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S u m m a r y

Hepatitis C virus infects approximately 180 million persons worldwide and results 

in serious liver disease. Significant obstacles have hindered efforts to design an 

effective vaccine; in particular these include the profound heterogeneity that exists 

with respect to viral and host factors. The study o f a unique cohort provides an 

unparalleled opportunity to define and unravel the correlates o f a protective immune 

response in HCV. This cohort is comprised o f a group o f Irish women who 

inadvertently received batches o f contaminated anti-D immunoglobulin in the late 

1970s and is defined by common ethnicity, female gender, known time of infection 

as well as the presence of a common inoculum.

CD8+ T cell responses are" considered an essential component of viral control in 

HCV infection. In the Irish cohort o f women infected by a single source, a strong 

association between viral clearance and the HLA-A*03 allele is described. In this 

study, my aim was to define the protective nature o f the associated CD8+ T cell 

response. A bio-informatic approach was used to identify HLA-A*03-restricted 

epitopes. A strong “HLA footprint” reflecting CD8+ T cell selection pressure was 

observed in a novel NS3 epitope (TVYHGAGTK). This was a double substitution 

K1088R (p=0.001, Fishers exact test) and T 1087A (p=0.04). Furthermore, the 

double substitution (TK1087/8AR) was also noted to be present in a significant 

proportion o f HLA-A*03 patients (p=0.02). Peptide-specific CD8+ T cell 

responses were observed in 60% of patients 3 decades since exposure and the 

mutants selected in vivo impacted on recognition in vitro. Using HCV replicons 

matched to the viral sequences we found viral fitness was markedly reduced by the 

K1088R substitution but restored by the second substitution T1087A. It is therefore 

possible that at least part o f the protective effect o f HLA-A*03 results from 

targeting o f this key epitope in a functional site: the requirement for two mutations 

to balance fitness and escape provides an initial host advantage. This study 

highlights the potential protective impact o f common HLA-A alleles against 

persistent viruses, with important implications for HCV vaccine studies.
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Chapter 1. Introduction

C h a p t e r  1 

In t r o d u c t i o n

1.1 H e p a t i t i s  C V i r u s

1.1.1 O r i g i n , d i v e r s i t y  a n d  C l a s s i f i c a t i o n

Hepatitis C virus (HCV) is an enveloped positive strand RNA virus that has been 

classified in the Hepacivirus genus within the Flaviviridae family, which includes 

the classical flaviviruses, such as yellow fever, dengue fever and hepatitis G virus as 

well as the animal pestiviruses, such as GB viruses (Moradpour and Blum 2004). It 

was first identified as the infectious agent responsible for the majority of 

transfusion-associated non-A, non-B hepatitis using molecular cloning in 1989 

(Choo, Kuo et al. 1989).

HCV displays enormous genetic diversity which results from defects in the repair 

activity o f the RNA-dependent RNA polymerase, an enzyme which lacks proof

reading ability. The mutation rate o f HCV is high (lO’’̂ per nucleotide per 

generation), as is the replication rate (lO'^ virions per day in humans) (Le Guillou- 

Guillemette, Vallet et al. 2007). This enormous proliferation o f the virus results in 

the evolution o f numerous viral quasispecies in each infected subject. These can 

affect both the magnitude and efficacy o f the antiviral immune response and escape 

variants are a major challenge for the immune response (Shoukry, Cawthon et al. 

2004; Chisari 2005). Variability within the viral genome may arise through specific 

selection (Darwinian) mechanisms that are associated with immune escape. For 

example, in order to evade the neutralising antibody o f HCV, the hypervariable
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reg ion  (H V R ) o f  E2 (a key  targe t o f  the an tibody  response) undergoes con tinuous 

v irus sequence change (W einer, G eysen et al. 1992; K um ar, B row n et al. 1993; 

F arci, S h im oda et al. 2000). F u rth en n o re , m any  o f  the am ino  acid po lym orph ism s 

w ith in  H C V  are also  th o u g h t to be driven  by selec tion  from  T cells (B ow en  and 

W alker 2005). In su pport o f  these assertions, sequence change w as no ted  to be 

s low er in ind iv iduals  w ith  d efects  in T or B cell im m unity  ind icating  reduced  

im m une selection  on T  and  B cell ep itopes (B ooth , K um ar et al. 1998).

C om parison  o f  n u cleo tide  sequences o f  varian ts  recovered  from  infected  ind iv iduals 

has revealed  the ex isten ce  o f  at least six m ajo r geno types. O ver the com plete  

genom e, these d iffe r on average  betw een  3 0 -35%  o f  nucleo tide  sites w ith  m ore 

variab ility  concen tra ted  in reg ions such as the enve lope  g lycopro te ins (E l and E2). 

