5B epitope
ARMILMTHEF (Dazert et al. 2009, McKiernan et al. 2004) and the protective HLA-
A*03 linked epitope NS310s80-1088 TVYHGAGTK (Fitzmaurice et al. 2011). Data
from patients also suggest an important role for epitopes mapped to the NS
region in inducing HCV specific T cells during acute infection (Bowen and Walker

2005; Lauer et al. 2002; Spada et al. 2004).

The NS region is also relatively conserved between genotypes, unlike for
example the hypervariable envelope region. It represents a large portion of the
HCV genome (approxiately two thirds), spanning 5 different proteins: NS3, NS4a,
NS4b, NS5a and NS5b. This allows for the inclusion of multiple potential epitope
targets, including longer CD4* epitopes, many of which are likely to be, as yet,
undescribed. Such a broad inclusive approach to selecting an immunogen also
takes into account the presence of multiple HLA types in the population, which
will be capable of binding to a wide variety of different T cell epitopes.
Furthermore, including a large section of the HCV genome increases the
likelihood that at least some regions of the immunogen will match the sequence

of different circulating viral strains.

The NS insert chosen was a genotype 1b strain. Genotype 1 is the most common
HCV infecting strain and represents 45% UK infections (Health Protection
Authority Report UK 2012
http://www.hpa.org.uk/webc/HPAwebFile/HPAweb_C/1317135237219 accessed 23/5/13) as
well as a significant proportion of infections in the US and Japan. For an

additional safety measure, a mutation was introduced in the RNA polymerase,
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replacing 3 amino acids GlyAspAsp, at position 1711-1713, with the inactive

AlaAlaGly (Capone, Zampaglione et al. 2006).

1.10.3 Adenoviruses as vectors
The two adenoviruses used in this trial are the human adenovirus Ad6 and the
chimpanzee adenovirus ChAd3. In its natural form, Ad6 causes a respiratory
illness (the common cold) in humans. ChAd3 is not known to cause illness in
humans. They are distinct, but phylogenetically related viruses (Figure 1-6). For
the purposes of vaccination, these viruses are modified so that they can neither
replicate nor cause respiratory disease. They are replication deficient due to the
deletion of the E1 protein and can only replicate in cells expressing this protein
(such as the PER.C6 Cell line). The E3 gene, used by the adenovirus to combat

host immune defenses, is also deleted in these vectors.
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Figure 1-6 Phylogenetic tree of human and chimpanzee adenoviruses
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These vectors were chosen based on a significant body of pre-clinical and clinical

data demonstrating their superiority over other existing adenoviruses used in

clinical trials. Prior to their appearance as vaccine candidates, adenoviral

vectors have been used for many years as vehicles for gene delivery in gene

therapy trials, first appearing in human trials for cystic fibrosis in 1994 (Crystal

et al. 1994; Lee, Matthews and Blair 2005), as well being studied extensively in

cancer immunotherapy (for a review see Larocca and Schlom 2011). Some of
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the problems with using these vectors as for gene therapy are also relevant to
the vaccine field. These include safety considerations, pre-existing immunity to
the vectors themselves and vaccine-induced immune responses to the vectors.
Other problems faced by gene therapy may prove advantageous in the context of
vaccination. These include the short duration of expression of the transgene,
reported to be up to 40 days in one cystic fibrosis study and local inflammation;
potentially beneficial to vaccination at a peripheral site (Lee, Matthews and Blair

2005).

There is extensive experience in the HIV and malaria vaccine fields using
genetically modified viral vectors to deliver antigens of interest for vaccination.
Chimpanzee adenovirus ChAd63 has been trialed in multiple malaria vaccine
studies since 2007, with an excellent safety and immunogenicity profile (O’Hara
et.al. 2012). Trials using this and other viral vectors are ongoing within the Hill
group in Oxford, UK (Ogwang et al. 2013; Sheehy et al. 2012). Human adenovirus
5 (Ad5) has been used in multiple HIV vaccines, with promising results in
Macaques (Shiver et al. 2002). This was followed by two Phase II trials in
humans in South Africa (Gray et al. 2011) and in the Americas/Euroasia (the
STEP trial). However, these trials were stopped early due to futility. Interim
analysis of the STEP trial suggested that vaccination of uncircumcised Ad5
seropositive individuals was associated with an increased risk of HIV infection,
(discussed further below on page 56 Risks to the individual) (Buchbinder et al.
2008). In May 2013 a further Ad5 based HIV study from the US (National
Institute of Allergy and Infectious Diseases) was also suspended due to futility.

There also initially appeared to be a trend towards more HIV infections in the
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vaccinated group (clinical trials no. NCT00865566

http://www.clinicaltrials.gov/ct2 /show/NCT008655667?term=hvtn+505&rank=

1 accessed 28/5/13), however a published statement from the NIH is awaited,
following a summit in September of this year on the status of Ad5-HIV vaccines
(http://www.niaid.nih.gov/topics/HIVAIDS /Research /vaccines/Pages/adDraftA

genda.aspx accessed 23/10/13).

One problem with using the potent adenoviral vector Ad5 is pre-existing
immunity, which can limit immunogenicity or even be a cause for safety concern
as observed in the STEP study mentioned above. Other less common adenoviral
serotypes, including related but genetically distinct chimpanzee adenoviruses
could conceivably circumvent this problem. Our collaborators at Okairos have
previously constructed different replication deficient adenoviral vectors
encoding different HCV proteins (Capone, Meola et al. 2006). This work in mice
and non-human primates demonstrated that Ad6 -NSmut expressing vectors
produced equivalent immunogenicity to Ad5- NSmut expressing vectors.
Furthermore, human adenovirus 6 (Ad6) has a lower pre-existing
seroprevalence than Ad5; 38% versus 48% of healthy Europeans respectively,
and the neutralising antibodies detected were not cross-reactive between Ad5
and Ad6. When nAb titres >200 were assessed, pre-existing immunity to Ad6

was even less common- 11/93 people versus 31/93 for Ad5.

Further work in this group identified ChAd3 as a potent immunogenic vector
when encoding HIV antigens, in mice and Macaques, again with low levels of pre-
existing antibodies (<10% of humans tested had nAb titres >200) (Colloca et al.

2012). The immunogenicity of these two vectors was verified in human
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participants in study HCV0O01 (see page 36 Rationale for a Therapeutic T cell
vaccine). For this reason the ChAd3 and Ad6 vectors were chosen for ongoing

clinical development in study HCVOO2TV.

1.10.4 Rationale for the Oxford therapeutic T cell trial design:

1.10.4.1 Arm A receives vaccination with concurrent IFN/RBV

T cell responses may be generated more effectively when viral loads are low.
This has been observed, not only in mouse models of vaccination in the context
of chronic infection, but also when outcomes from patients with chronic HCV are
assessed. In resolved HCV infection, CD4+ and CD8+ T cells are frequently
detectable for decades, whereas in chronic HCV infection, T cell responses are
difficult to identify in peripheral blood (Lauer et al. 2004). Therefore, one arm of
this study (Arm A of study HCV002TV) was designed to include patients
receiving concurrent IFN/RBV to suppress viral load for up to 14 weeks prior to

vaccination (see study design Table 2-2, p63).

The relationship between IFN therapy and HCV specific T cell responses is
however, not clearly defined. The immunomodulatory and antiviral effects of
[FN therapy may enhance or suppress T cell responses. This has the potential to
alter or confound T cell responses to therapeutic vaccination. Efforts to explore
the effect of IFN therapy on T cell responses have resulted in disparate results
between studies. The use of different assays, different peptide sets and the
detection of weak or historical T cell responses are likely to have contributed to
conflicting data. Whilst it has been shown that the magnitude of T cell response

correlates with SVR in some studies, others have shown that this is not the case
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(Kamal et al. 2002; Barnes et al. 2009). In order to address this, a control arm, of
patients who receive I[IFN/RBV alone, without vaccination has been included in
this study, to detect fluctuations in T cell responses throughout treatment. In
addition, a separate arm (Arm B) has been included, in which patients receive
vaccination alone, to observe whether the immunomodulatory effects of IFN may

be detrimental to vaccine responses.

1.10.4.2 Both Arms receive heterologous prime/boost vaccination

A heterologous prime/boost strategy, whereby different vaccine vectors are
used for priming and boosting, is designed to allow for repeated administration
of an immunogen without inducing immune responses to the vector which might
inhibit vaccine efficacy. Furthermore it is likely that some vectors are better for

priming and others for boosting.

Okairos have previously shown that heterologous prime/boost vaccination using
adenoviral vectors from different serotypes can successfully induce T cells
against NSmut in rhesus macaques (Fattori et al. 2006). The same group has
tested the vectors proposed in HCVO02TV (Ad6 and ChAd3) in rhesus macaques
and shown that these vectors induce potent, long lasting T cell responses

(Folgori personal communication, Figure 1-7).
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Figure 1-7 Vaccination of Macaques using ChAd3-NSmut and Ad6-NSmut
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(blue) and double prime with Ad6-NSmut followed by ChAd3-NSmut boost (red). Magnitude of T
cell response by IFN-y ELISpot assays is shown (y axis). Vaccinations are indicated by arrows.
Data reproduced with permission from Dr A. Folgori, Okairos Italy.

Human studies also support this prime/boost regimen. In HCV001, healthy
volunteers received a priming vaccination with either ChAd3 or Adé6 followed by
a boosting vaccination of an alternative vector. As described above, this was a
highly immunogenic regimen with an excellent safety profile. Analysis of the
different regimens used suggested that the optimal order of vaccination was
priming with ChAd3 and boosting with Ad6, which achieved higher peak
boosting responses than the alternative regimen (Ad6 prime/ChAd3 boost)
(Figure 1-8a). This study also suggested that double priming, that is, two
injections of the priming vector, could lead to higher and more sustained IFNy T
cell responses compared with a single priming injection (Figure 1-8b). For this

reason, single and double priming regimens were included in the trial design for

HCVOO2TV.
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Figure 1-8 Vaccination with a heterologous prime/boost regimen in healthy volunteers from study
HCVO001.
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a) Healthy volunteers received priming vaccination with ChAd3-NSmut (red) or Ad6-NSmut
(purple) followed by heterologous boosting vaccination. b) Volunteers received a single prime
(red) or double prime (purple) vaccination with ChAd3-NSmut, followed by boosting with Ad6-
NSmut. Group means are shown with s.e.m.. Data adapted from study HCV001 (Barnes et al.
2012) with corresponding author’s permission.

1.10.5 Route of injection
Intramuscular injection was chosen as the route of vaccine administration. Local
and systemic side effects using this method of vaccination were well tolerated by
healthy volunteers in HCV001, supporting its continuation into HCVOO2TV. Itis
assumed that no co-infection with wild type adenoviruses could occur at this site
(see page 59 Risks to the community). This is also a conventional and familiar

method of vaccine administration for clinicians and patients.

1.10.6 Dose of ChAd3 and Ad6
Studies of acute HCV infection suggest that the stronger and broader the T cell
response, the more likely it is that acute HCV infection will result in clearance

(Spada et al. 2004; Folgori et al. 2006). Therefore the magnitude, breadth and
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perhaps duration of T cell response can be considered as immune correlates for

protection against chronic HCV infection.

The necessary and sufficient dose to achieve T cell responses in HCV0O02TV was
determined using data from both non-human primate and human studies. When
rhesus macaques were injected with adenoviral vectors containing the NSmut
antigen at doses of 108-1011 vp, all animals receiving 1019 vp or higher produced
a T cell response. Vaccination with the lower dose (108 vp) was less efficient,
with only 4 out of 5 macaques responding (Capone, Meola et al. 2006). There is
also a large body of safety and immunogenicity data from HCV001, where
healthy people were vaccinated with the same vaccines proposed for HCVO02TV.
The dose range tested in HCV001 included all doses proposed for HCVO02TV (5
x 108,5 x 102 and 2.5 x 1010vp), as well as an additional extra high dose (7.5 x
101%yp) (Table 1-4 p44). This study demonstrated that vaccination was well
tolerated at all doses, although adverse events were more common as dose
increased. At 2.5 x 1010vp all individuals mounted T cell responses however
there appeared to be a ceiling effect on the magnitude of T cells which could be
induced, where no increased immunogenicity was observed with the extra high
dose 7.5 x 101%yp. This suggested that while the lower doses would be
necessary for assessment of safety, the optimal dose for HCVO02TV would be 2.5
x 1010yp. The largest numbers of patients were hence enrolled in those groups

to obtain the most relevant safety and efficacy data.
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1.10.7 Potential Safety Risks

1.10.7.1 Risks to the individual
Although there is a considerable amount of safety data regarding vaccination
with ChAd3-NSmut/Ad6 boost in healthy volunteers, these vaccines have never
been administered to patients with concurrent HCV infection. Additionally, some
of these patients face the additional complication of concurrent therapy with
IFN/RBV which have their own side effect profiles. Safety is therefore a primary

endpoint in this study.

Phlebotomy: The volume of blood drawn throughout the study should not
compromise patients. It is less than the recommend amount acceptable via
blood donations in the UK which is 1527ml/year for women or 1880ml/year for
men (http://www.blood.co.uk/giving-blood/faqs/ accessed 29/5/13). In Arm A
of the study patients will be treated with IFN/RBV concurrently, and can develop
anaemia while taking ribavirin. This will be monitored closely, and the dose of
ribavirin adjusted accordingly. Volumes of blood drawn in each group are
outlined below (Table 1-6). It is possible that venepuncture may be challenging

in some individuals, particularly those with a history of IV drug use (IVDU).

Table 1-6 Blood volumes taken during the study period, per patient group in HCV0O02TV

Group Total blood volume (ml) Time period
A1-A3 1123 18 months
A4 1214 18 months
A5 1273 18 months
A6 1272 18 months
B1-B3 1208 9 months
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Local reactions to most vaccinations are common due to local immune
responses. These include erythema, local pain, itch and swelling. Based on the
safety data from the preceding HCV001 trial, where the same vaccines at the
same dose have been administered to healthy volunteers, it is likely that local

reactions will be mild in severity and of short duration (Barnes et al. 2012).

Systemic responses to vaccination such as arthralgia, myalgia and feeling
feverish are also likely, however again it is possible to predict that these will be
mild or moderate, as in HCV001. Those patients receiving concurrent IFN/RBV
(Arm A) may also suffer from these side effects as a consequences of IFN
treatment, thus the effect of these additional symptoms may be more
burdensome in this group. Any vaccine also carries the risk of generalised
immune mediated reactions such as Guillain-Barré syndrome, a demyelinating
polyneuropathy which can result in paralysis or death. Allergy or anaphylaxis to
the vaccine or to substances used in its composition could also occur, although
this is a rare complication of vaccination and all vaccines are administered in

hospital by adequately trained clinical staff.

There exists a theoretical possibility that T cells generated by vaccination could
target HCV infected hepatocytes, cause hepatocyte death and ultimately, if
severe, hepatic necrosis and liver failure. This would be reflected both in a
clinical deterioration and in a rise of liver enzymes, in particular Alanine
Transaminase (ALT). This is carefully monitored during the study and
participants excluded from vaccination in the presence of pre-existing liver
inflammation if ALT and bilirubin are raised; >3 Upper limited of normal (ULN)

and >2ULN respectively.

57



Chapter 1 Introduction

There is strong evidence that natural T cell mediated immune responses to HCV
infection do not result in the above scenario, even where HCV is spontaneously
‘cleared’ by the immune system. In acute infection, there is usually an elevation
in liver enzymes from baseline, however this rarely results in fulminant liver
failure, probably because only a minority of hepatocytes are infected with HCV,
estimated at 7-20% (Liang et al. 2009). It has been shown in studies of acute
infection that although ALT rises after HCV infection (to a mean level of 360
[U/ml, 9 times the ULN) it does not correlate with HCV viral load or viral
persistence (Cox et al. 2005). Furthermore, this same group showed that it is

possible to spontaneously clear HCV without a significant rise in ALT at all.

Studies from non-human primates further support the concept that HCV-specific
T cell responses can control HCV viraemia without hepatotoxicity. 4/5
chimpanzees vaccinated with an HCV candidate vaccine developed HCV specific
T cell responses which were associated with protection from acute viraemia
(Folgori et al. 2006). These chimpanzees did not develop a rise in ALT when
challenged with HCV, however the unvaccinated control arm did. This setting is
slightly different to that in study HCVO02TV, where patients are infected with
HCYV first, then vaccinated, however suggests that viral control is possible
without significant liver inflammation. There is however, evidence that bilirubin
level is linked to spontaneous clearance and that ALT flares can correlate with
viral clearance in some individuals (Thomson et al. 2011). Therefore monitoring

ALT levels is an important part of any therapeutic HCV trial.

It is noteworthy that there have been two severe complications from previous

adenoviral vector studies. One of these involved using adenoviruses as gene
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transfer vehicles to cure a metabolic defect (ornithine transcarbamylase
deficiency) and tragically resulted in a fatality due to an acute inflammatory
response and multi-organ failure (Raper et al. 2002). In this study however, the
vectors were injected directly into the hepatic artery (rather than IM) at much

higher doses than those proposed here (up to 6 x1011/kg).

The second serious complication arose from the STEP trial, which assessed the
effectiveness of an Ad5 based HIV vaccine. In this study, vaccinated individuals
with Ad5 nAbs were initially found to be at a statistically higher risk of
contracting HIV than those who had not been vaccinated. Although the reasons
for this are still unclear, one explanation proposed at the time, was that those
volunteers who had previously been exposed to Ad5, had higher levels of vector
specific T cells, thus providing more potential T cells for HIV to infect
(Buchbinder et al. 2008). This is quite different to HCV, where T cells are not a
target of infection. Furthermore, in the proposed model of HCVO02TV, patients
are already infected with HCV, although this consideration is important to

consider when vaccinating healthy volunteers.

1.10.7.2 Risks to the community
Should this work lead to a successful therapeutic or prophylactic HCV vaccine
there are considerable benefits to community health as well as decreased costs
to the health care system. There are minimal community risks. Rendering the
viral vectors replication deficient (through deletion of the E1 and E3 portion of
their genome) means they cannot be replicate in the host and spread to other
people in the community. There exists the unlikely possibility that they could

recombine with wildtype adenoviruses and acquire E1 and E3 and become a
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recombinant replication competent adenovirus. This scenario is however
unlikely since the Ad6 and ChAd3 used in these vaccines are ‘double deleted’ (i.e.
are missing both E1 and E3 genes) and such a scenario would require wild type

adenoviruses to infect the same cells as those at the site of vaccination.

1.11 Aims of this work

This thesis aims to examine the host-virus interaction in HCV infection, exploring

how cell mediated immunity can be altered through vaccination.

1. To determine the effect of therapeutic vaccination in patients with
chronic HCV infection. I hypothesise that

a. HCV specific T cells can be safely induced in patients with chronic
HCV infection.

b. HCV specific T cells induced by vaccination are immunologically
functional, with markers of killing capacity, activation and effector
memory phenotypes.

c. HCV specific T cells can target circulating autologous virus in
patients with chronic HCV.

d. There is a relationship between viral sequence and T cell
responses to vaccination.

2. To explore T cell responses to HCV epitopes in the context of the highly
variable HCV population. I hypothesise that

a. Immune responses to the vaccine immunogen will cover a wide
range of circulating viral sequence variants.

b. There is an optimal immunogen which will produce responses to a

broad range of HCV viral variants.

60



Chapter 2 Materials and Methods

2 Materials and Methods

2.1 Vaccination of patients with chronic HCV

2.1.1 Patient enrolment

Eligible patients were males and females with treatment naive chronic genotype
1 HCV infection, defined as the presence of HCV RNA in two plasma samples at
least 6 months apart. Patients were aged 18-65 years (inclusive) and had no
clinical, biochemical or histological evidence of liver cirrhosis. Patients were
excluded if they were co-infected with Hepatitis B Virus (HBV) or Human
Immunodeficiency Virus (HIV) or were seropositive for Ad6 or ChAd3 viruses
(titre >200). A control cohort of patients receiving IFN/RBV treatment alone
was recruited first followed by recruitment of patients receiving vaccination
(characteristics of enrolled patients are outlined in Table 3-3 and Table 3-4 p90).
Patients were recruited at the John Radcliffe Hospital, Oxford UK and at the
Queen Elizabeth Hospital in Birmingham UK according to the inclusion and
exclusion criteria in Table 2-1. All patients gave written informed consent before
participation, and the study was conducted according to the principles of the

Declaration of Helsinki and in accordance with Good Clinical Practice.
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Table 2-1 Inclusion and exclusion criteria for HCVO02TV therapeutic vaccination trial

Inclusion Criteria for HCVO02TV

HCV genotype 1 infection

Age 18-65 years old inclusive

In groups A1, A2, A3 and A5 patients will only be vaccinated if they have a >2 log drop in
viral load at week 12 of IFN/RBV therapy.

Resident in /near the trial site for the duration of the study

Able to comply with the study requirements

For women of child bearing potential: willingness to practice effective contraception
during the study and a negative pregnancy test on the day of vaccination

For men: to use barrier contraception until 3 months after the last vaccination

Written informed consent

Exclusion Criteria for HCVO02TV

Participation in another research study involving an investigational product within 30
days preceding enrolment

Prior receipt of recombinant simian or human adenoviral vaccine

Clinical, biochemical, ultrasonographic or liver biopsy (histology) evidence of cirrhosis
or portal hypertension

Inability to provide written informed consent

Confirmed or suspected immunosuppressive or immunodeficient state, including HIV
infection; asplenia; recurrent, severe infections and chronic (more than 14 days)
immunosuppressant medication within the last 6 months (inhaled and topical steroids
are allowed)

Patients likely to have been infected with HCV within the last 12 months

History of allergic disease or reactions likely to be exacerbated by an component of the
vaccine eg Kathon

History of clinically significant contact dermatitis

Any history of anaphylaxis in response to vaccination

Pregnancy, lactation or intention to become pregnant during the study

History of cancer (except basal cell carcinoma of the skin and cervical carcinoma in situ)
Any other serious chronic illness requiring hospital specialist supervision

Suspected or known current alcohol abuse defined as >42 units per week

Suspected or known injecting drug use

Seropositive for Hepatitis B surface antigen

Seropositive for HIV

Seropositive for simian adenovirus 3 (ChAd3) titres >200 at screening

Seropositive for human adenovirus 6 (Ad6) titres >200 at screening

Temperature >38°C in the 3 days preceding vaccination

Any finding which, in the opinion of the Investigator, may either put the patient at risk
or may influence the result of the study
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2.2 Vaccines Ad6-NSmut and ChAd3-NSmut

The Ad6 and ChAd3 vectors are replication deficient adenoviruses, encoding the
NS3-5B region of genotype 1B (based on sequence accession number M58335)
(Colloca et al. 2012). Ad6 is a rare human serotype, and ChAd3 is a chimpanzee
adenovirus. Construction of the HCV immunogen insert (NSmut) by Okairos has
been described elsewhere (Capone et al. 2006). Vaccines were administered

intramuscularly, and the trial group protocols are detailed in Table 2-2.
Table 2-2 Study Design HCVO02TV

Patients ChAd3 ChAd3 Adé6 Vaccination Follow
(no.) Prime second Boost dose (vp) up

(week) prime (week) (months)
(week)
Patients receiving vaccination and concurrent IFNa/RBV therapy where
week 0= start of therapy

Al 2 14 - 24 5x108 18
A2 2 14 - 24 5x10° 18
A3 6 14 - 24 2.5x1010 18
A4 6 2 - 12 2.5x1010 18
A5 4 14 18 28 2.5x1010 18
A6 4 2 6 16 2.5x1010 18

Patients receiving vaccination alone where
week 0= start of trial

B1 2 4 - 14 5x108 9
B2 2 4 - 14 5x10° 9
B3 4 4 - 14 2.5x1010 9

2.3 Healthy Volunteers from other vaccine trials

Samples from healthy volunteers vaccinated with the same immunogen (NSmut)

in studies HCV001 and HCV003 were used in some assays.

HCVO001
In this study, healthy volunteers were vaccinated with ChAd3-NSmut and Ad6-

NSmut (Barnes et al. 2012). The overall trial design is outlined in the
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Introduction in Table 1-4 p44. Certain volunteers from this trial were selected
for further assays in Chapter 4, p143, below. The vaccine regimen of these

volunteers is described below.

001-032 ChAd3 NSmut Ad6 NSmut
001-038 Week 0 and Week 4 Week 24

001-102 Ad6-NSmut Week 0 ChAd3-NSmut
Week 8

HCVO003

Healthy volunteers from this study were vaccinated with ChAd3-NSmut prime
followed by MVA-NSmut boost 8 weeks later (manuscript in preparation). Some
volunteers were chosen for further assays in Chapter 4, p143. Samples from
volunteers from study HCV003, discussed in this thesis are listed below, all
vaccinated with ChAd3-NSmut prime (2.5x1010vp) (Wk0), MVA-NSmut boost

(2.5%108 pfu) (Wk 8):

Subjects from

HCV003 used in
comparative assays
003-308, 003-310,
003-328,003-319,
003-322,003-305,
003-324

2.4 Safety: Classification of adverse events

Adverse events were recorded by patients using a diary card for 7 days following

each vaccination and then by clinician or study nurses on subsequent monitoring
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visits. A uniform scale for grading AE severity was determined based on mild,

moderate and severe features (Table 2-3).

Table 2-3 Scale for assessing the severity of AEs

Adverse Event Grade Definition
Pain Mild Painful to touch. Easily tolerated
Moderate Painful when limb is moved, interferes with
daily activity
Severe Severe pain at rest, prevents daily activity
Erythema Mild 3-50mm
(Diameter)
Moderate 51-100mm
Severe >100mm
Swelling Mild 1-20mm
Moderate 21-50mm
Severe >50mm
Fever (oral Mild 37.6°C -38°C
temperature)
Moderate 38.1°C -39°C
Severe >39°C
Other AEs Mild Awareness of symptom but tolerated. Little
or no medical intervention.
Moderate Some limitation of usual activity, some
medical intervention required
Severe Incapacitating, bed rest required.

Serious AEs were defined as any AE that resulted in death, significant disability
of incapacity, hospitalisation, an important medical event that may jeopardise
the patient in the opinion of the clinician or a congenital abnormality. Sudden
unexpected Serious Adverse Reactions (SUSAR) were defined as any serious AE
which was unexpected and thought to be related to vaccination. A SUSAR would
result in suspension of the trial until a safety review. The relationship of an AE to

vaccination was determined using Table 2-4.
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Table 2-4 Guidelines for assessing the relationship of vaccine administration to an Adverse Event

No relationship No temporal relationship to study product and
Alternate aetiology likely and
Does not follow known pattern of response to the vaccine

Unlikely Unlikely temporal relationship to study product and
Alternate aetiology likely and
Does not follow known pattern of response to the vaccine

Possible Reasonable temporal relationship to study product or
Event not readily produced by clinical state, environmental or
other interventions or
Similar pattern of response to that seen with other vaccines

Probable Reasonable temporal relationship to study product and
Event not readily produced by clinical state, environmental or
other interventions or
Known pattern of response to that seen with other vaccines

Definite Reasonable temporal relationship to study product and
Event not readily produced by clinical state, environmental or
other interventions and
Known pattern of response to that seen with other vaccines

2.5 Cell Handling

2.5.1 Blood Separation and PBMC Isolation

PBMC were separated via density gradient separation. Whole blood was layered
onto lymphoprep and centrifuged (2200rpm for 24mins without brake). The
buffy layer was removed and transferred to RPMI. Cells were washed by
centrifugation at 1800rpm for 10minutes, then at 1600 rpm for 7 minutes,

resuspending in R10 each time.

2.5.2 Plasma Isolation

Whole blood from an Ethylediaminetetraacetic acid

(EDTA) tube was centrifuged (2200rpm x10minutes). Supernatant (plasma)

was aspirated and stored at -20°C.
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2.5.3 Preparation of R10:

The following reagents were added to RPMI medium (GibcoBRL 11875-093) to a
final concentration as listed: Fetal bovine serum (FCS) (HyClone SH30070.03)
1:10, 200 mM L-glutamine (GibcoBRL 25030-081) 1:100 and 100 X penicillin-

streptomycin solution (GibcoBRL 15140-122) 1:100.

2.5.4 Cell counting

Cells were counted using a Guava Personal Cell Analyser (Catalogue no. 0100-
1430, Guava Technologies Inc, California). The machine was calibrated daily
according to manufacturer’s instructions using Guava check beads (Guava 4200-
0070 and Guava Check Diluent (Guava 1 4200-0050). Cells were then counted
using Guava ViaCount (Guava 1 4000-0040) at 1:20 and analysed using Guava

CytoSoft Software, Version 2.1.5 (Guava 0500-1030).

2.5.5 Cell Preservation

Cells were cryopreserved in liquid nitrogen in 1 ml aliquots at 10-12 x 106
cells/ml in freezing medium (DMSO 20% and RPMI 80%) and FCS in equal parts
to a final concentration of 10-12 x10° cells/ml. 1ml aliquots were stored in a “Mr
Freezy” and kept at -80 for 2-3 days, before being transferred to liquid nitrogen

storage.

2.5.6 Cell Thawing

Cells were warmed in a water bath at 37°C for 15seconds until partially thawed.
Warmed thawing medium (RPMI 9ml, CTL 1ml, DNAse 100ul per sample) was
then added gradually, to a total volume of 10mls. The sample was centrifuged

and resuspended in R10.
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2.6 Peptides and Antigens

[FN-y ELISpot assays were performed using a set of 494 overlapping peptides
spanning the HCV genome of HCV genotype 1B strain BK based on sequence
accession number M58335, supplied by BEI Resources and listed in the Appendix
p258. These were divided into pools with 6 pools (F-M) representing the open

reading frame from NS3-NS5B (mean 82; range 73 to 112 peptides per pool).

2.7 Evaluation of IFN-y producing cells following HCV peptide stimulation,
by IFN-y ELISpot
IFN-y ELISpot assays were performed according to manufacturer instructions
(Mabtech) on freshly isolated PBMC or thawed PBMC rested overnight. Millipore
AIP plates were coated with 100ul of anti-human IFN-y antibody at 5ug/ml in
PBS overnight at 4°C. Antibody was washed off with PBS, and plates blocked
with R10 (200ul/well) and rested at 37°C for 2 hours. Cells were plated at 2 x
105 PBMC/well in the plate in duplicate or triplicate (depending on cell
numbers). These were co-cultured with HCV specific peptides in overlapping
pools (see section 2.6 and Appendix for a full list of peptides) overnight at a final
concentration of 3pug/ml. Internal controls were: DMSO (negative control) and
two positive controls: Concavalin A and FEC (mixed HLA class I-restricted
peptides from influenza, Epstein-Barr virus, and CMV). Plates were washed 7
times with PBS/Tween wash buffer using a plate washer and blotted dry after
each wash. 50ul/well of biotinylated mouse anti-human IFN-y diluted to
0.5pg/ml in PBS was added and plates incubated at room temperature for 2-4
hours. Plates were washed with PBS/Tween wash buffer 4 times, then 50 pl of

alkaline phosphatase antibiotin antibody added (diluted 1:750 in 0.5% BSA/PBS)
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and plates left to incubate for 2 hours. Plates were washed a further 4 times with
PBS/Tween wash buffer, then 50l of BCIP/NBT solution added to each well.
Each plate was then incubated at room temperature for 15 minutes, and plates
rinsed again. Plates were left to dry overnight at room temperature. Plates were
read manually using an ELISpot reader. Total NS response was calculated by
summing the mean responses to pools F-M and subtracting the mean DMSO
response. A positive response was defined as a summed T cell response to NS
proteins greater than 39 SFU/10°PBMC (see 2.7.2). Unless specified, all

peptides were used at a final concentration of 3ug/ml.

2.7.1 CD8+ Depletion IFN-yELISpot Assay
In order to determine whether novel epitopes were CD8+ or CD4+ restricted,
CD8+ depletion IFN-y ELISpots were performed in selected patients. 50ul of
CD8+ beads per 5x10°PBMC were washed three times in 3mls of PBS/2%FCS to
remove sodium azide. PBMC were resuspended in 2ml chilled PBS/2%FCS and
incubated with prepared beads at 4°C for 20mins. The solution was placed in the
Dynal magnet and liquid removed. The procedure was repeated using a second
tube with fresh beads. The CD8+ depleted cell suspension was plated for an

ELISpot assay as described previously (section 2.7).

2.7.2 Definition of a positive IFN-y ELIspot response

A peptide pool was defined as ‘positive’ if

(i) it contained 239SFU/10°PBMC and

(ii) was =3 times the background level (measured in DMSO)
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This cut-off was determined based on the mean + 3 standard deviations of

background IFN-y ELISpot responses in 58 patients with chronic HCV, measured

in the Barnes group, using the same protocol.

Figure 2-1 Background IFN-y ELISpot response to DMSO in patients with chronic HCV
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X
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Number of values | 58

Minimum 0.0
25% Percentile 3.000
Median 7.000
75% Percentile 13.00
Maximum 42.00
1% Percentile 0.0

99% Percentile 42.00

Mean 9.724

Std. Deviation 9.580

ERA R
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mean+3s.d.=39

Magnitude of IFN-y ELISpot responses to DMSO in 58 patients with chronic HCV

infection, not on treatment. Assays performed by research assistants at the Barnes lab.

Positive pools were then summed and the mean background from DMSO wells in

triplicate was subtracted to give a total summed NS response.

A vaccine related T cell response was defined as a positive pool which was either

(i)

(ii)

new (i.e. not present in the screening ELISpots performed prior to
vaccination) or

which represented an increase in response of >30% from a pre-

existing positive response.
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A patient who responded to vaccination was defined as any individual with a
positive IFN-y ELISpot response post vaccination, which was either

() anew T cell response

(ii)  anincrease in the magnitude of T cell response by 230% from

baseline, occurring within 2 weeks of vaccination.

2.7.3 Identifying T cell epitopes through peptide mapping
Where possible, the individual peptide to which T cells responded was identified
through deconvolution of peptide pools. Positive peptide pools were divided
into minipools of approximately 10 peptides each, then these were mapped to
single 15 amino acid long peptides and smaller optimal length peptides where

possible.

2.8 Population variation at key epitopes

To determine the variability at a population level of immunodominant T cell
epitopes in response to vaccination, all available genotype 1 sequences for a
given region of the HCV genome were downloaded from Los Alamos database

(http://hcv.lanl.gov/content/index). The median number of sequences analysed

was 2000 (range 1131-3896). Single variants with a prevalence of >5% were
identified at each epitope. Incomplete sequences and non-genotype 1a or 1b

sequences were excluded.

2.9 Intracellular Cytokine Staining (ICS)

Fresh or thawed PBMC (rested overnight) were plated into 96 well plates at 1
x10°cells/100pul and stimulated with either (i) single peptides where the target

epitope had been identified at 1ug/ml, (obtained from BEI resources and
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Proimmune Pty Ltd) or (ii) pools of peptides (F+G=NS3/4, 1 + L+ M=NS5A/B).
There were 2 control pools: (i) positive control PMA (phorbol 12-myristate 13-
acetate)/ionomycin at 500ng/ml and (ii) unstimulated cells with dimethyl
sulfoxide (DMSO) at 5ng/ml. Antibody CD107a PECy5.5 was added at time 0,
then 2 hours later brefeldin A was added at 10pg/ml and cells incubated
overnight at 37°C. Cells were then stained with live/dead antibody, fixed and
permeabilised (Perm buffer BD) and stained with the following panel of
antibodies in perm buffer for 30minutes in darkness: CD3-PO (Pacific Orange)
(1:50), CD4- Qdot605 (1:200), CD8-PB (Pacific Blue) (1:200), IFN-AlexaFluor700
(1:50), IL2-APC (allophycocyanin) (1:25), TNFa-PE (phycoerythrin)-Cy7 (1:25),
and either MIP-1p3-PE (1:100) (if single peptide) or IL17-PE (1:25) (if pooled
peptides). Antibodies were obtained from Becton Dickson Sciences and
Invitrogen. Compensation beads (BD) were stained with 2ul of the relevant
antibody above, and run on the day of flow cytometry on a BD LSRII machine.

Flow]o software (Treestar) v. 9.5.2 was used to analyse results.

2.9.1 Gating Strategy
Samples were gated sequentially in Flow Jo, as demonstrated below in a

representative patient (Figure 2-2). Cytokine stains were then assessed on CD4+

and CD8+ T cells.
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Figure 2-2. Gating strategy for Intracellular cytokine staining

FSC-H
SSC-A
Live/dead

v

FSC-A FSC-A FSC-A

CD8

CD3

v

FSC-A Ccb4

Staining in a representative individual is shown (001-032, TW8 stimulated with peptide
CINGVCWTYV). Each plot shows sequential gating: Single cells =» Lymphocytes = Live cells =
CD3* =» CD4+ and CD8+* cells. FSC-H= Forward Scatter Height FSC-A=Forward Scatter Area,
SSC=Side Scatter Area.

2.10 HLA Class | Pentamer Staining

HLA*0201 matched pentamers labeled with PE were obtained from Proimmune
Pty Ltd. These were centrifuged at 4°C (1400gX10mins) and cells stained for 20
minutes at 1:50 at 37°C . Cells were stained with a live/dead antibody (L/D:
Alexa750) then fixed (1% formaldehyde in PBS) and stained with antibodies for
gating (CD3-PO, CD8-PB) either with antibodies in panel 1 below or
permeabilised (Foxp3 Perm Buffer 1:10) and stained with antibodies in Panel 2

(Table 2-5). Cells were analysed by flow cytometry as described above.
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Table 2-5 Panels of Antibodies to characterise HLA*0201 pentamer positive T cells

PECy7 FITC* APC PER Alexa 700
CP Cy5.5°
Panel 1 CCR7 CD45RA CD127 CD38 HLA-DR
1:50 1:50 1:50 1:50 1:50
Panel 1 Central Antigen Memory and | Activation Activation
Purpose memory, LN exposure. Re- | antigen
homing expressed on | exposure
late
terminally
differentiated
CD8+T cells
Panel 2 PD-1 Perforin CDh161 GzA Gz B
1:50 1:50 1:100 1:100 1:50
Panel 2 Exhaustion or | Cytotoxicity Liver homing | Cytotoxicity Cytotoxicity
Purpose activation
FITC= fluorescein isothiocyanate $PerCP =peridinin chlorophyll protein
Figure 2-3 Gating strategy for pentamer staining
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A representative patient is shown from study HCVOO2TV (patient 55), stained with pentamer
NS31406at TW32. TW= treatment week. Pt 55 was vaccinated with ChAd3-NSmut (Wk14 and
Wk18) followed by Ad6-NSmut (Wk28) 2.5x1010vp.
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2.11 Proliferation Assays

These assays were performed by Anthony Brown (Research assistant at the
Barnes group). Conventional thymidine incorporation assays were performed
ex-vivo, on freshly isolated PBMC, 2 x 105 PBMC/well (in triplicate).
Recombinant HCV proteins (from Mikrogen) were added at 1ug/ml, and results

reported as stimulation index (SI) An SI = 3 was considered positive.

2.12 Sequencing of autologous virus in patients with HCV

2.12.1 RNA extraction

Plasma was separated from whole blood from serum tubes, and stored at -80°C.
Thawed plasma (500pl) was pelleted by centrifugation (23,600g at 4°C for
60minutes) and resuspended in 140ul of spun plasma. Viral RNA was extracted
using QIAamp Viral RNA mini kit (Qiagen 52904), eluted in 60ul of AVE elution

buffer and stored at -80°C.

2.12.2 PCR

RNA was reverse transcribed and 1st round PCR performed using Superscript 111
One-Step RT-PCR (Invitrogen 12574-035), with specific primers (Table 2-6).
Second round internal amplification was performed using Expand High Fidelity
PCR System (Roche, 11732650001). PCR cycling conditions were primer
specific and outlined in Table 2-6. All primers were sourced from Kuntzen and
others (Kuntzen et al. 2007) except those used to sequence epitopes
CVNGVCWTYV and ARMILMTHF which were sourced from Klenerman and others

(Komatsu et al. 2006). PCR cycle conditions were designed by me except for the
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cycle used to sequence epitope RPRWFMCLLL which was designed by Dr John

Halliday (Klenerman/Barnes group).
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Table 2-6 Primers and PCR conditions for viral sequencing of patients in HCVO02TV.