Each o f  the six geno types co n ta in s  a series o f  m ore  c losely  related  sub types that 

typ ically  d iffe r from  each o th e r by  2 0 -25%  in n u cleo tid e  sequences (Figure 1.1). A 

com plete  list o f  cu rren tly  reco g n ised  g eno types and  sub types has been pub lished  

(S im m onds, B ukh et al. 2005). T he d iffe ren t geno types show  m arked  d iffe rences in 

geograph ic  d istribu tion  and  resp o n se  to  an tiv ira l trea tm en t. S om e geno types such as 

g eno types la , lb  and 3a are d istribu ted  v ery  w idely  as a consequence o f  

transm ission  th rough  p aren tera l exposu re  such as b lood  transfusion  and in jecting  

d rug  users, and now  rep resen t the m ajo rity  o f  in fec tions in w estern  coun tries. A 

d iffe ren t pattern  o f  sequence d iv ersity  is observed  in parts o f  A frica  and S ou th -E ast 

A sia. In fections in w estern  A frica , fo r exam ple , are caused  m ain ly  by  geno type 2 

w hereas those in central A frica , such as D em ocra tic  R epublic  o f  C ongo and  G abon 

are caused  by g en o ty p es  1 and 4. In bo th  o f  th ese  reg ions, there  is rem arkab le  

d iv ersity  o f  sub types and s im ila r genetic  d iversity  also  ex ists  in geno types 3 and  6 

in sou thern  and eastern  asia. It is th ough t that these  patterns o f  d istribu tion  ind icate
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that HCV has been endem ic in these regions for a considerable length o f  time, 

w hilst the occurrence o f  infection in w estern countries represents a relatively recent 

phenom enon attributable to w idespread parenteral exposure to blood-borne viruses 

through practices such as blood transfusion and injecting drug use etc. (Pybus, 

Charleston et al. 2001; Sim m onds 2004).

Genotype 2
Genotype 7

HCV
Genotype 4

Genotype 1

Genotype 5
Genotype 6

Genotype 30.2

Figure 1.1 G enetic diversity o f  HCV. M odified from  Yusim  et al. (Y usim , Fischer 
et al.)

Very little is yet known about the origins o f  infection in hum ans. The geographic 

distribution o f  HCV represents regions w here both hum an and ape populations 

reside. The origin o f  H IV -1 and HIV-2 in hum ans is thought to have arisen through 

cross-species transm ission o f  sim ian viruses from  chim panzees and m angabeys 

(Gao, Bailes et al. 1999) yet no evidence exists that HCV or HCV-like variants 

infect Old W orld ape or m onkey species (M akuw a, Souquiere et al. 2003).
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How ever, GB virus B, a distantly related HCV-like virus infects tam arins and other 

New W orld prim ates and its existence certainly perm its the possibility that prim ate 

populations represent a reservoir for HCV or HCV-like viruses (Sim m onds 2004).

1 .1 .2  H C V  E p i d e m i o l o g y

Since its discovery in 1989, HCV has been recognised as a m ajor cause o f  chronic 

liver disease worldwide. W HO estim ates that the prevalence o f  HCV is between 2- 

3% o f  the worlds population representing 120-180 m illion people (A lter 2007). The 

D epartm ent o f  Health estim ates that in the U nited K ingdom , chronic infection is 

present in 200,000 people - o f  whom  50%  are unaware that they carry the virus 

(N ash, Bentley et al. 2009).

Incidence

Establishing the incidence o f  HCV is difficult for a num ber o f  reasons. A cute 

infections are frequently asym ptom atic and assays do not distinguish betw een acute 

or chronic infection. However, because chronic liver disease develops years after 

initial infection, an estim ate o f  the past incidence o f  infection has m ajor 

im plications with respect to the future burden o f  H CV -related disease. In developed 

countries where population-based age-specific seroprevalence data are available, 

m athem atical m odels have been used to infer trends in incidence. Using such a 

m odel, in the USA, the Centres for D isease Control and Prevention (CDC) observed 

a period o f  low incidence (0-44/100,000) before 1965, a transitional period o f  

increasing incidence between 1965 and 1980, and a period o f  high incidence in the 

1980s (100-200/100,000). Data from  the USA and Italy indicate that the rate o f  new 

HCV infections declined in the 1990s. O ther countries have m easured HCV 

infection incidence by detem iining the rate o f  seroconversion in HCV negative
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cohorts followed over time. In Egypt, incidence rates o f  6.8/1000 was found in the 

Nile delta where the background prevalence was 24% (A lter 2007). These patterns 

and trends predict that the incidence o f  HCV-related sequelae will rise in the future.

Prevalence

There is a significant am ount o f  geographic variability in the distribution o f  HCV 

(F igure 1.2). The highest reported prevalence rates are located in Africa and Asia 

w hilst regions with lower prevalence rates include N orth A m erica, northern and 

w estern Europe and Australia. Reported rates o f  seroprevalence in G em iany, 

Canada, France and Australia are 0.6% , 0.8% , 1.1% and 1.1% respectively whilst 

slightly higher rates have been reported in USA (1.8% ), Japan (1.5-2.3% ) and Italy 

(2.2% ). In developing countries there is a w ide range o f  prevalence estim ates. China 

reports a sero-prevalence rate o f  3.2%  whilst India and Pakistan reports rates o f  

0.9%  and 2.4-6.5%) respectively. Rates as high as 22%  have been reported in Egypt 

(Shepard, Finelli et al. 2005). The high rate here is directly attributable to a public 

health cam paign to eradicate schistosom iasis. M illions o f  people in rural 

com m unities were treated in m ass treatm ent cam paigns with intravenous tartar 

em etic using glass syringes. Contam ination o f m edical equipm ent w ith HCV 

resulted in w ide dissem ination o f  infection (Frank, M oham ed et al. 2000; Strickland 

2006). In Ireland, the prevalence o f  hepatitis C in the general population is 

estim ated at 0.05-0.1%). H igher rates are how ever observed in three cohorts. Patients 

with high transfusion requirem ents, notably haem ophiliacs, have a prevalence o f  80- 

90%  whilst injecting recreational drug users have a reported seroprevalence o f  52- 

81%). The third cohort is a group o f  w om en who received H C V -contam inated anti-D 

im m unoglobulin in either the late 1970s or the early 1990s (O ffice 1997).
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Figure 1.2. W orld-wide prevalence o f  HCV (w w w .nc.cdc.gov)

Risk factors for HCV

HCV is transm itted m ost efficiently by percutaneous exposure to blood. The bulk o f 

HCV transm issions globally are attributable to blood transfusions from  unscreened 

donors, recreational injection drug use, unsafe therapeutic injections and other 

health-care related procedures. Since screening o f  blood donors was introduced in 

developed countries, the m ain source o f  new HCV infections in the last few  decades 

is illicit injecting drug use w hilst in developing countries, unsafe therapeutic 

injections and transfusions continue to be the m ajor m odes o f  transm ission 

(Shepard, Finelli et al. 2005).

Contam inated injecting equipm ent used in healthcare settings is a m ajor risk factor 

for HCV infection in developing countries. As previously m entioned, in Egypt the 

high seroprevalence rate has been attributed to the use o f  contam inated glass
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syringes used in the schemes to eradicate schistosomiasis (Frank, Mohamed et al. 

2000). hi developed countries, transmission o f  HCV through contaminated 

equipment is rare, although there have been recent reports o f  outbreaks in situations 

where infection control procedures were not followed (Tallis, Ryan et al. 2003; 

Shepard, Finelli et al. 2005).

Acquisition o f  HCV infection through occupational, perinatal and sexual exposures 

occur but with much less efficiency compared with transmission through other 

routes. Transmission rates in health-care workers who have sustained a needlestick 

injury from a contaminated source are low (average 1.8%) (Yazdanpanah, De Carli 

et al. 2006) and perinatal transmission is estimated to occur in 2.7-8.4% of  infants 

born to HCV infected mothers. Sexual transmission o f  HCV is also far less efficient 

than that o f  other sexually transmitted viruses. In long term m onogamous 

relationships in particular, the long-term risk o f  sexual transmission is extremely 

low (1-3%)). (Shepard, Finelli et al. 2005). Higher rates o f  transmission have been 

observed in groups practising high risk sexual behaviours (Gotz, van Doornum et al. 

2005; Rauch, Rickenbach et al. 2005).