Primers from Kuntzen et al. 2007 except those with “*” which are from Komatsu et al. 2006

Primers 5’-3’ 1stR PCR cycle (external primers) 2ndR PCR cycle (internal primers) Length Epitope
(Ext=external Int=internal) (bp)
Ext: ATCACGGCGTACGCCCAGCAGA* 50°C X30mins, 94°C X 2mins, 39 cycles of 94°C 94°C X 2mins then 39 cycles of 94°C X 15secs, 55°C X30secs, 250 CVNGVCWTV
Ext: ATCGGCGTGCCTCGTGACCA X15secs, 52°C X 30secs, 68°C X 30secs, final 72°C X30secs then final elongation at 72°C X 2mins
Int: AGCCTAACTGGCCGGGACAA elongation at 68°C X 5mins
TCCGAGGAGCCGCAAGTGCA
Ext: GACAAAAACCAAGTGGAGGG 50°C X45mins, 94°C X 2mins, 39 cycles of 94°C
Ext: GAGGACCTTCCCCAGTCC X30secs, 52°C X 30secs, 68°C X 2mins, final
elongation at 68°C X 10mins
Int: CCTACGGCAAGTTCCTTGC 94°C X 2mins then 39 cycles of 94°C X 30secs, 52°C X 30secs, 528 KLSGLGINAV, HSKKKCDEL,
AGCGTGRTTGTCTCAATGG 72°C X30secs, final elongation at 72°C X 5mins ATDALMTGY, TLTHPVTK
Int: TGTGTCACYCAGACAGTCG 94°C X 2mins then 39 cycles of 94°C X 30secs, 57°C X30secs, 747 SVVIVGRIIL
GGGCCCTTCTGCTTGAACTGC 72°C X 1min, final elongation at 72°C X 5mins QEFDEMEECASHLPY
Ext: GCTCGCYGAGCAGTTCAAGC 50°C X45mins, 94°C X 2mins, 39 cycles of 94°C
Ext: TYGACCATGACCCGTCGC X30secs, 54°C X 30secs, 68°C X 2mins, final
elongation at 68°C X 10mins
Int: GCTCGYGAGCAGTTCAAGC 94°C X 2mins then 39 cycles of 94°C X 30secs, 55°C X30secs, 575 Genola: ILAGYGAGV
GGCTATYAGCCCGGTTCATCC 72°C X 1min, final elongation at 72°C X 5mins ALVVGVVCAA
Int: AGGAACATGTGGAGTGGG 94°C X 2mins then 39 cycles of 94°C X 30secs, 53°C X30secs, 570 Genola APNYSRAL
GTTYTCTGACTCAACCCTGG 72°C X 45secs, final elongation at 72°C X 5mins FQVGLNQYLVGSQLP
Ext: GTGGAAGTGTCTCAYACG 50°C X45mins, 94°C X 2mins, 39 cycles of 94°C
Ext: ATGTTYCCGCCCATCTCCTGCCG X30secs, 54°C X 30secs, 68°C X 2mins, final
elongation at 68°C X 10mins
Int: CGARCAGGGAATGCAGCTCGC 94°C X 2mins then 39 cycles of 94°C X 30secs, 55°C X30secs, 550 Genolb ILAGYGAGV
AGCCGGTTCATCCACTGC 72°C X 45secs, final elongation at 72°C X 5Smins ALVVGVVCAA
Int: CACCTGCCCATGTGGAGC As above 430 Genolb APNYSRAL
AGGGGTCGGTRAGCATG FQVGLNQYLVGSQLP
Ext: CCACATCAACTCCGTGTGG 50°C X45mins, 94°C X 2mins, 39 cycles of 94°C 94°C X 2mins then 39 cycles of 94°C X 30secs, 53°C X30secs, 580 AYDVVSTL
Ext: TTCATCGGTTGGGGAGGAGG X30secs, 53°C X 30secs, 68°C X 2mins, final 72°C X 45secs then final elongation at 72°C X 7mins
Int: CCACATCAACTCCGTGTGG elongation at 68°C X 10mins
CCACACACGAGCATGGTGC
Ext: GGCGACGACTTAGTCGTTATCTGTG* 50°C X30mins, 94°C X 2mins, 39 cycles of 94°C 94°C X 2mins then 39 cycles of 94°C X 15secs, 57°C X30secs, 288bp LTRDPTTPLAR, ARMILMTHF
Ext: TTCAAGCTGGTCCCTGGCTATAAGG X15secs, 55°C X 30secs, 68°C X 30secs, final 72°C X 30secs then final elongation at 72°C X 2mins
Int:GTTATCTGTGAAAGTGCGGGGTCC | elongation at 68°C X 5mins
GGCTATAAGGACGCTAAAGAAATGG
Ext: CCACATCAACTCCGTGTGG 50°C X45mins, 94°C X 2mins, 39 cycles of 94°C 94°C X 2mins then 39 cycles of 94°C X 30secs, 55°C X30secs, 390 RPRWMFCLLL

Ext: TTCATCGGTTGGGGAGGAGG
Int: GCCTGCTACTCCATAGAACC
TTCATCGGTTGGGGAGGAG

X30secs, 53°C X 30secs, 68°C X 2mins, final
elongation at 68°C X 10mins

72°C X 40secs then final elongation at 72°C X 4mins
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2.12.3 Extraction of PCR products
PCR products were analysed on 2% agarose gels containing ethidium bromide
and DNA products were either gel or PCR purified (QIAquick Gel Extraction Kit,

Qiagen 28704 or QIAquick PCR Purification Kit Qiagen 28104).

2.12.4 Direct Sequencing

Products were sequenced bidirectionally using 24 round internal primers and
Prism Big Dye (Applied Biosystems) on an ABI 3100 automated sequencer.
Cycling conditions were: 96°C x 1min, followed by 30 cycles of 96°C x 15secs,
50°C x 10secs, 60°C x 4mins. Sequences were analysed and aligned using

Sequencher and Se-Al software (http://tree.bio.ed.ac.uk/software/) .

2.13 Neutralising Antibodies to Adenoviral Vectors

Neutralising antibody assays to adenoviral vectors were performed by Okairos
(via dei Castelli Romani 22, Pomezia, 00040 Rome, Italy) as described by their
group previously. (Aste-Amézaga et al. 2004). Briefly, recombinant adenoviruses
expressing SEAP (secreted alkaline phosphatase) as a reporter gene were
incubated for 1 hour at 37°C alone, or with serial dilutions from subject serum
samples. These were added to human embryonic kidney cell lines (HEK), seeded
at 293 cells/well in a 96 well plate. SEAP expression was measured 24 hours
later with the chemiluminescent substrate (CSPD) from the Phospha-Light kit
(Tropix) without heat inactivation. Light emission was monitored 45mins after
the addition of the CSPD substrate with the Envision 2102 Multi-label reader

(Perkin Elmer).
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2.14 I1L28B genotyping

IL28B genotyping was performed by Rachel Townsend (research assistant in he
Klenerman/Barnes lab). DNA was purified from whole blood using the Qiagen
Gentra Puregene kit (1068994) and tested for polymorphism rs8099917 using
the ABI TagMan allelic discrimination kit from Applied Biosystems
(C_11710096). The possible genotypes for this polymorphism are GG, GT and TT,
where the G allele has been associated with decreased viral clearance in acute
HCV infection and a poorer response to treatment with IFN/RBV than the T

allele.

2.15 Priming naive T cells using monocyte derived dendritic cells

An overview of this in vitro priming model is shown in Chapter 5, Figure 5-1
p184.

2.15.1 Generation of immature Dendritic Cells

Whole blood cones from healthy donors, negative for HIV Ab, HCV Ab, HBV sAg
were obtained from The John Radcliffe Hospital, Oxford, UK. Whole blood stains
were performed using HLA-A2-FITC antibody (1:50) and samples analysed on
LSR2. PBMC from HLA-AZ2 positive samples were isolated via density gradient
separation as previously described (2.5.1 p.66). Monocytes were purified by
positive enrichment using anti-CD14* magnetic beads (Milteni Biotec 130-050-
201). The negative fraction was frozen for later use. Immature DCs were
generated by culturing monocytes for 4 days at 500,000cells/ml in 6 well plates
(Costar Cat No. 3516) in Cellgenix DC medium, supplemented with Rh10 (10%),

IL4 (1000IU/ml) and GM-CSF (800IU/ml) (Peprotech AF-HDC).
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2.15.2 Maturation of Immature dendritic cells

On day 4, cells were matured by adding LPS 10ng/ml (Sigma, from E Coli
055:B56). Media was supplemented with fresh Rh10, IL4 and GM-CSF. Parallel
to this cells were incubated with peptide (final concentration 10pg/ml, 0.017%
DMSO), producing 5 different peptide specific DC lines. 36 hours later cells were

harvested as mature DCs and used for T cell stimulation.

2.15.3 T cell stimulation by autologous DCs

On day 6, the negative PBMC fraction (following monocyte separation on day 1)
was thawed and rested in RPMI at 37°C for 3-5 hours. Mature, peptide pulsed
DCs were harvested, washed and replated in 24 well plates (Costar Corning) at
250,000 cells/ml/well. Autologous PBCMs were added at 1:20 (DC:PBMC) (1 ml
of 5X10¢ cells/ml/well). Cells were incubated in complete T cell medium (Rh10
+ 12.5mM HEPES (Invitrogen) +50uM 2-Mercaptoethanol (Sigma-Aldrich). On
day 10, IL2 (100IU/ml, Roche) and IL7 (5ng/ml, R and D) were added. Fresh

media and cytokines were added every 2-3 days until harvesting.

2.15.4 Restimulation of cell lines
7-9 days after priming, peptide was added to cultured cell lines at (10pg/ml). For
the subsequent restimulations cell lines were harvested and replated in 6 well
plates in 1ml of T cell medium. Frozen autologous PBMC were thawed and

pulsed with peptide for 3 hours at 37°C then added to plates at 1x107/ml/well.
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2.15.5 Phenotypic Analysis of Dendritic Cells
The phenotype of immature and mature dendritic cells was assessed using

surface stains with the following antibody panel:

Antibody Colour Marker concentration
APC-Cy7 Live/Dead 1:50

PE CD1la 1:50
PerCPCy5.5 CD86 1:100

PECy7 CD80 1:50

Brilliant Violet CD83 1:50

421

V500 CDh14 1:50

APC HLAII 1:50

Samples were run on a MACSQuant machine and analysed using Flow]Jo v9.6.1.

2.15.6 Peptides and tetramers for DC experiments

All peptides and tetramers were synthesised by Proimmune, Oxford. Peptides

were dissolved in DSMO then diluted in Rh10.

2.16 Statistical Analysis

Data was assumed to have a non-Gaussian distribution, so non-parametric tests
were used throughout. For comparison within an individual a paired test was
used (Wilcoxon matched pairs signed rank test). For comparison between
groups an unpaired test was used (Mann-Whitney). For correlation between two
variables, a Spearman’s r test was used. 2 tailed p values were used throughout,
and a p value <0.05 considered significant. Prism (v. 5.0d for Mac) was used

throughout.
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Study HCV0O02TV was an observational and descriptive safety study thus sample
size chosen based on sufficient numbers to allow determination of safety and

proof of concept of immunogenicity, rather than to obtain statistical significance.

2.17 Funding

Christabel Kelly was funded by The Wellcome Trust, UK.

Study HCV002TV was funded by the Medical Research Council UK through an

experimental medicine award. BEI Resources provided the peptides used.

2.18 Work done by others

IFN-y ELISpot assays performed at study protocol timepoints, using pooled
peptides, were performed by research assistants Tony Brown, Leo Swadling and
Rachel Townsend in the Klenerman and Barnes group. These were performed
using standard operating procedures and provided data used in Figure 3-8,
Figure 3-9, Figure 3-10, Figure 3-11, Figure 3-12, Figure 3-13, Figure 3-18,

Figure 3-19, Figure 3-20.

Proliferation assays were performed by Tony Brown.
IL28B assays were performed by Rachel Townsend.

Neutralising antibody assays were performed by Okairos.

Clinical care of patients in the study was provided by the clinical team at the John
Radcliffe Hospital/ University of Oxford: Dr Ellie Barnes (consultant), Dr Jane
Collier (consultant), Dr Christabel Kelly (clinical research fellow), Dr John
Halliday (clinical research fellow), Ms Lizzie Stafford (nurse), Ms Denise

O’Donnell (nurse).
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3 Is therapeutic vaccination safe and immunogenic?
3.1 Aims
To evaluate the safety and immunogenicity of ChAd3-NSmut and Ad6-NSmut in

patients with chronic HCV

3.2 Background

These vaccines have never before been used in patients with chronic HCV
infection, therefore the most important initial primary outcome measure of this
study was safety. Although the identical vaccine regimen was well tolerated in
healthy volunteers, described by Barnes and others, patients with chronic HCV
bring a unique set of comorbidities and a different immunological milieu, where
they have memory T cell populations to previous and concurrent viral quasi-
species and potentially diminished hepatic reserve (Barnes et al. 2012). Patients
in Arm A of this study also received concurrent IFN/RBV, which carry a
significant side effect profile of their own and may influence tolerability of
adverse events associated with vaccination (Fried et al. 2002). The first section
of this chapter outlines the enrollment process for each study group and
analyses the local and systemic adverse events possibly related to vaccination,

determined as described in Materials and Methods 2.4 p64 above.

The second key outcome from the study was immunogenicity, measured here
using a range of T cell assays: IFN-y ELISpot assays, proliferation assays,
pentamer stains and ICS. The effect of vaccination in three different contexts
was assessed: (i) vaccination with concurrent IFN/RBV versus vaccination

alone, (ii) vaccination with a high versus low viral load and (iii) double priming
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vaccination compared with single priming. T cell responses in a control cohort
receiving IFN/RBV alone (without vaccination) was used for comparison, given
the conflicting reports in the literature regarding the effect of IFN on T cell
responses (see Introduction p51). The study was not designed to show a
difference in viral clearance with [FN/RBV treatment (SVR) between patients
who made a T cell response to vaccination and those who did not, however viral

loads were followed over time in all patients.

3.3 Questions

(1) Can T cells be safely induced or recovered in patients with chronic HCV
infection?

(i)  What is the phenotype and functionality of T cells detected after
vaccination with ChAd3-NSmut and Ad6-NSmut?

(iii)  Is immunogenicity enhanced by vaccination after viral suppression
with IFN?

(iv)  What is the effect of vaccination on viral load?

3.4 Enrollment and clinical course of patients in HCV002TV

Patients with chronic HCV were identified in outpatient clinics and enrolled as
described in the section Materials and Methods. One group with 12 patients, who
received IFN/RBV treatment alone, was recruited as a control to compare the
effect of IFN/RBV alone on T cell responses. Their characteristics are shown in
Table 3-4. The other patients were stratified to the two vaccination arms of the
study, concurrent treatment (Arm A) and non-treatment (Arm B), according to
physician and patient preference. A schema of the enrollment process for

vaccinated patients is shown in Figure 3-1.
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In total, 36 patients were enrolled in Arms A and B, of whom 31 had samples
available for final immunology analysis (23 patients in Arm A and 8 patients in
Arm B). 5 patients were withdrawn from the study and 2 patients were lost to
follow up: 1 after screening (patient 108) and 1 at the final trial visit (patient
100) (Table 3-1). Of the patients who withdrew, patient 002-021 in Arm A1 had
arash likely related to priming vaccination and was replaced in order to
establish that it was safe to proceed to the next dose group in Arm A2. Patient
002-031 in Arm A2 withdrew due to stress related to venesection. One further
patient (002-045, Arm A4) withdrew late in the study after developing
thyrotoxicosis related to IFN/RBV therapy, however was included in
immunology analysis, as this patient continued to provide samples for
immunology up until week 32 of IFN/RBV treatment and had completed the

vaccination protocol.

Characteristics of the enrolled vaccinated patients are outlined in Table 3-3. All
patients were of Caucasian origin. The median age at enrollment of patients who
received at least one vaccination was 43 years (range 28-61). 21 (61.7%) were
infected with genotype 1a, 11 (32.4%) with genotype 1b and 2 (0.06%) had an

indeterminate genotype 1 subtype. The majority of patients (74%) were male.
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Table 3-1 Patients withdrawn or lost to follow up in HCVO02TV

Patient Arm Week Reason Vaccinations Included in
withdrawn received immunology
analysis
ChAd3 N
Rash possibly dueto  (5x108vp)
21 Al 14 vaccination prime
23 Al 11 Patient choice None N
32 Al 12 Pyschotic episode None N
ChAd3 N
A2 Difficulty with (5x10%vp)
31 22 venesection prime
Lost to follow up at All Y
100 A3 60 TW60
Following All Y
complications from
45 A4 32 IFN/RBYV,
Failed to attend any =~ None N
further visits after
108 A5 1 screening
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Figure 3-1 Patient enrollment in study HCVO0O2TV

Total: 36 patients enrolled
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Total Arm A available for immunoloy analysis = 23
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v v v
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Total Arm B available for immunology
analysis = 8

+1 patient from A1l and 1 patient from A2 were withdrawn following priming vaccination. 2 patients from Al and 1 patient from A5 withdrew prior to receiving
any vaccinations. * Withdrawn late in the study following complications from IFN/RBV treatment. Immunology samples availabile up until TW32 so included in

final analysis.
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3.4.1 Treatment Outcomes in Arm A

[t was expected, based on clinical experience that not all patients in Arm A would
complete therapy. Out of 23 patients who completed the vaccination protocol in
Arm A, 5 stopped treatment early as detailed in Table 3-2 below. SVR results
were available for 22 /23 patients. Results for one patient (002-100) who was
lost to follow up at week 48 were not available . RVR, EVR and SVR rates were
37.5%, 65.2% and 56.5% respectively (as defined in Table 1-1 p15), comparable
to the treatment response rates in the published literature for genotype 1
infection (Fried et al. 2002). This was comparable to the control arm where RVR,
EVR and SVR rates were 25%, 67% and 58% respectively. There was a higher
treatment discontinuation rate in the control arm, where 5/12 patients did not

complete 48 weeks of therapy (Table 3-4 p91).

Of the 10 patients in Arm A of HCVOO2TV who did not achieve an SVR, only 1 had
virological breakthrough while on therapy (patient 002-101). 1 patient who
stopped treatment after only 16 weeks (002-045) relapsed 8 weeks later. The
remainder of these patients relapsed after the end of treatment, despite

completing 48 weeks of therapy.

Table 3-2 Patients who stopped treatment with IFN/RBV early

Patient Arm Week Reason

stopped

therapy
002-036 A3 30 Neutropenia and recurrent infections
002-101 A4 24 Virological breakthrough on treatment
002-045 A4 16 Thyrotoxicosis
002-055 A5 24 Social reasons
002-056 A5 24* Severe rash

* stopped ribavirin at week 19
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There was no statistically significant difference in treatment outcome between
patients carrying the IL28B risk allele (GT or GG) and those homozygous for the
protective allele (SVR rates of 50% versus 63% respectively, p=ns by Fisher’s
exact test) (Figure 3-2). There were however only 6 out of the 23 treated
patients with SVR results, who carried the risk allele and there were no

homozygotes (GG) (Table 3-3).

Figure 3-2 SVR rates according to IL28B genotype in patients in Study HCV0O02TV

15+
@ 7T
_5 F—p=ns — G allele
T 10-
2 — p=ns —
5)
e I
€
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Z

0 T T
SVR NonSVR

Virological response to IFN/RBV therapy

SVR (sustained virological response) rates in 23 patients receiving IFN/RBV therapy and
vaccination (Arm A from study HCV002TV). IL28B status is shown, based on SNP rs8099917
where G is the risk allele and T is associated with HCV clearance.
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Table 3-3 Characteristics of patients enrolled in HCVO02TV Arms A and B

Patient Group Sex Age HCV  Fibrosis ALT Treatment Baseline RVR EVR SVR IL28B
subtype Score* Duration y;.110ad
(weeks) (1U/ml)
32 Al M 51 nd 1 40 WD 4.57 x10° Y Y na nd
23 Al M 46 nd 1 49 WD 72680 Y Y na nd
20 Al M 54 1 3 40 48 1.54x10° N Y Y TT
21 Al F 65 la 3 28 WD 1.98x10° Y Y na nd
30 Al M 56 la 4 28 48 15995 Y Y Y TT
24 A2 M 42 1b 3 69 48 11.3x10° Y Y Y TT
31 A2 M 36 la 2 56 WD 6.3x10° N N na TT
27 A3 F 33 1 2 18 48 22228 Y Y Y GT
28 A3 M 58 la 2 144 48 4.14x10° N N N TT
36 A3 F 32 1b nd 16 30 9199 Y Y Y TT
100 A3 M 24 1b 7.5*% 54 48 1.31x10° N Y nd GG
48 A3 M 53 la 4 84 48 2.93x10° N N N TT
50 A3 M 50 la 1 42 48 761224 N N N GT
39 A4 M 31 1b 1 72 48 11.5x10° N Y Y GT
101 A4 M 43 la 6* 71 24 1.89x10° N N N GT
102 A4 M 30 1b 1 151 48 584666 N Y Y GT
45 A4 F 35 la 2 74 wbD$ 343163 N nd na TT
106 A4 M 44 1la 5.4* 26 48 3.08x10° N N N TT
54 A4 M 44 la 0 44 48 824830 N N N GT
37 A5 M 35 1b 3 113 48 10.2x10° Y Y Y TT
38 A5 M 28 1b 2% 69 48 631606 Y Y Y TT
55 A5 M 35 1la 1 76 24 398842 Y Y Y TT
108 A5 M 36 la 4.8* nd WD 993615 nd nd nd TT
56 A5 F 61 1b 4 36 24 31025 Y Y Y TT
40 A6 M 39 1b 2 26 48 2.45x10° N N N TT
43 A6 M 54 1la 2 77 48 11.65x10° N Y Y TT
103 A6 M 36 1b 7.3* 59 48 36678 Y Y Y TT
25 A6 M 43 la 2 56 48 8.40x10° N Y N TT
34 B1 M 55 la 1 41 NA 9.03x10° NA NA NA TT
29 B1 F 49 1la 1 47 NA 392438 NA NA NA TT
35 B2 F 55 la 1 35 NA 831657 NA NA NA GT
44 B2 F 33 1b 1 51 NA 1.69x10° NA NA NA TT
46 B3 M 53 la 1 101 NA 2.79X10° NA NA NA GT
51 B3 F 43 la 1 76 NA 1.65x10° NA NA NA TT
52 B3 M 59 la 3 46 NA 2.55x10° NA NA NA GT
53 B3 M 49 la 2 31 NA 3868 NA NA NA TT

+= fibrosis was determined through histology (Ishak score) or non-invasive methods

(fibroscan)*. Ishak score ranges from 0-6 where 6=cirrhosis. WD= withdrawn na= not
applicable. Nd=not done. §=Pt 045 ceased treatment at week 16 due to thyrotoxicosis, then was
retreated at a later timepoint. Results here are based on the first treatment course. 1L28B status

is based on SNP rs8099917 where G is the risk allele and T is associated with HCV clearance.

RVR= undetectable viral load after 4 weeks of treatment. EVR= undetectable viral load after 12
weeks of treatment. SVR= undetectable viral load 6 months post end of treatment.
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Table 3-4 Characteristics of patients with chronic HCV infection in control cohort

Patient Sex Age Fibrosis Treatment Baseline RVR = EVR Treatment IL28B CMV FEC

score  Duration Viral load Outcome +ve at +ve at

(weeks) IU/ml screen = screen
001 M 54 2/6 12 1.19x10° N N NVR GT N Y
002 M 42 1/6 48 3.12x10° N Y SVR GT Y Y
003 F 48 2/6 48 1.53x10° N Y SVR TT Y Y
004 F 42 3/6 48 531000 Y Y SVR TT nd nd
005 M 46 2/6 48 334000 Y Y SVR TT nd nd
006 M 68 2/6 12 156000 N Y SVR TT Y Y
007 M 44 2/6 12 9.77x10° N N NVR TT N Y
008 F 41 1/6 48 5.57x10° N Y SVR TT N Y
009 M 30 nd 48 1.34x10° N Y NVR TT Y N
010 F 50 3/6 22 838000 N N NVR GT Y Y
011 M 46 4/6 14 32261 N N NVR GT Y N
012 M 43 3/6 48 17784 Y Y SVR GT Y N

nd= not done RVR= Rapid Virological Response (viral load<501U/ml at Wk 4). EVR= Early
Virological Response (undetectable viral load at Wk 12). SVR= Sustained Virological Response
(undetectable viral load 6 months following treatment completion). Fibrosis score determined by
liver biopsy prior to start of treatment *IL28B genotype based on SNP rs8099917 T=protective
allele G=risk allele

3.5 Is therapeutic vaccination in HCV002TV safe?

Vaccination was well tolerated. A dose escalation strategy of both the priming
vector (ChAd3) and the boosting vector (Ad6) was used (low 5 x 108vp, medium
5 x 10° vp and high 2.5 x 101%yp). Mild local and systemic effects were
consistent with those reported in previous adenoviral vector trials. Figure 3-3
and Figure 3-4 detail local adverse events following vaccination. The most
common adverse event was localised pain following vaccination in 56% and 29%
of patients receiving ChAd3-NSmut prime and Ad6-NSmut boost respectively.
This was mild in all but one individual who reported moderate discomfort. Local
pain was more common as ChAd3 dose increased, with 33% of patients
reporting pain following low or medium dose priming vaccination compared

with 66% following high dose vaccination (Figure 3-3b).
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Figure 3-3 Local adverse events (AEs) possibly, probably or definitely associated with vaccination
with ChAd3-NSmut.
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Total number of vaccines given in each group is in brackets. a) local AEs by severity. b)
comparison of AEs after lower dose (5 x 108vp, and 5 x 10° vp) and high dose (2.5 x 101%p). c)
comparison of patients receiving concurrent IFN/RBV therapy (Group A) with those receiving
vaccination alone (Group B).

Figure 3-4 Local adverse events (AEs) possibly, probably or definitely associated with vaccination
with Ad6-NSmut.
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Total number of vaccines given in each group is in brackets. a) local AEs by severity. b)
comparison of AEs after lower dose (5 x 108vp, and 5 x 10° vp) and high dose (2.5 x 101%p). c)
comparison of patients receiving concurrent IFN/RBV therapy (Group A) with those receiving
vaccination alone (Group B).
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Systemic adverse events following vaccination are detailed in Figure 3-5 and
Figure 3-6. These were generally mild in nature. Malaise, fatigue and headache
were the most common systemic adverse events following ChAd3 priming,
present in 29%, 34% and 36% of patients respectively. These were less common
following boosting with Ad6-NSmut, being reported after 13%, 16% and 16% of
vaccinations respectively. A rash was reported in 9% of individuals following
ChAd3 vaccination and was moderate in severity in one case, causing the patient
to be withdrawn from the study (patient 002-021). These all occurred in
patients on concurrent IFN/RBV therapy. No rashes were reported following

Ad6-NSmut vaccination.

Overall, although there was no statistically significant difference between the
number of adverse events between Arms A and B, there was a trend towards
more adverse events in Arm A, many of which were also common side effects of
IFN/RBV. I tried to account for the effect of concurrent IFN/RBV by only
recording an increase in symptoms from a pre-vaccine baseline, however given
the ongoing use of [IFN/RBV in Arm A patients it is difficult to clearly attribute

the cause of some adverse events to vaccination.

Systemic adverse events were predominantly mild. Systemic AEs classed as
moderate following ChAd3 vaccination were arthralgia, diarrhoea, depression,
feeling feverish and headache in separate individuals. Moderate AEs following
Ad6 vaccination were generalised pruritus, sore throat, abdominal pain, knee
swelling and a significantly raised ALT in one individual. Changes in ALT are

discussed further in the following section.

There were no serious adverse events associated with vaccination.
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Figure 3-5 Systemic adverse events (AEs) possibly, probably or definitely associated with
vaccination following ChAd3-NSmut
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Total number of vaccines given in each group is in brackets. a) systemic AEs by severity. b) AEs
after low dose (5 x 108vp, medium 5 x 109 vp) and high dose (2.5 x 101%vp). ¢) comparison of
patients receiving concurrent IFN/RBV therapy (Group A) with those receiving vaccination alone
(Group B). Other AEs following ChAd3 vaccination were: cough, dry skin, itchy eyes, non-
specifically unwell and abnormal clotting parameters.
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Figure 3-6 Systemic adverse events (AEs) possibly, probably or definitely associated with
vaccination following Ad6-NSmut
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Total number of vaccines given in each group is in brackets. a) systemic AEs by severity. b) AEs
after low dose (5 x 108vp, medium 5 x 109 vp) and high dose (2.5 x 1010vp). ¢) comparison of
patients receiving concurrent IFN/RBV therapy (Group A) with those receiving vaccination alone
(Group B).. Other AEs following Ad6 vaccination were: small area of facial hair loss,
hypothyroidism, monoarthritis, feeling shaky, mouth ulcers, raised blood sugars, sore throat,
constipation and abnormal Alkaline Phosphatase.

3.5.1 Changes in ALT following vaccination
I closely monitored ALT levels, as a surrogate marker of liver inflammation, in all
patients. In the group receiving vaccination alone (Arm B) there were no new
elevations in ALT possibly or probably related to vaccination. This was defined
as any elevation in ALT above the upper limited of normal, which occurred
within 8 weeks of vaccination and was 230% higher than a pre-vaccine ALT
level. This definition was chosen as one which would capture the largest number

of potentially related changes in ALT whilst taking into account normal
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fluctuations in ALT levels. In the group receiving concurrent IFN/RBV therapy
there was one transient flare in ALT in patient 002-038 where ALT peaked at
339 IU/ml, 11 weeks after boosting vaccination (Figure 3-7b). This was not
associated with the reappearance of a positive HCV viral load (virological
breakthrough). A liver biopsy at the end of treatment (23/5/11) revealed non-

specific inflammation and ALT returned to baseline levels within 6 weeks.

[ therefore examined the relationship between ALT and immunogenicity and
found no association with change in ALT and immune responses (Figure 3-7a)
r=-0.08 p=ns). Indeed, ALTs in the two individuals with the strongest immune
responses (002-027 and 002-039) either decreased or stayed the same following

vaccination (data not shown).
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Figure 3-7 Changes in ALT in relation to immune responses and over time in two individuals
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a) Change in ALT from post vaccination to screening is shown in patients receiving high dose
vaccination in Arms A and B. This is correlated with immunogenicity represented by peak IFNy-
ELISpot. b) The kinetics of ALT over time in patient 038 in relation to vaccination is shown.

3.6 Kinetics of T cell responses in patients receiving low (5x10%vp) and
medium (5x10°vp) dose vaccination

First the immunogenicity of heterologous adenoviral vaccination was assessed

using escalating doses of ChAd3 (priming vector) and Adé6 (boosting vector) in
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patients receiving concurrent treatment with IFN/RBV (Arm A) and in those
receiving vaccination alone (Arm B). In the low and medium dose groups in Arm
A, vaccines were administered 10 weeks apart following a 2 or 14 week lead in
with IFN/RBV at 5 x 108vp (A1) and 5 x 10%vp (A2). In the low and medium dose
groups in Arm B, patients received prime/boost vaccines 10 weeks apart, at
5x108vp (B1) and 5 x 10%vp (B2) (see Materials and Methods).

[FN-y ELISpot studies demonstrated that low and medium dose vaccinations
were poorly immunogenic (Figure 3-8a). In the 3 patients who completed the
vaccination protocol, only 2 had detectable positive T cell responses, however
these were weak (0-68 SFC/10°PBMC(C) and did not show any temporal

relationship with vaccination.

In patients receiving vaccination alone (Arms B1 and B2), 2 individuals (patients
034 and 044) made small non-sustained T cell responses to the NS proteins
contained within the HCV vaccine immunogen, 2 weeks following vaccination
(range 57-102 SFC/10PBMC) (Figure 3-8b). However overall, responses were
reduced compared with those induced in healthy volunteers primed with this
regimen in a previous study (HCV001), where 1 out of 4 individuals responded
to low dose priming and 3 out of four individuals responded to medium dose

priming (mean, 905.5; range 10 to 3227) (Barnes et al. 2012).
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Figure 3-8 Magnitude and kinetics of T cell responses after low and medium dose vaccination with
ChAd3-NSmut (prime) and Ad6-NSmut (boost).
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Kinetics of ex vivo IFN-y ELISpot responses over time by individual, from patients vaccinated
with ChAd3-NSmut prime and Ad6-NSmut (dose escalation 5X108 to 5X10° vp/ml) in patients
receiving a) concurrent IFN/RBV therapy (Arms A1, A2) (patients 20, 30, 31, 24) and b)
vaccination alone (Arms B1, B2) (patients 029, 034, 044, 035). Patient 31 withdrew after week
16 of the trial. T cell responses represent summed responses to peptide pools containing the NS
proteins. The minimum value shown is 10SFC/10¢PBMC.

3.7 Tcell responses in patients receiving high dose vaccination (2.5x10'°vp)
and concurrent IFN/RBV therapy

Next, patients were vaccinated with a high dose heterologous prime/boost
regimen (2.5x101%p) with (Arm A3-A6) or without (Arm B3) concurrent PEG-
[FNa/RBV. Arms A3, A4 and B3 received a single priming vaccination with
ChAd3-NSmut followed by boosting vaccination with Ad6-NSmut 10 weeks later.
Arms A5 and A6 received two priming vaccinations 4 weeks apart, followed by

boosting vaccination 10 weeks later.

In Arm A, T cells specific for HCV antigens were detected by IFN-y ELISpot in
11/20 patients who received high dose vaccination, of whom 6 developed new
responses not detected prior to vaccination, 3 made new T cell responses as well
as augmenting pre-existing responses and 2 increased pre-existing responses

only. AT cell response to vaccination was defined (as described in Materials and
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Methods) by:
an IFN-y ELISpot response = 39 SFU/106 PBMC which was either:
(i) an increase in a pre-existing response by >30% or

(i) a new T cell response not detected prior to vaccination.

Overall, after boosting there was a statistically significant induction of T cell
responses after boosting compared with baseline (median peak boost 76

SFC/106 PBMC; range 0-2953) (p=0.002) (Figure 3-9).

Figure 3-9 Increase in magnitude of T cell responses measured by IFNy-ELISpot in patients
vaccinated with ChAd3-NSmut (prime), Ad6-NSmut (boost), while on concurrent IFNo. /RBV therapy.
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Peak IFNy-ELISpot responses following priming and boosting vaccination are shown. Responses
on the y axis represent summed responses to positive pools representing the NS proteins in the
vaccine immunogen. Individual patients are represented. Median values= horizontal bar. Arm
A3: Prime wk 14/boost Wk 24; Arm A4: Prime Wk 2/ Boost Wk 12; Arm A5: Prime Wk 14 and
Wk 18/ boost Wk 28; Arm A6: Prime Wk 2, Wk 6/ boost Wk 16 of treatment. p values
determined by Wilcoxon matched-pairs signed rank test.

Next T cell responses in patients receiving IFN/RBV treatment alone, without
vaccination, were assessed. There was no statistically significant increase in
peak IFN-y ELISpot response from screening (p=ns Figure 3-10), with the highest
response recorded at any time point during treatment being 72 SFC/106 PBMC
with a median of 15 SFC/106 PBMC (range 0-72).
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Figure 3-10 T cell responses to HCV Non-structural proteins, during treatment with IFN/RBV in
control arm of HCVO02TV
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Peak IFNy-ELISpot responses at any timepoint during treatment with IFN/RBV in
patients not receiving vaccination. Responses on the y axis represent summed
responses to positive pools representing the NS proteins in the vaccine immunogen.
Individual patients are represented. Median values= horizontal bar. p values
determined by Wilcoxon matched-pairs signed rank test, based on 6 patients for whom
screening samples (pre-treatment) were available. (patients 001, 006. 008, 009, 010,
011,012)

The kinetics of T cell responses in vaccinated patients was next assessed. There
was a temporal relationship between vaccination and development of T cell
responses, with peak IFNy production detected 2 to 4 weeks following
vaccination in the majority of patients (Figure 3-11). There was no statistically
significant difference in SVR rates in arms A3-A6 between vaccine responders
and non-responders (4/9 vaccine responders achieved SVR compared with 6/10
non-responders Fisher’s exact test p=ns), although the study was not powered to

address this.

Amongst patients not on treatment (Arm B3) 2/4 patients made T cell responses
following vaccination, however responses were lower than in Arm A (Figure
3-11e). The median post prime response was 76 SFC/10°PBMC; range 0-435,
and median post boost response 121 SFC/10°PBMC; range 0-390. These were

not statistically significantly increased from a baseline median of 0
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SFC/106PBMC; range 0-192. The kinetics of T cell responses by individual

patients is shown in Figure 3-11.

Figure 3-11 Magnitude and Kkinetics of HCV specific T cell responses after high dose vaccination with
ChAd3-NSmut (prime) and Ad6-NSmut (boost).
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3.7.1 What is the optimal vaccine regimen?

There were three different vaccination strategies assessed in this study;
vaccination with or without concurrent antiviral therapy, vaccination in patients
with a low viral load (on IFN/RBV) versus those with a high viral load and finally,

single prime versus double prime vaccination.

3.7.1.1 Does concurrent IFN/RBV therapy impact on vaccine responses?
It is possible that IFN therapy could inhibit T cell responses and therefore impair
vaccine immunogenicity. To explore this, a small group of 4 patients (Arm B3)
received high dose vaccination without concurrent IFN/RBV. As demonstrated
in Figure 3-11e, there were only 2 patients who mounted a vaccine response and
this did not have a clear kinetic relationship to vaccination. One of these,
(patient 002-053) also had an unusually high baseline T cell response, however
did make a response to new peptide pool after vaccination (see Table 3-5 p121).
Although it is difficult to directly compare T cell responses in Arm A and Arm B
statistically due to the small sample size in Arm B, there was no indication that
an IFN free vaccination regime would boost T cell responses. The median peak
boost responses were similar between the Arms (121 SFC/10% PBMC in Arm B
compared with 76 SFC/106 PBMC in Arm A) but there were no high magnitude
responses as seen in certain individuals in Arm A (for example patients 027 and

039).

The other variable present in Arm B was that of ongoing viraemia at the time of
vaccination: at priming the median viral load was 1.22x106 copies/ml and at
boosting 2.06 x106copies/ml. The effect of vaccination in the context of viraemia

is explored further in the following analysis.
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3.7.1.2 Is vaccinating in the context of a low viral load better than vaccinating
with a high viral load?

Mouse models of LCMV infection have shown that therapeutic vaccination after a
period of viral suppression is more efficacious than vaccinating when viral load
is high (Wherry, Blattman and Ahmed, 2005). Therefore I compared vaccination
with a low viral load after 14 weeks of IFN/RBV therapy (Arms A3 and A5) with
vaccination given after 2 weeks of IFN/RBV treatment (Arms A4 and A6). For
clarity I will refer to these two groups as the late and early vaccination groups

from this point onwards.

Figure 3-12 Comparison of T cell responses to early versus late vaccination and single versus double
priming vaccination with ChAd3-NSmut/NSmut

' p=ns 1 b I p=ns |
) 210000 | pns i ) S 10000 = p=ns !
& = p=ns — =p=002— ) }— p=0.004 —| b— p=ns ——|
4 v = A
u A i A
I 1000- £ 1000
i i
= v = A
Q AA v 0 A v’
3 °® L, a " 5 oq00] ©° La
100 1 v
£ | Y9 A v & Py A v
o v S A -
6 10000t —dduk— . —F¥¥¥— 6 10 e —ta— - - R
Prime Boost Prime Boost Prime Boost Prime Boost
Early Vaccination (A4, A6) Late Vaccination (A3, A5) Single Prime (A3, A4)  Double Prime (A5, A6)

Peak magnitude IFNy-ELISpot responses to summed NS pools (see Materials and Methods) are
shown, by individual. Group medians are shown (horizontal bars). a) T cell responses in groups
receiving early vaccination at wk 2 of IFN/RBV treatment (A4 and A6) and late vaccination at wk
14 of IFN/RBV treatment (A3 and A5). b) T cell responses in groups receiving a single priming
vaccination (A3 and A4) compared with double priming vaccination (A5 and A6). p values were
determined by Mann-Witney (unpaired data) and Wilcoxon matched-pairs signed rank test
(paired data).

Viral loads were effectively suppressed in the late vaccination group. At the time
of priming, 9/10 patients had an undetectable viral load and all had a negative
viral load by the time of boosting. In the early vaccination group, median viral

load at the time of first prime was 11,441 IU/ml (range 0-241,115),and 1/10
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patients had a negative viral load. By the time of boosting (at week 12 in Arm A4
and week 16 in Arm A6), 5/10 patients had an undetectable viral load, 3/10 had
a detectable but unquantifiable viral load (<15 IU/ml) and one patient had a low
level 0of 998 IU/ml. Data was unavailable for one individual due to technical

difficulties.

Similar numbers of patients mounted a vaccine-induced T cell response in the
early and late vaccination groups: 6/10 in the early vaccination arms, compared
with 7/10 in the late vaccination arms (p=ns) (Figure 3-12a). The highest
response was seen in the late vaccination arm (2953 SFC/106 PBMC(C), however
overall there was no difference in magnitude of responses between these two
groups (Figure 3-12a). Median peak boost response was 63 SFC/10PBMC
(range 0-1505) in the early vaccination arms, compared with 73 SFC/106PBMC
(range 0-2953) in the late vaccination arms. Neither group showed a significant
increase between screening and T cell responses after priming (data not shown)
however only the late vaccination arms showed a significant increase in T cell
responses between priming and boosting. Aside from this, there was no
demonstrable benefit to vaccination following a prolonged period of viral

suppression.

3.7.1.3 Is double priming more effective than single priming?
[ also assessed the effect of administering a double prime vaccination 4 weeks
apart (in Arms A5 and A6) compared with a single prime (Arms A3 and A4). 4/8
patients had positive T cell responses to vaccination in the double prime arms
(median 36.5 SFC/10% PBMC; range 0-317) compared with 7/12 individuals

receiving single prime (median 107 SFC/106 PBMC; range 10-2953), which was
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not statistically significant (Fisher’s exact test) (Figure 3-12b). There was no
difference in magnitude of responses to priming between the two groups,
however the single prime arms did show a significant increase in peak T cell
responses between priming and boosting, unlike the double prime arms. There
was also a trend towards higher responses in the single prime arms as illustrated
in Figure 3-13 p107. The two highest responses were seen in the single prime
arms (2953 and 1505 SFC/10¢ PBMC in Arms A3 and A4) whereas the highest
response in a single individual in the double prime arms was 317 SFC/10°¢ PBMC

(Arm A6).
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Figure 3-13 Magnitude and Kinetics of T cell responses to HCV antigens after single and double
priming vaccination with ChAd3-NSmut/Ad6-NSmut.
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3.8 Antivector Immunity

One explanation for the trend towards lower T cell responses in the double
prime arms (A5 and A6) is that repeat exposure to adenoviral vectors induces

antivector immunity. This was assessed through measuring neutralising
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antibody (nAb) titres as well as T cell responses to Ad6-NSmut and ChAd3-

NSmut.

3.8.1 Antivector Antibodies at baseline
At baseline, there was no statistically significant difference in either anti-Ad6 or
anti-ChAd3 antibodies in the single prime arms compared with double prime
arms (Figure 3-14). Patients with a nAb titre >200 were excluded from study
enrollment (See Materials and Methods). nAbs were detected using an in vitro
infectivity assay, performed by Okairos, which measures the ability of
adenoviruses to infected a cell line after being incubated with serum from

vaccinated patients.

Figure 3-14 Levels of antivector antibodies prior to vaccination in single prime compared with
double prime arms in patients receiving concurrent treatment with PEGa-IFN/RBV
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3.8.2 Antivector antibodies following vaccination with ChAd3/Ad6

3.8.2.1 Antibodies induced by priming with ChAd3

Following priming vaccination, nAbs were readily detectable not only to the
homologous vector ChAd3, but also to the heterologous vector Ad6 (Figure
3-15). After the first priming vaccination, there was no difference in induction of
antivector antibodies between the single and double prime arms. However,
following the second priming vaccination, levels of anti-ChAd3 nAbs were higher
in the double prime compared with single prime arms (p=0.013 Figure 3-15a).

This difference was maintained at the time of boosting (Figure 3-16).

Antibodies that were cross-reactive with the heterologous vector (Ad6) also
increased in some individuals following priming with ChAd3 (Figure 3-15b). In
the double prime arms, 3 out of 8 patients had positive anti-Ad6 nAbs (titre
>200) following a second priming vaccination (median 141; range 0-4608),
compared with 1 out of 8 after the first priming vaccination (median 70; range 0-
2445) (p=ns). This was similar to the single prime arms where only 1 out of 12

patients developed post prime anti-Ad6 nAbs (median 60; range 0 to 357).
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Figure 3-15 Induction of antivector antibodies post priming vaccination with ChAd3-NSmut
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3.8.2.2 Antibodies at and after boosting

Cross-reactive antibodies between heterologous adenoviruses, generated during

a prime/boost strategy may significantly inhibit the T cell responses generated

by the boosting vector. I evaluated the magnitude of cross-reactive antibodies

generated in the single and double prime arms at the time of boosting and also

the level of nAbs generated after boosting. Although there were more anti-

ChAd3 antibodies in the double prime arms than in the single prime arms at the

time of boosting (p=0.003) (Figure 3-16a), there was no significant difference in

levels of cross-reactive anti-Ad6 nAbs (Figure 3-16b). After boosting, nAbs to

ChAd3 and Ad6 both increased in the single prime arms (p=0.003), however not

in the double prime arms.
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Figure 3-16 Induction of antivector antibodies post boosting vaccination with Ad6-NSmut
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(ChAd3) at the time of boosting, and 4 weeks post boosting in single prime and double prime
arms b) nAbs to the boosting vector (Ad6) at the time of boosting, and 4 weeks post boosting in
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It is possible that the higher induction of antivector antibodies amongst the
single prime arms could reflect better immunogenicity of vaccination overall.
However anti-ChAd3 nAbs correlated negatively with peak [FN-y ELISpot
responses (r=-0.48, p=0.03) and anti-Ad6 nAbs also trended in this direction
although did not reach significance (r=-0.44, p=0.05) (Figure 3-17a and b). In
contrast, anti-vector T cells correlated strongly with a more robust T cell

response to the vaccine insert (r=0.9, p=0.0001(Figure 3-17c), reflecting

stronger vaccine immunogenicity in those patients.
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Figure 3-17 Correlation between antivector immunity and immunogenicity of the HCV immunogen
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3.8.3 Antivector T cell responses

There was no significant correlation between antivector T cell responses (to
adenoviral hexon proteins) and anti-HCV T cell responses induced by vaccination
(Figure 3-17c), as illustrated by the T cell responses charted by individual in Arm
Ain Figure 3-18. For example in Arm A3, 002-036 was a very strong responder
to the vector (peak 600 SFC/10¢ PBMC) however made almost no response to

the insert (peak 58 SFC/10° PBMC) (Figure 3-18a). Similarly in Arm A4, patient
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002-101 was one of the strongest T cell responders to the vector, however made
no HCV specific response (shown previously in Figure 3-11a p102). This
suggests that in some individuals it was possible to prime T cells to one antigen
(the hexon) but not another (the HCV immunogen). This is supported by the
larger magnitude responses overall to the hexon; the median peak post prime
and peak post boost T cell responses in patients were 276 SFC/10¢ PBMC (range
77-1193) and 356 SFC/106 PBMC (range 133-1995) respectively. These
responses were overall similar to those seen in healthy volunteers vaccinated
with this regimen (Figure 3-18e). Although data is only available in 5 volunteers,
there was no significant difference in healthy volunteers’ T cell responses to the
hexon measured 2 weeks after priming and boosting (median post prime 57
SFC/106range 30-706, median post boost 181 SFC/10°¢ range 90-442) and that
of patients with chronic HCV (median post prime 275 range 10-995 SFC/10¢,

median post boost 295 SFC/106 range 118-622 (Figure 3-19).
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Figure 3-18 Anti-vector T cells following vaccination in Arm A and in healthy volunteers
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Magnitude and kinetics of T cell responses to the hexon protein contained within the adenoviral
vectors ChAd3 and Ad6. a)-d) Patients were vaccinated with 2.5 X 1010vp ChAd3 prime
followed by Ad6 boost in conjunction with IFN/RBV therapy. Arms A3 (a) A4 (b) A5 (c) A6 (d)
are shown. e) Healthy volunteers from group 10 in study HCV001 primed with ChAd3-NSmut
and boosted with Ad6-NSmut (2.5 X1010vp) are shown (data provided courtesy of Dr. E. Barnes)
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Figure 3-19 T cell responses to the adenoviral hexon in patients with chronic HCV compared with
healthy volunteers, vaccinated with ChAd3-NSmut and Ad6-NSmut.
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from group 10 in study HCV001 were primed with ChAd3-NSmut and boosted with Ad6-NSmut
(2.5 x1010yp). Post boost data from volunteer 001-058 was not available. Other volunteers were
001-056,001-060, 001-062) (figure derived from data provided by Dr. E. Barnes)

3.8.4 Do baseline HCV specific T cells predict response to vaccination?

[t is possible that individuals with pre-existing T cell responses at baseline will
be more likely to respond to vaccination either due to (i) an increase in those
pre-existing responses, or (ii) a predisposition to generating HCV specific T cell
responses. In Arm A, baseline T cell responses were shown to correlate
moderately with peak at any time point (r=0.5 p=0.02) (Figure 3-20a), as well as
peak prime and peak boost responses (r= 0.6 p=0.005, r=0.5 p=0.02

respectively) (data not shown). Response to priming vaccination also predicted
response to boosting vaccination r=0.74, p=0.004 (Figure 3-20b). In Arm B, none

of these factors were statistically significant (Figure 3-20c-d).
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Figure 3-20 Correlation between baseline, peak prime and peak boost T cell responses to
vaccination in Arms A and B.
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Correlation between ex vivo IFN-y ELISpot responses by individual at baseline and post
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concurrent I[IFN/RBV therapy (Arm A) or vaccination alone (Arm B). a) and c) correlation
between screening and peak response post vaccination. b) and d) correlation between peak
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3.9 Mapping of peptide specific T cell responses

3.9.1 Breadth

The breadth of T cell responses to HCV has been correlated with clearance of
acute infection in both human and animal studies (Lauer et al. 2004; Lechner,
Wong, et al. 2000). The breadth of vaccine-induced responses was assessed with
IFN-y ELISpot assays using peptides grouped into six peptide pools of 73-112
peptides each, representing the NS3-NS5 immunogen (pools F/G=NS3, pool H=
NS4A/B, pool I= NS5A, pools L/M= NS5B (see Materials and Methods, p68). 10
healthy volunteers vaccinated with these vaccines recognised a median of 4.5
pools, with 2 people recognizing all six pools (Figure 3-21b). In contrast, most
patients with chronic infection responded only to a single pool, although 3
patients (1 from Arm A3, 1 from Arm A4 and 1 from Arm B3) recognised 5, 4 and

4 pools respectively (Figure 3-21a).
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Figure 3-21 Breadth of T cell responses following vaccination with high dose ChAd3-NSmut/Ad6-
NSmut.
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Number of vaccine related positive pools is shown (see Materials and Methods) measured at any
timepoint following vaccination by IFN-y ELISpot. Assays were performed using peptides
grouped into six peptide pools of 73-112 peptides each, representing peptides from the NS3-NS5
immunogen (pools F/G=NS3, pool H= NS4A/B, pool I= NS54, pools L/M= NS5B). Individual
patients are represented by symbols. Group median is indicated by the horizontal bar. a) Study
groups from HCVOO2TV are represented on the x axis. Patients in Arm A received concurrent
[FN/RBV therapy, Arm B received vaccination alone. b) comparison between patients with
chronic HCV from study HCVO02TV and healthy volunteers from study HCV001. 001 volunteers
are from Group 7 and Group 10. Group 7 (001-026, 001-032,001-038,001-039, 001-037)
received double priming with ChAd3NSmut followed by Ad6-NSmut boost 2.5 X 101%vp. Group
10 (001-056,001-058,001-059, 001-060, 001-062) received single priming with ChAd3NSmut
followed by Ad6-NSmut boost 2.5 X 101%p. Figure derived from data provided by Dr. E. Barnes.
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3.9.2 Identifying the optimal epitope targets of vaccine-induced T cells

Next, T cell responses were mapped to minipools and then to individual peptides
using sequential IFN-y ELISpot assays, where positive peptide pools were
divided into subpools then into individual peptides. Where possible, the optimal
epitope within the peptide was also identified. In 11 out of 15 patients where T
cell responses could be mapped to the target peptide (Table 3-5), a total of 15
antigenic targets were identified across the non-structural immunogen (Figure
3-22). The most immunodominant epitope was NS31406 (kLsGLGINAV), Where
responses were identified in 5 out of the 11 mapped patients and in 25% of all
HLA-A2 positive patients receiving high dose vaccination (Table 3-5). Of note,
despite the inclusion of 8 HLA-A1 patients in this study, there were no
responders to the HLA-A1 restricted epitope NS31446 (aTDALMTGY) Which was
frequently targeted in healthy volunteers vaccinated with this regimen (Barnes
et al. 2012). Other responses were identified across the non-structural insert

from NS3 up to the final peptide in the insert in NS5B.
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Figure 3-22 Epitopes targeted by vaccine-induced T cells, in patients vaccinated with ChAd3-NSmut
and Ad6-NSmut.
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The black rectangle is a schematic representation of the HCV genome from NS3-NS5B. Non-
structural regions of the HCV genome are separated by vertical black lines. Epitopes targeted by
vaccine-induced T cells are represented by different coloured vertical lines at the corresponding
position along the HCV genome, and the amino acid sequence at each epitope is shown in the
ringed box below each coloured line.
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Table 3-5 Mapping of T cell targets from patients in Study HCVO02TV, who have made T cell
responses following vaccination with ChAd3-NSmut (prime) /Ad6NS-mut (boost).

E ::F g ; pre-vaccination +ve post vaccination +ve Mapped to peptide
= ] .
Group | = | T | T | pools(FNy-ELiSpot Y o s (IFNy-ELISpot SFC/10°PBMC, (parent pool)
(vaccines) SFC/10°PBMCs) week of peak response)
Non- R R Vaccine
R Vaccine Non-vaccine
vaccine
Al 202 30[18 8|5 7 - - - - -
(Wks 14,24) | 30 |68 253 51| 6 A (125) F (58) A (135, Wk16) - -
A2 24 |2 2|44 27|5 1 A (205) - A (408, Wk26) - -
(Wks14,24) | 31 (29 2[44 |5 16 A X i - -
27 |30 2 ][44 7 5| A(57) F (40), D (155, Wk26)  F (213, Wk26), CVNGVCWTV (F)
G (748, Wk26), KLSGLGINAV (G)
G (45), H (922, Wk26), LTTGSVVIVGRIILS/
H (170), L (918, Wk26), | SVVIVGRIILSGRPA* (H)
M (152, Wk26) | QEFDEMEECASHLPY* (H)
ILAGYGAGVAGALVA* (H)
RVCEKMALYDVVSTL* (L)
A3 L (120) RPRWFMLCLLLLSVG* (M)
(Wks 14,24) | 28 (11 2 )44 37| 6 A(672), B A (553, Wk26), G (88, Wk26) KLSGLGINAV* (G)
(38) ’ - B (43, Wk26), H (43, Wk26),
C (35, Wk26) M (35, Wk26)
36 |3 2[44 51|16 14 A (65) = -
100|124 2|13 60 10 . - - -
481 3|8 35 7 A (72) - A (50, Wk16) -
50| 2 30| 8 49 A(172 A (102 WK16 F (50, Wk38), KLSGLGINAV (G)
( ) ( ! ) G (388, Wk28)
39124 3013 7|6 7 G (80, Wk14), TPSPAPNYSRALWRV/
H (85, Wk14), | APNYSRALWRVAAEE* (1)
= 5 = 1(794, Wk14), FQVGLNQYLVGSQLP* (1)
L (37, Wk14), LSRARPRWFMLCLLL/
M (510, Wk14) |RPRWFMLCLLLLSVG* (M)
A4 10124 381 35|18 D (45) - B (31, Wk14) - -
(Wks 2,12) J102|68 3|27 39|11 7 B M (52) - M (104, Wk20) -
45111 118 7|7 A (44) G (238, Wk14) HSKKKCDEL (G)
! - VTLTHPITKYIMACM (G)
C(84) C (103, Wk16)
106| 3 29|35 4 8 A (158) - A (131, Wk16) -
54123 2027 7 71 a3 M (72) A (50, Wk20) M (110, Wk20) ARMILMTHF (M)
371 2|49 44| 5 7] A(150),C A (100, Wk18), C L (40, Wk18)
(39) (58, Wk32)
38 |66 2|41 18| 7 17] A(148),B . A (91, WK18) -
A5 (3R]) ’
(Wks 55|12 2|13 39| 6 12 F (88 Wk36), CVNGVCWTV (F)
G (112, Wk36), KLSGLGINAV (G)
14,18,28) i
ARz 0 ) M (143, Wk36) LTRDPTTPLAR* (M)
562 30(18 8|6 5 - - - -
40 124 2|60 7|7 10 G (145, Wk8), KLSGLGINAV (G)
A (48) -
A6 43 (2 62 7|7 10| A(132) - A (157, Wk8) - -
(Wks 2,6,16) 103 2 2|44 5 16 F (67, Wk10), CVNGVCWTV (F)
A (80) F (120) A (92, Wk4) G (164, Wk18) KLSGLGINAV (G)
2512 6818 65|17 8 - . - -
B1 29 |29 144 57|12 8 B - B
(Wks 4,14) | 34 [24 68|65 35[ 6 16] A (90) - A (115, Wk14) 1 (56, Wk16)
B2 35| 2 23|44 62| 4 10 = > - B
(Wks4,14) |44 |2 1|8 44[4 7] A@s5) - A (37, Wk6) G (102, Wk6)
46 |1 2|8 44| 4 7 A (43) - A (79, Wk18) -
5111 3218 5112 5 A (78) - A (88, Wk18) -
B3 52|11 2|7 65[7 8] A(39) G A (48, WK6) G (200, Wk16) | GINAVAYYRGLDVSV (G)
(Wks 4,14) | 53| 2 26[64 8 F (52) F (92, Wk8), CVNGVCWTV (F)
A (108 H(165)I A (109 WkE G (50, Wke6), Fh (minpool only)
(108) |(43)' (109, ) H (270, Wk6), ALVVGVVCA (G)
1(81, Wk6) Hf (minipool only)

* CD8 depletion IFNy-ELISpot performed. New positive pools after vaccination are shown in bold

and red type.
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3.9.3 2 novel epitopes are identified
Many of the epitopes identified in Figure 3-22 are well described in the setting of
natural infection, suggesting that HCV specific T cells relevant to natural in vivo
immune responses are generated. Where epitopes were not well described, |
aimed to identify the optimal (shortest most immunogenic) epitope within the
peptide by performing IFN-y ELISpot assays using peptides of different lengths.
Two novel epitopes were identified using this method: NS4B1g91-1899

(ALVVGVVCA) in patient 053 and NS5B2g04-2814, (LTRDPTTPLAR) in patient 055.

Figure 3-23 Identification of novel epitopes NS4B1s91-1899 (ALVVGVVCA) and NS5B2g04-2814,
(LTRDPTTPLAR).

E ALVVGVVCA

3 0.3 003 0.003
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Comparison of IFNy-ELISpot responses to optimal length peptides in 2 patients 002-053 (a-b)
and 002-055 (c-d), following vaccination with ChAd3-NSmut/Ad6-NSmut. a) magnitude of
response at 3pg/ml to possible optimal peptides in patient 002-053 b) IFNy-ELISpot responses
to serially diluted peptides on thawed cells at week 22 in patient 002-053 ¢) magnitude of
response at 3pg/ml to possible optimal peptides in patient 002-055 d) IFNy-ELISpot responses
to serially diluted peptides on thawed cells at week 37 in patient 002-055.

122




Chapter 3 HCVO002TV Safety and Immunogenicity

In patients 053, responses were mapped to the peptide NS4B1s97-1901,
LSPGALVVGVVCAAI To define the optimal epitope, seven different peptides
were trialed (Figure 3-23a). It was not possible to differentiate between the
immunogenicity of two versions GALVVGVVCA and ALVVGVVCA until peptide
titration was performed, where it became clear that at lower, more physiological
concentrations, ALVVGVVCA was the most likely epitope (Figure 3-23b). Since
neither this epitope nor this 15 amino acid long peptide have been described in
the context of HCV infection previously, I tested this peptide in 2 other HLA-A2
positive volunteers who had a T cell response to pool containing this peptide
(pool H) however neither made a T cell response to this optimal (data not

shown).

When the T cell response in patient 002-055 was mapped to peptide NS5B2s00-
2814 RVYYLTRDPTTPLAR, I first tested the optimal LTRDPTTPL, which has
previously been described in the context of chronic HCV infection (Day et al.
2002). This however was negative on two occasions (Figure 3-23c) so |
preceded to trial 5 other versions. LTRDPTTPLA appeared to generate the
strongest T cell responses (153 SFC/10°PBMC compared with the next strongest
version LTRDPTTPLAR (103 SFC/10°PBMC). However, peptide titration assays
revealed that the R in the terminal position was important, with higher
responses across the diluted peptide range with the longer optimal

LTRDPTTPLAR (Figure 3-23d).
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3.10 What is the effect of vaccination on viral load?

I next assessed the effect of vaccination on viral load in patients receiving high
dose vaccination without concurrent IFN/RBV therapy (Arm B3). In clinical
practice viral load is frequently measured as logio fold change. Using this, |
tracked viral load over time. Overall, there was no significant change between
viral load measured at boosting and 24 weeks later (range -10g0.09 to -log 0.29
p=ns) (Figure 3-24a). I also examined viral loads measured in [U/ml to detect
small variations in relation to T cell responses. Patients 046 and 051 had no T
cell response to vaccination and no change in viral load. However the two
individuals with [FN-y ELISpot responses to vaccination (052 and 053) both had
a small decrease in viral load post vaccination, although this was in the context of
an oscillating viral load throughout the study (Figure 3-24d-e). Although the
correlation between post boost change in viral load (2 weeks after boost) and
post boost IFNy-ELISpot response was not significant, there was a trend between

T cell response and decrease in viral load (r=-1 p=ns)).
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Figure 3-24 Effect of vaccination with ChAd3-NSmut/Ad6-NSmut on viral loads in Arm B3
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a) HCV viral load (log1o) over time by individual (046, 051, 052, 053) in Arm B3,
receiving vaccination alone (2.5x101%vp) b)-e) HCV viral load (IU/ml) compared with
HCV specific IFNy-ELISpot responses by individual f) correlation between change in
viral load and IFNy-ELISpot responses 2 weeks after boosting vaccination in Arm B3
using Spearman r test and 2 tailed p value.
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3.11 What is the quality of T cells produced by vaccination?

3.11.1 Proliferative Capacity
The ability of T cells to proliferate in response to re-exposure to antigen is
critical to the success of an immune response and is a key marker of T cell
functional capacity. Using thymidine proliferation assays, proliferative
responses were detected after priming vaccination in only 4/21 patients with
samples available for analysis compared with 8/10 healthy volunteers in study
HCVO001 (p=0.002 Fisher’s exact test) (Barnes et al. 2012). The median
stimulation index (SI) in these 4 patients was 4.4 (range 3-14.6) (Figure 3-25).
Proliferative responses after boosting were only slightly stronger than after
priming, with a median SI of 7.1 in the 4 patients who responded to boosting
(range 3.6-26.1). Only 2 of these responded to more than one pool. In contrast,
there were robust proliferative responses to CMV in CMV positive patients

(median post prime SI 173.6; range 30.2-1104.0) (Figure 3-25d).
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Figure 3-25 Proliferative response to high dose vaccination with ChAd3-NSmut/Ad6-NSmut
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Proliferative responses to HCV antigens, in patients 4 weeks post prime with ChAd3-NSmut (a-b)
and 4 weeks post boost with Ad6-NSmut (c-d) (2.5x101%p) plotted as Stimulation Index (SI). SI
> 3 was defined as positive. a) and c) individual patients are shown on the x axis. Responses to
peptide pools are shown by different coloured columns. b) and d) SI to HCV peptide pools was
compared with responses to a positive control (concanavilin A), and to CMV peptides (0= CMV
positive patients, *= CMV negative patients defined by IFN-y ELISpot are shown). Patients with
positive SIs to HCV peptides are coloured individually (post prime: 040, 027, 100, 038) (post
boost: 102, 040, 027, 039) bar=median

3.11.2 Intracellular Cytokine Staining
[ next assessed cytokine production in both CD4+ and CD8* T cells using

intracellular cytokine staining (ICS). Initially ICS was performed on all ex-vivo
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samples, then, due to the lack of detectable responses, was only performed
where IFN-y ELISpot responses were = 150 SFC/10¢ PBMC post prime. Using
ICS, cytokine secretion by CD4+ and or CD8+ T cells could be detected in 0/10
patients post prime vaccination (data not shown), and only 6/13 post boost.
Most produced only a single cytokine and were at low frequency (0.01% - 0.28%
of CD4* or CD8* T cells) with the exception of one patient who responded to
stimulation with a single peptide with a very strong production of mip1f (1% of

CD8* T cells) (Figure 3-26).

Figure 3-26 ICS responses after high dose boosting vaccination with Ad6-NSmut in patients in Arm A
and Arm B

a) b)
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ICS responses (with background subtracted) after boosting vaccination with ChAd3-NSmut/Ad6-
NSmut in patients in Arms A and B. a) Responses to stimulation with pooled peptides
representing the NS3-4 region. Single peptide stimulation was also performed in 5 individuals
(050, 052,053,054, 055) and mip13 was assessed in these patients. b) Responses to stimulation
with pooled peptides representing the NS5 region.

3.11.3 Phenotyping vaccine-induced T cells

Next | used pentamers to examine the phenotype of vaccine specific T cells in 4
individuals at two timepoints: after boost vaccination and at the end of
treatment (Figure 3-27). This revealed a vaccine specific CD8* T cell population

which was low in perforin, with intermediate expression of granzyme A and B
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after boosting (median 0%, 54.3% and 44.2% CD8* cells respectively). Levels of
activation markers were also low, however were similar to those seen in healthy
volunteers who received these vaccinations, with median post boost
pentamer*/CD38* cells 27.4% (range 17.6-42.9) (Figure 3-27a) compared with
25% in healthy volunteers (see Barnes et al. 2012). Pentamer*/HLA-DR* cells
were 18.17% (range 6-71.4) compared with 17.55% in healthy individuals
(Barnes et al. 2012). Only a median of 26.8% (range 0-37%) of vaccine-induced
cells displayed an effector memory phenotype (CCR7-/CD45RA-) after boosting
(Figure 3-27b), although many cells displayed the marker of long term memory
CD127 at the end of treatment (median 50% range 20.5-60.5), suggesting in

some individuals the generation of a long term memory population.
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Figure 3-27 Phenotype of pentamer positive HCV specific T cells
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3.12 Discussion of Safety and Immunogenicity.

This is the first reported trial of therapeutic vaccination using adenoviral vectors
in patients with chronic HCV and the only in depth characterisation of
therapeutically induced T cell responses in chronically infected individuals. The
key correlates of vaccine efficacy assessed here are the magnitude and breadth of
T cell responses induced by vaccination and the functional capacity of these cells

as shown by ICS, proliferative capacity and T cell phenotype.

Vaccination is safe

This study shows that T cells can be safely induced in patients with chronic HCV,
to levels not previously reported in other therapeutic HCV vaccine trials, where
[FNy-ELISpot responses are typically under 200 SFC/10°PBMC (Alvarez-

Lajonchere et al. 2009; Klade et al. 2012; Habersetzer et al. 2011).

Adverse events were generally mild and did not affect the administration of
further vaccinations, with the exception of one patient who developed a rash and
was withdrawn from the study. Importantly liver immunopathology did not
occur in 23 /24 patients who received high dose vaccination. There was a
significant ALT flare in one patient, although given the lack of detectable T cell
responses in this patient at any stage it is unclear whether vaccine-induced
immunopathology played a role in this. Nonetheless a contribution from
vaccination cannot be ruled out and monitoring LFTs in future patients will

remain an important part of ongoing studies.

An important confounder in the analysis of adverse events was the co-

administration of IFN/RBV in Arm A, which both carry a significant side effect
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profile. This means that adverse events were likely to have been overestimated
in this study, as it was difficult to distinguish between AEs caused by IFN/RBV
and those caused by vaccination. The true prevalence of AEs related to these

vaccines is likely to be lower than that reported here.

Antivector antibodies may affect immunogenicity

This study explored the immunogenicity of different therapeutic vaccination
regimens, considering the effect of single versus double priming, concurrent

IFN/RBYV therapy and vaccination after a period of viral suppression.

A number of trends were apparent, although few reached statistical significance,
likely in part due to sample size. There was a trend towards weaker responses
in the double prime arms compared with single prime arms, with fewer vaccine
responders overall and no high magnitude responders. Although this could have
been due to the smaller numbers of patients in the double prime Arms (8
compared with 12 in the single prime arms), antivector immunity could have
also played a role. In this study it was thought that using heterologous viral
vectors, including a rare human adenovirus Adé6 could circumvent this problem.
There is a lower community prevalence of anti-Ad6 antibodies than other
commonly used adenoviruses like Ad5 (12% compared with 35% respectively)
and they appear not to be cross-reactive with Ad5 (Fattori et al. 2006; Capone et
al. 2006). Similarly, anti-ChAd3 antibodies are uncommon in humans and were
thought not to be cross-reactive with Ad6, making them ideal for a heterologous
vaccination regimen. However, the problem of cross-reactive immunity between
these vectors was initially suggested in healthy volunteers given the same

vaccines as patients in this study. These volunteers had strong priming
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responses with ChdAd3-NSmut, but weak boosting with Ad6-NSmut (Barnes et
al. 2012). In chronically infected patients, double priming vaccination with
ChAd3 induced significantly higher levels of anti-ChAd3 antibodies than single
priming and was also able to induce cross-reactive anti-Ad6 antibodies,
suggesting a degree of cross-reactivity between the two viruses. This was not
seen in monkeys vaccinated with ChAd3 (S. Capone, personal communication)
where boosting with heterologous Ad6 was robust, and anti-Ad6 antibodies

were not detected after priming.

One explanation for the difference between human and animal antibody
production is that, unlike animals in an isolated laboratory environment, humans
are likely to have been infected with previous adenoviral infections from
multiple serotypes. This could result in a multiple cross-reactive antibodies

being produced upon vaccination with ChAd3, some of which will neutralise Ad6.

Furthermore, whilst these two adenoviruses are distinct serotypes, they are both
within the group C subtype of adenoviruses and are fairly closely related when
compared on a phylogenetic tree (Colloca et al. 2012). It is therefore possible
that the presence of antibodies, to one or the other of these adenoviruses could
neutralise viral particles and effectively result in a lower dose of vaccination.
This is clearly significant given the poor immunogenicity demonstrated in the
low and medium vaccination dose groups in this study. Further studies are
ongoing within the Klenerman/Barnes group assessing the use of alternative
boosting vectors, such as MVA-NSmut, which could overcome the problem of

potential cross-reactivity.
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In contrast, T cell responses to the hexon component of the vector correlated
positively with immunogenicity of the insert. Whilst antibodies might neutralise
the vector, cell mediated immunity appears to be a biomarker of effective
transduction (ability to transfer foreign material into host cells) of the vector and

expression of both HCV and vector proteins.

IFN therapy did not inhibit T cell responses to vaccination

The effect of co-administration of IFN was also explored in this study. There was
no suggestion in this study that IFN interfered with vaccination; indeed the
individuals with the highest T cell responses to vaccination were those in Arm A
of the study, receiving concurrent IFN/RBV. Although only four patients
received high dose vaccination without IFN/RBV therapy (Arm B3), there was no
significant difference in median T cell responses between Arm A and Arm B. This
is consistent with the limited data available in the literature regarding the effect

of IFN on vaccination.

In mice it has been shown that endogenous Type I IFN production from
adenoviral vectors themselves does not impact on adenoviral transduction
(Huarte et al. 2006). Human in vivo data comes from a small study of 30 HCV
infected individuals which showed that there was no difference in
seroconversion rates to Hepatitis B virus (HBV) vaccination between those
receiving concurrent [IFN/RBV therapy and those receiving vaccination alone
(Elefsiniotis et al. 2006). Indeed, it may be possible that by supressing viral load,

IFN may indirectly have a beneficial effect on vaccine responses.
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To investigate this, [ compared vaccination after a long period of viral
suppression with IFN/RBV (Arms A3 and A5) “late vaccination group” with
vaccination administered early in treatment with a higher viral load (Arms A4
and A6) “early vaccination group”. Contrary to work in murine models (Wherry,
Ahmed and Blattman, 2005) there was no significant difference in the magnitude
of T cell responses or the number of patients who made a T cell response

between the early and late vaccination groups.

T cells induced by ChAd3-NSmut/Ad6-NSmut are of greater magnitude than

in other therapeutic vaccine trials

Overall the HCVOO2TV vaccination strategy induced T cells at levels never before
described in patients with chronic HCV infection, although it is difficult to
compare results from trials using different ELISpot methodology and peptides.
The most similar vaccine regimen trialled to date is the TG4040 trial, using the
same proteins derived from NS3, NS4 and NS5B from a 1b HCV isolate in an MVA
vector (Habsertzer et al. 2011). In the TG4040 study, the peak IFNy-ELISpot
response was <300 SFC/106 PBMC, compared with 2953 SFC/10¢ PBMC in
HCVO002TV. 5/15 (33%) of patients made a T cell response in TG4040, compared
with 55% in Arm A and 50% in Arm B of HCVOO2TV. The TG4040 group has
since presented data suggesting improved viral kinetics with vaccination,
although this was not statistically significant (Wedemeyer et al. EASL 2013 oral

presentation).

T cell responses in both these studies were predominantly to NS3. Further
definition of antigenic targets was not performed by the TG4040 group, however

it is possible that the predominant epitope was the same immunodominant NS3
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epitope (NS31406 (kLscLaINAv)) identified in HCVOO2TV and explored further in the

following two chapters.

Peptide mapping in HCVO02TYV also allowed me to identify two novel epitopes
and demonstrated that all identified epitopes were CD8*, suggesting a relative
defect in the production of CD4* help. CD4* T cells have been shown to be
important in the clearance of acute HCV (Thimme et al. 2001) and loss of
proliferative capacity has been associated with HCV persistence (Gerlach et al.
1999). The lack of CD4* T cells detected in HCVOO2TV could also explain the
differences in immune responses observed between healthy volunteers and

patients who were vaccinated in this study.

Patients responded less well to vaccination than healthy volunteers

Although the immunogenicity of these vaccines compares favourably with other
therapeutic vaccines, the magnitude and breadth of T cell responses in patients
with chronic HCV were considerably lower than those observed in healthy
volunteers from study HCV001, where 10/10 individuals responded to
vaccination with the same regime (Barnes et al. 2012). Median peak responses
were also 10 times weaker (76 SFC/10PBMC and 121 SFC/10°PBMC in HCV
patients from Arms A and B respectively compared with 1292 SFC/106PBMC in

healthy volunteers).

There were however some similarities in T cell phenotype between healthy and
chronically infected patients. HCV specific T cells increased in CD127 over time
in healthy volunteers and in all patients analysed except one, suggesting the

development of a long term memory population (Wherry et al. 2006). Both
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CCR7 and CD45RA increased over time, suggesting a shift from a small
proportion of effector memory cells (CCR7-/CD45RA-) to a predominantly
central memory (CCR7+) or terminally differentiated phenotype

(Temra) (CCR7+/CD45RA+). The significance of this as a correlate for HCV
protection is not clear, however it has been shown that Temra cells are associated
with protection in acute HIV infection (Northfield et al. 2007). Whether the same

is true in HCV remains to be seen.

T cells detected after vaccination in patients are exhausted

HCV specific T cells detected after vaccination demonstrated features of
exhaustion including low magnitude IFNy responses, low levels of cytokine
secretion detected via ICS and poor proliferative capacity. Cytotoxicity,
measured by levels of granzyme A and granzyme B detected by pentamer
staining was far lower than that observed in healthy volunteers (median
Granzyme A 54.3% and Granzyme B 44.2% in patients, compared with 93.6%
and 90.35% respectively in healthy volunteers). Overall, despite some
similarities to healthy volunteers in phenotypic markers, pentamer functional
analysis clearly demonstrated a unique profile of T cells detected after
vaccination in chronically infected patients where T cells display many of the
features of exhausted cells. In exhausted T cells, a hierarchy of cytokine loss has
been described where cytokines such as IL2 are lost first and finally IFNy
secretion is lost, consistent with the pattern observed in this study (Wherry,

2011).
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Why might the T cells detected display features of exhaustion?

The reasons for T cell exhaustion are undoubtedly complex and are discussed in
the section Introduction. They include the interplay between intercurrent
Hepatitis C Virus infection and the host immune system, as well as the effect of
any longstanding chronic viraemia. It has been extensively described in the
literature that T cells in chronic HCV are weak and narrowly focussed and are

unable to respond to further antigenic stimulus.

The phenomenon of T cell exhaustion in the context of chronic viraemia was first
described in mouse models of LCMV two decades ago (Moskophidis et al. 1993)
and has since been observed in many studies of chronically infected HCV
patients, where HCV specific CD8* cells show impaired proliferative capacity and
cytokine secretion (Gruener et al. 2001; Wedemeyer et al. 2002; Bengsh et al.
2010). These cells express multiple inhibitory molecules such as TIM-3, PD-1,
2B4 and CTLA-4 and blockade of one, or several of these molecules has been

shown to restore T cell functionality in vitro (Nakamoto et al. 2009).

It is less clear why such a profile should also be the case in response to
peripherally administered HCV antigens in the form of a vaccine. There are
several broad possibilities: (i) Patients with chronic HCV have a general relative
immune deficient state in comparison with healthy volunteers (ii) There exists
an HCV specific defect in immune responses and/or (iii) the T cells detected after

vaccination are in fact pre-existing exhausted T cells.

(i) Are patients with HCV generally immunodeficient
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Patients with chronic HCV could theoretically have a generally decreased
response to infection with other pathogens due to factors such as high T
regulatory cells which might inhibit immune responses. As a population group
in the UK they are also more likely to be socio-economically disadvantaged and
may be malnourished or homeless with the poor health outcomes associated
with this group; indeed studies have shown that sleep deprivation is associated
with lower seroconversion (sAb) rates after HBV vaccination and lower antibody
titres after Hepatitis A vaccination (Prather et al. 2012; Lange et al. 2003).
Patients with HCV are also more susceptible to complications from other
hepatotropic viruses, being more likely to develop, for example a fulminant
hepatitis from intercurrent Hepatitis A vaccination than other individuals,
however this may be the result of a robust immune response not being tolerated

by a compromised liver rather than the consequences of immunosuppression.

In the HIV field, it has been shown that HIV infected individuals are less likely to
respond to vaccination for HBV or HAV (Tseng et al. 2013). In the case of HCV,
the data is more limited, however studies suggest that HCV infected patients are
less likely to respond to HBV vaccination than healthy controls (Wiedmann et al.
2000). Although this is an antibody-mediated vaccine rather than a T cell
vaccine, the results could nonetheless be extrapolated to suggest that a general
‘immune defect’ exists in the HCV population. Nonetheless, this was not
supported by the responses to non-HCV antigens in this trial, where robust
proliferative responses to CMV antigens were observed and T cell responses to

the adenoviral vector were similar to those seen in healthy controls.
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(ii) Patients with HCV may display an HCV specific deficit in inmune responses

The discrepancy between T cell responses to non-HCV antigens (such as CMV
and adenoviral vectors) and anti-HCV T cell responses in certain individuals
seems to suggest there may indeed be an HCV specific defect in immunity in

some people.

The patients studied have, by definition, failed to clear virus spontaneously,
therefore may perhaps intrinsically lack the host immune characteristics (for
example HLA types) which would enable a vigorous anti-HCV response. It has
also been suggested that even after viral clearance with exogenous IFN/RBV
treatment, T cells from HCV patients may remain dysfunctional, implying some
kind of long term immunological reprogramming of cell mediated immunity

(Missale et al. 2012).

(iii) T cells detected after vaccination could represent pre-existing T cells

Finally there exists the possibility that T cells detected after vaccination
represent pre-existing responses, undetected by screening ELISpot assays. The
correlation between baseline T cell responses and post vaccine responses
supports this, although this could simply reflect a propensity for vigorous cell
mediated immunity in these individuals. Such T cells could either be (i) pre-
existing memory T cells from which circulating virus has hitherto escaped (due
to immune pressure) or (ii) low frequency effector T cells which target the
current circulating virus but cannot be detected at baseline due to the low

sensitivity of the IFNy-ELISpot assay.
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There are arguments against both of these possibilities. If T cells detected after
vaccination represent pre-existing T cells, should they no longer be exhausted
(since they are no longer subject to chronic antigen stimulation)? Furthermore
this scenario does not explain why the kinetics of T cell responses did not more
closely mirror those of healthy volunteers, where priming induced vigorous T
cell responses and boosting was weak- in vaccinated patients the opposite
scenario was observed where priming was weaker than boosting. If on the other
hand, detected T cells are low frequency T cells against current circulating viral
strains, should they not have exerted a more significant effect on viral load or
SVR rates? This begs the question of whether T cells detected are able to target
circulating autologous virus and requires a closer examination of the epitopes

they target. This is the subject of the following chapter.
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3.13 Key Points Learned/Summary results

* Therapeutic vaccination with ChAd3-NSmut and Ad6-NSmut is safe and
well tolerated.

* T cells detected after vaccination in patients with HCV are lower in
magnitude and have poor functionality in comparison to those induced in
healthy volunteers. They also have a different kinetic profile: patients
displayed minimal response to priming, but stronger T cell responses to
boosting, unlike healthy volunteers who showed the reverse pattern.

* T cell responses can be mapped to single peptides and are generally
narrowly focused, with a clear immunodominant epitope NS31406.

* Reasons for the relatively poor immunogenicity in patients compared
with healthy volunteers remain unclear. Possibilities include
- anon-specific immunosuppressive effect in chronically infected
patients (due to T regulatory cells, circulating cytokines or host factors
such HLA type) or
- HCV specific immune deficits (such as lack of CD4* help or T cell

exhaustion).
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4 What is the impact of circulating viral sequence on
vaccine-induced T cell responses in HCV?

41 Aim

To explore the relationship between viral sequence and T cell responses to
vaccination, both in the context of therapeutic vaccination and at a broader

population level.

4.2 Background

Two major issues for a therapeutic HCV vaccine are that of viral variation and T
cell exhaustion. The high level of viral variability means immune responses
either from natural infection or from vaccination must be able to target a broad
range of viral variants in order to achieve viral control. At the same time, chronic
HCV also leads to an immunological milieu where T cell responses are frequently
low in magnitude with poor proliferative capacity. This has been attributed to
constant antigen exposure; therefore we might anticipate that vaccination with a
novel antigen could lead to more vigorous T cell responses than that observed in
chronic infection. This would also mean that T cells would be more commonly
detected in patients whose viral sequence is different to the immunogen

sequence (virus-immunogen mismatch).

Even if virus-immunogen mismatch is observed however, it is necessary to
evaluate the variability of epitopes at a broader population level to determine
the significance and likelihood of such a mismatch due to chance rather than
immunological design. This can be done using the Los Alamos Database

(http://hcv.lanl.gov/) which is a repository of HCV sequences worldwide. It
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shows the variability of different epitopes as well as giving an indication of the
likelihood that certain sequences will be found in the HCVOO2TV population due

to chance.

The assessment of epitope variability also makes it possible to determine
whether T cells detected after vaccination are likely to target common HCV
sequence variants through cross-reactivity, as well as target autologous

circulating virus in HCVOO2TV patients.

4.3 Questions

(i) Does mismatch between virus and immunogen (i.e. vaccination

with a novel antigen) predict T cell response to vaccination?

(ii) Do T cell responses generated by vaccination target circulating
host virus?

(iii) Do T cell responses generated by vaccination target common HCV
viral variants?

4.4 Does mismatch between virus and immunogen (i.e. vaccination with a
novel antigen) predict T cell response to vaccination?

[ first sequenced circulating virus in patients in HCVO02TV, at sites in the viral
genome corresponding to T cell epitopes targeted by vaccination. I assessed
autologous virus at baseline and at any point in time where viral relapse

occurred in patients with a T cell response to vaccination.

4.4.1 What is the viral sequence of patients who respond to vaccination with
ChAd3-NSmut and Ad6-NSmut?

Sequences were obtained at 14/15 epitopes in 11 patients prior to treatment (in
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Arm A) or vaccination (in Arm B). Baseline circulating viral sequence differed
from the immunogen sequence by 1-4 amino acids in all of these patients except

one, patient 27 at epitope NS4B 1gs51(1LacvcacvacaLva) (Table 4-1).

In 4/6 of the patients who relapsed (Table 4-1), viral sequence was also obtained
at the region targeted by T cells, after viral relapse. There were no amino acid
mutations in 3/4 of these patients suggesting a lack of immune pressure from
vaccine generated T cells. In one patient (28) there were two viral strains
sequenced at baseline (KLVALGVNAV AND KLALGINAV), one of which emerged
as the predominant viral sequence after relapse (KLVAGVNAV), which could
suggest some immune pressure at this site. As observed with the baseline viral

sequences, no relapse sequences matched the vaccine immunogen.

The observation that viral and vaccine immunogen sequence do not match in
patients who make a T cell response to vaccination (with the exception of one
epitope) could be a matter of chance, related to the underlying variability of the
viral sequence at different sites in the HCV genome. If T cell epitopes targeted by
vaccine-induced cells are highly variable, or the vaccine immunogen sequence is
rare, then a mismatch between patient viral sequence and immunogen sequence
might be anticipated. Alternatively, viral-immunogen sequence mismatch might
be a pre-requisite for a vaccine response. In this scenario, T cells presented with
a ‘new’ antigen in the form of a vaccine immunogen might be more likely to
respond that those who are constantly stimulated by the same antigens in
circulating virus. To explore these two hypotheses, [ compared the sequence of
vaccine responders (patients who made a T cell response following vaccination)

and non-responders in study HCVOO2TV and analysed the variability of HCV
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sequences at a global population level using the Los Alamos database (see

Materials and Methods, 2.8 “Population variation at key epitopes”, p71 above).

Table 4-1 HCV sequence at mapped T cell epitopes in patients who have responded to vaccination
with ChAd3-NSmut/Ad6-NSmut.

Epitope/15mer identified

(HLA restriction where known)

Viral sequence at
epitope

27 | CUNGVCWTV (A2) CINGVCWTV
KLSGLGINAV (A2) KLVSLGLNAV
LTTGSVVIVGRIILS/SVVIVGRIILSGRPA CVVIVGRVVL
QEFDEMEECASHLPY REFDEMEECSQHLPY
ILAGYGAGVAGALVA ILAGYGAGVAGALVA
RVCEKMALYDVVSTL (A2) RVCEKMALYDVVSKL
RPRWFMLCLLLLSVG RPRWFWFCLLLLAAG

28 | KLSGLGINAV (A2) KLVALGI/VNAV

28B | no detectable response KLVALGVNAV

50 | KLSGLGINAV (A2) KLVALGVNAV

50B | no detectable response

39 | TPSPAPNYSRALWRV/APNYSRALWRVAAEE APNYTFALWRVSAEEY
FQVGLNQYLVGSQLP FRVGLHDYPVGSQLP
LSRARPRWFMLCLLL/RPRWFMLCLLLLSVG nd*

45 | HSKKKCDEL (B8) HSKRKCDEL
VTLTHPITKYIMACM IILTHPITKYIMACM

45B | no detectable response HSKRKCDEL

IIL/VTHPITKYIMACM

54 | ARMILMTHEF (B27) VRMILLTHF

54B | no detectable response nd*

055 | CUNGVCWTV (A2) CINGVCWTV
KLSGLGINAV (A2) KLVALGVNAV
LTRDPTTPLAR LTRDPITPLAR

103 | KLSGLGINAV (A2) KLVALGINAV

40 | KLSGLGINAV (A2) KLVAMGVNAV

40B | No response to KLSGLGINAV KLVAMGVNAV
CVNGVCWTYV (A2) CINGVCWTV1

53 | CVNGVCWTV (A2) CINGVCWTV
ALVVGVVCA nd*

52 | GINAVAYYRGLDVSV GVNAVAYYRGLDVSV

nd*=not determined. 1=not a vaccine-induced response (T cells detected after viral relapse). B=viral relapse
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4.4.2 What is the viral sequence in patients who do not respond to therapeutic
T cell vaccination?

First, viral sequence in responders to vaccination was compared to that of HLA-
matched non-responders at epitopes with a known HLA restriction (Table 4-2).
There was no specific viral sequence which predicted response to vaccination.
For example, at the HLA-A2 epitope NS5B2594 (aLypvvstr), 11 out of 18 HLA
matched patients shared the same viral sequence (ALYDDVSKL), however only
one of these (patient 27) made a T cell response to this epitope (Table 4-2c).
Even where there was a high degree of viral variability such as at NS31406
(KLsGLGINAY), 2 out of the 4 sequences identified in patients whose T cells
recognised this epitope, were also found in HLA matched non-responders. At the
HLA-B8 epitope NS31395 (nskkkcpeL), 2 patients were infected with the variant

(HSKRKCDEL), however only 1 of these made a T cell response to vaccination.

When viral sequences from vaccine responders and non-responders at 14
epitopes were compared (Table 4-2 and Table 4-3) the overarching pattern was
not that a specific sequence predicted a T cell response to vaccination, but rather,
that a mismatch between viral sequence and immunogen sequence was
associated with a T cell response. No patient whose viral sequence matched that
of the vaccine immunogen made a vaccine response except for, as previously
described, the highly conserved NS4B 1ss510LacvcacvacaLva). This was particularly
striking at 3 sites in the HCV genome where there were a large number of
patients with viral sequences that matched the vaccine immunogen. Atthe HLA-
B8 epitope NS31395 (nskkkcpeL), the 4 HLA-B8 patients with an identical virus-
immunogen sequence made no response to vaccination, whereas virus-

immunogen mismatch was detected in the vaccine responder (HSKRKCDEL).
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Second, at the HLA-2 epitope NS5B2594 (aLypvvstL) there were 6 HLA-A2 matched
patients whose viral sequence matched the vaccine immunogen. None of these
made a vaccine response. Third, at the newly described epitope NS5B2g04
LTRDPTTPLAR 23 /24 viral sequences matched the vaccine immunogen and were
found in non-vaccine responders- the only variant sequence (LTRDPITPLAR)

was found in the vaccine responder (Table 4-2).

There were 3 immunogenic sites in the HCV genome (KLSGLGINAV, SVVIVGRIIL
and FQVGLNQYLVGSQLP) where the vaccine immunogen sequence was not
identified in any patients. Virus-immunogen mismatch at these sites could
therefore be partly attributed to the rarity of the vaccine immunogen sequence.
The variability of these epitopes amongst HCV sequences worldwide was

therefore assessed.

148



Table 4-2 Circulating HCV sequence at immunogenic T cell epitope by HLA type, in patients vaccinated with ChAd3-NSmut (prime) Ad6-NSmut (boost). Viral sequence was

determined at baseline and at any point of viral relapse (designated by ‘B’ after patient no.). The HCV vaccine immunogen sequence is represented in the top line of each table.

Individual patient sequences are recorded below, with a dashed line indicating an amino acid is identical to that in the vaccine immunogen. The epitopes to which individual patients
have made a T cell response (measured by ex-vivo IFNy-ELISpot assay) are shown in red type.a) Viral sequences at an HLA-B8 epitope (HSKKKCDEL) b) viral sequence at an HLA-B27
epitope ARMILMTHF c) viral sequences at three HLA-A2 epitopes. nd= not determined ?=unclear amino acid sequence.
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Table 4-3 Circulating HCV sequence at immunogenic T cell epitopes, non-HLA matched, in patients vaccinated with ChAd3-NSmut (prime) Ad6-NSmut (boost). HLA
restriction of these epitopes is less robustly defined, so patients divided into HLA groups. Viral sequence was determined prior to vaccination and at any point of viral relapse
(designated by ‘B’ after patient no.) The HCV vaccine immunogen sequence is represented in the top line of each table. Individual patient sequences are recorded below, with a
dashed line indicating an amino acid is identical to that in the vaccine immunogen. The epitopes to which individual patients have made a T cell response (measured by ex-vivo IFNg-
ELISpot assay) are shown in red type. nd= not determined ?=unclear amino acid sequence. Epitopes are presented according to their order in the HCV genome in part a) and b) of

this table
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4.5 How variable is the HCV genome at sites corresponding to

immunodominant T cell epitopes?

In order to get an overview of variability at different immunogenic sites in the HCV
genome, I calculated the Shannon Entropy Score for each epitope identified in
HCVO002TV, using a median of 2149 sequences (range 1131-3896) from the Los
Alamos database (www.hcv.lanl.gov/). This score is a quantitative measure of
uncertainty within a set of data. In this case, the higher the score, the greater the
degree of variability or number of mutations at an epitope. The Shannon Entropy
score showed that the level of viral sequence diversity varies widely between
epitopes, with some epitopes being highly conserved (such as ALVVGVVCA) and
others (such as the highly immunogenic KLSGLGINAV) being very variable (Figure

4-1).

Figure 4-1 The degree of variability in genotype 1 HCV sequences at a population level

1.59

Shannon Entropy Score

Epitopes identified in patients vaccinated with ChAd3-NSmut (prime)/Ad6-NSmut (boost) are
shown on the x axis. The lower the Shannon entropy score (y axis) the more conserved the
epitope is between genotype 1 sequences.
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To get a more complete picture of variability, I then used these sequences to assess
the frequency of the vaccine immunogen sequence at each epitope, and compare it
to the most common viral variants at a population level. This confirmed three

patterns of variability:

(i) A high degree of variability with no predominant sequence population wide

(ii) A distinct genotype 1a version and 1b version

(iii) Conserved epitopes

4.5.1 Variable T cell Epitopes Identified in HCV002TV
10 of the 15 identified T cell epitopes are variable epitopes, where multiple
common HCV sequence variants exist. 5 of these epitopes are highly variable both
within and between subtypes (Figure 4-2). At 5 other epitopes there was a
predominant genotype 1a or 1b version which represented >50% circulating
sequences (Figure 4-3). At such variable sites, or sites where the immunogen
sequence is rare in a patient’s genotype subtype, it is possible that the mismatch
described between viral and vaccine immunogen sequence (shown in Table 4-1)
could be due to chance. For example at the most common epitope recognised by T
cells induced by therapeutic vaccination, NS31406 (kLscLGINAV), there was no single
variant present in more than 30% of sequences at a population level (Figure 4-2a).
Of note, the sequence contained within the vaccine immunogen is rare and has
been identified in only 0.4% of genotype 1a sequences and 4.0% of genotype 1b
sequences. The rarity of the immunogen sequence means that T cells primed with

this immunogen must be able to recognise other more commonly encountered
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viral sequences at this site in the viral genome for effective immunogenicity. This
issue is explored further in Section 4.7, “Do T cells induced by vaccination
recognise common viral variants at T cell epitope sites?”, p161 and Section 5

“Identifying the ideal antigen: Epitope NS31406in depth” p183.

Figure 4-2 Variable T cell epitopes identified in study HCVO02TV
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Each panel represents a different T cell epitope. The amino acid sequence contained within the
vaccine immunogen (underlined) and sequence variants present in >5% genotype 1 sequences
are listed on the x axis. “-“ indicates amino acid homology with the immunogen. % frequency at a
population level (from Los Alamos Database) is indicated on the y axis. Shaded column=
genotype 1a, unshaded column=genotype 1b.
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Figure 4-3 T cell epitopes identified in Study HCVO0O2TV with predominant genotype 1a or 1b
sequence variants
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Each panel represents a different T cell epitope. The amino acid sequence contained within the
vaccine immunogen (underlined) and sequence variants present in >5% genotype 1 sequences
are listed on the x axis. “-“ indicates amino acid homology with the immunogen. % frequency at a
population level (from Los Alamos Database) is indicated on the y axis. Shaded column=
genotype 1a, unshaded column=genotype 1b.

4.5.2 Conserved T cell Epitopes identified in Study HCV002TV
In contrast, there are 5 epitopes from Table 4-1 where over 75% of genotype
1a/1b sequences are identical, shown in Figure 4-4. This group of epitopes
contains the only site where the vaccine immunogen and viral sequence matched:
at epitope ILAGYGAGVAGALVA, where 99% of genola and 98% of genolb
sequences are identical. However at the other conserved epitopes, it is striking
that the viruses in patients who responded to vaccination did not match the

common vaccine immunogen sequence. At epitope HSKKKCDEL, the variant
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(HSKRKCDEL) identified in the patient who made a T cell response to this site, is
present in only 9% of genotype 1a and 1.6% of genotype 1b sequences. At epitope
LTRDPTTPLAR, the variant identified in the vaccine responder (LTRDPITPLAR) is
found in only 0.9% and 2% of genotype 1a and 1b sequences respectively.
Similarly at epitope ARMILMTHF the vaccine responder had a sequence
(VRMILLTHF ) present in only 4.6% and 1.4% of genotype 1a and 1b sequences
respectively. This suggests that it is highly unlikely that these sequences were
identified in vaccine responders due to chance. More likely, T cell responses are
generated preferentially in individuals where virus-immunogen mismatch is
present. The mismatch between circulating virus and vaccine immunogen raises

the question of whether T cells induced by vaccination target circulating virus.
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Figure 4-4 Conserved T cell epitopes identified in study HCVO02TV
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Each panel represents a different T cell epitope. Sequence variants present in >5% genotype 1
sequences are listed on the x axis, The amino acid sequence contained within the vaccine
immunogen is underlined. % frequency at a population level (from Los Alamos Database) is
indicated on the y axis. Shaded column= genotype 1a, unshaded column=genotype 1b.

4.6 Do T cells induced by vaccination target circulating autologous virus in
patients with chronic HCV?

Next, | assessed whether vaccine-induced T cells could target circulating
autologous virus in patients, using peptides and pentamers corresponding to (i)

the vaccine immunogen and (ii) autologous virus in patients.

5 different epitopes from Table 4-1 were assessed in 7 patients (Figure 4-5). At2
of these, NS31073 (cvnavewrvy and NS31411-1425 (GiNavayyreLDysy), there was a high and

moderate degree of T cell cross-reactivity respectively between peptides
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representing the vaccine and viral antigens (Figure 4-5a-b). At NS31073 (cvNgvcwTv)
responses to the viral sequence were stronger than those to the vaccine sequence,
while at NS31411-1425 (GINavayyrcLDvsv) in patient 002-52, T cell responses to
autologous viral sequence were 52% of the magnitude of those to the vaccine
immunogen. However, T cells which recognised pools containing these peptides
were detected prior to vaccination in patient 002-52, as well as in 2 of the 3
patients tested for responses at NS31073 (cvnevewrvy (pts 002-27 and 002-53).
Therefore it is possible, that the seemingly cross-reactive T cells identified

represent pre-existing T cells rather than newly primed cross-reactive responses.

At the next 3 epitopes, NS5B2g04 (LTRDPTTPLA?), NS31395 (nskkkcper) and NS31406
kLscLGINAY) Vaccine-induced T cells failed to recognise peptides corresponding to
the circulating autologous virus in patients (Figure 4-5c-e). In fact, when multiple
variants of NS31406 (kLscLcINAY), cOrresponding to viral sequences from HCVO02TV

patients, were trialed, none were recognised by vaccine-induced T cells.

1 The shortened version of this epitope LTRDPTTPLA instead of LTRDPTTPLAR was used in this
experiment as at that time it was thought to represent the optimal length peptide
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Figure 4-5 T cell responses to peptides corresponding to the vaccine sequence and host virus sequence
at immunogenic epitopes
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Each epitope is represented by a different graph. Patient numbers are indicated on the x axis and
[FN-y ELISpot response on the y axis. The vaccine sequence is listed in red font and the column in
the graph corresponding to the patient sequence is marked by an arrow. For epitope NS31406
circulating viral variants found in other HCVO02TV patients were included, in addition to the
sequence of the autologous circulating virus. * positive IFNy response to pool containing this
peptide prior to vaccination. Response increased post vaccination

[t is possible that T cells which do not produce IFNy could be missed using an IFNy-
ELISpot assay. Therefore, a non-functional assay was performed, using pentamers

matched to the patient’s viral sequence and to the vaccine sequence at NS31073
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cvnevewtv) and NS31406 (kLscLainav) (Figure 4-6). T cells specific for both the vaccine
sequence and the patient’s autologous viral sequence at epitope NS31073 (cvngvewTv)
could be identified, consistent with the IFN-y ELISpot results from Figure 4-5
above. Also in keeping with the previous results, T cells specific for the vaccine
sequence could be identified at epitope NS31406 (kLscLaINAV) in both individuals
tested, however there were no T cells which recognised circulating virus in either

patient (Figure 4-6a).

This raises the question of whether such a lack of T cell recognition could pose a
problem more broadly, where vaccine-induced T cells might not recognise the
most commonly identified HCV sequence variants. Such a possibility would mean
vaccine-induced T cells would be highly specific to a single sequence variant only-
that contained within the vaccine immunogen. The next section examines the
cross-reactivity of vaccine-induced T cells to common HCV sequence variants at a

population level.
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Figure 4-6 HCV specific T cells identified by pentamer staining in patients with chronic HCV vaccinated
with ChAd3-NSmut prime/Ad6-NSmut boost.
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Responses to the pentamer corresponding to the vaccine sequence (left) and patient virus
(right) in each panel. % pentamer positive CD8+ T cells is shown in the top right of each
panel. Patients received concurrent treatment with IFN/RBV. TW= treatment week a) Pt
002-50 9 weeks (top panels) and 24 weeks (middle panels) post boosting vaccination.
Bottom panels: Patient 002-55 TW32, 4 weeks post boosting vaccination b) Patient 002-
27, TW28, 4 weeks post boosting vaccination.

4.7 Do T cells induced by vaccination recognise common viral variants at T
cell epitope sites?

To investigate the cross-reactivity of vaccine responses without the potential
confounder of concurrent or previous HCV infection, T cells were assessed from
healthy volunteers at three common epitopes: NS31073 (cvnavewtv), NS31406
kLsGLGINAV) @and NS31446 (aTpALMTGY). All volunteers were vaccinated with the same
immunogen (NSmut), however different viral vectors delivered the insert.

Participants from study HCV001 received the same vaccines as in HCVOO2TV.
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Individuals from study HCV003 were vaccinated with ChAd3-NSmut/MVA-NSmut

(See Materials and Methods).

T cell responses to NS31073 (cvnavewTv) were assessed in 5 healthy volunteers
(Figure 4-7). This showed that T cells primed by the immunogen containing
CVNGVCWTYV recognised the variant (CINGVCWTYV) indeed, in 3/5 cases responses
to the variant exceeded those to the vaccine immunogen. This confirms the
findings of excellent cross-reactivity between these two common sequence

variants suggested in patients with chronic HCV in Figure 4-5a.

Figure 4-7 Cross-reactivity of T cells to peptides corresponding to common variants at epitope NS31073
in healthy volunteers
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The vaccine immunogen sequence is in red type. Each peptide is represented by a different column.
Magnitude of T cell response is measured on the y axis by IFNy ELISpot. Volunteers prefaced with
“003-" received ChAd3 prime (Wk0) and MVA boost (Wk8). Volunteers prefaced with “001-“
received ChAd3 prime (Wk0 and Wk4) followed by Ad6 boost (Wk14).

Next, 4 sequence variants (identified in patients from HCV002TV) at position
NS31406 (kLsGLGINAV) Were assessed in healthy volunteers (Figure 4-8a). As shown in
patients with chronic HCV in Figure 4-5e, vaccine-induced T cells, primed by
version KLSGLGINAYV failed to recognise peptides matched to these variant HCV

sequences. This demonstrates that the previous findings of poor T cell cross-
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reactivity in patients from HCVO02TV were not due to previous infection with
different HCV variants, but rather, result from the nature of the T cells primed by

this immunogen.

To assess the broader significance of this finding, vaccine-induced T cells were
next tested against the most common NS31406 Sequence variants at a population
level. Sequences identified in >5% of genotype 1 sequences at a population level
(see Figure 4-2a) were selected for further assays. In 6 healthy volunteers,
vaccine-induced T cells failed to respond to 2 of the most common population
variants (KLVALGINAV and KLVALGVNAV), representing 39.6% of genotype 1
sequences overall and 74% genotype 1a sequences. However, the two sequences
more commonly found in genotype 1b (KLSGLGLNAV and KLSSLGLNAV) were
sometimes recognised. All volunteers from study HCV003 responded to
stimulation by the variant KLSGLGLNAYV, with a median response 81.5% as strong
as that to the vaccine immunogen (range 54%-87%). However, none of the
HCVO001 volunteers recognised this variant. Responses to the second common
genotype 1b variant, KLSSLGLNAYV, displayed more inter-individual variation. 2/6
volunteers mounted significant responses to this (003-319 and 003-328), although
these were only 55% and 49% of the response to the vaccine matched peptide
(KLSGLGLINAV) respectively. In 3/6 volunteers, detectable but greatly reduced
responses to KLSSLGLNAV were observed at 14%, 20% and 27% of the vaccine

matched response.

It is possible that the different results seen in volunteers from study HCV003 and

study HCV001 might be due to the different boosting vectors used (MVA versus
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Ad6). Next therefore, I compared T cell responses to the variant peptides
KLSGLNAV and KLSSLGLNAYV at two timepoints in the same patients: post priming
with ChAd3 and post boosting with MVA (Figure 4-8c). In 2/3 patients there was
similar or better T cell cross-reactivity following ChAd3 priming compared with
MVA boost, suggesting that the vector was not responsible for the cross-reactive

responses observed in volunteers from HCV003.

Finally I assessed whether vaccine-induced T cells could target genotype 3 viral
sequences at this epitope site, although this is not a known epitope in genotype 3
infection. Analysis of 257 sequences showed that this is a highly conserved region
in genotype 3 HCV, with only two major variants KLRGMGLNAV (77.8% genotype
3 sequences) and RLRGMGLNAV (15.6% genotype 3 sequences). T cells primed by
the genotype 1 vaccine immunogen NSmut failed to recognise either of these

variants when tested in 3 volunteers (Figure 4-8d).
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Figure 4-8 Cross-reactivity of vaccine-induced T cells to peptides corresponding to different viral
sequences at NS31406 in healthy volunteers
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Volunteers prefaced with “003-" received ChAd3-NSmut prime (Wk0) and MVA-NSmut
boost (Wk8). Volunteers prefaced with “001-“ received ChAd3-NSmut prime (WkO0 and
Wk4) followed by Ad6-NSmut boost (Wk14). The vaccine immunogen sequence is in red
type. Peptides are represented by different columns. Individual patients are shown on the
x axis. Magnitude of T cell response is measured by IFN-y ELISpot, indicated on the y axis.
# indicates no detectable T cell response. a) T cell responses to peptides representing viral
variants identified in HCVOO2TV patients. b) T cell responses to peptides representing
the most common genotype 1 sequence variants at a population level at NS31406. €)
Comparison of T cell cross-reactivity following vaccination with two different vectors:
ChAd3 and MVA. 3 volunteers are shown on the x axis. - indicates amino acid homology
with the vaccine immunogen sequence KLSGLGINAV. Magnitude of T cell response to
peptides KLSGLGLNAV and KLSSLGLNAYV as a % of IFNy-ELISpot response to the vaccine
immunogen KLSGLGINAV is shown on the y axis d) T cell responses to peptides
representing the most common genotype 3 sequence variants at NS31406.

I next examined T cell responses at an epitope to which healthy volunteers
frequently made a vaccine related response- NS31446 aTpaLmtcy. Although no
patients from HCVO02TV made a T cell response to this epitope, it has been
commonly described in chronic infection, and was targeted by all HLA-A1

volunteers in study HCV001 (Barnes et al. 2012). There are two main commonly
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found sequence variants at this site: the vaccine immunogen ATDALMTGY and
ATDALMTGF which represent 40% and 54% of genotype 1 sequences respectively.
All three volunteers tested made a T cell response which was cross-reactive with
the common sequence variant (ATDALMTGF), ranging from 40% of the response
to the vaccine peptide (in patient 003-308) to slightly stronger than the vaccine

peptide (Figure 4-9).

Figure 4-9 Cross-reactivity of T cells to peptides corresponding to common variants at epitope NS31446
(aTDALMTGY) in healthy volunteers
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The vaccine immunogen sequence is in red type at the top of the figure legend. Sequence variants
are represented by different columns. “~“ represents amino acid homology with the vaccine
sequence. Magnitude of T cell response is measured on the y axis by IFNy ELISpot. Volunteers were
vaccinated with ChAd3-NSmut (Wk0) and MVA-NSmut (Wk8) in study HCV003.

All of these experiments were conducted using supraphysiological concentrations
of peptides (3ug/ml peptide, see Materials and Methods). It is possible that
peptides which appear to be cross-reactive in vitro at high concentrations, are not
cross-reactive when tested at lower doses which more closely simulate the in vivo
environment. I therefore performed peptide dilution assays at three epitopes:
NS31446 (atpALMTGY), NS31073 (cvnGvewTv) and NS31406 (kLsLainav) (Figure 4-10). This
showed that cross-reactivity (measured as a % of the T cell response to the vaccine

immunogen peptide) decreased with lower concentrations at 2 of the 3 epitopes.
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At NS31446 (aTDALMTGY), T cell responses to the variant peptide decreased from a
median of 66% (range 65-92) at 3ug/ml, to 36% (range 20-38) at 0.03ug/ml.
Responses were negative at the lowest concentration tested in 2/3 (0.003ug/ml)
(Figure 4-10a). At epitope NS31406 (kLsGLGINAV) CrOSS-Teactivity of peptide
(KLSGLGLNAYV) decreased from 89% at the highest concentration to 7% at the
lowest concentration in volunteer 003-328 and from 48% to 19% in volunteer
003-319. The second peptide (KLSSLGLNAV) was even less cross-reactive
decreasing from 49% and 22.4% (in volunteers 003-328 and 003-319
respectively) to undetectable levels at the lowest concentration. Epitope NS31073
cvNevewtv) presented a different scenario, because the variant peptide produced a
stronger T cell response than the vaccine immunogen peptide. This was consistent

across all concentrations tested.
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Figure 4-10 T cell cross-reactivity at 3 epitopes in healthy volunteers, using different peptide
concentrations
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Each plot represents a different volunteer, vaccinated with the NSmut immunogen, containing the
amino acid sequence listed in full at each epitope. “-“ represents amino acid homology with the
vaccine sequence. Volunteers prefaced with “003-" received ChAd3-NSmut prime (Wk0) and MVA-
NSmut boost (Wk8). Volunteer 001-037 received ChAd3-NSmut prime (WkO and Wk4) followed by
Ad6-NSmut boost (Wk24). Volunteer 001-056 received ChAd3-NSmut prime (wk0) and Ad6-NSmut
boost (Wk8). Volunteer 001-102 received Ad6-NSmut prime (Wk0, Wk4) and ChAd3-NSmut boost
(Wk24). Magnitude of T cell response is measured by IFNy-ELISpot, indicated on the y axis. Peptide
concentration is listed on the x axis. A dotted line shows a T cell response of 39 SFC/10° PBMC, defined
as a positive IFNy-ELISpot response (see Materials and Methods).

4.8 Functional analysis of T cells which recognise HCV sequence variants at
epitope NS3,473

Next I used pentamer staining in 2 healthy volunteers to confirm that vaccination
induced similar proportions of T cells which recognised both the vaccine
immunogen and the common HCV sequence variant at epitope NS31073 (Figure

4-11).

These could represent the same T cells capable of binding different variants of

peptide NS31073, or two different naive T cell populations primed by the one
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immunogen. To evaluate whether both T cell populations identified were
functional, I assessed the phenotype and function of the cells with pentamer and

ICS stains (Figure 4-12 and Figure 4-13).

Figure 4-11 Comparison of epitope specific T cell responses to two variants of epitope NS31073
following vaccination of two healthy volunteers
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Staining is with pentamer NS31073 cynavewrv or cingvewTv 4 WKs post second prime (001-032) and 6
weeks post boost (003-310). Gating is on live CD3+ (see Materials and Methods). Left panels
represent the vaccine matched pentamer (CVNGVCWTYV); right panels represent the common
variant pentamer (CINGVCWTV). % pentamer+*/CD8* T cells is indicated in the top right of each
panel. A) Volunteer 001-032 received ChAd3-NSmut prime (Wk0, Wk4), B) 003-310 received
ChAd3-NSmut prime (Wk0) and MVA-Smut boost (Wk8).
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Figure 4-12 Phenotypic comparison of vaccine-induced CD8+ cells, stained with two versions of

pentamer NS31073 in healthy volunteers.
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The pentamer corresponding to the vaccine sequence (CVNGVCWTV)(top row of each group) and

variant pentamer (CINGVCWTYV) (bottom row) is shown. Cells are gated on CD8* cells (see

Materials and Methods). % CD8+/pentamer* cells is indicated in the top right corner of each plot.
A) External antibody stains in volunteer 001-032 (4 weeks post second priming vaccination with
ChAd3-NSmut) and 003-310 (6 weeks post boosting vaccination with MVA-NSmut). B) Internal

antibody stains in volunteer 001-032.
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The phenotype of T cells recognising the vaccine matched pentamer and the
variant at epitope NS31073 (cvnevcwrv) was similar in both volunteers assessed (001-
032 and 003-310) (Figure 4-12). This was predominantly an effector memory
population (CCR7-/CD45RA-), representing 67% and 80% of vaccine pentamer+
cells in volunteers 001-032 and 003-310 respectively, and 72% and 67% of the
variant pentamer populations. Both pentamer populations had similar levels of
activations markers CD38 and HLA-DR. A second staining panel was performed in
volunteer 001-032 (Figure 4-12B). This showed that both populations of T cells
were high in granzyme A (89.7%-90.6%) and granzyme B (82.8%-92.9%) and low

in perforin (0-11.8%).

Next, ICS was performed using peptides corresponding to the vaccine immunogen
and to the common population variant at epitope NS31073 (Figure 4-13). Both
groups of cells were functionally similar, producing IFN-y as expected from the

ELISpot assays, and similar amounts of IL-2 and TNF-q, in both volunteers.
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Figure 4-13. Comparative ICS of vaccine-induced cells in healthy volunteers, stimulated with peptides
corresponding to (i) the vaccine immunogen (top panel) or (ii) the most common variant HCV
sequence (bottom panel).
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Cells are gated on CD8+* cells (see Materials and Methods). % CD8+ cells is indicated in each
quadrant. TNF-a production (Left) and IL-2 production (Right) are shown. A) Volunteer 001-032, 4
weeks after second prime with ChAd3-NSmut. 001-032 received ChAd3-NSmut (WkO0), ChAd3-
NSmut (Wk4) Ad6-NSmut (Wk14). B) Volunteer 003-310 TW 14, 6 weeks post boost with MVA-
NSmut. 003-310 received ChAd3-NSmut (Wk0), MVA-NSmut (Wk8).
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4.9 Discussion of viral variation and T cell responses

T cell responses to vaccination are determined by autologous viral sequence
This work demonstrates the importance of including the analysis of viral sequence
alongside the assessment of immunogenicity in a new vaccine regime. Here, I
have demonstrated that at sites in the HCV genome where patient viral sequence
matched the vaccine immunogen, there was no T cell response detected. In
contrast, at sites where there was virus-immunogen mismatch (i.e. sites in the HCV
genome where autologous virus and the vaccine immunogen were different), T

cells targeting those sites could be detected.

Sequence analysis showed that virus-immunogen mismatch was not simply due to
the inherent variability of the HCV genome at T cell epitopes. At conserved sites in
the HCV genome, it was striking that all patients who made a T cell response to

vaccination demonstrated virus-immunogen mismatch.

The importance of HLA type when assessing viral variation

Measurement of viral variability may poorly reflect what is happening within a
minor HLA type. If for example, there is an epitope which is restricted to an
infrequently encountered HLA type, the analysis performed here may not pick pup
the variability of such an epitope. In this way, an epitope, which appears
conserved at a population level, may actually be highly variable in a given
population. This is seen for example at the HLA-B27 epitope NS5B2841(aRMILMTHF)
where 78% of genotype 1a sequences and 74% of genotype 1b sequences contain
the consensus ARMILMTFH sequence, represented by the vaccine immunogen.

However when the relevant HLA-B27 subgroup is examined, mutations are
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frequent. Neumann-Haefelin and others showed in a study of chronically infected
patients that 6/6 HLA-B27 patients had mutations at this epitope, as opposed to
only 9/64 non-HLA-B27 patients (Neumann-Haefelin et al. 2006). Sequencing of
the patients in study HCVOO2TV supported this with 2/2 HLA-B27 patients having
mutations at this epitope but only 2/14 non-HLA B27 patients. Similarly, the HLA-
A3 epitope TVHTGVTK is conserved in HLA-A3 negative individuals, but variable,
with mutations linked to fitness cost, in HLA-A3 positive patients (Fitzmaurice et

al. 2011).

Nonetheless, even when sequences at 5 epitopes with known HLA restriction were
assessed in relevant HLA matched populations in HCVO02TV, the same pattern of
virus -immunogen mismatch was seen in patients who made a T cell response to
those epitopes. Such a consistent pattern suggests that an antigenic specific
process such as T cell suppression from T regulatory cells, tolerization or T cell
exhaustion from chronic antigen exposure may play a significant role in

determining therapeutic vaccine response.

T cell exhaustion may explain virus-immunogen sequence mismatch at

immunogenic epitopes

It is possible that T cells specific to epitope sequences contained within circulating
autologous virus are exhausted due to constant antigenic stimulation. By
presenting T cells with previously ‘unseen’ antigenic variants at T cell epitopes,
vaccination could prime new T cell responses from naive T cell populations. This
could explain why individuals whose circulating virus matched that of the vaccine

immunogen did not respond to vaccination. This also explains the pattern of virus-
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immunogen mismatch in patients who made a T cell response to vaccination,
where for example the only person to respond to the HLAB8 epitope NS31395
uskkkepeL) was infected with the well-described escape variant (HSKRKCDEL)
(Timm et al. 2004). However such a scenario also raise the possibility that the T
cells detected at, for example this HLAB8 epitope, could represent rested memory
T cells, from which virus has subsequently escaped, rather than naive T cells

primed by novel antigens.

If the model of exhaustion is extrapolated further, it provides one explanation for
why all patients with the same viral sequence as each other at a given epitope, did
not uniformly make a T cell response to that epitope. Each patient could have had
previous HCV infections with different viral variants, or even concurrent infection
with quasispecies not detected with the Sanger sequencing methods used here.
This could lead to different populations of T cells being exhausted and thus
influence the generation of vaccine responses. This is depicted in a putative model

of T cell responses to vaccination in Figure 4-14.
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Figure 4-14 Putative model of T cell responses to therapeutic vaccination
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3 scenarios are presented. Scenarios 1 and 2: Patients are infected with a virus similar to/identical
to the vaccine immunogen. 1. Chronic antigen (Ag) exposure renders T cells exhausted and
vaccination is ineffective. 2. Virus escapes and T cells to the initial virus (matched to the
immunogen) contract and recover. Vaccination boosts these pre-existing T cell responses however
they fail to target current (escaped) circulating virus . 3. Infecting virus is different to the vaccine
immunogen. Vaccination primes naive T cells specific to the vaccine immunogen but these fail to

target circulating virus.

Alternatively, inter-individual variation could be due to different naive T cell

repertoires between individual patients, which limits their capacity to be primed

by novel antigens (Wolfl et al. 2008). This possibility has wider implications for

the success of prophylactic or therapeutic T cell vaccines, since the vast

heterogeneity of T cell receptor combinations worldwide could limit the

immunogenicity of any T cell vaccine, even if it includes multiple epitopes targeted

by different HLA types.

It is also possible, as alluded to above, that the T cell responses identified following

vaccination represent low frequency T cell populations from which virus has

escaped. In this explanation (depicted as scenario 2 in Figure 4-14 above) patients

infected with a virus which matches that contained within the vaccine immunogen,
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make T cells specific to that virus (and thus also to the vaccine immunogen). The
virus then escapes due to immune pressure and those immunogen specific T cells
contract to low level populations, not detectable by ex-vivo assays. Such low
frequency populations have been shown to exist by others who have expanded
these populations in vitro (Timm et al. 2007). Vaccination then boosts those
immunogen specific T cells, which no longer target circulating virus (since it has
escaped). Such a scenario may also explain the poorly functional T cells detected
after vaccination where the magnitude and quality of T cell responses in those who
respond to vaccination is vastly different to those observed in healthy volunteers

vaccinated with this regimen (see Chapter 3).

However it is difficult to explain how the scenario of rested memory T cells could
hold true at sites in the vaccine immunogen where the immunogen sequence is
encountered extremely rarely in the HCV population, for example epitope NS31406
kLscLGiNav) Which represents fewer than 4% of genotype 1 sequences. It does not
seem plausible that all 6 patients who made a T cell response to this epitope could
have been previously infected with this rare sequence variant. It may be that the
explanation for T cell responses is epitope specific, and that in some cases they
represent boosted pre-existing T cells and in others naive T cells. An alternative
possibility at epitope NS31406 is that patients could have been infected with a
similar, more commonly encountered, sequence variant which is cross-reactive
with the immunogen sequence KLSGLGINAV. This would result in the same
scenario of pre-existing T cells, which recognise the immunogen (through cross-

reactivity). Such a scenario would rely on the ability of other sequence variants to
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prime T cells cross-reactive to the immunogen sequence, a possibility discussed in

Chapter 5 p183.

T cells do not target circulating virus

The possibility that T cells are exhausted may explain why T cells detected
following vaccination did not target circulating virus in many cases and suggest
that a lack of immune pressure may be why viral sequences remained largely
unchanged at sites of immunological response in patients who relapsed. There
was only one epitope site, NS31073 (cvnevewrv) where T cells recognised both
circulating virus and immunogen with an equal strength response. This is
consistent with work on this epitope in patients with chronic HCV from Soderholm
and others (Soderholm et al. 2006). At all other epitopes, there was either a
diminished or completely abrogated T cell response to the autologous virus. This
was especially significant at the most immunogenic epitope (NS31406) where
NS31406 specific T cells failed to recognise both circulating autologous virus as well

as viral variants from other patients.

T cells are cross-reactive between common sequence variants at epitope

NS31073 but not at other epitopes.

These observations lead to the first systematic examination of T cell cross-
reactivity to common HCV variants at T cell epitopes, which carries implications
not only for therapeutic vaccines but also for future work on prophylactic HCV
vaccines. Previous work exploring T cell cross-reactivity has been hampered by

the need to use samples from patients with chronic HCV or murine models. By
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testing immunogenicity in healthy volunteers, vaccinated with a single
immunogen, the possible confounding effects of previous viral infection, pre-

existing T cell responses and concurrent IFNa therapy were removed.

Functional and pentamer assays confirmed that vaccine-induced NS31073 (cvnavewTv)
specific T cells did recognise the other major sequence variant at this site, thus
targeting 89% of circulating genotype 1 variants at NS31073. Importantly, this
cross-reactivity was maintained at low peptide concentrations suggesting that this
epitope is a viable component of a joint genotype 1a and 1b vaccine. Work from
Fytili and others has also shown cross-reactivity with common genotype 4 and 6
variants at this epitope, however not with genotype 2 and 3, suggesting that this
component of an immunogen would not be a viable candidate for the ‘holy grail’ of

a universal cross-genotype HCV vaccine (Fytili et al. 2008).

Peptide dilution assays reveal T cells detected after vaccination are poorly

cross-reactive with common viral sequences

Vaccine immunogen specific T cell responses were not cross-reactive to other
common sequence variants at the other epitopes examined. Although at high
concentrations there appeared to be cross-reactivity of NS31446 (aTpaLmTay) specific
T cells between the two major NS31446 variants (representing 99% of genotype 1
viruses), peptide dilution assays demonstrated that this was not the case at lower
peptide concentrations. This is in keeping with in vivo data from chronically
infected patients which suggest that immune pressure at this site results in escape
from Y to F at position 8 in this epitope in HLA-A1 patients (Timm et al. 2007). If

vaccine-induced NS31446 (atpaLmTGy) specific T cells are unable to target the common
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F variant (ATDALMTGF) they would be ineffective against 54% of genotype 1
variants. Given the immunodominance of this epitope in healthy HLA-A1
volunteers vaccinated in this study, it is likely that lack of cross-reactivity from
vaccine-induced NS31446 (arpaLmtay) specific T cells will be problematic in this

population group.

Similarly, T cells specific for NS31406 (xLscLaINAV) failed to recognise at least 40% of
genotype 1 variant strains in all volunteers, and in some individuals this rose to
least 67% of circulating strains. Analysis of population wide sequence variability
showed the immunogen sequence (KLSGLGINAV) was very rare, making it critical
that NS31406 (kLscLaiNaY) SpPecific T cells can target other more commonly
encountered NS31406 sequences. Common genotype 1a variants were not
recognised by NS31406 kLscLaiNav) SPecific T cells, however in some individuals,
genotype 1b variants were recognised at high peptide concentrations, albeit with a
reduced magnitude response. This suggests that T cell responses at NS31406 may
be specific to either genotype 1a or genotype 1b, making it challenging to
incorporate this epitope into a generic genotype 1 vaccine. The inter-individual
variability of cross-reactivity to the genotype 1b variants could be accounted for by
(i) higher magnitude T cell responses in those with cross-reactive responses,
allowing detection of low frequency T cells to the variant (ii) a different naive T
cell repertoire in such volunteers or less likely, (iii) previous exposure (or
“priming”) by another infectious agent with a similar antigen sequence to this

variant.
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Of course these analyses of cross-reactivity are of individual T cell responses at
single epitopes. It may be that this becomes less important if multiple epitopes are
targeted across the HCV genome. Although this is unlikely for the therapeutic
vaccine here, where I have shown that T cell responses were narrowly focussed, it
is possible that in a prophylactic vaccine given to healthy volunteers, the breadth
of T cell response could overcome this problem. In such a scenario, at least some
of the epitope targets may either match, or be cross-reactive with, infecting viral
strains. However, it seems likely that even in this setting, cross-reactivity will
remain a problem for certain immunodominant T cell responses. In healthy
volunteers vaccinated with this regimen in study HCV001, all HLA-A2 patients
responded to the single, poorly cross-reactive epitope NS31406 (kLscLGINAV) OT to the
minipool containing this peptide. Such an immunodominant response could create

a large pool of ineffective T cells, highly specific for a rare sequence variant.

It is not currently known whether it is possible to increase the degree of T cell
cross-reactivity between different epitope sequences. This tantalising possibility
was suggested by the inter-individual variation described at epitope NS31406
(KLSGLGINAV) Taising the possibility that high magnitude T cell responses might more
successfully induce cross-reactive T cells. It is also possible that priming using a
different epitope variant from that used in this vaccine immunogen might increase
T cell cross-reactivity. If a variant with the greatest capacity to induce cross-
reactive T cell response could be identified, this would enhance immunogenicity
across all viral strains, and be instrumental in the success of a universal HCV

vaccine. This possibility is explored in the following chapter.
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4.10 Key Points Learned/ Summary results

At sites in the viral genome where virus and immunogen sequences match,
there is no T cell response induced/recovered by vaccination.

Mismatch between viral sequence and immunogen sequence is a pre-
requisite for a T cell response to vaccination.

Where epitopes are highly variable, or represented by a rare sequence
variant in the vaccine immunogen, cross-reactivity is essential for effective
immunogenicity.

At the most immunogenic epitope NS31406, vaccine-induced T cells fail to
target genotype 1a or genotype 3 variants and only recognise common
genotype 1b variants inconsistently, at high peptide concentrations.

T cells do not target circulating autologous virus in vaccinated patients at
most epitopes, except at epitope NS31073.

T cells detected after vaccination may represent naive T cells primed by
novel antigens in the immunogen or represent pre-existing rested memory

T cells, from which virus has escaped.
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5 Identifying the ideal antigen: Epitope NS31406in depth

5.1 Aims

1. To develop an in vitro method for the development of potential T cell
vaccine immunogen candidates
2. To identify the ideal version of epitope NS31406 for inclusion in a

‘universal’ HCV vaccine
5.2 Background

[ next explored whether the existing immunogen contained in the ‘NSmut’
vaccine could be improved. Given the finding that T cell cross-reactivity could
play a critical role in the success of a T cell vaccine and that one epitope NS31406
(KLSGLGINAV) was immunodominant in both healthy volunteers and patients, I
assessed the cross-reactivity of this highly immunogenic HLA-AZ2 restricted

epitope in depth.

Having identified previously that T cells primed by the vaccine immunogen at
NS31406 demonstrated limited or no cross-reactivity to other common HCV
sequences (see Section 4.7 p161), I assessed whether a different sequence
variant at position NS31406 might generate better cross-reactivity. Such a variant
would have the potential to induce T cells which recognise a large number of
prevalent HCV sequences and could form part of the immunogen in a ‘universal’

HCV vaccine.

Ideally, HCV vaccine immunogen candidates would each be tested in animal and

human safety and efficacy studies. However the lack of animal models for HCV,

183



Chapter 5 Epitope NS31406in depth

and the length of time it would take to manufacture, licence and test each
potential immunogen candidate in vivo makes this difficult for the testing of
multiple immunogen candidates. Therefore I developed an in vitro model for
testing different T cell vaccine immunogen candidates, with a view to finding
either the most immunogenic (producing the biggest responses in the largest
number of people) or the most cross-reactive version. This model, outlined in
Figure 5-1, involved priming naive T cells with autologous dendritic cells (DCs)
with different HCV sequence variants and then testing these primed T cells for
cross-reactivity to other HCV variants using custom made pentamers. The HCV
sequence variants chosen were those identified in the Los Alamos database

which represented >5% of circulating genotype 1 sequences worldwide.

Figure 5-1 Schema for in vitro priming of naive T cells using different HCV sequence variants
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HLA-A2 positive samples are selected for monocyte isolation. Monocyte depleted fraction (neg
fraction) is frozen and reserved for later use. DCs are matured with one of 5 individual peptides,
matched to sequence variants in the HCV genome named 954, 95B, 95C, 95H and 95I. DCs then
prime naive T cell lines which are restimulated with peptides or peptide pulsed autologous
PBMC. Each T cell line is stained with 5 pentamers matched to the individual sequence variants
(95A-1). neg=negative D=Day DC=dendritic cell IL= interleukin LPS= lipopolysaccharide
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5.3 Questions

1. Isthere an optimal version of epitope NS31406, which will prime T cells
capable of recognising multiple common HCV sequence variants?
2. Isit possible to prime multiple different naive T cell populations in vitro,

which recognise common HCV sequence variants at epitope NS31406?

5.4 Designing a method to test candidate vaccine antigens in vitro using
the Melan-A model

Priming HCV specific naive T cells is a notoriously difficult technique (A. Cox,
personal correspondence). Wolfl and others have shown that it is possible to
prime naive T cells specific for one variant of epitope NS31406 (KLVALGINAV) in 5
healthy individuals although attempts to prime T cells specific for a second
variant (KLVAMGINAV) were largely unsuccessful, attributed to a paucity of
available naive T cells specific for this variant (Wolfl et al. 2008). It has not
previously been attempted with 4 of the 5 variants [ wished to use and has not
been trialed on this scale or for this purpose. Therefore I first developed the

technique in a robust model of DC/T cell priming- the Melan-A model.

It been shown that monocyte derived dendritic cells (MoDDC) can readily prime
and expand naive T cells specific for a melanoma antigen (Melan-Az7-35
ELAGIGILTV) (Salio et al. 2001). Melan-A specific T cells have a high naive
precursor frequency in healthy volunteers, >1:2500 CD8+ T cells and are ideal

candidates for developing a protocol for an in vitro priming model (Pittet et al.
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1999). This model could then be used for populations of T cells with much lower

naive precursor frequency, such as HCV specific T cells.

5.4.1 Sample selection and tetramer testing
First I established a method for rapidly identifying suitable samples for the
experiment. These samples needed to be
(i) able to yield large numbers of PBMC, to allow development of multiple cell
lines and restimulation using frozen PBMC.
(ii) HCV negative, to ensure priming of naive T cell populations.

(iii) HLA-AZ2 positive, for the HLA-A2 restricted epitope NS31406.

[ used whole blood cones from blood donors, which have a high PBMC yield, are
HCV Ab negative and are derived from a population with a low risk for blood
borne viruses. The HLA type of these donors is unknown, so I verified a rapid

whole blood staining protocol for screening samples before processing them

(Figure 5-2).
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Figure 5-2 Representative FACs plots of HLA-A2 Antibody staining on whole blood

FITC
A unstained stained

. 99.9

DC2

HLA-A2 (FITC)

DC3

FSC

Whole blood was stained with HLA-A2 antibodies on FITC. Unstained (left) and stained (right)
samples are shown. Each row represents a different volunteer: HLA-A2 positive (DC2) HLA-A2
negative (DC3). Samples are gated on single cells. % of the parent population is indicated in the
FACs plots.

[ next validated the Melan-A pentamer. The first version I used had a significant
amount of background non-specific staining (Figure 5-3a). This was re-
synthesised (Prolmmune) and the second version tested against 4 frozen HLA-
A2 positive samples as negative controls and a Melan-A cell line, for a positive
control. With pentamer 2, there was minimal non-specific staining, (Figure 5-3b-
c). There were small populations of CD8* Melan-A* cells at baseline (median
0.0015%. of live CD3* cells; range 0-0.001) as expected from previous studies

(Pittet et al. 1999).
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Figure 5-3 Representative Melan-A pentamer staining in healthy unstimulated HLA-A2 positive
samples
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a) Background staining of Melan-A pentamer 1 in 2 HLA-A2+ve individuals (LC66 and LC72)
showing high levels of non-specific staining. b) Staining using Melan-A pentamer 2 in 2 HLA-
A2+ve individuals (LC61 and LC72), showing minimal non-specific staining. c¢) Positive control
using Melan-A cell line (provided by Mariolina Salio WIMM Oxford) unstained (left column) and
stained (right column) with Melan-A pentamer 2. CD8 is on the x axis and Melan-A on the y axis.
% cells from the parent gate is indicated in each plots. Cells are gated on live, single, CD3* PBMC.

5.4.2 Growing Monocyte Derived Dendritic Cells

[ then separated PBMC and isolated monocytes, using negative bead depletion

and assessed purity of CD14+* cells, which was >95% (Figure 5-4).
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Figure 5-4 Purity of monocyte isolation from HLA-A2 individuals
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Representative sample of CD14 staining, in volunteer EB2, stained after positive CD14+ bead
selection. The negative (a) and positive (b) fractions are shown. c¢) Histogram of monocyte
purity. Cells are gated on single live cells. % of live cells is indicated in each plot. FSC= forward
scatter. Cells were stained with CD14-V500.

[ then tracked the development of the DCs using surface stains at each stage of
development in samples from volunteer DC4 and in 2 subsequent samples
(volunteers DC2 and LC90). Phenotypic markers were assessed in 1 volunteer

(DC4) at baseline and at Days 4 (immature DCs) and Day 6 (mature DCs) in DC2,

DC4 and LC90 (Figure 5-5 and Figure 5-6).
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Figure 5-5 Dendritic Cell development: representative FACS plots
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Dendritic cell line from volunteer DC4, stained for external markers (y axis) at three
timepoints during Dendritic Cell (DC) differentiation. % CD14+ marker+ cells is
shown at baseline and at Day 4 and Day 6 post monocyte separation. Cells are gated
on live cells. Gating for each marker was determined using an unstained sample at
each timepoint (therefore gates are specific to each timepoint) since auto-
fluorescence changed as DCs matured.

During DC maturation, there was a striking shift from a CD14 positive population
(after monocyte selection) to a CD14 negative population by day 4, which
remained negative in all individuals at DC maturation on day 6 (Figure 5-6).

CD1a marker was not upregulated in all individuals, likely due to the presence of
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human serum, which has been shown to inhibit the upregulation of CD1a, and

instead cause upregulation of CD1d (Leslie et al. 2008).

CD83 is the most stringent marker of DC development. Immature DC samples at
day 4 were predominantly CD83 negative, however by day 6 all fresh samples
were CD83 positive. One frozen sample, LC90, failed to develop this critical
differentiation marker and remained CD83 negative at Day 6 (Figure 5-6).
When examined under the microscope this sample did not have a typical DC
appearance, nor did cells from this line successfully prime any naive T cells,

suggesting that LC90 did not produce mature DCs.

Other markers critical for T cell priming, CD80 and CD86, were positive, however
given high levels of positive staining at baseline it was not possible to show that
these were upregulated over time. Ideally these stains would have been titrated
to show a CD80/CD86 low population at baseline, however since other
important markers displayed the expected phenotype and DCs were functional

(as shown in the experiments to follow), this was not pursued further.
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Figure 5-6 Dendritic Cell development over time
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DCs were stained for markers (x axis) before development (DC4a), at Day 4 (DC2, LC90, DC4a)
and on Day 6, at maturation (DC2, LC90, DC4a and DC4b). DC4a and DC4b are from the same
donor, however different experiments. Individual volunteers are represented by different
colours. DC4a=yellow, DC4b=blue, LC90= green, DC2=red. Timepoints are represented by
different shapes. Cells were gated on live cells. Median (horizontal bar) is shown.

5.4.1 Monocyte derived dendritic cells can prime autologous naive T cell
populations

[ next incubated the DC line, matured with Melan-A peptide, with autologous
PBMC isolated at the time of monocyte separation. I then stained the sample at
three consecutive timepoints for Melan-A+ cells (Figure 5-7). At baseline and at
Day 11 post monocyte separation there was no identifiable Melan-A+ population.
However one week later at Day 18, a large Melan-A* population could be
identified (0.52% of CD3* T cells). These were re-stimulated at Day 18 after
monocyte separation with more frozen autologous PBMC (8x10¢) pulsed with
Melan-A peptide, and at Day 26 produced a highly expanded Melan-A specific

population representing 0.93% CD3+* cells or 1.76% CD8* T cells.

These results confirmed that this experimental model could produce mature

DCs, which could prime naive T cell populations.
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Figure 5-7 Priming of Melan-A specific T cells from naive precursors, using an in vitro priming model
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DCs matured with Melan-A peptide were used to prime autologous naive T cells from donor DC4.
Melan-A tetramer is on the y axis, CD8 on the x axis. % of CD3* cells is indicated in individual
plots. Cell lines were re-stimulated with thawed autologous feeder cells pulsed with Melan-A
peptide (10pg/ml) at Day 18.

5.5 Canin vitro priming produce HCV specific T cells which recognise the
most common HCV sequence variants at epitope NS3,406?

[ next proceeded to use this in vitro model to prime HCV specific T cell responses
as described in Figure 5-1 p184. I primed T cell lines to the vaccine immunogen
sequence at NS31406 called 95A from here on in (as a control) and to 4 other
sequence variants at this site, called 95B, 95C, 95H and 95I. These are variants
present in >5% circulating genotype 1 sequences (Table 5-1), identified as

described in Materials and Methods and discussed in Chapter 4.

Table 5-1 Variants of NS31406 used for T cell priming and their relative frequency in genotype 1.

Sequence % la % 1b | % Genotype 1 Peptide
HCV overall name
KLSGLGINAV 0 4.3 2.0 95A
--VA------ 46.8 0 24.8 95B
--VA--V--- | 27.0 0.6 14.5 95C
------ L--- 0.2 38.4 18.2 95H
---S--L--- 0 19.6 9.2 951
Based on analysis of 1526 HCV sequences from Los Alamos database
(hcv.lanl.gov/). “- “ indicates amino acid homology with the prototype sequence

in the vaccine immunogen listed in full.
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In brief, peptide pulsed DCs were used to prime naive T cells and to develop T
cell lines. DCs were pulsed with one of 5 peptide variants from Table 5-1 and
each DC line was used to prime an autologous T cell line. These T cell lines were
tested for cross-reactivity using 5 different pentamers specific for the different

NS31406 variants (Figure 5-1 p184).

In the following sections I first describe the alterations to the methods required
to successfully prime HCV specific T cells and then the results from the first pilot
experiment using samples DC2 and DC4. Then I describe the subsequent

experiments to confirm and expand upon these findings.

5.5.1 Refining the method for in vitro priming of HCV specific T cells
Modifications were necessary to the priming protocol, to account for the low pre-

cursor frequency of HCV specific T cells compared with Melan-A specific T cells.

HCV specific T cell lines need longer to grow than Melan-A specific cell lines

Firstly, I needed to change the timepoints at which cell lines were tested for
pentamer positive cells. Although Melan-A+ primed cell lines were detectable
by Day 18 (Figure 5-7), when the first three individuals primed with HCV specific
peptides (DC2, DC4, LC90) were tested at Day 20, there was only 1 positive HCV
specific T cell line (DC4, primed by peptide 95H) (Figure 5-8). Furthermore, the
magnitude of responses in the one positive cell line was small, with only 0.03%
CD3* pentamer* T cells, in contrast to the Melan-A cell line, which had 0.52%

CD3* Melan-A* T cells at this equivalent timepoint (Figure 5-7).
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Figure 5-8 Day 20 pentamer staining of T cell lines primed by HCV peptides in 3 healthy individuals.
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T cell lines from 3 HLA-A2 positive individuals (DC2, LC90 and DC4) were stained with
pentamers matched to the peptide they were primed with, 20 days after monocyte separation at
the start of the experiment. Each row represents a different volunteer. Each column represents a
different cell line, primed with the peptide listed at the top of the column. The peptide contained
within the vaccine immunogen is listed in full (left column), while dashed lines indicate amino
acid homology with the immunogen sequence. The pentamer corresponding to the peptide used
to prime the cell line is shown (y axis), with %CD3*pentamer* T cells shown in the top right of
the FACs plot when >0. All pentamers are on PE except for 95 H which is on APC. Cells are gated
on live CD3+* cells. The positive pentamer population is boxed in red.

Assessing later timepoints and restimulation with further peptide or feeder cells
were clearly important for T cell priming with HCV specific peptides. At Day 20, |
restimulated cell lines from DC2 and LC90 using peptide pulsed autologous
frozen PBMC, in an identical manner to that used for restimulation of the Melan-
A cell line. Due to a lack of available cells, I was unable to restimulate the cell
lines from volunteer DC4 in this manner, so instead restimulated these lines
using peptides alone (10pug/ml). When samples were restained 8 days later at
Day 28, there were still no HCV specific cell lines from volunteers DC2 or LC90
(Figure 5-9). In contrast, there was significant expansion of the 95H primed cell

line from DC4 (Figure 5-10). I therefore modified the protocol and restimulated
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cell lines from volunteer DC2 with peptide alone at Day 28, which, at Day 35 (1
week later) successfully produced 2 HCV specific cell lines, 95C and 95H,

discussed further below.

For subsequent volunteers, the timeframe for staining was thus increased up to
Day 35, and peptide stimulation was chosen as the initial method of

restimulation, with autologous feeder cells added at later timepoints.

Figure 5-9 Restimulation with frozen autologous feeder cells was unsuccessful at priming HCV
specific T cells at Day 28.

L 95A 95B
KLSGLGINAV ~eVA--eunu-

DC2

Pentamer

LC90

v

CD8

Cell lines primed with HCV specific peptides from 2 HLA-A2 positive individuals (DC2 and LC90)
were stained with pentamers, 8 days after restimulation using peptide pulsed frozen autologous
PBMC. Each row represents a different volunteer. Each column represents a different cell line,
primed with the peptide listed at the top of the column. The peptide contained within the
vaccine immunogen is listed in full (left column), while dashed lines indicate amino acid
homology with the prototype sequence. The pentamer corresponding to the peptide used to
prime the cell line is shown (y axis). Cells are gated on live CD3* cells.
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Figure 5-10 Development of HCV specific T cells, primed in vitro, in volunteer
DC4

Baseline Day 20 Day 28

>
>

Pentamer 95H KLSGLGLNAV

v

Naive T cells were primed with autologous DCs matured with peptide 95H
(KLSGLGLNAYV,) then restimulated with the same peptide at Day 20 and
stained sequentially with the matched pentamer (y axis). %
CD3*Pentamer* T cells is shown in the top right of each plot. Cells are
gated on live CD3* cells.

Fresh samples are better than frozen samples

The frozen sample, LC90, failed to grow any successful cell lines. Furthermore,
not only was DC development poor in this individual (Figure 5-6), staining at day
20 showed poor priming with a much lower proportion of CD8* cells (median
CD3* CD8*T cells 41.75%; range 41.3- 42.2) in comparison to the fresh cell lines
DC2 and DC4 (median CD3* CD8* T cells 65%; range 64.8-75.4) (data not shown)
(Figure 5-8). Although using frozen cells would have streamlined the
experiment considerably, this plan was abandoned after the poor priming seen

with volunteer LC90 and further analysis of LC90 is not included in these results.

Cell lines must be re-plated in 6 well plates before adding feeder cells

[ attempted one further refinement of the restimulation stages of this protocol.
Previously, [ had re-plated cell lines in 6 well plates when adding autologous
feeder cells (see Materials and Methods). In 3 volunteers, I trialed adding feeder
cells directly to the same 24 well plate in which cells had been primed. Although

this would have conserved cell numbers and simplified the experiment, it was
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not successful and resulted in the loss of pentamer positive populations. There
were 3 positive cell lines identified at Day 21 which were no longer present at
Day 33 following this modification (Volunteer DC14, line 95A and 95C, Volunteer
DC15 line 95A). This modification was therefore not incorporated in the

protocol.

Figure 5-11 Loss of HCV specific T cells after trying a new method of adding autologous feeder cells
to primed naive T cells.

A 95A 95C 95A
KLSGLGINAV --VA--V--- KLSGLGINAV

0.04 0.01 0.11

Pentamer

DC14 DC15

Day 337

>
>

CD8

Pentamer staining of in vitro primed HCV specific T cells in two volunteers, DC14 and DC15. Cells
were primed using peptides indicated at the top of each column and stained with matched
pentamers (y axis). “-“indicates amino acid homology to the prototype sequence in the vaccine
immunogen. Each row represents a different timepoint, showing the loss of HCV specific T cells
following the addition of autologous feeder cells at Day 33, after an alteration to the protocol. %

CD3*Pentamer+ T cells is shown in the top right of each plot. Cells are gated on live CD3+ cells.

5.5.2 Results from the pilot experiment: there is a variant of epitope NS31406
which primes broadly cross-reactive T cells.
Initial results from the first two individuals tested (DC2 and DC4) demonstrated
that it was possible to prime multiple HCV specific T cell lines (Figure 5-10 and
Figure 5-12). In DC4 only 2 variants from Table 5-1 (95B and 95H) could be
tested in this initial experiment (due to cell numbers), producing 1 successful

95H primed cell line which was cross-reactive with 95A (Figure 5-12b).
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From DC2, T cell lines were primed to 2 out of the 5 variants tested from Table
5-1: 95C and 95H (Figure 5-12). The cross-reactivity of all three cell lines was
tested by staining T cells from each line with pentamers matched to the other
common sequence variants. Here, 95H primed T cells were cross-reactive with
other genotype 1b variants, 951 and 95A. In contrast, cells primed by 95C
recognised all 5 sequence variants tested by pentamer staining (Figure 5-12b).
This suggested that it might indeed be possible to prime T cells for a universal
genotype 1 vaccine. Could version 95C at epitope NS31406 be the key to such a

vaccine?
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Figure 5-12 The Universal genotype 1 HCV epitope? Pentamer staining of T cell lines primed with
variants of peptide 95A (KLSGLGINAV).
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a) Development of HCV specific cells in volunteer DC2 over time. Two different cell lines, one
primed by peptide 95B and one primed by peptide 95H are shown in each row. Each is stained
with a pentamer matched to the priming peptide (y axis). b) Cross-reactivity of T cells primed by
different peptides: 95C (top row) and 95H (middle and bottom rows), in volunteers DC2 and
DC4. Each row represents a different cell line. Each cell line is stained with 5 pentamers,
represented by a different column, and listed at the top of each column. “-“indicates amino acid
homology with the prototype peptide sequence 95A (left column). The pentamer which matches
the peptide used to prime a cell line is ringed in red. T cells primed by 95C (KLVALGVNAV) bind

all 5 pentamers tested (top row). Cells are gated on live CD3* lymphocytes.
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5.5.3 Is peptide 95C (KLVALGVNAV) the best candidate for an NS31406 containing
vaccine immunogen?
[ next proceeded to verify the possibility that peptide 95C could be part of a
universal genotype 1 HCV vaccine, by using a larger sample size. In total, 17
fresh blood cones were obtained in 4 separate experiments, and 8 were
discarded (not HLA-A2 positive). The 9 remaining cones were used to develop
up to 5 different T cell lines per cone (cells permitting) for 35 days as described

in Figure 5-1. The progress of this experiment is chartered in Figure 5-13 below.

Figure 5-13 Progress of HCV specific T cell line culture

Fresh Frozen
Samples Samples
N=17 N=1 (LC90)
HLAy %’305
8 discarded 9 used for
T cell lines

l

Exp 1: n=3: DC2, DC4, LC90
Exp 2:n=3: DC5, DC6, DC8
Exp 3:n=3: DC13, DC14, DC15

Exp 4:n=1: DC4
9 fresh samples 1 frozen sample LC90 failed to
generated T cell lines generate T cell lines

NN

95A primed  95B primed 95C primed 95H primed 95! primed

lines lines lines lines lines
Successful l l l
Lines 6/8 2/8 3/7 4/8 1/6

9 fresh whole blood cones and one frozen PBMC sample were selected for dendritic cell (DC)
development and T cell priming. 4 separate experiments were performed named experiment
(Exp) 1-4. Fresh cones were named DC2 to DC15 and the frozen PBMC sample was named LC90.
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It was possible to prime T cell responses to all variants tested, although some
were more immunogenic in terms of magnitude and frequency of T cell priming
than others (Figure 5-14). The variant which most commonly primed T cells was
the vaccine immunogen version, 954, which successfully primed T cells in 6/8
individuals (75%). The common genotype 1b variant 95H was the next most
frequently successful, priming responses in 4/8 (50%) volunteers. Responses in
these 4 volunteers were low however: median CD3* pentamer+ cells was 0.06%;
range 0.02-0.47. In contrast, variant 95C primed responses in fewer individuals
(3/7,42.8%) however did produce the greatest magnitude response (3.7% CD3*
pentamer* cells), nearly 4 times greater than the next largest response generated
by peptide 95A (0.9% CD3* pentamer* cells). Two variants which did not
appear immunogenic were variant 951, which primed responses in only 1 person

(DC8) and 95B which primed responses in 2/8 volunteers (DC5 and DC8).
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Figure 5-14 Magnitude and Cross-reactivity of T cell responses primed with HCV specific peptides in
healthy HLA-A2 positive volunteers
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Cell lines primed with different versions of peptide 95 are shown in each graph. Each cell line
from each volunteer was stained with a different pentamer, represented by a coloured column.
The vaccine immunogen sequence (954) is listed in full, and “ -“ indicates amino acid homology
with 95A. Individual volunteers (x axis) and %CD3* pentamer* cells (y axis) are shown.
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The promising initial findings of universal cross-reactivity with peptide 95C
priming, could not be replicated in either of the two other volunteers
successfully primed with this variant (volunteers DC5 and DC14). Although
there was good cross-reactivity to 95A and 95B, the common genotype 1b

variants 95H and 951 were not recognised by these cell lines at all (Figure 5-15).

Figure 5-15 Cell lines primed with peptide KLVALGVNAYV (95C) do not produce universally
recognised HCV specific T cells
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T cell lines from 2 healthy volunteers; DC5 (Day 33) and DC14 (Day 21) after priming with
peptide KLVALGVNAYV (95C). Each column represents staining with a different pentamer (y axis)
listed at the top of the column. % CD3* pentamer+* cells are shown in the top right corner of each
plot. Cells are gated on live CD3+* lymphocytes

Cross-reactivity was assessed in all other successful cell lines. The 5 cell lines
primed by genotype 1a variants (95B and 95C) all recognised other genotype 1a
variants, i.e. all 95B primed lines recognised 95C matched pentamers and vice
versa, however apart from the initial result in volunteer DC2 (Figure 5-12), none
demonstrated cross-reactivity to the 1b variants, 95H and 95I. Similarly, T cells
primed by genotype 1b variants tended to recognise other 1b variants. 3/4 lines
primed by 95H cross-recognised the other common 1b variant, 951. The poorly
immunogenic peptide 951 (which produced a response in only 1 individual-DC8)

was not cross-reactive with any variants. This was also the only cell line which
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did not show any cross-recognition of the vaccine immunogen peptide, 95A.
Interestingly, all other cell lines primed by other peptide variants (95B, 95C and
95H) cross-recognised the uncommon 95A variant, present in the vaccine

immunogen.

The cross-reactivity of 95A primed cell lines was inconsistent between
volunteers. 2 lines (DC4 and DC6) were cross-reactive to both 95H and 95], 1
line (DC8) recognised 95H alone, and 1 low magnitude T cell line from DC14
recognised the genotype 1a variants 95B and 95C. One volunteer, DC5 produced

a broadly cross-reactive T cell line which recognised all variants (Figure 5-16).

Figure 5-16 Patterns of cross-reactivity in T cells primed by KLSGLGINAV (95A)

95A 958 95C 95H 951
A  KLSGLGINAV  --VA------ “eVA--Voeer  aeeen- L--- ceeS--L---
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T cell lines from 3 healthy volunteers; DC4 (Day 21) DC5 (Day 33) and DC14 (Day 21) after
priming with peptide KLSGLGINAV (95A). The top row (DC4) shows cross-reactivity with
versions 95H and 951. DC5 shows cross-reactivity to 95B, 95B, 95H and 951. DC14 shows cross-
reactivity to 95B and 95C. Each column represents staining with a different pentamer (y axis)
listed at the top of the column. %CD3* pentamer+ cells are shown in the top right corner of each
plot. Cells are gated on live CD3* cells.
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5.5.4 Functional recognition of different sequence variants
[t is possible, although unlikely, that T cell responses, which appear to be cross-
reactive via pentamer staining, may not actually be functional responses. That is,
primed T cells may bind variant peptides presented by MHCI (and detectable by
pentamer staining) but the TCRs are not triggered and there is no downstream
signaling. To assess the functionality of cross-reactive responses, ICS was

performed on 9 cell lines after pentamer staining.

Figure 5-17 Representative ICS staining in a cell line primed with peptide 95C (KLVALGVNAYV)
from healthy volunteer DC5
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The top 4 rows represent ICS staining. The bottom row represents comparative pentamer
staining. A cell line from volunteer DC5 was primed by peptide 95C and stimulated with
different variants of epitope NS3 1406 (954, 95B, 95C,95H and 95I listed above each column)
and stained for cytokines (y axis). Amino acid homology to the peptide contained within the
vaccine immunogen is indicated by “-“. Cells are gated on live CD8* cells. % CD8+cells positive
for both IFNy and the y axis cytokine is indicated in the top right.
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First, I assessed the functionality of the cell lines primed with variant 95C to
confirm that the cross-reactive pentamer stains represented functional cross-
reactive T cell responses. In the 95C primed line from volunteer DC5,
polyfunctional cytokine production (IFNy, MIP1§3, CD107a, TNFa and IL2) was
observed in response to stimulation by peptides 95A and 95B, as well as the

autologous peptide 95C (Figure 5-18).

ICS data from DC14 was more difficult to interpret due to high levels of
background and smaller populations of 95C specific T cells (Figure 5-14). The
only response significantly above background was MIP1f3 production in
response to stimulation by the autologous peptide 95C. There was some
suggestion of TNFa production in response to stimulation by 95B and 95C
although the 95A specific cells identified by pentamer staining could not be

verified by ICS.
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Figure 5-18 Functional cross-reactivity of cell lines primed with KLVALGVNAV (95C) in 2 healthy
volunteers
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Cell lines were stimulated by different peptide variants (954, 95B, 95C), indicated by coloured
columns. Subsequent cytokine production was assessed via ICS and compared with pentamer
stains. Cell lines from 2 volunteers are shown: (a) DC5, Day 33 after monocyte separation and
(b) DC14, Day 21 after monocyte separation % CD8+cells producing a given cytokine (x axis) is
shown on the y axis. Cells are gated on live CD8* cells.
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Next I assessed cytokine production from lines 95B and 95H. Despite high levels
of background in the 95B primed cell line (from volunteer DC5) there was a clear
pattern of IFNy and MIP1[3 production in response to stimulation by peptides
95B and 95C, with 2.43% and 1.46% IFNy*/MIP13* CD8* cells respectively.
(Figure 5-19a). Line 95H in DC4 produced only weak ICS responses, however
stimulation by both 95A and 95H elicited detectable cytokine responses (Figure

5-19b).
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Figure 5-19 Functional cross-reactivity of cell lines primed with KLVALGINAV (95B) and

KLSGLGLNAYV (95H)
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Cell lines were stimulated by different peptide variants, indicated by coloured columns.
Subsequent cytokine production was assessed via ICS. Cell lines from 2 volunteers (DC4 and
DC5) are shown with corresponding pentamer stains: (a) DC5 primed by 95B, Day 33 after
monocyte separation (b) DC4, primed by 95H, Day 21 after monocyte separation % CD8*cells
producing a given cytokine (x axis) is shown on the y axis. Cells are gated on live CD8* cells.
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Finally, I assessed ICS in 95A primed cell lines from 5 individuals (Figure 5-20).
The unusual broadly cross-reactive response in DC5 revealed by pentamer
staining, was reproduced by peptide stimulation, where all 5 peptide variants
stimulated polyfunctional cytokine production. In volunteer DC14, where there
was also a suggestion of unusual cross-reactivity with variants 95B and 95C, high
levels of background made this impossible to confirm via ICS. In other
individuals, it was difficult to show functional cross-reactivity with the variants
detected by pentamer staining. In volunteer DC6 responses were too low to
demonstrate cross-reactivity to 95H and I, except for MIP-1f production which
was observed in response to 95A and 95H. Otherwise there was minimal
cytokine production even in response to stimulation with the autologous peptide
95A. In DC8, responses to 95H and I were expected (as shown by pentamer
staining) however background was high in this sample, and only CD107a
production could be shown in response to both peptides. Peptide 951 was able
to stimulate production of other cytokines (TNFaq, IL2 and IFNy) however this is
hard to interpret in the context of low responses to stimulation by the
autologous peptide 95A. Cell lines from DC15 were not cross-reactive for other
variants by pentamer staining however ICS confirmed that 95A specific T cells

produced multiple cytokines in response to 95A peptide stimulation.
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Figure 5-20 Functional cross-reactivity of cell lines primed with KLSGLGINAV (95A)
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Cell lines primed by peptide KLSGLGINAV (95A) from 4 volunteers (DC5, DC6, DC8, DC14, DC15)
are shown, stimulated by different peptide variants to which they were cross-reactive via
pentamer staining. Each variant is represented by coloured columns. Subsequent cytokine
production was assessed via ICS. % CD8+* cells producing a given cytokine (x axis) is shown on the
y axis. Cells are gated on live CD8+ cells.
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5.6 Discussion
This is the first attempt to my knowledge, to use an in vitro model to
systematically identify the optimal version of a T cell epitope to include in a
vaccine immunogen. I chose to focus on epitope NS31406 for this work due to its
immunodominance in both healthy volunteers and patients vaccinated with an
immunogen containing this epitope (NSmut). Importantly NSmut contains only a

rare variant (KLSGLGINAYV) of this highly variable epitope.

Priming naive HCV specific T cells is more difficult than priming Melan-A

specific T cells

First [ validated a previously described dendritic cell/ T cell priming protocol
(Salio et al. 2001). I showed that this protocol successfully primed Melan-A
specific T cells and produced mature DCs. I then modified this protocol to allow
for the more difficult priming of HCV specific T cells, in particular to account for
their lower precursor frequencies. It is not known what the T cell precursor
frequency is for most of the variants tested in this thesis, except for one variant
95B (KLVALGINAV) which was shown in a study of 8 healthy volunteers to have
a precursor frequency of 1:150,000 CD8* T cells (Schmidt et al. 2011). This is in
contrast to the precursor frequency of Melan-A, specific T cells which has been
shown to be 1:2,500 (Pittet et al. 1999). I established a successful HCV specific
protocol by using fresh cells rather than frozen cells, growing T cell lines for long
periods (up to 35 days) as well as using peptides for initial restimulation rather

than autologous PBMC.
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The NS31406 variant in NSmut (95A, KLSGLGINAV) primed T cells in the

greatest number of individuals

As shown by Wolfl et al. not all NS31406 variants were equally immunogenic.

That is, some variants primed very few T cell lines compared with other variants,
despite being used to grow T cell lines from the same individuals. A particularly
poor candidate for inclusion in a vaccine, if these in vitro results are replicated in
vivo, was variant 951. Although this represents nearly 20% of genotype 1b
sequences it was poor at priming T cells with only 1 out of 6 cell lines growing

pentamer detectable T cells.

The variant which was the most successful at priming T cell lines was variant
95A, which produced 6 successful lines out of 8 attempts. This is the variant
contained within the original vaccine immunogen discussed in this thesis
(NSmut). The next most successful was variant 95H which primed 50% (4/8) of

cell lines attempted.

Why might different variants have different immunogenicity?

T cell Receptor /HLA binding avidity

There are many reasons why some variants might be more successful at priming
naive T cells than others. This work has not explored the individual binding
characteristics of the peptides representing each variant, although this would
make interesting ongoing work. Peptides are likely to have different HLA and T
cell receptor (TCR) binding affinity. For example, variant 95A may have a
particularly strong avidity for HLA binding molecules whereas 951 may bind

weakly, and not be available for presentation to T cells.
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NS31406 is an HLA-A2 epitope. The anchor binding positions of the HLA-A2
molecule are well defined, with the strongest amino acid binders being a
hydrophobic amino acid at position 2 such as leucine (L) or methionine (M) and
leucine or valine (V) in position 9 (Parker et al. 1994). As shown in Table 5-2,
these anchor positions are conserved between the different peptide variants
with leucine at position 2 and alanine at position 9. Instead, mutations occur at
positions 3, 4 and 7. These mutations could nonetheless still completely alter the
binding shape of the peptide, despite the conservation of dominant anchor

residues.

Table 5-2 Relative positions of amino acid differences between variants of NS31406

1 2 3 4 5 6 7 8 9 10
95A | K L s G L G N A v
95B | - = v |a = = = = = =
95C | - = v |a = = v = = =
95H | - = = = = = L = = =
95T | - = = S = = L = = =

[t is important to note that this culture system does expose cells to peptide for
prolonged periods, therefore results may not be representative to those in vivo
where antigens may be encountered more briefly or more infrequently. This
system also bypasses antigen processing and presentation by adding peptide
directly to the cell milieu, therefore it is not known whether some of these
seemingly immunogenic variants such as 95C or 95H, are actually processed in
vivo. Nonetheless the fact that they are found in circulating sequences
worldwide offers the possibility that they may be. We know at least from the
results of vaccinating patients in healthy volunteers with an immunogen

containing 95A, that 95A can be successfully processed in vivo.
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Naive T cell precursor frequency may be different between variants

Another possibility to account for different immunogenicity of the different
NS31406 variants is that there are different naive T cell precursor frequencies for
each of these variants. Wolfl and others have postulated that this accounted for
their difficulty prime T cells using a peptide not trialed here (KLVAMGINAV). If
there were indeed a paucity of naive T cells to a specific variant that could

explain why for example 951 was so poorly immunogenic.

Prior T cell priming by similar antigens

[t is also possible that these volunteers may have been exposed to a previous
antigen (either endogenous or exogenous) which is similar to one or some of
these variants. This has been described with the HCV epitope NS31073 where
previous exposure to influenza virus was reported to result in cross-reactive T
cell responses to this epitope (Wedemeyer et al. 2001). However, this finding
was not replicated by another study using tetramers to assess cross-reactivity
(Kasprowicz et al. 2008). This has not been reported at epitope NS31406,
however if it were the case then the high immunogenicity of certain variants
could be due to their similarity to previously encountered antigens and the
existence of a memory population. This however seems less likely than the other

possibilities.

Finally, it is important to keep in mind that individual variation in the capacity of
different peptides to prime T cells in these experiments could be due to chance.
It is possible that some experiments contained different numbers of naive

precursors for the different variants as only total cell numbers were counted
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before adding to DCs for priming. An attempt was made to account for this by
repeating the experiment in a number of different individuals. This allowed a
clear pattern to be established where if the in vitro results were to play out in
vivo, 951 would certainly be a poor choice for a vaccine immunogen.
Furthermore, if a genotype 1a variant were to be selected for an immunogen,

95C appears more likely to induce T cells than 95B.

Initially it appeared possible to prime a universally cross-reactive T cell

response to NS31406

Of course, the ability to induce T cell responses is only one measure of
immunogenicity. The purpose of this work was to not only find a version of
epitope NS31406 which would induce T cell responses in a large number of
people, but also to find a variant which would induce cross-reactive T cells to

other common sequence variants.

Initially, results were promising and it seemed that finding a candidate
immunogen with almost ‘universal’ genotype 1 cross-reactivity was possible. A
single variant (95C) was able to prime T cell lines which were cross-reactive to
all common sequence variants tested. Such T cells would have the potential to
target all sequence variants that were found at a frequency of greater than 5%
worldwide. However, this finding was not reproducible when priming with 95C
was trialed in further volunteers. Although 2 volunteers produced 95C specific
T cell lines which were able to cross react with the major genotype 1a variant

(95B), they did not recognise the genotype 1b variants (95H and 95I).
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Variant 95A primed T cells with a range of cross-reactive responses, but

consistently recognised genotype 1b variants (95H and I)

It was expected, based on the in vivo IFN-y ELISpot responses that 95A primed
cell lines would range from being not cross-reactive with any variants, to being
cross-reactive with variant 95I (as seen in 4 out of 5 healthy volunteers) and in

some cases cross-reactive with 95H (see Figure 4-10).

These predicted patterns were observed in 4 out of the 6 cell lines primed by
95A. Two lines (DC4 and DC6) were cross-reactive to both 95H and 95I, one line
(DC8) recognised 95H and one line (DC16) recognised only 95A. Two volunteers
(DC5 and DC14), produced unexpected patterns of cross-reactivity. DC14
produced 95A primed lines which were cross-reactive with variants 95B and 95c¢
but not with the genotype 1b variants 95H and 95I. It would have been useful to
confirm these findings at a later time point, given the small magnitude of

responses in this individual, however this was not possible due to cell numbers.

Surprisingly, a broadly cross-reactive response was seen in 1 volunteer (DC5)
primed by 95A. DC5 produced T cells which recognised all common sequence
variants. This finding was verified at 2 different time points (day 25 and day 33
following monocyte separation). It is noteworthy that DC5 had one of the

highest magnitude responses to priming with 95A.

In fact, when the in vivo data from healthy volunteers vaccinated with NSmut
containing 95A was examined closely, it showed that it was possible to detect
low level T cell responses to both genotype 1b and 1a variants, if the primary

response to vaccination with 95A was of sufficient magnitude. For example in
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the case of volunteer 003-319, IFN-y ELISpot responses to the genotype 1a
variants 95B and 95C were detectable at low levels, however were less than 1%
of the magnitude response to the priming peptide 95A (Figure 4-8, p165). This
was observed at supra-physiological concentrations of peptide, therefore the in
vivo translation of such low level cross-reactive responses remains to be seen.
Nonetheless the magnitude of response cannot fully account for the broad cross-
reactive responses identified in DC5 since DC4 produced a much larger pentamer
positive 95A population after 95A priming, however that T cell population did

not show any cross-reactivity to the genotype 1a variants 95B and 9C.

Genotype subtype specific cross-reactivity (1a or 1b) was observed using

other peptide variants.

The other T cell lines primed by alternative NS31406 variants were also tested for
cross-reactivity. 951 proved not only to be poorly immunogenic but also
produced highly specific T cell lines, which were not cross-reactive to any other
variants tested. However, priming with 95B and 95H consistently produced T
cell lines which were cross-reactive for the other major variant of their genotype
subtype i.e 95C and 95I respectively. This is likely due to the amino acid
similarities within genotype 1a and genotype 1b variants (Table 5-2, p215
above). Nearly all the variants were cross-reactive with variant 954, although
the utility of this is limited given 95A is a rarely accounted viral sequence.
Functional analysis by ICS showed that the cross-reactive responses identified by
pentamer staining produced multiple cytokines including IFNy, TNFq, IL2,

CD107a and MIP-1f. This suggests that should such primed T cells encounter
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these variant HCV sequences in the wild, they would be able to respond in a

functional manner.

Limitations of this approach

Overall, although this in vivo priming system has limitations and there is some
inter-individual variation, real life vaccination also carries its challenges and
inter-individual variation. The concept behind this model is a valid one and
important for the evaluation of variable and/or highly immunogenic epitopes for

any future vaccine effort for this virus.

There was no single variant amongst those trialed, which was able to prime T
cell responses to all common genotype 1 HCV sequences at this site in the
genome. This does not however mean that such a variant does not exist. It may
be possible to synthesise a variant artificially, even if it is not found in natural
infection. Alternatively there may be a low prevalence variant not trialed in this
work, which is able to prime multiple T cell responses. In fact variant 95A is such
an example, where, despite representing only 4.3% of genotype 1b sequences
and no genotype 1la sequences, it is highly immunogenic and almost always

primed responses to other more common 1b variants.

Nonetheless it appears from this work, that it is not possible to prime T cell
responses that will consistently recognise both genotype 1a and 1b sequences.
In contrast, using a common genotype 1a sequence (like 95C) to prime T cells
specific to genotype 1a variants and using a genotype 1b sequence like 95A or

95H to prime T cells which recognise most genotype 1b sequences is possible.
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This may be due to the sequence similarities between the two common genotype

1a variants (95B and 95C) and the two gene 1b variants (95H and 95I).

One further question which arises from this work is whether such highly
variable epitopes are in fact detrimental to the overall success of an HCV vaccine.
[t may be that by diverting T cell responses to such an immunogenic and variable
epitope, the vaccinated host would remain defenseless against the majority of
circulating HCV strains. Such an epitope either requires the inclusion of more
than one variant in the immunogen (in this case for example 95a and 95c to
represent both genotype 1b and genotype 1a coverage) or perhaps should not be
included in the immunogen at all. This would allow for the priming of T cell
responses to other subdominant areas of the immunogen, which may be more
effective (Im et al. 2011). The exploration of either of these strategies would
make for interesting ongoing work as the search for an ideal HCV immunogen

continues.
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5.7

Key points/ Summary of results

There is no ideal version of epitope NS31406 which consistently primes T
cells able to recognise all common genotype 1 sequence variants.

It is possible to generate HCV specific T cells from naive precursors in
healthy volunteers. Such T cells can be assessed for cross-reactivity and
functionality.

It is harder to prime naive T cell to HCV specific epitopes than to Melan-A
epitopes.

Not all variants of epitope NS31406 are equally immunogenic.

It is likely that both a genotype 1a and 1b version of this epitope is needed

to obtain full genotype 1 coverage from an NS31406 containing vaccine.
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6 Concluding Remarks

The search for safe and effective treatments for HCV continues, in an attempt to
combat this global disease. This work, on a therapeutic HCV vaccine, forms part
of the effort to increase the rates of cure for patients, whilst minimising
treatment side effects and costs. It also adds to the body of scientific knowledge
around T cell immune responses to vaccination and well as vaccine design,
paving the way for future endeavours in the field of prophylactic HCV vaccines or

vaccines for other chronic viral infections.

Patients with HCV have an attenuated response to vaccination compared

with healthy volunteers

The vaccination strategy described in this work focused on T cell responses as a
therapeutic means of combating HCV, given the evidence for the importance of T
cell in HCV clearance in vivo. Overall, vaccination was safe and well tolerated,
with no evidence of immunopathology in patients, apart from one patient who
had an elevation in transaminases. This was ultimately felt unlikely to be related
to vaccination. It was possible to generate T cell responses to a level not
previously described in other HCV therapeutic vaccine trials and in some cases,
to levels greater than those seen in natural infection. Comparison to a control
group of patients who received IFN/RBV without vaccination showed that T cell
responses to non-structural proteins (included in the vaccine immunogen) were
not induced during standard of care therapy, as shown by work in our group

previously (Barnes et al. 2009).
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However, T cell responses detected after vaccination in patients were of lower
magnitude and poorer quality in comparison to those induced in healthy
volunteers vaccinated with the same regimen. Furthermore the kinetics of T cell
responses were different in patients and healthy volunteers. Healthy volunteers
made robust T cell responses to priming, however responded more weakly to

boosting, whereas the opposite kinetic profile was observed in patients.

Patients with chronic HCV may have generally poorer immune responses

than healthy volunteers

Healthy volunteers and patients with chronic HCV represent very different hosts,
and some of these differences may lead to a non-specific attenuation of vaccine
immunogenicity in patients. As discussed in Chapter 3, lifestyle factors such as
sleep patterns or concomitant drug use could have an impact on immunogenicity
(Prather et al. 2012). Concurrent IFN therapy could also decrease T cell
responses. Patients may also have other intercurrent infections, the significance
of which is unknown. For example, Parvovirus 4 infection is frequently found in
patients with blood borne viruses however is more rarely detected in healthy
subjects (Simmons et al. 2012). Nonetheless, the generally strong IFN-y ELISpot
and proliferative responses to non-HCV antigens such as CMV and FEC, suggest
that there is a more specific defect in anti-HCV immunity in response to

vaccination.
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Constant exposure to HCV antigen may explain the lower immunogenicity

observed in patients with HCV

Sequence analysis revealed one explanation for the discrepancy in vaccine
responses between patients and healthy volunteers. T cell responses to
vaccination were made only at epitopes where patients’ circulating virus was
different to the vaccine immunogen sequence. Furthermore, in those patients
that did make a T cell response, T cells either did not target circulating virus, or
did so with a greatly decreased magnitude. Individuals whose viral sequence
matched the immunogen sequence at a given epitope, did not make a T cell

response to that epitope.

The findings from sequence analysis suggest that T cell exhaustion may play a
critical role in the success or otherwise of therapeutic T cell strategies in chronic
HCV and indeed in other chronic viral infections such as HBV. It may be that,
despite a period of viral suppression with IFN/RBYV, it is only possible to induce
T cell responses to novel HCV antigens to which patients have not previously

been exposed.

It is also possible that T cells detected after vaccination could be rested memory
populations, from which virus has escaped. This seems likely at epitopes where
a well described escape variant has been described such as epitope HSKKKCDEL.
T cells specific to this variant were detected in one patient, which failed to target
the escaped viral sequence HSKRKCDEL. In this case it is likely that HSKKKCDEL
specific T cells were induced by the primary infecting virus and boosted by
vaccination. Such examples suggest that there may be multiple explanations for

the T cells detected after vaccination, which may well differ between epitopes,
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depending on the likelihood of viral escape, T cell cross-reactivity and sequence

variability at a given epitope.

T cell cross-reactivity is important for therapeutic and prophylactic

vaccine design

The issue of cross-reactive T cell responses is critical for the success of an HCV T
cell vaccine, whether it be therapeutic or prophylactic. A successful T cell
vaccine for HCV must be able to contend with viral variation as well as take into
account the multitude of HLA types present in a global population. Ideally a
vaccine immunogen would induce T cells which were not only cross reactive to
other circulating strains within a specific viral genotype, but would also cover
other common genotypes such as genotype 3 in the UK or genotype 4 in Egypt. T
cell cross-reactivity needs to be considered on an individual epitope level using
peptide dilution assays. This thesis has demonstrated that T cell responses to
epitopes such as NS31073 which have only two main sequence variants, will cover
all genotype 1 HCV strains detected at >5% of the population. In contrast, T cell
responses to epitope NS31406 do not target common genotype 1a strains, and

only target common genotype 1b strains in some individuals.

Can we address the variable nature of HCV through immunogen design?

There are several possible adaptations which could be made to an HCV vaccine

in order to address the intrinsic variability of the HCV genome.

Use a common sequence variant of each epitope

One option is to take only the most commonly found viral sequences at each

epitope and insert those into the vaccine immunogen. However analysis of
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immunogenic epitopes performed in this study show that many epitopes, in
particular the most highly immunogenic epitope NS3140¢, are also highly variable.
This means that there may be no single common sequence which could be
selected at highly immunogenic sites. Furthermore, even epitopes which appear
to be conserved may actually be quite variable when sequences from a specific
HLA population (to which T cell responses targeting such an epitope are
restricted) are examined. In this case, selecting the most common variant of a
given epitope at a population level would lead to vaccination with a variant from

which virus in patients with the relevant HLA type would have already escaped.

Exclude variable epitopes

A second option is to exclude such variable epitopes and choose only highly
conserved epitopes or conserved regions. These regions may represent viral
regions that are unable to mutate without a significant fitness cost, and therefore
may represent ideal T cell targets. On the other hand they may be highly
conserved because T cells are unable to target these regions. For example such
areas of the genome may have poor HLA avidity or may not be processed and
presented appropriately. They may also represent epitopes for which there is a
low naive T cell precursor frequency (Wolfl et al. 2008). This approach could
also lead to other subdominant epitopes becoming prominent, generating new T

cells, as has been suggested in mouse models for an HIV vaccine (Im et al. 2011).

Choose a single cross-reactive version of each epitope

A third approach to combating viral variation is to evaluate different variants of

each epitope, either occurring in natural infection or synthetically produced, and
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identify the most cross-reactive version. I attempted to identify such a variant at
the single most immunodominant epitope in healthy volunteers and patients-
NS31406. This showed that there was no single version of this epitope, commonly
encountered at a population level, which could induce T cells which would target
all other circulating 1a and 1b strains. However, an in vitro model which
evaluated the priming capabilities of each variant showed that it was possible to
consistently prime cross-reactive T cells to either genotype 1a or genotype 1b
variants occurring in >5% of the population. This outcome was more promising
than that initially suggested by results from patients vaccinated with ChAd3-
NSmut/Ad6-NSmut, where in many cases there was no cross-recognition of any
of the HCV variants tested. The in vitro model suggests that inserting two

versions of epitope NS31406 would cover 95% of genotype 1a and 1b sequences.

Such an approach, although labour intensive, could be performed for each
epitope included in a vaccine immunogen. This system also lends itself to a
program of immunogen design for other variable viruses, such as HIV, where
variation is well characterised and epitope based vaccines have been trialed with
preliminary success (Rosario et al. 2010). Although this in vitro model has
limitations, inherent to any in vitro system, it nonetheless could also be used as
part of an initial screening process to exclude epitopes that were clearly poorly
immunogenic or poorly cross-reactive from future immunogen designs. This
would then allow for likely immunogen candidates to be taken forward into
animal and ultimately human studies. Of course, such an approach is based on

looking at responses to single epitopes, whereas the immune response in vivo
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situation, where T cell responses to multiple epitopes may be induced

simultaneously, could be quite different.

T cells displayed features of exhaustion

Even if the problem of viral variability can be overcome through immunogen
design, there remains the ongoing issue of T cell exhaustion, even when T cells

are confronted with novel HCV antigens.

There was a relative deficit of CD4+ T cells

One striking observation was that there was a significant lack of CD4+ T cell
help, which has been shown to be critical for the induction of effective CD8+ T
cells in mouse LCMV models as well as for protection from reinfection with HCV
in Chimpanzee models (Zajac et al. 1998; Grakoui et al. 2003). It is not clear why
there should be a relative deficit in CD4+ compared with CD8+ T cells in these
patients. It could be that other assays such as carboxyfluorescein diacetate
succinimydl ester (CFSE) assays or cultured ELISpots may have been more
effective at detecting CD4+ T cells than the thymidine proliferation assays and
peptide pools used for ex vivo IFN-y ELISpots in this study. Nonetheless, strongly
CD4+ T cell proliferative responses, detected in healthy volunteers using the
same assays as in HCVO02TV, suggest that the absence of CD4+ T cell responses
was a genuine finding (Barnes et al. 2012). Given the low magnitude CD8+
responses in most individuals, the lack of CD4+ T cells may simply represent a
proportional decrease, since they represent a smaller subpopulation of T cells. It
is possible that the presence of other immunomodulatory factors could affect

CD4+ T cells more than CD8+ T cells.
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Such immunomodulatory factors might include the presence of regulatory
populations like T regulatory cells, or circulating factors such as IL-10 and TGF.
Antigen specific T regulatory cells have been observed in HCV infected patients
as have higher levels of IL-10 than healthy controls, both of which might serve to
decrease HCV specific T cell responses below detectable levels (Godkin et al.

2008).

Strategies to overcome T cell exhaustion

[t is possible that T cell exhaustion could be overcome by administering a vaccine
with greater potency, which could elicit T cell responses of greater magnitude.
Alternatively, vaccination could be administered after a longer period of viral
suppression- such as at the end of treatment with IFN/RBV, when T cells have
had a longer recovery phase. However it is not known how long T cells require
in order to ‘recover’; indeed recent data suggests that T cells from patients with
chronic HCV may remain functionally impaired even after successful IFN/RBV
treatment (Missale et al 2012). Other options described below include blocking
regulatory or immunosuppressive pathways, or adding cytokines or other novel

adjuvants to augment immune responses.

Blocking cell surface receptors or soluble factors

Programmed death receptor 1 (PD-1) is upregulated on exhausted T cells, and
blockade of it, or its ligand PD1 ligand (PD-L1) could reverse some of the
features of T cell exhaustion and enhance vaccine immunogenicity. It has been
shown both in vivo in mice with LCMV and in vitro with T cells from HCV infected

patients that blocking the PD-1 pathway with PD-L1 blockade restored
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proliferative capacity and cytokine secretion to T cells (Urbani et al. 2006;
Barber et al. 2006). The effectiveness of this approach is likely to depend not
only on the safety of such immunomodulatory agents in humans, but also the
characteristics of the T cell population in question. It has been shown that PD-L1
blockade of liver derived T cells is ineffective, probably due to the higher level of
antigen exposure and therefore higher level of exhaustion in these T cells
(Nobuhiro et al. 2008). This approach may therefore be ineffective in

longstanding HCV infection with high viral loads.

Blockade of other inhibitory molecules such as CTLA-4 have been explored with
limited success. Efforts to block CTLA-4 in mice showed some enhancement of
anti-tumour T cell immunity, but no improvement of T cell function in chronic

viral infection (LCMV) (Barber et al. 2006; Sotomayor et al. 1999).

Blockade of soluble factors is another potential pathway for enhancing
immunogenicity. Blocking IL10 in mice has been shown to enhance the
immunogenicity of an otherwise ineffective LCMV DNA vaccine and to enhance
viral clearance (Brooks et al. 2008). Such a strategy either alone or in
combination with other immunomodulatory agents could be a potent

mechanism to reverse the inhibitory effects of longstanding HCV infection.

Novel Adjuvants

Cytokines and novel adjuvants have both been used to augment immunogenicity
in vaccine trials for malaria, HIV, HBV and anti-cancer vaccines. Administration
of exogenous IL2 has been shown to prevent CD8+ T cells becoming tolerised to

antigens presented in the liver of mice, despite the absence of co-stimulatory
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molecules (Schurich et al. 2010). This could prove particularly useful for
inducing immunity to hepatotropic viruses such as HBV and HCV where the
tolerogenic environment of the liver may contribute to T cell anergy. However
the non-specific pro-inflammatory effects of IL2 may limit the translation of this
work into humans. Other cytokines with more limited tissue distribution may
have a better safety profile. For example, a study administering IFNA3 in
combination with an HIV vaccine in rhesus macaques, showed higher levels of
long-lived activated CD8+ T cells (CD107a+ and CD38+/HLA-DR+) in the IFNA3
group compared with the group who received vaccination alone (Morrow et al.

2010).

There also a large group of novel adjuvants which consist, in part, of various
combinations of aluminum, oil and saponin based compound. Their mechanism
of action is, in many cases, poorly understood, but in some cases they work by
creating a depot effect for an administered vaccine (Pichichero et al. 2008). Such
adjuvants have been shown to augment immunogenicity in HBV, HIV and cancer
immunotherapy clinical trials, compared with the administration of vaccination

alone (Pichichero et al. 2008).

Class Il invariant chain

Another approach which could overcome exhaustion is to link the Class Il
invariant chain to antigen and thus improve either antigen processing or
presentation. Adenoviral vector vaccines have been used to deliver LCMV
derived antigens linked to the murine Class Il invariant chain. Such vaccines
produce higher magnitude CD4+ and CD8+ T cell responses and broader T cell

responses in mice compared with the equivalent vaccines without the invariant
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chain (Holst et al. 2008). Invariant chain adenoviral vaccines encoding the HCV
NS3 proteins have also been trialled in murine models and been shown to be
superior to NS3 containing vaccines alone, with the production of polyfunctional
T cells which make IL-2, TNFa and IFNy and result in increased levels of antigen
specific memory populations (Mikkelsen et al. 2011). Such results would
overcome many of the challenges of therapeutic vaccination, if they could be

demonstrated in humans.

Limitations of the approach in HCV002TV

This study has focused on selected immune correlates of vaccine efficacy
however these are not clearly defined in natural history studies. Nonetheless it
is clear from our data that T cells induced by vaccination do not target circulating
virus, so efficacy is unlikely. In this study, the effect of IFN on vaccine responses
was not clear, likely due to the small sample size and large degree of inter-
individual variation. This study has also focused on analysis of peripheral blood
samples rather than examining what is happening in the liver itself, due to the
ethical considerations and impracticality of obtaining liver biopsies. It may be
that the most relevant cell populations have homed to the liver and are not

detectable in peripheral blood at the timepoints samples were taken.

Although a range of different assays were performed in this study, it would have
been useful to undertake more extensive epitope mapping from the beginning of
the study and perhaps try to capture low frequency T cell responses with CD4+
pentamers or routine pentamer stains at key timepoints. More extensive
phenotypic information would also been useful, either through FACS analysis of

pentamer staining or through new detailed techniques such as cytometry
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through time of flight, which allows more extensive T cell characterisation

(Newell et al. 2012).

A similar process assessing cross-reactivity of different sequence variants at
different epitopes in healthy volunteers would also have provided useful
information for future vaccine design. These sequence analyses could also have
included assessment of flanking regions, which have been shown in the case of a

CD4+ influenza epitope, to alter T cell repertoire (Cole et al. 2011).

Future applications of this work

One of the most important findings from this work is that T cell responses to
variable pathogens should not be reported without also reporting concurrent
pathogen sequence data. The detection of T cells alone does not imply vaccine
efficacy, since such T cells may fail to target circulating virus, as demonstrated in

this thesis.

Many of the principles identified in this study can be applied to prophylactic and
therapeutic vaccine design for HCV and also extrapolated to work on
immunotherapy for other viruses or even malignancies. Although an effective
prophylactic vaccine for HBV has existed for many years, there is still a strong
interest in immunotherapy as a means of curing the many chronically infected
individuals worldwide who remain on antiviral therapy for the foreseeable
future. HBV is a less variable virus than HCV therefore some of the issues around
T cell cross-reactivity may be less problematic for an HBV therapeutic vaccine,
although there may still be problems related to T cell exhaustion and chronic

viraemia. In the HIV field, the lessons learned around viral variation and T cell
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responses to these adenoviruses may influence future vaccine design. Future
viral vector vaccine trials may choose not to use heterologous adenoviruses,
given the potential for cross-reactive antibodies. The next Oxford HCV trial
(HCV003) was designed using a new boosting vector (MVA) to overcome this

problem, and shows promising results (manuscript in preparation).

Although the search for the ideal therapeutic vaccine may not keep pace with
other fast moving treatment options for HCV, a prophylactic vaccine remains
both a realistic and highly desirable goal to prevent the 3-4 million new
infections and their sequelae across the globe every year. Particular at risk
populations such as men who have sex with men who are at risk of concurrent
HIV/HCV infection, or IVDU populations, will be ideal groups in which to trial

these vaccines in the coming years.

235



Bibliography

7 Bibliography

Abdelwahab, Sayed F, Zainab Zakaria, Maha Sobhy, Eman Rewisha, Mohamed A
Mahmoud, Mahmoud A Amer, Mariarosaria Del Sorbo, et al. 2012. “Hepatitis C
Virus-Multispecific T-Cell Responses Without Viremia or Seroconversion Among
Egyptian Health Care Workers at High Risk of Infection.” Clinical and Vaccine
Immunology : CVI 19 (5) (May): 780-786. doi:10.1128/CVI1.00050-12.

Accola, Molly A, Bing Huang, Azzah Al Masri, and Mark A McNiven. 2002. “The
Antiviral Dynamin Family Member, MxA, Tubulates Lipids and Localizes to the
Smooth Endoplasmic Reticulum.” The Journal of Biological Chemistry 277 (24)
(June 14): 21829-21835.d0i:10.1074/jbc.M201641200.

Alvarez-Lajonchere, L, N H Shoukry, B Gra, Y Amador-Caiizares, F Helle, N
Bédard, I Guerra, C Drouin, ] Dubuisson, E E Gonzalez-Horta, G Martinez, ]
Marante, Z Cinza, M Castellanos, and S Duefias-Carrera. 2009. “Immunogenicity
of CIGB-230, a Therapeutic DNA Vaccine Preparation, in HCV-Chronically
Infected Individuals in a Phase I Clinical Trial.” Journal of Viral Hepatitis 16(3):
156-67.d0i:10.1111/j.1365-2893.2008.01058.x.

André, P, F Komurian-Pradel, S Deforges, M Perret, ] L Berland, M Sodoyer, S Pol,
C Bréchot, G Paranhos-Baccala, and V Lotteau. 2002. “Characterization of Low-

and Very-Low-Density Hepatitis C Virus RNA-Containing Particles.” Journal of
Virology 76 (14) (July): 6919-6928.

Ank, Nina, Hans West, Christina Bartholdy, Kristina Eriksson, Allan R Thomsen,
and Sgren R Paludan. 2006. “Lambda Interferon (IFN-Lambda), a Type III IFN, Is
Induced by Viruses and IFNs and Displays Potent Antiviral Activity Against Select
Virus Infections in Vivo.” Journal of Virology 80 (9) (May 1): 4501-45009.
doi:10.1128/]V1.80.9.4501-4509.2006.

Arnaud, Noélla, Stéphanie Dabo, Patrick Maillard, Agata Budkowska, Katerina I
Kalliampakou, Penelope Mavromara, Dominique Garcin, et al. 2010. “Hepatitis C
Virus Controls Interferon Production Through PKR Activation.” PLoS ONE 5 (5):
€10575. doi:10.1371/journal.pone.0010575.

Aste-Amézaga, Miguel, Andrew ] Bett, Fubao Wang, Danilo R Casimiro, Joseph M
Antonello, Deepa K Patel, Elayne C Dell, et al. 2004. “Quantitative Adenovirus
Neutralization Assays Based on the Secreted Alkaline Phosphatase Reporter
Gene: Application in Epidemiologic Studies and in the Design of Adenovector
Vaccines.” Human Gene Therapy 15 (3) (March): 293-304.
doi:10.1089/104303404322886147.

Bacon, Bruce R, Stuart C Gordon, Eric Lawitz, Patrick Marcellin, John M Vierling,
Stefan Zeuzem, Fred Poordad, et al. 2011. “Boceprevir for Previously Treated
Chronic HCV Genotype 1 Infection.” The New England Journal of Medicine 364
(13) (March 31): 1207-1217.d0i:10.1056 /NE]JM0a1009482.

236



Bibliography

Barber, Daniel L, E John Wherry, David Masopust, Baogong Zhu, James P Allison,
Arlene H Sharpe, Gordon ] Freeman, and Rafi Ahmed. 2006. “Restoring Function
in Exhausted CD8 T Cells During Chronic Viral Infection.” Nature 439(7077):
682-87.

Barnes, E, A Folgori, S Capone, L Swadling, S Aston, A Kurioka, ] Meyer, et al.
2012. “Novel Adenovirus-Based Vaccines Induce Broad and Sustained T Cell
Responses to HCV in Man.” Science Translational Medicine 4 (115) (January 4):
115ral-115ral. doi:10.1126/scitranslmed.3003155.

Barnes, Eleanor, Huub C Gelderblom, Isla Humphreys, Nasser Semmo, Henk W
Reesink, Marcel G H M Beld, René A W van Lier, and Paul Klenerman. 2009.
“Cellular Immune Responses During High-Dose Interferon-Alpha Induction
Therapy for Hepatitis C Virus Infection.” The Journal of infectious diseases
199(6): 819-28.

Bartosch, Birke, Jens Bukh, Jean-Christophe Meunier, Christelle Granier, Ronald E
Engle, William C Blackwelder, Suzanne U Emerson, Frangois-Loic Cosset, and
Robert H Purcell. 2003. “In Vitro Assay for Neutralizing Antibody to Hepatitis C
Virus: Evidence for Broadly Conserved Neutralization Epitopes.” Proceedings of
the National Academy of Sciences of the United States of America 100 (24)
(November 25): 14199-14204. doi:10.1073/pnas.2335981100.

Bassett, S E, B Guerra, K Brasky, E Miskovsky, M Houghton, G R Klimpel, and R E
Lanford. 2001. “Protective Immune Response to Hepatitis C Virus in
Chimpanzees Rechallenged Following Clearance of Primary Infection.”
Hepatology (Baltimore, Md) 33 (6) (June): 1479-1487.
doi:10.1053/jhep.2001.24371.

Bengsch, Bertram, Bianca Seigel, Marianne Ruhl, Jorg Timm, Martin Kuntz,
Hubert E Blum, Hanspeter Pircher, and Robert Thimme. 2010. “Coexpression of
PD-1, 2B4, CD160 and KLRG1 on Exhausted HCV-Specific CD8+ T Cells Is Linked
to Antigen Recognition and T Cell Differentiation.” PLoS pathogens 6(6):
e1000947.

Billerbeck, Eva, Yu-Hoi Kang, Lucy Walker, Helen Lockstone, Stefanie
Grafmueller, Vicki Fleming, Jonathan Flint, Chris B Willberg, Bertram Bengsch,
Bianca Seigel, Narayan Ramamurthy, Nicole Zitzmann, Eleanor ] Barnes,
Jonarthan Thevanayagam, Anisha Bhagwanani, Alasdair Leslie, Ye H Oo, Simon
Kollnberger, Paul Bowness, Oliver Drognitz, David H Adams, Hubert E Blum,
Robert Thimme, and Paul Klenerman. 2010. “Analysis of CD161 Expression on
Human CD8+ T Cells Defines a Distinct Functional Subset with Tissue-Homing
Properties.” Proceedings of the National Academy of Sciences 107(7): 3006-11.
doi:10.1073/pnas.0914839107

Bolitho, P, I Voslpboinik, ] Trapani, and M Smyth. 2007. “Apoptosis Induced by
the Lymphocyte Effector Molecule Perforin.” Current Opinion in Immunology 19
(3) (June): 339-347.d0i:10.1016/j.c0i.2007.04.007.

237



Bibliography

Bowen, David G, and Christopher M Walker. 2005. “Adaptive Immune Responses
in Acute and Chronic Hepatitis C Virus Infection.” Nature 436 (7053) (August
18): 946-952. d0i:10.1038/nature04079.

Brooks, David G, Andrew M Lee, Heidi Elsaesser, Dorian B McGavern, and
Michael B A Oldstone. 2008. “IL-10 Blockade Facilitates DNA Vaccine-Induced T
Cell Responses and Enhances Clearance of Persistent Virus Infection.” The
Journal of experimental medicine 205(3): 533-41.

Buchbinder, Susan P, Devan V Mehrotra, Ann Duerr, Daniel W Fitzgerald, Robin
Mogg, David Li, Peter B Gilbert, et al. 2008. “Efficacy Assessment of a Cell-
Mediated Immunity HIV-1 Vaccine (the Step Study): a Double-Blind,
Randomised, Placebo-Controlled, Test-of-Concept Trial.” Lancet 372 (9653)
(November 29): 1881-1893. doi:10.1016/S0140-6736(08)61591-3.

Burke, Kelly P, and Andrea L Cox. 2010. “Hepatitis C Virus Evasion of Adaptive
Immune Responses: a Model for Viral Persistence.” Immunologic Research 47 (1-
3) (July 1): 216-227. d0i:10.1007/s12026-009-8152-3.

Capone, Stefania, Annalisa Meola, Bruno Bruni Ercole, Alessandra Vitelli, Monica
Pezzanera, Lionello Ruggeri, Mary-Ellen Davies, et al. 2006. “A Novel Adenovirus
Type 6 (Ad6)-Based Hepatitis C Virus Vector That Overcomes Preexisting Anti-
Ad5 Immunity and Induces Potent and Broad Cellular Immune Responses in
Rhesus Macaques.” Journal of Virology 80 (4) (February): 1688-1699.
doi:10.1128/]V1.80.4.1688-1699.2006.

Capone, Stefania, Immacolata Zampaglione, Alessandra Vitelli, Monica Pezzanera,
Lisa Kierstead, Janine Burns, Lionello Ruggeri, et al. 2006. “Modulation of the
Immune Response Induced by Gene Electrotransfer of a Hepatitis C Virus DNA
Vaccine in Nonhuman Primates.” Journal of Immunology (Baltimore, Md : 1950)
177 (10) (November 15): 7462-7471.

Choo, Q L, G Kuo, R Ralston, A Weiner, D Chien, G Van Nest, ] Han, K Berger, K
Thudium, and C Kuo. 1994. “Vaccination of Chimpanzees Against Infection by the
Hepatitis C Virus.” Proceedings of the National Academy of Sciences of the United
States of America 91 (4) (February 15): 1294-1298.

Clayton, Reginald F, Angela Rinaldi, Eve E Kandyba, Mike Edward, Christian
Willberg, Paul Klenerman, and Arvind H Patel. 2005. “Liver Cell Lines for the
Study of Hepatocyte Functions and Immunological Response.” Liver
International : Official Journal of the International Association for the Study of
the Liver 25 (2) (April): 389-402.doi:10.1111/j.1478-3231.2005.01017 .x.

Coccia, Eliana M, Martina Severa, Elena Giacomini, Daniéle Monneron, Maria
Elena Remoli, I1kka Julkunen, Marina Cella, Roberto Lande, and Gilles Uzé. 2004.
“Viral Infection and Toll-Like Receptor Agonists Induce a Differential Expression
of Type I and Lambda Interferons in Human Plasmacytoid and Monocyte-Derived
Dendritic Cells.” European Journal of Immunology 34 (3) (March): 796-805.
doi:10.1002/eji.200324610.

238



Bibliography

Cocquerel, Laurence, Cécile Voisset, and Jean Dubuisson. 2006. “Hepatitis C Virus
Entry: Potential Receptors and Their Biological Functions.” The Journal of
General Virology 87 (Pt 5) (May): 1075-1084. doi:10.1099 /vir.0.81646-0.

Cole, David K, Kathleen Gallagher, Brigitte Lemercier, Christopher ] Holland,
Sayed Junaid, James P Hindley, Katherine K Wynn, et al. 2012. “Modification of
the Carboxy-Terminal Flanking Region of a Universal Influenza Epitope Alters
CD4* T-Cell Repertoire Selection.” Nature Communications 3: 665.
d0i:10.1038/ncomms1665.

Colloca, S, E Barnes, A Folgori, V Ammendola, S Capone, A Cirillo, L Siani, et al.
2012. “Vaccine Vectors Derived From a Large Collection of Simian Adenoviruses
Induce Potent Cellular Immunity Across Multiple Species.” Science Translational
Medicine 4 (115) (January 4): 115ra2-115ra2.
d0i:10.1126/scitranslmed.3002925.

Cooper, S, A L Erickson, E ] Adams, ] Kansopon, A ] Weiner, D Y Chien, M
Houghton, P Parham, and C M Walker. 1999. “Analysis of a Successful Immune
Response Against Hepatitis C Virus.” Immunity 10 (4) (April): 439-449.

Cox, Andrea L, Timothy Mosbruger, Georg M Lauer, Drew Pardoll, David L
Thomas, and Stuart C Ray. 2005. “Comprehensive Analyses of CD8+ T Cell
Responses During Longitudinal Study of Acute Human Hepatitis C.” Hepatology
(Baltimore, Md) 42 (1) (July 1): 104-112. do0i:10.1002 /hep.20749.

Crystal, R G, N G McElvaney, M A Rosenfeld, C S Chu, A Mastrangeli, ] G Hay, S L
Brody, H A Jaffe, N T Eissa, and C Danel. 1994. “Administration of an Adenovirus
Containing the Human CFTR cDNA to the Respiratory Tract of Individuals with
Cystic Fibrosis.” Nature Genetics 8 (1) (September): 42-51. doi:10.1038/ng0994-
42.

Day, Cheryl L, Georg M Lauer, Gregory K Robbins, Barbara McGovern, Alysse G
Wurcel, Rajesh T Gandhi, Raymond T Chung, and Bruce D Walker. 2002. “Broad
Specificity of Virus-Specific CD4+ T-Helper-Cell Responses in Resolved Hepatitis
C Virus Infection.” Journal of virology 76(24): 12584-95.

Dazert, Eva, Christoph Neumann-Haefelin, Stéphane Bressanelli, Karen
Fitzmaurice, Julia Kort, Jorg Timm, Susan McKiernan, et al. 2009. “Loss of Viral
Fitness and Cross-Recognition by CD8+ T Cells Limit HCV Escape From a
Protective HLA-B27-Restricted Human Immune Response.” The Journal of
Clinical Investigation (January 12). doi:10.1172/]JCI36587DS1.

Dowd, Kimberly A, Dale M Netski, Xiao-Hong Wang, Andrea L Cox, and Stuart C
Ray. 20009. “Selection Pressure From Neutralizing Antibodies Drives Sequence

Evolution During Acute Infection with Hepatitis C Virus.” Gastroenterology 136
(7) (June): 2377-2386. d0i:10.1053/j.gastro.2009.02.080.

239



Bibliography

Dumoutier, Laure, Amel Tounsi, Thomas Michiels, Caroline Sommereyns, Sergei
V Kotenko, and Jean-Christophe Renauld. 2004. “Role of the Interleukin (IL)-28
Receptor Tyrosine Residues for Antiviral and Antiproliferative Activity of IL-

29 /Interferon-Lambda 1: Similarities with Type I Interferon Signaling.” The
Journal of Biological Chemistry 279 (31) (July 30): 32269-32274.
doi:10.1074/jbc.M404789200.

Duong, Francois H T, Magdalena Filipowicz, Marco Tripodi, Nicola La Monica, and
Markus H Heim. 2004. “Hepatitis C Virus Inhibits Interferon Signaling Through
Up-Regulation of Protein Phosphatase 2A.” Gastroenterology 126 (1) (January):
263-277.

Elefsiniotis, loannis-S, Elena Vezali, Konstantinos Kamposioras, Konstantinos-D
Pantazis, Radostina Tontorova, loannis Ketikoglou, Antonios Moulakakis, and
George Saroglou. 2006. “Immunogenicity of Recombinant Hepatitis B Vaccine in
Treatment-Naive and Treatment-Experienced Chronic Hepatitis C Patients: the
Effect of Pegylated Interferon Plus Ribavirin Treatment.” World journal of
gastroenterology : WJG 12(27): 4420-24.

Enomoto, N, I Sakuma, Y Asahina, M Kurosaki, T Murakami, C Yamamoto, Y
Ogura, N Izumi, F Marumo, and C Sato. 1996. “Mutations in the Nonstructural
Protein 5A Gene and Response to Interferon in Patients with Chronic Hepatitis C
Virus 1b Infection.” New England Journal of Medicine 334 (2) (January 11): 77-
81.do0i:10.1056/NEJM199601113340203.

Epperson, D E, D Arnold, T Spies, P Cresswell, ] S Pober, and D R Johnson. 1992.
“Cytokines Increase Transporter in Antigen Processing-1 Expression More
Rapidly Than HLA Class I Expression in Endothelial Cells.” Journal of
Immunology (Baltimore, Md : 1950) 149 (10) (November 15): 3297-3301.

Fattori, E, | Zampaglione, M Arcuri, A Meola, B B Ercole, A Cirillo, A Folgori, et al.
2006. “Efficient Immunization of Rhesus Macaques with an HCV Candidate
Vaccine by Heterologous Priming-Boosting with Novel Adenoviral Vectors Based
on Different Serotypes.” Gene Therapy 13 (14) (July): 1088-1096.
doi:10.1038/sj.gt.3302754.

Fitzmaurice, Karen, Danijela Petrovic, Narayan Ramamurthy, Ruth Simmons,
Shazma Merani, Silvana Gaudieri, Stuart Sims, et al. 2011. “Molecular Footprints
Reveal the Impact of the Protective HLA-a*03 Allele in Hepatitis C Virus
Infection.” Gut (May 6). doi:10.1136/gut.2010.228403.

Flisiak, Robert, and Stefan Zeuzem. 2011. “Once Daily Alisporivir (Deb025) Plus
Pegifnalfa2a/ Ribavirin Results in Superior Sustained Virologic Response (Svr24)
in Chronic Hepatitis C Genotype 1 Treatment Naive Patients.” Journal of
Hepatology. doi:10.1016/S0168-8278(11)60006-8. March 22.

Folgori, A, E Spada, M Pezzanera, L Ruggeri, A Mele, A R Garbuglia, M P Perrone,
et al. 2006. “Early Impairment of Hepatitis C Virus Specific T Cell Proliferation
During Acute Infection Leads to Failure of Viral Clearance.” Gut 55 (7) (July):
1012-1019. do0i:10.1136/gut.2005.080077.

240



Bibliography

Folgori, Antonella, Stefania Capone, Lionello Ruggeri, Annalisa Meola, Elisabetta
Sporeno, Bruno Bruni Ercole, Monica Pezzanera, et al. 2006. “A T-Cell HCV
Vaccine Eliciting Effective Immunity Against Heterologous Virus Challenge in
Chimpanzees.” Nature Medicine 12 (2) (February): 190-197.
d0i:10.1038/nm1353.

Foy, Eileen, Kui Li, Chunfu Wang, Rhea Sumpter, Masanori Ikeda, Stanley M
Lemon, and Michael Gale. 2003. “Regulation of Interferon Regulatory Factor-3 by
the Hepatitis C Virus Serine Protease.” Science 300 (5622) (May 16): 1145-1148.
doi:10.1126/science.1082604.

Frey, Sharon E, Michael Houghton, Stephen Coates, Sergio Abrignani, David
Chien, Domenico Rosa, Piero Pileri, et al. 2010. “Safety and Immunogenicity of
HCV E1E2 Vaccine Adjuvanted with MF59 Administered to Healthy Adults.”
Vaccine 28 (38) (August 31): 6367-6373. do0i:10.1016/j.vaccine.2010.06.084.

Fried, Michael W, Mitchell L Shiffman, K Rajender Reddy, Coleman Smith, George
Marinos, Fernando L Gongales, Dieter Haussinger, Moises Diago, Giampiero
Carosi, Daniel Dhumeaux, Antonio Craxi, Amy Lin, Joseph Hoffman, and Jian Yu.
2002. “Peginterferon Alfa-2a Plus Ribavirin for Chronic Hepatitis C Virus
Infection.” The New England journal of medicine 347(13): 975-82.

Fuller, Michael ], Naglaa H Shoukry, Toshifumi Gushima, David G Bowen, Benoit
Callendret, Katherine ] Campbell, Dana L Hasselschwert, Austin L Hughes, and
Christopher M Walker. 2010. “Selection-Driven Immune Escape Is Not a
Significant Factor in the Failure of CD4 T Cell Responses in Persistent Hepatitis C
Virus Infection.” Hepatology (Baltimore, Md) 51 (2) (February): 378-387.
doi:10.1002/hep.23319.

Fytili, P, G N Dalekos, V Schlaphoff, P V Suneetha, C Sarrazin, W Zauner, K Zachou,
T Berg, M P Manns, C S Klade, M Cornberg, and H Wedemeyer. 2008. “Cross-
Genotype-Reactivity of the Inmunodominant HCV CD8 T-Cell Epitope NS3-
1073.” Vaccine 26(31): 3818-26.

Galun, Eithan, Norah A Terrault, Rachel Eren, Arie Zauberman, Ofer Nussbaum,
Dov Terkieltaub, Meirav Zohar, et al. 2007. “Clinical Evaluation (Phase I) of a
Human Monoclonal Antibody Against Hepatitis C Virus: Safety and Antiviral
Activity.” Journal of Hepatology 46 (1) (January): 37-44.
d0i:10.1016/j.jhep.2006.08.019.

Garcia, F, N Climent, A C Guardo, C Gil, A Leon, B Autran, ] D Lifson, et al. 2013. “A
Dendritic Cell-Based Vaccine Elicits T Cell Responses Associated with Control of
HIV-1 Replication.” Science Translational Medicine 5 (166) (January 2): 166ra2-
166ra2. doi:10.1126/scitranslmed.3004682.

Ge, Dongliang, Jacques Fellay, Alexander ] Thompson, Jason S Simon, Kevin V
Shianna, Thomas ] Urban, Erin L Heinzen, et al. 2009. “Genetic Variation in IL28B
Predicts Hepatitis C Treatment-Induced Viral Clearance.” Nature 461 (7262)
(September 17): 399-401. doi:10.1038/nature08309.

241



Bibliography

Gerlach, ] T, H M Diepolder, M C Jung, N H Gruener, W W Schraut, R Zachoval, R
Hoffmann, C A Schirren, T Santantonio, and G R Pape. 1999. “Recurrence of
Hepatitis C Virus After Loss of Virus-Specific CD4(+) T-Cell Response in Acute
Hepatitis C.” Gastroenterology 117(4): 933-41.

Godkin, Andrew, Wan Fai Ng, Kathleen Gallagher, Gareth Betts, Howard C
Thomas, and Robert I Lechler. 2008. “Expansion of Hepatitis C-Specific
CD4+CD25+ Regulatory T Cells After Viral Clearance: a Mechanism to Limit
Collateral Damage?” The Journal of allergy and clinical immunology 121(5):
1277-1284.e3.

Gowans, Eric ], Stuart Roberts, Kathryn Jones, Irene Dinatale, Philippe A Latour,
Brendan Chua, Emily M Y Eriksson, et al. 2010. “A Phase I Clinical Trial of
Dendritic Cell Immunotherapy in HCV-Infected Individuals.” Journal of
Hepatology 53 (4) (October): 599-607. doi:10.1016/j.jhep.2010.05.007.

Grakoui, Arash, Naglaa H Shoukry, David ] Woollard, Jin-Hwan Han, Holly L
Hanson, John Ghrayeb, Krishna K Murthy, Charles M Rice, and Christopher M
Walker. 2003. “HCV Persistence and Immune Evasion in the Absence of Memory
T Cell Help.” Science 302 (5645) (October 24): 659-662.
doi:10.1126/science.1088774.

Gray, Glenda E, Mary Allen, Zoe Moodie, Gavin Churchyard, Linda-Gail Bekker,
Maphoshane Nchabeleng, Koleka Mlisana, et al. 2011. “Safety and Efficacy of the
HVTN 503 /Phambili Study of a Clade-B-Based HIV-1 Vaccine in South Africa: a
Double-Blind, Randomised, Placebo-Controlled Test-of-Concept Phase 2b Study.”
The Lancet Infectious Diseases 11 (7) (July): 507-515.d0i:10.1016/S1473-
3099(11)70098-6.

Gremion, Christel, and Andreas Cerny. 2005. “Hepatitis C Virus and the Immune
System: a Concise Review.” Reviews in Medical Virology 15 (4): 235-268.
d0i:10.1002 /rmv.466.

Gruener, N H, F Lechner, M C Jung, H Diepolder, T Gerlach, G Lauer, B Walker, ]
Sullivan, R Phillips, G R Pape, and P Klenerman. 2001. “Sustained Dysfunction of
Antiviral CD8+ T Lymphocytes After Infection with Hepatitis C Virus.” Journal of
virology 75(12): 5550-58.

Habersetzer, Frangois, Géraldine Honnet, Christine Bain, Marianne Maynard-
Muet, Vincent Leroy, Jean-Pierre Zarski, Cyrille Feray, et al. 2011. “A Poxvirus
Vaccine Is Safe, Induces T-Cell Responses, and Decreases Viral Load in Patients
with Chronic Hepatitis C.” Gastroenterology 141 (3) (September): 890-899.e1-4.
d0i:10.1053/j.gastro.2011.06.009.

Habersetzer, Frangois, Thomas F Baumert, and Francoise Stoll-Keller. 2009. “GI-
5005, a Yeast Vector Vaccine Expressing an NS3-Core Fusion Protein for Chronic
HCV Infection.” Current Opinion in Molecular Therapeutics 11 (4) (August): 456-
462.

242



Bibliography

Helle, Francois, Anne Goffard, Virginie Morel, Gilles Duverlie, Jane McKeating,
Zhen-Yong Keck, Steven Foung, Francois Penin, Jean Dubuisson, and Cécile
Voisset. 2007. “The Neutralizing Activity of Anti-Hepatitis C Virus Antibodies Is
Modulated by Specific Glycans on the E2 Envelope Protein.” Journal of Virology
81 (15) (August): 8101-8111. doi:10.1128/JV1.00127-07.

Hézode, Christophe, Nicole Forestier, Geoffrey Dusheiko, Peter Ferenci, Stanislas
Pol, Tobias Goeser, Jean-Pierre Bronowicki, et al. 2009. “Telaprevir and
Peginterferon with or Without Ribavirin for Chronic HCV Infection.” The New
England Journal of Medicine 360 (18) (April 30): 1839-1850.
doi:10.1056/NE]JM0a0807650.

Hiroishi, K, H Kita, M Kojima, H Okamoto, T Moriyama, T Kaneko, T Ishikawa, et
al. 1997. “Cytotoxic T Lymphocyte Response and Viral Load in Hepatitis C Virus
Infection.” Hepatology (Baltimore, Md) 25 (3) (March): 705-712.

doi:10.1002 /hep.510250336.

Holst, Peter Johannes, Maria Rathmann Sorensen, Camilla Maria Mandrup Jensen,
Cathrine Orskov, Allan Randrup Thomsen, and Jan Pravsgaard Christensen. 2008.
“MHC Class II-Associated Invariant Chain Linkage of Antigen Dramatically
Improves Cell-Mediated Immunity Induced by Adenovirus Vaccines.” Journal of
immunology (Baltimore, Md : 1950) 180(5): 3339-46.

Hope, V,] V Parry, A Marongui, and F Ncube. 2012. “Hepatitis C Infection Among
Recent Initiates to Injecting in England 2000-2008: Is a National Hepatitis C
Action Plan Making a Difference?.” Journal of Viral Hepatitis 19 (1) (January):
55-64.d0i:10.1111/j.1365-2893.2010.01415.x.

Hopkins, Sam, and Philippe Gallay. 2012. “Cyclophilin Inhibitors: an Emerging
Class of Therapeutics for the Treatment of Chronic Hepatitis C Infection.” Viruses
4 (11) (November): 2558-2577. d0i:10.3390/v4112558.

Houghton, Michael, and Sergio Abrignani. 2005. “Prospects for a Vaccine Against
the Hepatitis C Virus.” Nature 436 (7053) (August 18): 961-966.
d0i:10.1038 /nature04081.

Huarte, Eduardo, Esther Larrea, Rubén Hernandez-Alcoceba, Carlos Alfaro,
Oihana Murillo, Ainhoa Arina, Ifiigo Tirapu, Arantza Azpilicueta, Sandra Hervas-
Stubbs, Sergia Bortolanza, José L Pérez-Gracia, Maria P Civeira, Jesus Prieto, José
[ Riezu-Boj, and Ignacio Melero. 2006. “Recombinant Adenoviral Vectors Turn on
the Type I Interferon System Without Inhibition of Transgene Expression and
Viral Replication.” Molecular therapy : the journal of the American Society of
Gene Therapy 14(1): 129-38.

Im, Eung-Jun, Jessie P Hong, Yaowaluck Roshorm, Anne Bridgeman, Sven
Létourneau, Peter Liljestrom, Mary Jane Potash, David ] Volsky, Andrew ]
McMichael, and Tomas Hanke. 2011. “Protective Efficacy of Serially Up-Ranked
Subdominant CD8+ T Cell Epitopes Against Virus Challenges.” PLoS pathogens
7(5): €1002041.

243



Bibliography

Iwasaki, Akiko, and Ruslan Medzhitov. 2004. “Toll-Like Receptor Control of the
Adaptive Immune Responses.” Nature Immunology 5 (10) (October): 987-995.
doi:10.1038/ni1112.

Jacobson, Ira M, John G McHutchison, Geoffrey Dusheiko, Adrian M Di Bisceglie, K
Rajender Reddy, Natalie H Bzowej, Patrick Marcellin, et al. 2011. “Telaprevir for
Previously Untreated Chronic Hepatitis C Virus Infection.” The New England
Journal of Medicine 364 (25) (June 23): 2405-2416.
doi:10.1056/NEJM0a1012912.

Ju, Ying, Nan Hou, Xiao Ning Zhang, Di Zhao, Ying Liu, Jin Jin Wang, Fang Luan,
Wei Shi, Fa Liang Zhu, Wen Sheng Sun, Li Ning Zhang, Cheng Jiang Gao, Li Fen
Gao, Xiao Hong Liang, and Chun Hong Ma. 2009. “Blockade of Tim-3 Pathway
Ameliorates Interferon-Gamma Production From Hepatic CD8+ T Cells in a
Mouse Model of Hepatitis B Virus Infection.” Cellular & molecular immunology
6(1): 35-43.

Kamal, Sanaa M, Jutta Fehr, Bernd Roesler, Thomas Peters, and Jens W Rasenack.
2002. “Peginterferon Alone or with Ribavirin Enhances HCV-Specific CD4 T-
Helper 1 Responses in Patients with Chronic Hepatitis C.” Gastroenterology 123
(4) (October): 1070-1083.

Kasprowicz, Victoria, Julian Schulze Zur Wiesch, Thomas Kuntzen, Brian E Nolan,
Steven Longworth, Andrew Berical, Jenna Blum, Cory McMahon, Laura L Reyor,
Nahel Elias, William W Kwok, Barbara G McGovern, Gordon Freeman, Raymond T
Chung, Paul Klenerman, Lia Lewis-Ximenez, Bruce D Walker, Todd M Allen,
Arthur Y Kim, and Georg M Lauer. 2008. “High Level of PD-1 Expression on
Hepatitis C Virus (HCV)-Specific CD8+ and CD4+ T Cells During Acute HCV
Infection, Irrespective of Clinical Outcome.” Journal of virology 82(6): 3154-60.

Kasprowicz, Victoria, Scott M Ward, Alison Turner, Alexandros Grammatikos,
Brian E Nolan, Lia Lewis-Ximenez, Charles Sharp, Jenny Woodruff, Vicki M
Fleming, Stuart Sims, Bruce D Walker, Andrew K Sewell, Georg M Lauer, and Paul
Klenerman. 2008. “Defining the Directionality and Quality of Influenza Virus-
Specific CD8+ T Cell Cross-Reactivity in Individuals Infected with Hepatitis C
Virus.” The Journal of clinical investigation 118(3): 1143-53.

Kelly, Christabel, Paul Klenerman, and Eleanor Barnes. 2011. “Interferon
Lambdas: the Next Cytokine Storm.” Gut 60 (9) (September): 1284-1293.
doi:10.1136/gut.2010.222976.

Kenny-Walsh, Elizabeth. 1999. “Clinical Outcomes After Hepatitis C Infection
From Contaminated Anti-D Immune Globulin.” New England Journal of Medicine
340 (16): 1228-1233. d0i:10.1056/NE]JM199904223401602.

Khakoo, Salim I, Chloe L Thio, Maureen P Martin, Collin R Brooks, Xiaojiang Gao,
Jacquie Astemborski, Jie Cheng, et al. 2004. “HLA and NK Cell Inhibitory Receptor
Genes in Resolving Hepatitis C Virus Infection.” Science 305 (5685) (August 6):
872-874.d0i:10.1126/science.1097670.

244



Bibliography

Klade, Christoph S, Elisabeth Schuller, Thomas Boehm, Alexander von Gabain,
and Michael P Manns. 2012. “Sustained Viral Load Reduction in Treatment-Naive
HCV Genotype 1 Infected Patients After Therapeutic Peptide Vaccination.”
Vaccine.

Klade, Christoph S, Heiner Wedemeyer, Thomas Berg, Holger Hinrichsen,
Grazyna Cholewinska, Stefan Zeuzem, Hubert Blum, et al. 2008. “Therapeutic
Vaccination of Chronic Hepatitis C Nonresponder Patients with the Peptide
Vaccine 1C41.” Gastroenterology 134 (5) (May): 1385-1395.
doi:10.1053/j.gastro.2008.02.058.

Kohashi, T, S Maekawa, N Sakamoto, M Kurosaki, H Watanabe, Y Tanabe, C-H
Chen, N Kanazawa, M Nakagawa, S Kakinuma, T Yamashiro, Y Itsui, T Koyama, N
Enomoto, and M Watanabe. 2006. “Site-Specific Mutation of the Interferon
Sensitivity-Determining Region (ISDR) Modulates Hepatitis C Virus Replication.”
Journal of Viral Hepatitis 13(9): 582-90.

Komatsu, H, G Lauer, O G Pybus, K Ouchi, D Wong, S Ward, B Walker, and P
Klenerman. 2006. “Do Antiviral CD8+ T Cells Select Hepatitis C Virus Escape
Mutants? Analysis in Diverse Epitopes Targeted by Human Intrahepatic CD8+ T
Lymphocytes.” Journal of Viral Hepatitis 13(2): 121-30.

Kuntzen, Thomas, Joerg Timm, Andrew Berical, Lia L Lewis-Ximenez, Andrea
Jones, Brian Nolan, Julian Schulze Zur Wiesch, Bin Li, Arne Schneidewind, Arthur
Y Kim, Raymond T Chung, Georg M Lauer, and Todd M Allen. 2007. “Viral
Sequence Evolution in Acute Hepatitis C Virus Infection.” Journal of virology
81(21): 11658-68.

Lange, Tanja, Boris Perras, Horst L. Fehm, and Jan Born. 2003. “Sleep Enhances
the Human Antibody Response to Hepatitis a Vaccination.” Psychosomatic
medicine 65(5): 831-35.

Larocca, Cecilia, and Jeffrey Schlom. 2011. “Viral Vector-Based Therapeutic
Cancer Vaccines.” Cancer Journal (Sudbury, Mass.) 17 (5) (September): 359-371.
doi:10.1097/PP0.0b013e3182325€63.

Lauer, G M, and B D Walker. 2001. “Hepatitis C Virus Infection.” New England
Journal of Medicine 345 (1) (July 5): 41-52.
doi:10.1056/NEJM200107053450107.

Lauer, Georg M, Eleanor Barnes, Michaela Lucas, Joerg Timm, Kei Ouchi, Arthur Y
Kim, Cheryl L Day, et al. 2004. “High Resolution Analysis of Cellular Immune
Responses in Resolved and Persistent Hepatitis C Virus Infection.”
Gastroenterology 127 (3) (September): 924-936.

Lauer, Georg M, Kei Ouchi, Raymond T Chung, Tam N Nguyen, Cheryl L Day,
Deborah R Purkis, Markus Reiser, et al. 2002. “Comprehensive Analysis of
CD8(+)-T-Cell Responses Against Hepatitis C Virus Reveals Multiple Unpredicted
Specificities.” Journal of Virology 76 (12) (June): 6104-6113.

245



Bibliography

Law, Mansun, Toshiaki Maruyama, Jamie Lewis, Erick Giang, Alexander W Tarr,
Zania Stamataki, Pablo Gastaminza, et al. 2008. “Broadly Neutralizing Antibodies
Protect Against Hepatitis C Virus Quasispecies Challenge.” Nature Medicine 14
(1) (January): 25-27.d0i:10.1038/nm1698.

Law, John Lok Man, Chao Chen, Jason Wong, Darren Hockman, Deanna M Santer,
Sharon E Frey, Robert B Belshe, et al. 2013. “A Hepatitis C Virus (HCV) Vaccine
Comprising Envelope Glycoproteins gpE1/gpE2 Derived From a Single Isolate
Elicits Broad Cross-Genotype Neutralizing Antibodies in Humans.” PLoS ONE 8
(3): €59776. d0i:10.1371/journal.pone.0059776.

Lawitz, Eric, Alessandra Mangia, David Wyles, Maribel Rodriguez-Torres, Tarek
Hassanein, Stuart C Gordon, Michael Schultz, et al. 2013. “Sofosbuvir for
Previously Untreated Chronic Hepatitis C Infection.” The New England Journal of
Medicine 368 (20) (May 16): 1878-1887.d0i:10.1056/NE]JMo0a1214853.

Le Bon, Agnes, Nathalie Etchart, Cornelia Rossmann, Miranda Ashton, Sam Hou,
Dirk Gewert, Persephone Borrow, and David F Tough. 2003. “Cross-Priming of
CD8+ T Cells Stimulated by Virus-Induced Type I Interferon.” Nature
Immunology 4 (10) (October): 1009-1015. doi:10.1038/ni978.

Lechner, F, D K Wong, P R Dunbar, R Chapman, R T Chung, P Dohrenwend, G
Robbins, R Phillips, P Klenerman, and B D Walker. 2000. “Analysis of Successful
Immune Responses in Persons Infected with Hepatitis C Virus.” The Journal of
experimental medicine 191(9): 1499-1512.

Lechner, F, N H Gruener, S Urbani, ] Uggeri, T Santantonio, A R Kammer, A Cerny,
et al. 2000. “CD8+ T Lymphocyte Responses Are Induced During Acute Hepatitis
C Virus Infection but Are Not Sustained.” European Journal of Immunology 30 (9)
(September): 2479-2487. d0i:10.1002/1521-4141(200009)30:9<2479::AID-
IMMU2479>3.0.C0;2-B.

Lee, Tim W R, David A Matthews, and G Eric Blair. 2005. “Novel Molecular
Approaches to Cystic Fibrosis Gene Therapy.” The Biochemical Journal 387 (Pt 1)
(April 1): 1-15. d0i:10.1042/BJ20041923.

Leslie, David S, Christopher C Dascher, Katherine Cembrola, Maria A Townes,
David L Hava, Lynne C Hugendubler, Elisabetta Mueller, et al. 2008. “Serum
Lipids Regulate Dendritic Cell CD1 Expression and Function.” Immunology 125
(3) (November): 289-301. doi:10.1111/j.1365-2567.2008.02842.x.

Li, Kui, Eileen Foy, Josephine C Ferreon, Mitsuyasu Nakamura, Allan C M Ferreon,
Masanori Ikeda, Stuart C Ray, Michael Gale, and Stanley M Lemon. 2005.
“Immune Evasion by Hepatitis C Virus NS3/4A Protease-Mediated Cleavage of
the Toll-Like Receptor 3 Adaptor Protein TRIF.” Proceedings of the National
Academy of Sciences of the United States of America 102 (8) (February 22):
2992-2997.d0i:10.1073/pnas.0408824102.

246



Bibliography

Liang, Yugiong, Tuya Shilagard, Shu-Yuan Xiao, Ned Snyder, Daryl Lau, Luca
Cicalese, Heidi Weiss, Gracie Vargas, and Stanley M Lemon. 2009. “Visualizing
Hepatitis C Virus Infections in Human Liver by Two-Photon Microscopy.”
Gastroenterology 137 (4) (October): 1448-1458.
doi:10.1053/j.gastro.2009.07.050.

Lin, Wenyu, Sun Suk Kim, Elaine Yeung, Yoshitaka Kamegaya, Jason T Blackard,
Kyung Ah Kim, Michael ] Holtzman, and Raymond T Chung. 2006. “Hepatitis C
Virus Core Protein Blocks Interferon Signaling by Interaction with the STAT1
SH2 Domain.” Journal of Virology 80 (18) (September): 9226-9235.
doi:10.1128/]V1.00459-06.

Loeb, KR, and A L Haas. 1992. “The Interferon-Inducible 15-kDa Ubiquitin
Homolog Conjugates to Intracellular Proteins.” The Journal of Biological
Chemistry 267 (11) (April 15): 7806-7813.

Luft, T, K C Pang, E Thomas, P Hertzog, D N Hart, ] Trapani, and ] Cebon. 1998.
“Type I IFNs Enhance the Terminal Differentiation of Dendritic Cells.” Journal of
Immunology (Baltimore, Md : 1950) 161 (4) (August 15): 1947-1953.

M, Sallberg, Diepolder H, and Jung MC. 2013. “Preliminary Report of a Clinical
Trial Using DNA Based Immunisation Delivered by in Vivo Electroporation in
Chronic HCV Infection.” Hepatology (Baltimore, Md). Accessed June 10.
http://onlinelibrary.wiley.com/doi/10.1002 /hep.22647 /pdf.

McHutchison, John G, Michael P Manns, Andrew ] Muir, Norah A Terrault, Ira M
Jacobson, Nezam H Afdhal, E Jenny Heathcote, et al. 2010. “Telaprevir for

Previously Treated Chronic HCV Infection.” The New England Journal of
Medicine 362 (14) (April 8): 1292-1303. doi:10.1056/NEJM0a0908014.

McKiernan, Susan M, Richard Hagan, Michael Curry, George S A McDonald, Alan
Kelly, Niamh Nolan, Anne Walsh, John Hegarty, Emer Lawlor, and Dermot
Kelleher. 2004. “Distinct MHC Class I and II Alleles Are Associated with Hepatitis
C Viral Clearance, Originating From a Single Source.” Hepatology (Baltimore, Md)
40 (1) (July): 108-114. d0i:10.1002 /hep.20261.

Mehta, Shruti H, Andrea Cox, Donald R Hoover, Xiao-Hong Wang, Qing Mao,
Stuart Ray, Steffanie A Strathdee, David Vlahov, and David L Thomas. 2002.
“Protection Against Persistence of Hepatitis C.” Lancet 359 (9316) (April 27):
1478-1483.d0i:10.1016/S0140-6736(02)08435-0.

Melén, Krister, Riku Fagerlund, Maria Nyqvist, Paivi Keskinen, and Ilkka
Julkunen. 2004. “Expression of Hepatitis C Virus Core Protein Inhibits Interferon-
Induced Nuclear Import of STATs.” Journal of Medical Virology 73 (4) (August):
536-547.d0i:10.1002/jmv.20123.

Meuleman, Philip, Joseph Hesselgesser, Matthew Paulson, Thomas
Vanwolleghem, Isabelle Desombere, Hans Reiser, and Geert Leroux-Roels. 2008.
“Anti-CD81 Antibodies Can Prevent a Hepatitis C Virus Infection in Vivo.”
Hepatology (Baltimore, Md) 48 (6) (December): 1761-1768.
doi:10.1002/hep.22547.

247



Bibliography

Meunier, Jean-Christophe, Judith M Gottwein, Michael Houghton, Rodney S
Russell, Suzanne U Emerson, Jens Bukh, and Robert H Purcell. 2011. “Vaccine-
Induced Cross-Genotype Reactive Neutralizing Antibodies Against Hepatitis C
Virus.” The Journal of Infectious Diseases 204 (8) (October 15): 1186-1190.
doi:10.1093/infdis/jir511.

Meylan, Etienne, Joseph Curran, Kay Hofmann, Darius Moradpour, Marco Binder,
Ralf Bartenschlager, and Jiirg Tschopp. 2005. “Cardif Is an Adaptor Protein in the
RIG-I Antiviral Pathway and Is Targeted by Hepatitis C Virus.” Nature 437 (7062)
(October 20): 1167-1172. doi:10.1038/nature04193.

Mikkelsen, Marianne, Peter Johannes Holst, Jens Bukh, Allan Randrup Thomsen,
and Jan Pravsgaard Christensen. 2011. “Enhanced and Sustained CD8+ T Cell
Responses with an Adenoviral Vector-Based Hepatitis C Virus Vaccine Encoding
NS3 Linked to the MHC Class I Chaperone Protein Invariant Chain.” The Journal
of Immunology 186(4): 2355-64.

Missale, Gabriele, Massimo Pilli, Alessandro Zerbini, Amalia Penna, Lara
Ravanetti, Valeria Barili, Alessandra Orlandini, et al. 2012. “Lack of Full CD8
Functional Restoration After Antiviral Treatment for Acute and Chronic Hepatitis
C Virus Infection.” Gut (February 15). doi:10.1136/gutjnl-2011-300515.

Morrow, Matthew P, Jian Yan, Panyupa Pankhong, Devon ] Shedlock, Mark G
Lewis, Kendra Talbott, Roberta Toporovski, Amir S Khan, Niranjan Y Sardesai,
and David B Weiner. 2010. “IL-28B/IFN-Lambda 3 Drives Granzyme B Loading
and Significantly Increases CTL Killing Activity in Macaques.” Molecular therapy :
the journal of the American Society of Gene Therapy 18(9): 1714-23.

Moskophidis, D, F Lechner, and H Pircher. 1993. “Virus Persistence in Acutely
Infected Immunocompetent Mice by Exhaustion of Antiviral Cytotoxic Effector T
Cells.” Nature.

Nakamoto, Nobuhiro, Hyosun Cho, Abraham Shaked, Kim Olthoff, Mary E Valiga,
Mary Kaminski, Emma Gostick, David A. Price, Gordon ] Freeman, E John Wherry,
and Kyong-Mi Chang. 2009. “Synergistic Reversal of Intrahepatic HCV-Specific
CD8 T Cell Exhaustion by Combined PD-1/CTLA-4 Blockade.” PLoS pathogens
5(2): e1000313.

Netski, Dale M, Tim Mosbruger, Erik Depla, Geert Maertens, Stuart C Ray, Robert
G Hamilton, Stacy Roundtree, David L. Thomas, Jane McKeating, and Andrea Cox.
2005. “Humoral Immune Response in Acute Hepatitis C Virus Infection.” Clinical
Infectious Diseases : an Official Publication of the Infectious Diseases Society of
America 41 (5) (September 1): 667-675. doi:10.1086/432478.

Neumann-Haefelin, Christoph, Jérg Timm, Julia Schmidt, Nadine Kersting, Karen
Fitzmaurice, Cesar Oniangue-Ndza, Michael N Kemper, et al. 2010. “Protective
Effect of Human Leukocyte Antigen B27 in Hepatitis C Virus Infection Requires
the Presence of a Genotype-Specific Inmunodominant CD8+ T-Cell Epitope.”
Hepatology (Baltimore, Md) 51 (1) (January): 54-62. doi:10.1002 /hep.23275.

248



Bibliography

Neumann-Haefelin, Christoph, Neumann-Haefelin, Christoph, Susan McKiernan,
Susan McKiernan, Scott Ward, Scott Ward, Sergei Viazov, Sergei Viazov, Hans
Christian Spangenberg, Hans Christian Spangenberg, Thomas Killinger, Thomas
Killinger, Thomas F Baumert, Thomas F Baumert, Natalja Nazarova, Natalja
Nazarova, Isabelle Sheridan, Isabelle Sheridan, Oliver Pybus, Oliver Pybus, Fritz
von Weizsdcker, Fritz von Weizsacker, Michael Roggendorf, Michael Roggendorf,
Dermot Kelleher, Dermot Kelleher, Paul Klenerman, Paul Klenerman, Hubert E
Blum, Hubert E Blum, Robert Thimme, and Robert Thimme. 2006. “Dominant
Influence of an HLA-B27 Restricted CD8+ T Cell Response in Mediating HCV
Clearance and Evolution.” Hepatology (Baltimore, Md) 43(3): 563-72.

Neumann, A U, N P Lam, H Dahari, D R Gretch, T E Wiley, T ] Layden, and A S
Perelson. 1998. “Hepatitis C Viral Dynamics in Vivo and the Antiviral Efficacy of
Interferon-Alpha Therapy.” Science 282 (5386) (October 2): 103-107.

Nevens, Frederik, Tania Roskams, Hans Van Vlierberghe, Yves Horsmans, Dirk
Sprengers, Ann Elewaut, Valeer Desmet, et al. 2003. “A Pilot Study of Therapeutic
Vaccination with Envelope Protein E1 in 35 Patients with Chronic Hepatitis C.”
Hepatology (Baltimore, Md) 38 (5) (November): 1289-1296.
doi:10.1053/jhep.2003.50474.

Newell, Evan W, Natalia Sigal, Sean C Bendall, Garry P Nolan, and Mark M Davis.
2012. “Cytometry by Time-of-Flight Shows Combinatorial Cytokine Expression
and Virus-Specific Cell Niches Within a Continuum of CD8+ T Cell Phenotypes.”
Immunity 36(1): 142-52.

Nobuhiro Nakamoto, David E. Kaplan Jennifer Coleclough Yun Li Mary Kaminski
Abraham Shaked Kim Olthoff Emma Gostick David A Price Gordon ] Freeman E
John Wherry Kyong-Mi Chang. 2008. “Functional Restoration of HCV-Specific
CD8 T-Cells by PD1 Blockade Is Defined by PD1 Expression and
Compartmentalization.” Gastroenterology 134(7): 1927.

Northfield, John W, Christopher P Loo, Jason D Barbour, Gerald Spotts, Frederick
M Hecht, Paul Klenerman, Douglas F Nixon, and Jakob Michaélsson. 2007.
“Human Immunodeficiency Virus Type 1 (HIV-1)-Specific CD8+ T(EMRA) Cells in
Early Infection Are Linked to Control of HIV-1 Viremia and Predict the
Subsequent Viral Load Set Point.” Journal of virology 81(11): 5759-65.

O'Brien, Kara L, Jinyan Liu, Sharon L King, Ying-Hua Sun, Joern E Schmitz,
Michelle A Lifton, Natalie A Hutnick, et al. 2009. “Adenovirus-Specific Immunity
After Immunization with an Ad5 HIV-1 Vaccine Candidate in Humans.” Nature
Medicine 15 (8) (August): 873-875. d0i:10.1038/nm.1991.

O'Hara, Geraldine A, Christopher ] A Duncan, Katie ] Ewer, Katharine A Collins,
Sean C Elias, Fenella D Halstead, Anna L. Goodman, et al. 2012. “Clinical
Assessment of a Recombinant Simian Adenovirus ChAd63: a Potent New Vaccine
Vector.” The Journal of Infectious Diseases 205 (5) (March 1): 772-781.
doi:10.1093/infdis/jir850.

249



Bibliography

Ogwang, Caroline, Muhammed Afolabi, Domtila Kimani, Ya Jankey Jagne, Susanne
H Sheehy, Carly M Bliss, Christopher ] A Duncan, et al. 2013. “Safety and
Immunogenicity of Heterologous Prime-Boost Immunisation with Plasmodium
Falciparum Malaria Candidate Vaccines, ChAd63 ME-TRAP and MVA ME-TRAP,
in Healthy Gambian and Kenyan Adults.” PLoS ONE 8 (3): e57726.
doi:10.1371/journal.pone.0057726.

Osburn, William O, Brian E Fisher, Kimberly A Dowd, Giselle Urban, Lin Liu,
Stuart C Ray, David L Thomas, and Andrea L Cox. 2010. “Spontaneous Control of
Primary Hepatitis C Virus Infection and Immunity Against Persistent
Reinfection.” Gastroenterology 138 (1) (January): 315-324.
doi:10.1053/j.gastro.2009.09.017.

Parker, K C, M A Bednarek, and ] E Coligan. 1994. “Scheme for Ranking Potential
HLA-A2 Binding Peptides Based on Independent Binding of Individual Peptide
Side-Chains.” Journal of immunology (Baltimore, Md : 1950) 152(1): 163-75.

Pflugheber, Jill, Brenda Fredericksen, Rhea Sumpter, Chunfu Wang, Felecia Ware,
Donald L Sodora, and Michael Gale. 2002. “Regulation of PKR and IRF-1 During
Hepatitis C Virus RNA Replication.” Proceedings of the National Academy of
Sciences of the United States of America 99 (7) (April 2): 4650-4655.
doi:10.1073/pnas.062055699.

Pichichero, Michael E. 2008. “Improving Vaccine Delivery Using Novel Adjuvant
Systems.” Human vaccines 4(4): 262-70.

Pileri, P, Y Uematsu, S Campagnoli, G Galli, F Falugi, R Petracca, A ] Weiner, et al.
1998. “Binding of Hepatitis C Virus to CD81.” Science 282 (5390) (October 30):
938-941.

Pittet, Mikaél ], Danila Valmori, P Rod Dunbar, Daniel E Speiser, Danielle Liénard,
Ferdy Lejeune, Katharina Fleischhauer, Vincenzo Cerundolo, Jean-Charles
Cerottini, and Pedro Romero. “High Frequencies of Naive Melan-a/Mart-1-
Specific Cd8+ T Cells in a Large Proportion of Human Histocompatibility
Leukocyte Antigen (Hla)-A2 Individuals.” Jem.Rupress.org.

Pol, Stanislas, Reem H Ghalib, Vinod K Rustgi, Claudia Martorell, Greg T Everson,
Harvey A Tatum, Christophe Hézode, et al. 2012. “Daclatasvir for Previously
Untreated Chronic Hepatitis C Genotype-1 Infection: a Randomised, Parallel-
Group, Double-Blind, Placebo-Controlled, Dose-Finding, Phase 2a Trial.” The
Lancet Infectious Diseases 12 (9) (September): 671-677. do0i:10.1016/S1473-
3099(12)70138-X.

Poli, F, M Scalamogna, A Aniasi, C Brambilla, M Cardillo, L Crespiatico, B Diomellj,
L Pedranzini, and G Sirchia. 1998. “A Retrospective Evaluation of HLA-a, B and -
DRB1 Matching in Liver Transplantation.” Transplant International : Official
Journal of the European Society for Organ Transplantation 11 Suppl 1: S347-9.

Poordad, Fred, Jonathan McCone, Bruce R Bacon, Savino Bruno, Michael P Manns,
Mark S Sulkowski, Ira M Jacobson, et al. 2011. “Boceprevir for Untreated Chronic
HCV Genotype 1 Infection.” The New England Journal of Medicine 364 (13)
(March 31): 1195-1206. doi:10.1056/NE]JMo0a1010494.

250



Bibliography

Post, Jeffrey ], Yong Pan, Anthony | Freeman, Charles E Harvey, Peter A White,
Patricia Palladinetti, Paul S Haber, et al. 2004. “Clearance of Hepatitis C Viremia
Associated with Cellular Immunity in the Absence of Seroconversion in the
Hepatitis C Incidence and Transmission in Prisons Study Cohort.” The Journal of
Infectious Diseases 189 (10) (May 15): 1846-1855. doi:10.1086/383279.

Prather, Aric A, Martica Hall, Jacqueline M Fury, Diana C Ross, Matthew F
Muldoon, Sheldon Cohen, and Anna L Marsland. 2012. “Sleep and Antibody
Response to Hepatitis B Vaccination.” Sleep 35(8): 1063-69.

Prentoe, Jannick, Tanja B Jensen, Philip Meuleman, Stéphanie B N Serre, Troels K
H Scheel, Geert Leroux-Roels, Judith M Gottwein, and Jens Bukh. 2011.
“Hypervariable Region 1 Differentially Impacts Viability of Hepatitis C Virus
Strains of Genotypes 1 to 6 and Impairs Virus Neutralization.” Journal of virology
85(5): 2224-34.

Prokunina-Olsson, Ludmila, Brian Muchmore, Wei Tang, Ruth M Pfeiffer,
Heiyoung Park, Harold Dickensheets, Dianna Hergott, et al. 2013. “A Variant
Upstream of IFNL3 (IL28B) Creating a New Interferon Gene IFNL4 Is Associated
with Impaired Clearance of Hepatitis C Virus.” Nature Genetics 45 (2)
(February): 164-171. doi:10.1038/ng.2521.

Radziewicz, Henry, Chris C Ibegbu, Huiming Hon, Melissa K Osborn, Kamil
Obideen, Mohammad Wehbi, Gordon ] Freeman, Jeffrey L Lennox, Kimberly A
Workowski, Holly L. Hanson, and Arash Grakoui. 2008. “Impaired Hepatitis C
Virus (HCV)-Specific Effector CD8+ T Cells Undergo Massive Apoptosis in the
Peripheral Blood During Acute HCV Infection and in the Liver During the Chronic
Phase of Infection.” Journal of virology 82(20): 9808-22.

Raper, Steven E, Marc Yudkoff, Narendra Chirmule, Guang-Ping Gao, Fred Nunes,
Ziv ] Haskal, Emma E Furth, et al. 2002. “A Pilot Study of in Vivo Liver-Directed
Gene Transfer with an Adenoviral Vector in Partial Ornithine Transcarbamylase
Deficiency.” Human Gene Therapy 13 (1) (January 1): 163-175.
doi:10.1089/10430340152712719.

Rauch, Andri, Zoltan Kutalik, Patrick Descombes, Tao Cai, Julia di Iulio, Tobias
Mueller, Murielle Bochud, et al. 2010. “Genetic Variation in IL28B Is Associated
with Chronic Hepatitis C and Treatment Failure: a Genome-Wide Association
Study.” Gastroenterology 138 (4) (April): 1338-45, 1345.e1-7.
doi:10.1053/j.gastro.2009.12.056.

Reed, K E, and C M Rice. 2000. “Overview of Hepatitis C Virus Genome Structure,
Polyprotein Processing, and Protein Properties.” Current Topics in Microbiology
and Immunology 242: 55-84.

Renauld, Jean-Christophe. 2003. “Class II Cytokine Receptors and Their Ligands:
Key Antiviral and Inflammatory Modulators.” Nature Reviews. Immunology 3 (8)
(August): 667-676.d0i:10.1038/nri1153.

Rosario, Maximillian, Richard Hopkins, John Fulkerson, Nicola Borthwick, Maire
F Quigley, Joan Joseph, Daniel C Douek, Hui Yee Greenaway, Vanessa Venturi,

251



Bibliography

Emma Gostick, David A. Price, Gerald W Both, Jerald C Sadoff, and Tomas Hanke.
2010. “Novel Recombinant Mycobacterium Bovis BCG, Ovine Atadenovirus, and
Modified Vaccinia Virus Ankara Vaccines Combine to Induce Robust Human

Immunodeficiency Virus-Specific CD4 and CD8 T-Cell Responses in Rhesus
Macaques.” Journal of virology 84(12): 5898-5908.

Sadler, Anthony ], and Bryan R G Williams. 2008. “Interferon-Inducible Antiviral
Effectors.” Nature Reviews. Immunology 8 (7) (July): 559-568.
doi:10.1038/nri2314.

Salio, M, D Shepherd, P R Dunbar, M Palmowski, K Murphy, L Wu, and V
Cerundolo. 2001. “Mature Dendritic Cells Prime Functionally Superior Melan-a-
Specific CD8+ Lymphocytes as Compared with Nonprofessional APC.” Journal of
immunology (Baltimore, Md : 1950) 167(3): 1188-97.

Sallberg, Matti, Lars Frelin, and Ola Weiland. 2009. “DNA Vaccine Therapy for
Chronic Hepatitis C Virus (HCV) Infection: Immune Control of a Moving Target.”
Expert Opinion on Biological Therapy 9 (7) (July): 805-815.
doi:10.1517/14712590902988444.

Scheel, Troels K H, and Charles M Rice. 2013. “Understanding the Hepatitis C
Virus Life Cycle Paves the Way for Highly Effective Therapies.” Nature Medicine
19 (7) (July): 837-849. doi:10.1038/nm.3248.

Schmidt, Julia, Christoph Neumann-Haefelin, Tayibe Altay, Emma Gostick, David
A. Price, Volker Lohmann, Hubert E Blum, and Robert Thimme. 2011.
“Immunodominance of HLA-A2-Restricted Hepatitis C Virus-Specific CD8+ T Cell
Responses Is Linked to Naive-Precursor Frequency.” Journal of virology 85(10):
5232.

Schurich, Anna, Martina Berg, Dirk Stabenow, Jan Bottcher, Michaela Kern, Hans-
Jorg Schild, Christian Kurts, Verena Schuette, Sven Burgdorf, Linda Diehl,
Andreas Limmer, and Percy A Knolle. 2010. “Dynamic Regulation of CD8 T Cell
Tolerance Induction by Liver Sinusoidal Endothelial Cells.” The Journal of
Immunology 184(8): 4107-14.

Seeff, Leonard B. 2002. “Natural History of Chronic Hepatitis C.” Hepatology
(Baltimore, Md) 36 (5 Suppl 1) (November): S35-46.
doi:10.1053/jhep.2002.36806.

Semmo, Nasser, Eleanor Barnes, Craig Taylor, John Kurtz, Gillian Harcourt, Neil
Smith, and Paul Klenerman. 2005. “T-Cell Responses and Previous Exposure to

Hepatitis C Virus in Indeterminate Blood Donors.” Lancet 365 (9456): 327-329.
doi:10.1016/S0140-6736(05)17787-3.

Sheehy, Susanne H, Christopher ] A Duncan, Sean C Elias, Prateek Choudhary,
Sumi Biswas, Fenella D Halstead, Katharine A Collins, et al. 2012. “ChAd63-MVA-
Vectored Blood-Stage Malaria Vaccines Targeting MSP1 and AMA1: Assessment
of Efficacy Against Mosquito Bite Challenge in Humans.” Molecular Therapy : the
Journal of the American Society of Gene Therapy 20 (12) (December): 2355-
2368.d0i:10.1038/mt.2012.223.

252



Bibliography

Shepard, Colin W, Lyn Finelli, and Miriam ] Alter. 2005. “Global Epidemiology of
Hepatitis C Virus Infection.” The Lancet Infectious Diseases 5 (9) (September):
558-567.d0i:10.1016/S1473-3099(05)70216-4.

Shiver, John W, Tong-Ming Fu, Ling Chen, Danilo R Casimiro, Mary-Ellen Davies,
Robert K Evans, Zhi-Qiang Zhang, et al. 2002. “Replication-Incompetent
Adenoviral Vaccine Vector Elicits Effective Anti-Immunodeficiency-Virus
Immunity.” Nature 415 (6869) (January 17): 331-335.d0i:10.1038/415331a.

Shoukry, Naglaa H, Andrew G Cawthon, and Christopher M Walker. 2004. “Cell-
Mediated Immunity and the Outcome of Hepatitis C Virus Infection.” Annual
Review of Microbiology 58: 391-424.
d0i:10.1146/annurev.micro.58.030603.123836.

Simmons, Ruth, Colin Sharp, C Patrick McClure, Janine Rohrbach, Helen Kovari,
Eleni Frangou, Peter Simmonds, Will Irving, Andri Rauch, Paul Bowness, Paul
Klenerman, Swiss HIV Cohort Study. 2012. “Parvovirus 4 Infection and Clinical
Outcome in High-Risk Populations.” The Journal of infectious diseases 205(12):
1816-20.

Simmonds, Peter, Jens Bukh, Christophe Combet, Gilbert Deléage, Nobuyuki
Enomoto, Stephen Feinstone, Phillippe Halfon, Genevieve Inchauspé, Carla
Kuiken, Geert Maertens, Masashi Mizokami, Donald G Murphy, Hiroaki Okamoto,
Jean-Michel Pawlotsky, Francois Penin, Erwin Sablon, Tadasu Shin-I, Lieven ]
Stuyver, Heinz-Jiirgen Thiel, Sergei Viazov, Amy ] Weiner, and Anders Widell.
2005. “Consensus Proposals for a Unified System of Nomenclature of Hepatitis C
Virus Genotypes.” In, 962-73.

Soderholm, ], G Ahlén, A Kaul, L Frelin, M Alheim, C Barnfield, P Liljestrom, O
Weiland, D R Milich, R Bartenschlager, and M Sallberg. 2006. “Relation Between

Viral Fitness and Immune Escape Within the Hepatitis C Virus Protease.” Gut
55(2): 266-74.

Sotomayor, E M, [ Borrello, E Tubb, ] P Allison, and H I Levitsky. 1999. “In Vivo
Blockade of CTLA-4 Enhances the Priming of Responsive T Cells but Fails to
Prevent the Induction of Tumor Antigen-Specific Tolerance.” Proceedings of the
National Academy of Sciences of the United States of America 96 (20) (September
28):11476-11481.

Spada, E, A Mele, A Berton, L Ruggeri, L Ferrigno, A R Garbuglia, M P Perrone, et
al. 2004. “Multispecific T Cell Response and Negative HCV RNA Tests During
Acute HCV Infection Are Early Prognostic Factors of Spontaneous Clearance.” Gut
53 (11) (November 1): 1673-1681. doi:10.1136/gut.2003.037788.

Spangenberg, Hans Christian, Sergei Viazov, Nadine Kersting, Christoph
Neumann-Haefelin, Denise McKinney, Michael Roggendorf, Fritz von Weizsacker,
Hubert E Blum, and Robert Thimme. 2005. “Intrahepatic CD8+ T-Cell Failure
During Chronic Hepatitis C Virus Infection.” Hepatology (Baltimore, Md) 42(4):
828-37.

253



Bibliography

Suppiah, Vijayaprakash, Max Moldovan, Golo Ahlenstiel, Thomas Berg, Martin
Weltman, Maria Lorena Abate, Margaret Bassendine, et al. 2009. “IL28B Is
Associated with Response to Chronic Hepatitis C Interferon-Alpha and Ribavirin
Therapy.” Nature Genetics 41 (10) (October): 1100-1104. doi:10.1038/ng.447.

Taguchi, Takashi, Motoko Nagano-Fujii, Masato Akutsu, Hiroyasu Kadoya, Shinji
Ohgimoto, Satoshi Ishido, and Hak Hotta. 2004. “Hepatitis C Virus NS5A Protein
Interacts with 2‘,5’-Oligoadenylate Synthetase and Inhibits Antiviral Activity of
[FN in an IFN Sensitivity-Determining Region-Independent Manner.” The Journal
of General Virology 85 (Pt 4) (April): 959-969.

Takaki, A, M Wiese, G Maertens, E Depla, U Seifert, A Liebetrau, ] L Miller, M P
Manns, and B Rehermann. 2000. “Cellular Immune Responses Persist and
Humoral Responses Decrease Two Decades After Recovery From a Single-Source
Outbreak of Hepatitis C.” Nature Medicine 6 (5) (May): 578-582.
doi:10.1038/75063.

Tanaka, Yasuhito, Nao Nishida, Masaya Sugiyama, Masayuki Kurosaki, Kentaro
Matsuura, Naoya Sakamoto, Mina Nakagawa, et al. 2009. “Genome-Wide
Association of IL28B with Response to Pegylated Interferon-Alpha and Ribavirin
Therapy for Chronic Hepatitis C.” Nature Genetics 41 (10) (October): 1105-1109.
doi:10.1038/ng.449.

Taylor, D R, S T Shi, P R Romano, G N Barber, and M M Lai. 1999. “Inhibition of
the Interferon-Inducible Protein Kinase PKR by HCV E2 Protein.” Science 285
(5424) (July 2): 107-110.

Thimme, R, D Oldach, KM Chang, C Steiger, S C Ray, and F V Chisari. 2001.
“Determinants of Viral Clearance and Persistence During Acute Hepatitis C Virus
Infection.” The Journal of Experimental Medicine 194 (10) (November 19):
1395-1406.

Thomson, Emma C, Vicki M Fleming, Janice Main, Paul Klenerman, Jonathan
Weber, Joseph Eliahoo, Jennifer Smith, Myra O McClure, and Peter Karayiannis.
2011. “Predicting Spontaneous Clearance of Acute Hepatitis C Virus in a Large
Cohort of HIV-1-Infected Men.” Gut 60 (6) (June): 837-845.
do0i:10.1136/gut.2010.217166.

Timm, Joerg, Bin Li, Marcus G Daniels, Tanmoy Bhattacharya, Laura L Reyor,
Rachel Allgaier, Thomas Kuntzen, Will Fischer, Brian E Nolan, Jared Duncan,
Julian Schulze Zur Wiesch, Arthur Y Kim, Nicole Frahm, Christian Brander,
Raymond T Chung, Georg M Lauer, Bette T Korber, and Todd M Allen. 2007.
“Human Leukocyte Antigen-Associated Sequence Polymorphisms in Hepatitis C
Virus Reveal Reproducible Immune Responses and Constraints on Viral
Evolution.” Hepatology (Baltimore, Md) 46(2): 339-49.

Timm, Joerg, Georg M Lauer, Daniel G Kavanagh, Isabelle Sheridan, Arthur Y Kim,
Michaela Lucas, Thillagavathie Pillay, Kei Ouchi, Laura L Reyor, Julian Schulze
Zur Wiesch, Rajesh T Gandhi, Raymond T Chung, Nina Bhardwaj, Paul
Klenerman, Bruce D Walker, and Todd M Allen. 2004. “CD8 Epitope Escape and
Reversion in Acute HCV Infection.” The Journal of experimental medicine
200(12): 1593-1604.

254



Bibliography

Timpe, Jennifer M, Zania Stamataki, Adam Jennings, Ke Hu, Michelle ] Farquhar,
Helen ] Harris, Anne Schwarz, et al. 2008. “Hepatitis C Virus Cell-Cell
Transmission in Hepatoma Cells in the Presence of Neutralizing Antibodies.”
Hepatology (Baltimore, Md) 47 (1) (January): 17-24. doi:10.1002 /hep.21959.

Tindle, R W, and I H Frazer. 1994. “Immune Response to Human
Papillomaviruses and the Prospects for Human Papillomavirus-Specific
Immunisation.” Current Topics in Microbiology and Immunology 186: 217-253.

Tseng, Yu-Tzu, Sui-Yuan Chang, Wen-Chun Liu, Hsin-Yun Sun, Cheng-Hsin Wu,
Pei-Ying Wu, Ching-Lan Lu, Chien-Ching Hung, and Shan-Chwen Chang. 2013.
“Comparative Effectiveness of Two Doses Versus Three Doses of Hepatitis a
Vaccine in Human Immunodeficiency Virus-Infected and -Uninfected Men Who
Have Sex with Men.” Hepatology (Baltimore, Md) 57(5): 1734-41.

Urbani, Simona, Barbara Amadei, Daniela Tola, Marco Massari, Simona
Schivazappa, Gabriele Missale, and Carlo Ferrari. 2006. “PD-1 Expression in
Acute Hepatitis C Virus (HCV) Infection Is Associated with HCV-Specific CD8
Exhaustion.” Journal of virology 80(22): 11398-403.

Villano, S A, D Vlahov, K E Nelson, S Cohn, and D L Thomas. 1999. “Persistence of
Viremia and the Importance of Long-Term Follow-Up After Acute Hepatitis C
Infection.” Hepatology (Baltimore, Md) 29 (3) (March): 908-914.
doi:10.1002/hep.510290311.

Ward, Scott M, Bridget C Fox, Philip ] Brown, Joy Worthington, Stephen B Fox,
Roger W Chapman, Kenneth A Fleming, Alison H Banham, and Paul Klenerman.
2007. “Quantification and Localisation of FOXP3+ T Lymphocytes and Relation to
Hepatic Inflammation During Chronic HCV Infection.” Journal of Hepatology 47
(3) (September): 316-324. do0i:10.1016/j.jhep.2007.03.023.

Wedemeyer, H, E Mizukoshi, A R Davis, ] R Bennink, and B Rehermann. 2001.
“Cross-Reactivity Between Hepatitis C Virus and Influenza a Virus Determinant-
Specific Cytotoxic T Cells.” Journal of virology 75(23): 11392-400.

Wedemeyer, Heiner, Xiao-Song He, Michelina Nascimbeni, Anthony R Davis,
Harry B Greenberg, Jay H Hoofnagle, T Jake Liang, Harvey Alter, and Barbara
Rehermann. 2002. “Impaired Effector Function of Hepatitis C Virus-Specific CD8+
T Cells in Chronic Hepatitis C Virus Infection.” Journal of immunology (Baltimore,
Md: 1950) 169(6): 3447-58.

Wherry, E John, Joseph N Blattman, and Rafi Ahmed. 2005. “Low CD8 T-Cell
Proliferative Potential and High Viral Load Limit the Effectiveness of Therapeutic
Vaccination.” Journal of Virology 79 (14) (July): 8960-8968.
doi:10.1128/JV1.79.14.8960-8968.2005.

Wherry, E John. 2011. “T Cell Exhaustion.” Nature Publishing Group 131(6): 492-
99.

255



Bibliography

Wiedmann, M, U G Liebert, U Oesen, H Porst, M Wiese, S Schroeder, U Halm, ]
Mossner, and F Berr. 2000. “Decreased Immunogenicity of Recombinant
Hepatitis B Vaccine in Chronic Hepatitis C.” Hepatology (Baltimore, Md) 31(1):
230-34.

Wolfl, Matthias, Alleluiah Rutebemberwa, Timothy Mosbruger, Qing Mao, Hong-
mei Li, Dale Netski, Stuart C Ray, et al. 2008. “Hepatitis C Virus Immune Escape
via Exploitation of a Hole in the T Cell Repertoire.” The Journal of Immunology
181 (9) (November 1): 6435-6446.

Wolk, Kerstin, Katrin Witte, Ellen Witte, Susanna Proesch, Gundula Schulze-
Tanzil, Katarzyna Nasilowska, John Thilo, et al. 2008. “Maturing Dendritic Cells
Are an Important Source of IL-29 and IL-20 That May Cooperatively Increase the
Innate Immunity of Keratinocytes.” Journal of Leukocyte Biology 83 (5) (May):
1181-1193. doi:10.1189/jlb.0807525.

Yen, Y-H, C-H Hung, T-H Hu, C-H Chen, C-M Wu, J-H Wang, S-N Lu, and C-M Lee.
2008. “Mutations in the Interferon Sensitivity-Determining Region
(Nonstructural 5A Amino Acid 2209-2248) in Patients with Hepatitis C-1b
Infection and Correlating Response to Combined Therapy of Pegylated Interferon
and Ribavirin.” Alimentary pharmacology & therapeutics 27(1): 72-79.

Yoneyama, Mitsutoshi, Mika Kikuchi, Takashi Natsukawa, Noriaki Shinobu,
Tadaatsu Imaizumi, Makoto Miyagishi, Kazunari Taira, Shizuo Akira, and Takashi
Fujita. 2004. “The RNA Helicase RIG-I Has an Essential Function in Double-
Stranded RNA-Induced Innate Antiviral Responses.” Nature Immunology 5 (7)
(July): 730-737.d0i:10.1038/ni1087.

Youngblood, Ben, Kenneth ] Oestreich, Sang-Jun Ha, Jaikumar Duraiswamy, Rama
S Akondy, Erin E West, Zhengyu Wei, et al. 2011. “Chronic Virus Infection
Enforces Demethylation of the Locus That Encodes PD-1 in Antigen-Specific
CD8(+) T Cells.” Immunity 35 (3) (September 23): 400-412.
d0i:10.1016/j.immuni.2011.06.015.

Yusim, Karina, Russell Richardson, Ning Tao, Anita Dalwani, Ashish Agrawal,
James Szinger, Robert Funkhouser, Bette Korber, and Carla Kuiken. 2005. “Los
Alamos Hepatitis C Inmunology Database.” Applied Bioinformatics 4 (4): 217-
225.

Yutani, Shigeru, Nobukazu Komatsu, Shigeki Shichijo, Kazumi Yoshida, Hiroko
Takedatsu, Minoru Itou, Ryoko Kuromatu, et al. 2009. “Phase I Clinical Study of a
Peptide Vaccination for Hepatitis C Virus-Infected Patients with Different Human
Leukocyte Antigen-Class I-a Alleles.” Cancer Science 100 (10) (October): 1935-
1942.d0i:10.1111/j.1349-7006.2009.01256.x.

Zajac, A ], ] N Blattman, K Murali-Krishna, D | Sourdive, M Suresh, ] D Altman, and
R Ahmed. 1998. “Viral Immune Evasion Due to Persistence of Activated T Cells

Without Effector Function.” The Journal of experimental medicine 188(12):
2205-13.

256



Bibliography

Zeuzem, Stefan, Pietro Andreone, Stanislas Pol, Eric Lawitz, Moises Diago, Stuart
Roberts, Roberto Focaccia, et al. 2011. “Telaprevir for Retreatment of HCV
Infection.” The New England Journal of Medicine 364 (25) (June 23): 2417-2428.
doi:10.1056/NE]JMo0a1013086.

Zhao, Chen, Carilee Denison, Jon M Huibregtse, Steven Gygi, and Robert M Krug.
2005. “Human ISG15 Conjugation Targets Both IFN-Induced and Constitutively
Expressed Proteins Functioning in Diverse Cellular Pathways.” Proceedings of
the National Academy of Sciences of the United States of America 102 (29) (July
19): 10200-10205. doi:10.1073/pnas.0504754102.

Zinkernagel, R M. 1996. “Immunology Taught by Viruses.” Science 271 (5246)
(January 12): 173-178.

257



Appendix
Peptides used in pools for IFNy-ELISpot assays
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Pep No 149 HGPTPLLYRLGAVQN 593 to 607 Minipool Gh

Pep No 150 PLLYRLGAVQNEVTL 597 to 611 Minipool Gh
Pep No 151 RLGAVQNEVTLTHPI 601 to 615 Minipool Gh
Pep No 152 VONEVTLTHPITKYI 605 to 619 Minipool Gh
Pep No 153 VTLTHPITKYIMACM 609 to 623 Minipool Gh
Pep No 154 HPITKYIMACMSADL 613 to 627 Minipool Gh
Minipool
Pep No 155 KYIMACMSADLEVVT 617 to 631 Gh in red: end of NS3
Minipool
Pep No 156 ACMSADLEVVTSTWV 621 to 635 Gh in blue: end of pool G
Minipool
Pep No ADLEVVTSTWVLVGG 625 to 639 Ha POOI H
Pep No 158 VVTSTWVLVGGVLAA 629 to 643 Minipool Ha
Pep No 159 TWVLVGGVLAALAAY 633 to 647 Minipool Ha
Pep No 160 VGGVLAALAAYCLTT 637 to 651 Minipool Ha
Pep No 161 LAALAAYCLTTGSVV 641 to 655 Minipool Ha
Pep No 162 AAYCLTTGSVVIVGR 645 to 659 Minipool Ha
Pep No 163 LTTGSVVIVGRIILS 649 to 663 Minipool Ha
Pep No 164 SVVIVGRIILSGRPA 653 to 667 Minipool Ha
Pep No 165 VGRIILSGRPAIVPD 657 to 671 Minipool Ha
Pep No 166 ILSGRPAIVPDREFL 661 to 675 Minipool Ha
Pep No 167 RPAIVPDREFLYQEF 665 to 679 Minipool Hb
Pep No 168 VPDREFLYQEFDEME 669 to 683 Minipool Hb
Pep No 169 EFLYQEFDEMEECAS 673 to 687 Minipool Hb
Pep No 170 QEFDEMEECASHLPY 677 to 691 Minipool Hb
Pep No 171 EMEECASHLPYIEQG 681 to 695 Minipool Hb
Pep No 172 CASHLPYIEQGMQLA 685 to 699 Minipool Hb
Pep No 173 LPYIEQGMQLAEQFK 689 to 703 Minipool Hb
Pep No 174 EQGMQLAEQFKQKAL 693 to 707 Minipool Hb
Pep No 175 QLAEQFKQKALGLLQ 697 to 711 Minipool Hb
Pep No 176 QFKQKALGLLQTATK 701 to 715 Minipool Hb
Pep No 177 KALGLLQTATKQAEA 705 to 719 Minipool Hc
Pep No 178 LLQTATKQAEAAAPV 709 to 723 Minipool Hc
Pep No 179 ATKQAEAAAPVVESK 713 to 727 Minipool Hc
Pep No 180 AEAAAPVVESKWRAL 717 to 731 Minipool He
Pep No 181 APVVESKWRALETFW 721 to 735 Minipool Hc
Pep No 182 ESKWRALETFWAKHM 725 to 739 Minipool Hc
Pep No 183 RALETFWAKHMWNET 729 to 743 Minipool Hc
Pep No 184 TFWAKHMWNFISGIQ 733 to 747 Minipool Hc
Pep No 185 KHMWNFISGIQYLAG 737 to 751 Minipool Hc
Pep No 186 NFISGIQYLAGLSTL 741 to 755 Minipool Hc
Pep No 187 GIQYLAGLSTLPGNP 745 to 759 Minipool Hd
Pep No 188 LAGLSTLPGNPAIAS 749 to 763 Minipool Hd
Pep No 189 STLPGNPAIASLMAF 753 to 767 Minipool Hd
Pep No 190 GNPAIASLMAFTASI 757 to 771 Minipool Hd
Pep No 191 IASLMAFTASITSPL 761 to 775 Minipool Hd
Pep No 192 MAFTASITSPLTTQS 765 to 779 Minipool Hd
Pep No 193 ASITSPLTTQSTLLF 769 to 783 Minipool Hd
Pep No 194 SPLTTQSTLLFNILG 773 to 787 Minipool Hd
Pep No 195 TQSTLLENILGGWVA 777 to 791 Minipool Hd
Pep No 196 LLFNILGGWVAAQLA 781 to 795 Minipool Hd
Pep No 197 ILGGWVAAQLAPPSA 785 to 799 Minipool He
Pep No 198 WVAAQLAPPSAASAF 789 to 803 Minipool He
Pep No 199 QLAPPSAASAFVGAG 793 to 807 Minipool He
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Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No

Pep No

Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No

200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234

236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251

PSAASAFVGAGIAGA
SAFVGAGIAGAAVGS
GAGIAGAAVGSIGLG
AGAAVGSIGLGKVLV
VGSIGLGKVLVDILA
GLGKVLVDILAGYGA
VLVDILAGYGAGVAG
ILAGYGAGVAGALVA
YGAGVAGALVAFKVM
VAGALVAFKVMSGEM
LVAFKVMSGEMPSTE
KVMSGEMPSTEDLVN
GEMPSTEDLVNLLPA
STEDLVNLLPAILSP
LVNLLPAILSPGALV
LPAILSPGALVVGVV
LSPGALVVGVVCAATI
ALVVGVVCAAILRRH
GVVCAAILRRHVGPG
AATLRRHVGPGEGAV
RRHVGPGEGAVQWMN
GPGEGAVQWMNRLIA
GAVQWMNRLIAFASR
WMNRLIAFASRGNHV
LIAFASRGNHVSPTH
ASRGNHVSPTHYVPE
NHVSPTHYVPESDAA
PTHYVPESDAAARVT
VPESDAAARVTQILS
DAAARVTQILSSLTI
RVTQILSSLTITQLL
ILSSLTITQLLKRLH
LTITQLLKRLHQWIN
QLLKRLHQWINEDCS
RLHQWINEDCSTPCS

WINEDCSTPCSGSWL

DCSTPCSGSWLRDVW
PCSGSWLRDVWDWIC
SWLRDVWDWICTVLT
DVWDWICTVLTDFKT
WICTVLTDFKTWLQS
VLTDFKTWLQSKLLP
FKTWLQSKLLPQLPG
LOSKLLPQLPGVPFEF
LLPQLPGVPFFSCQOR
LPGVPFFSCQRGYKG
PFFSCQRGYKGVWRG
CORGYKGVWRGDGIM
YKGVWRGDGIMQTTC
WRGDGIMQTTCPCGA
GIMQTTCPCGAQITG
TTCPCGAQITGHVKN

797
801
805
809
813
817
821
825
829
833
837
841
845
849
853
857
861
865
869
873
877
881
885
889
893
897
901
905
909
913
917
921
925
929
933

937

941
945
949
953
957
961
965
969
973
977
981
985
989
993
997

1001 to 1015

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

to

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

811
815
819
823
827
831
835
839
843
847
851
855
859
863
867
871
875
879
883
887
891
895
899
903
907
911
915
919
923
927
931
935
939
943
947

951

955
959
963
967
971
975
979
983
987
991
995
999
1003
1007
1011

Minipool He
Minipool He
Minipool He
Minipool He
Minipool He
Minipool He
Minipool He
Minipool Hf
Minipool Hf
Minipool Hf
Minipool Hf
Minipool Hf
Minipool Hf
Minipool Hf
Minipool Hf
Minipool Hf
Minipool Hf
Minipool Hg
Minipool Hg
Minipool Hg
Minipool Hg
Minipool Hg
Minipool Hg
Minipool Hg
Minipool Hg
Minipool Hg
Minipool Hg
Minipool Hh
Minipool Hh
Minipool Hh
Minipool Hh
Minipool Hh
Minipool Hh
Minipool Hh
Minipool Hh
Minipool
Hh
Minipool

la

Minipool la
Minipool la
Minipool la
Minipool la
Minipool la
Minipool la
Minipool la
Minipool la
Minipool la
Minipool Ib
Minipool Ib
Minipool Ib
Minipool Ib
Minipool Ib
Minipool Ib

in blue: end of pool H

in red: end of NS4
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Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No

Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No

Pep No
Pep No
Pep No

252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285

286

287

288

289

290

291

292

293

294

295
296
297

CGAQITGHVKNGSMR
ITGHVKNGSMRIVGP
VKNGSMRIVGPKTCS
SMRIVGPKTCSNTWH
VGPKTCSNTWHGTEP
TCSNTWHGTFPINAY
TWHGTFPINAYTTGP
TFPINAYTTGPCTPS
NAYTTGPCTPSPAPN
TGPCTPSPAPNYSRA
TPSPAPNYSRALWRV
APNYSRALWRVAAEE
SRALWRVAAEEYVEV
WRVAAEEYVEVTRVG
AEEYVEVTRVGDFHY
VEVTRVGDFHYVTGM
RVGDFHYVTGMTTDN
FHYVTGMTTDNVKCP
TGMTTDNVKCPCQVP
TDNVKCPCQVPAPEF
KCPCQVPAPEFFTEV
QVPAPEFFTEVDGVR
PEFFTEVDGVRLHRY
TEVDGVRLHRYAPAC
GVRLHRYAPACRPLL
HRYAPACRPLLREEV
PACRPLLREEVTFQV
PLLREEVTFQVGLNQ
EEVTFQVGLNQYLVG
FQVGLNQYLVGSQLP
LNQYLVGSQLPCEPE
LVGSQLPCEPEPDVA
QLPCEPEPDVAVLTS
EPEPDVAVLTSMLTD

DVAVLTSMLTDPSHI

LTSMLTDPSHITAET

LTDPSHITAETAKRR

SHITAETAKRRLARG

AETAKRRLARGSPPS

KRRLARGSPPSLASS

ARGSPPSLASSSASQ

PPSLASSSASQLSAP

ASSSASQLSAPSLKA

ASQLSAPSLKATCTT
SAPSLKATCTTHHVS
LKATCTTHHVSPDAD

1005
1009
1013
1017
1021
1025
1029
1033
1037
1041
1045
1049
1053
1057
1061
1065
1069
1073
1077
1081
1085
1089
1093
1097
1101
1105
1109
1113
1117
1121
1125
1129
1133
1137

1141

1145

1149

1153

1157

1161

1165

1169

1173

177
1181
1185

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

to

to

to

to

to

to

to

to

to

to
to
to

1019
1023
1027
1031
1035
1039
1043
1047
1051
1055
1059
1063
1067
1071
1075
1079
1083
1087
1091
1095
1099
1103
1107
1111
1115
1119
1123
1127
1131
1135
1139
1143
1147
1151

1155

1159

1163

1167

1171

1175

1179

1183

1187

1191
1195
1199

Minipool Ib
Minipool Ib
Minipool Ib
Minipool Ib
Minipool Ic
Minipool Ic
Minipool Ic
Minipool Ic
Minipool Ic
Minipool Ic
Minipool Ic
Minipool Ic
Minipool Ic
Minipool Ic
Minipool Id
Minipool Id
Minipool Id
Minipool Id
Minipool Id
Minipool Id
Minipool Id
Minipool Id
Minipool Id
Minipool Id
Minipool le
Minipool le
Minipool le
Minipool le
Minipool le
Minipool le
Minipool le
Minipool le
Minipool le
Minipool le
Minipool

If

Minipool

If

Minipool

If

Minipool

If

Minipool

If

Minipool

If

Minipool

If

Minipool

If

Minipool

If

Minipool

If

Minipool Ig
Minipool Ig
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Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No

Pep No

Pep No
Pep No

298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346

347

348
349

CTTHHVSPDADLIEA
HVSPDADLIEANLLW
DADLIEANLLWRQEM
IEANLLWRQEMGGNI
LLWRQEMGGNITRVE
QEMGGNITRVESENK
GNITRVESENKVVVL
RVESENKVVVLDSFED
ENKVVVLDSFDPLRA
VVLDSFDPLRAEEDE
SFDPLRAEEDEREVS
LRAEEDEREVSVPAE
EDEREVSVPAEILRK
EVSVPAEILRKSKKF
PAEILRKSKKFPAAM
LRKSKKFPAAMPIWA
KKFPAAMPIWARPDY
AAMPIWARPDYNPPL
IWARPDYNPPLLESW
PDYNPPLLESWKDPD
PPLLESWKDPDYVPP
ESWKDPDYVPPVVHG
DPDYVPPVVHGCPLP
VPPVVHGCPLPPIKA
VHGCPLPPIKAPPIP
PLPPIKAPPIPPPRR
IKAPPIPPPRRKRTV
PIPPPRRKRTVVLTE
PRRKRTVVLTESSVS
RTVVLTESSVSSALA
LTESSVSSALAELAT
SVSSALAELATKTFG
ALAELATKTFGSSES
LATKTFGSSESSAVD
TFGSSESSAVDSGTA
SESSAVDSGTATALP
AVDSGTATALPDQAS
GTATALPDQASDDGD
ALPDQASDDGDKGSD
QASDDGDKGSDVESY
DGDKGSDVESYSSMP
GSDVESYSSMPPLEG
ESYSSMPPLEGEPGD
SMPPLEGEPGDPDLS
LEGEPGDPDLSDGSW
PGDPDLSDGSWSTVS
DLSDGSWSTVSEEAS
GSWSTVSEEASEDVV
TVSEEASEDVVCCSM

EASEDVVCCSMSYTW

DVVCCSMSYTWTGAL
CSMSYTWTGALITPC

1189
1193
1197
1201
1205
1209
1213
1217
1221
1225
1229
1233
1237
1241
1245
1249
1253
1257
1261
1265
1269
1273
1277
1281
1285
1289
1293
1297
1301
1305
1309
1313
1317
1321
1325
1329
1333
1337
1341
1345
1349
1353
1357
1361
1365
1369
1373
1377
1381

1385

1389
1393

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

to

to
to

1203
1207
1211
1215
1219
1223
1227
1231
1235
1239
1243
1247
1251
1255
1259
1263
1267
1271
1275
1279
1283
1287
1291
1205
1299
1303
1307
1311
1315
1319
1323
1327
1331
1335
1339
1343
1347
1351
1355
1359
1363
1367
1371
1375
1379
1383
1387
1391
1395

1399

1403
1407

Minipool Ig
Minipool Ig
Minipool Ig
Minipool Ig
Minipool Ig
Minipool Ig
Minipool Ig
Minipool Ig
Minipool Ih
Minipool Ih
Minipool Ih
Minipool Ih
Minipool Ih
Minipool Ih
Minipool Ih
Minipool Ih
Minipool Ih
Minipool Ih
Minipool i
Minipool i
Minipool i
Minipool i
Minipool i
Minipool i
Minipool i
Minipool i
Minipool i
Minipool i
Minipool j
Minipool j
Minipool j
Minipool j
Minipool j
Minipool j
Minipool j
Minipool j
Minipool j
Minipool j
Minipool j
Minipool Ik
Minipool Ik
Minipool Ik
Minipool Ik
Minipool Ik
Minipool Ik
Minipool Ik
Minipool Ik
Minipool Ik

Minipool Ik
in blue: end of
Minipool Ik new pool |

Pool L

Minipool La
Minipool La
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Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No
Pep No

350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402

YTWTGALITPCAAEE
GALITPCAAEESKLP
TPCAAEESKLPINAL
AEESKLPINALSNSL
KLPINALSNSLLRHH
NALSNSLLRHHNMVY
NSLLRHHNMVYATTS
RHHNMVYATTSRSAG
MVYATTSRSAGLROK
TTSRSAGLRQKKVTE
SAGLRQKKVTFEFDRLQ
ROKKVTFDRLQVLDD
VTFDRLQVLDDHYRD
RLOVLDDHYRDVLKE
LDDHYRDVLKEMKAK
YRDVLKEMKAKASTV
LKEMKAKASTVKAKL
KAKASTVKAKLLSVE
STVKAKLLSVEEACK
AKLLSVEEACKLTPP
SVEEACKLTPPHSAK
ACKLTPPHSAKSKFG
TPPHSAKSKFGYGAK
SAKSKFGYGAKDVRN
KFGYGAKDVRNLSSK
GAKDVRNLSSKAVNH
VRNLSSKAVNHIHSV
SSKAVNHIHSVWKDL
VNHIHSVWKDLLEDT
HSVWKDLLEDTVTPI
KDLLEDTVTPIDTTI
EDTVTPIDTTIMAKN
TPIDTTIMAKNEVEC
TTIMAKNEVEFCVQPE
AKNEVFCVQPEKGGR
VECVQPEKGGRKPAR
QPEKGGRKPARLIVEF
GGRKPARLIVFPDLG
PARLIVFPDLGVRVC
IVFPDLGVRVCEKMA
DLGVRVCEKMALYDV
RVCEKMALYDVVSTL
KMALYDVVSTLPQVV
YDVVSTLPQVVMGSS
STLPQVVMGSSYGFQ
QVVMGSSYGFQYSPG
GSSYGFQYSPGQRVE
GFQYSPGQRVEFLVN
SPGQRVEFLVNTWKS
RVEFLVNTWKSKKNP
LVNTWKSKKNPMGE'S
WKSKKNPMGEFSYDTR
KNPMGEFSYDTRCEDS

1397
1401
1405
1409
1413
1417
1421
1425
1429
1433
1437
1441
1445
1449
1453
1457
1461
1465
1469
1473
1477
1481
1485
1489
1493
1497
1501
1505
1509
1513
1517
1521
1525
1529
1533
1537
1541
1545
1549
1553
1557
1561
1565
1569
1573
1577
1581
1585
1589
1593
1597
1601
1605

to
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to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

1411
1415
1419
1423
1427
1431
1435
1439
1443
1447
1451
1455
1459
1463
1467
1471
1475
1479
1483
1487
1491
1495
1499
1503
1507
1511
1515
1519
1523
1527
1531
1535
1539
1543
1547
1551
1555
1559
1563
1567
1571
1575
1579
1583
1587
1591
1595
1599
1603
1607
1611
1615
1619

Minipool La
Minipool La
Minipool La
Minipool La
Minipool La
Minipool La
Minipool La
Minipool La
Minipool Lb
Minipool Lb
Minipool Lb
Minipool Lb
Minipool Lb
Minipool Lb
Minipool Lb
Minipool Lb
Minipool Lb
Minipool Lb
Minipool Lc
Minipool Lc
Minipool Lc
Minipool Lc
Minipool Lc
Minipool Lc
Minipool Lc
Minipool Lc
Minipool Lc
Minipool Lc
Minipool Ld
Minipool Ld
Minipool Ld
Minipool Ld
Minipool Ld
Minipool Ld
Minipool Ld
Minipool Ld
Minipool Ld
Minipool Ld
Minipool Le
Minipool Le
Minipool Le
Minipool Le
Minipool Le
Minipool Le
Minipool Le
Minipool Le
Minipool Le
Minipool Le
Minipool Le
Minipool Lf
Minipool Lf
Minipool Lf
Minipool Lf
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Pep No 403 GFSYDTRCFDSTVTE 1609 to 1623  Minipool Lf

Pep No 404 DTRCEFDSTVTENDIR 1613 to 1627  Minipool Lf
Pep No 405 FDSTVTENDIRVEES 1617 to 1631  Minipool Lf
Pep No 406 VTENDIRVEESIYQC 1621 to 1635 Minipool Lf
Pep No 407 DIRVEESIYQCCDLA 1625 to 1639  Minipool Lf
Pep No 408 EESIYQCCDLAPEAR 1629 to 1643  Minipool Lf
Pep No 409 YQCCDLAPEARQAIK 1633 to 1647  Minipool Lf
Pep No 410 DLAPEARQAIKSLTE 1637 to 1651 Minipool Lg
Pep No 411 EARQAIKSLTERLYI 1641 to 1655 Minipool Lg
Pep No 412 AIKSLTERLYIGGPL 1645 to 1659 Minipool Lg
Pep No 413 LTERLYIGGPLTNSK 1649 to 1663 Minipool Lg
Pep No 414 LYIGGPLTNSKGQNC 1653 to 1667 Minipool Lg
Pep No 415 GPLTNSKGQNCGYRR 1657 to 1671  Minipool Lg
Pep No 416 NSKGQNCGYRRCRAS 1661 to 1675 Minipool Lg
Pep No 417 QNCGYRRCRASGVLT 1665 to 1679 Minipool Lg
Pep No 418 YRRCRASGVLTTSCG 1669 to 1683 Minipool Lg
Pep No 419 RASGVLTTSCGNTLT 1673 to 1687 Minipool Lg
in blue: end of

Pep No 420 VLTTSCGNTLTCYLK 1677 to 1691  Minipool Lg pool L
Pep No 421 SCGNTLICYLKASAA 1681 to 1695 MinipoolMa POOI M
Pep No 422 TLTCYLKASAACRAA 1685 to 1699 Minipool Ma
Pep No 423 YLKASAACRAAKLQD 1689 to 1703 Minipool Ma
Pep No 424 SAACRAAKLQDCTML 1693 to 1707 Minipool Ma
Pep No 425 RAAKLQDCTMLVNAA 1697 to 1711  Minipool Ma
Pep No 426 LQDCTMLVNAAGLVV 1701 to 1715 Minipool Ma
Pep No 427 TMLVNAAGLVVICES 1705 to 1719  Minipool Ma
Pep No 428 NAAGLVVICESAGTQ 1709 to 1723  Minipool Ma
Pep No 429 LVVICESAGTQEDAA 1713 to 1727 Minipool Ma
Pep No 430 CESAGTQEDAASLRV 1717 to 1731  Minipool Ma
Pep No 431 GTQEDAASLRVFTEA 1721 to 1735 Minipool Mb
Pep No 432 DAASLRVFTEAMTRY 1725 to 1739  Minipool Mb
Pep No 433 LRVFTEAMTRYSAPP 1729 to 1743  Minipool Mb
Pep No 434 TEAMTRYSAPPGDPP 1733 to 1747  Minipool Mb
Pep No 435 TRYSAPPGDPPQPEY 1737 to 1751  Minipool Mb
Pep No 436 APPGDPPQPEYDLEL 1741 to 1755 Minipool Mb
Pep No 437 DPPQPEYDLELITSC 1745 to 1759  Minipool Mb
Pep No 438 PEYDLELITSCSSNV 1749 to 1763  Minipool Mb
Pep No 439 LELITSCSSNVSVAH 1753 to 1767  Minipool Mb
Pep No 440 TSCSSNVSVAHDASG 1757 to 1771  Minipool Mb
Pep No 441 SNVSVAHDASGKRVY 1761 to 1775 Minipool Mc
Pep No 442 VAHDASGKRVYYLTR 1765 to 1779  Minipool Mc
Pep No 443 ASGKRVYYLTRDPTT 1769 to 1783  Minipool Mc
Pep No 444 RVYYLTRDPTTPLAR 1773 to 1787  Minipool Mc
Pep No 445 LTRDPTTPLARAAWE 1777 to 1791  Minipool Mc
Pep No 446 PTTPLARAAWETARH 1781 to 1795 Minipool Mc
Pep No 447 LARAAWETARHTPVN 1785 to 1799  Minipool Mc
Pep No 448 AWETARHTPVNSWLG 1789 to 1803 Minipool Mc
Pep No 449 ARHTPVNSWLGNIIM 1793 to 1807 Minipool Mc
Pep No 450 PVNSWLGNIIMYAPT 1797 to 1811  Minipool Mc
Pep No 451 WLGNIIMYAPTLWAR 1801 to 1815 Minipool Md
Pep No 452 TIIMYAPTLWARMILM 1805 to 1819  Minipool Md
Pep No 453 APTLWARMILMTHFF 1809 to 1823 Minipool Md
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Pep No 454 WARMILMTHFFSILL 1813 to 1827 Minipool Md

Pep No 455 ILMTHFFSILLAQEQ 1817 to 1831  Minipool Md
Pep No 456 HFFSILLAQEQLEKA 1821 to 1835 Minipool Md
Pep No 457 ILLAQEQLEKALDCQ 1825 to 1839  Minipool Md
Pep No 458 QEQLEKALDCQIYGA 1829 to 1843 Minipool Md
Pep No 459 EKALDCQIYGACYST 1833 to 1847 Minipool Md
Pep No 460 DCQIYGACYSIEPLD 1837 to 1851 Minipool Md
Pep No 461 YGACYSIEPLDLPQI 1841 to 1855 Minipool Md
Pep No 462 YSIEPLDLPQIIERL 1845 to 1859 Minipool Me
Pep No 463 PLDLPQIIERLHGLS 1849 to 1863 Minipool Me
Pep No 464 PQIIERLHGLSAFSL 1853 to 1867 Minipool Me
Pep No 465 ERLHGLSAFSLHSYS 1857 to 1871  Minipool Me
Pep No 466 GLSAFSLHSYSPGEI 1861 to 1875 Minipool Me
Pep No 467 FSLHSYSPGEINRVA 1865 to 1879  Minipool Me
Pep No 468 SYSPGEINRVASCLR 1869 to 1883  Minipool Me
Pep No 469 GEINRVASCLRKLGV 1873 to 1887 Minipool Me
Pep No 470 RVASCLRKLGVPPLR 1877 to 1891  Minipool Me
Pep No 471 CLRKLGVPPLRVWRH 1881 to 1895 Minipool Me
Pep No 472 LGVPPLRVWRHRARS 1885 to 1899  Minipool Me
Pep No 473 PLRVWRHRARSVRAR 1889 to 1903  Minipool Mf
Pep No 474 WRHRARSVRARLLSQ 1893 to 1907 Minipool Mf
Pep No 475 ARSVRARLLSQGGRA 1897 to 1911  Minipool Mf
Pep No 476 RARLLSQGGRAATCG 1901 to 1915  Minipool Mf
Pep No 477 LSQGGRAATCGKYLF 1905 to 1919  Minipool Mf
Pep No 478 GRAATCGKYLENWAV 1909 to 1923  Minipool Mf
Pep No 479 TCGKYLFNWAVKTKL 1913 to 1927  Minipool Mf
Pep No 480 YLFNWAVKTKLKLTP 1917 to 1931  Minipool Mf
Pep No 481 WAVKTKLKLTPIPAA 1921 to 1935 Minipool Mf
Pep No 482 TKLKLTPIPAASQLD 1925 to 1939  Minipool Mf
Pep No 483 LTPIPAASQLDLSGW 1929 to 1943  Minipool Mf
Pep No 484 PAASQLDLSGWFVAG 1933 to 1947  Minipool Mg
Pep No 485 QLDLSGWFVAGYSGG 1937 to 1951 Minipool Mg
Pep No 486 SGWFVAGYSGGDIYH 1941 to 1955 Minipool Mg
Pep No 487 VAGYSGGDIYHSLSR 1945 to 1959 Minipool Mg
Pep No 488 SGGDIYHSLSRARPR 1949 to 1963 Minipool Mg
Pep No 489 IYHSLSRARPRWFML 1953 to 1967 Minipool Mg
Pep No 490 LSRARPRWFMLCLLL 1957 to 1971  Minipool Mg
Pep No 491 RPRWFMLCLLLLSVG 1961 to 1975 Minipool Mg
Pep No 492 FMLCLLLLSVGVGIY 1965 to 1979  Minipool Mg
Pep No 493 LLLLSVGVGIYLLPN 1969 to 1983 Minipool Mg
Minipool
Pep No 494 1LLSVGVGIYLLPNR 1970 to 1984 Mg in blue: end of pool M
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