1.2 S t r u c t u r e  a n d  F u n c t i o n  o f  HCV

1.2.1 G e n o m i c  O r g a n i s a t i o n  a n d  p o l y p r o t e i n  p r o c e s s i n g

HCV contains a 9.6 kb positive strand RNA genome composed o f  a 5 ’ noncoding 

region (5 ’NCR), a long open reading frame (ORF) encoding a polyprotein precursor 

o f  about 3000 amino acids and a 3 ’NCR. The 5’ NCR is highly conserved amongst 

different HCV isolates and contains an internal ribosomal entry site (IRES) essential 

for translation o f  the viral RNA. The 3 ’ NCR is composed o f  a short variable 

region, a poly (U/UC) tract, and a highly conserved 98 nucleotide RNA element
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(CRE) which is present in the sequence encoding the C-terminal domain of 

nonstructural protein 5B (NS5B) (Tellinghuisen and Rice 2002).

The polyprotein precursor is co- and post-translationally processed by cellular and 

viral proteases into the mature structural and nonstructural proteins. The structural 

proteins include the core protein and the envelope glycoproteins El and E2. The 

nonstructural proteins include the NS2-3 protease, NS3 serine protease and 

NTPase/RNA helicase (located in the C-terminal end o f  NS3), the NS4A 

polypeptide, the NS4B and NS5A proteins, and the NS5B RNA-dependent RNA 

polymerase (RdRp) (Figure 1.3.) (Moradpour, Penin et al. 2007).

1 .2 .2  S t r u c t u r a l  p r o t e i n s

The core protein o f  HCV is a highly basic, RNA-binding protein that forms the viral 

nucleocapsid. It has been reported to interact with a num ber o f  cellular proteins and 

to influence many host cell functions (Tellinghuisen and Rice 2002; Dubuisson 

2007). The glycoproteins E l and E2 form a noncovalent complex which is essential 

for the viral envelope. Because they are exposed at the cell surface o f  the virion, 

they are targets o f  neutralising antibodies. Hypervariable regions ( H V R l )  have been 

identified in the E2 gycoprotein sequence and the variability o f  this region appears 

to be driven by antibody selection o f  immune-escape variants as previously 

mentioned. Another hypervariable region (HVR2) has also been described in E2 and 

has been proposed to modulate E2 receptor binding. E l and E2 are essential 

components o f  the HCV life cycle. They are essential for virus entry and they 

participate in the assembly o f  infectious particles. In addition, they are ligands for 

cellular receptors such as CD81, SRBl (Scavenger Receptor B l )  and others 

(Dubuisson 2007). p7 is a 63 amino acid polypeptide that is often incompletely
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cleaved from E2. It has been reported that p7 forms hexamers and possesses ion 

channel activity and it is thought to have an important role in viral particle 

maturation and release (M oradpour, Penin et al. 2007).

1 .2 .3  N o n s t r u c t u r a l  p r o t e i n s

Cleavage o f the polyprotein precursor at the NS2/NS3 junction is accomplished by 

an autoprotease (NS2-3 protease). Its catalytic activity resides in the C-terminal of 

NS2 and the N-terminal region o f NS3. This protease activity is essential for the 

replication o f full-length HCV genomes at least in vivo. As with all HCV proteins, 

NS2 is associated with intracellular membranes.

NS3 is a multifunctional protein with a serine protease located in the N-terminal 

region and it is responsible for cleavage events in this region. A NTPase/RNA 

helicase domain is also located in the C-terminal region o f NS3. This is a member 

o f the DexH/D-box helicases. It couples unwinding o f dsRNA or o f ssRNA to ATP 

hydrolysis. The NS4A polypeptide functions as a cofactor for the NS3 serine 

protease. This serine protease has been a major target for the design o f specific 

inhibitors (Moradpour, Penin et al. 2007). NS4B, a 27kDa integral membrane 

protein associates with the ER membranes and has been shown to induce a cellular 

membrane alteration, called the membranous web, that serves as a scaffold for the 

formation o f the viral replication complex (Dubuisson 2007; Moradpour, Penin et 

al. 2007). NS5A is a phosphoprotein which is essential for genome replication and it 

thought to play a role in modulating the interferon (IFN) response. Previous studies 

have described a correlation between mutations within a region o f NS5A, 

designated the interferon sensitivity determining region (ISDR) and a favourable 

response to treatment with interferon-a (Enomoto, Sakuma et al. 1996). In addition,
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NS5A has also been shown to interact with com ponents o f  num erous cellular 

signalling pathw ays. It is found in basally phosphorylated and hyperphosphorylated 

forms and it has been suggested that the phosphorylated state o f  NS5A m odulates 

the efficiency o f  HCV replication. NS5B is a m em brane-associated protein. It is an 

RN A-dependent RNA polym erase, and is the catalytic com ponent o f  the HCV RNA 

replication m achinery. HCV replication proceeds via synthesis o f  a com plem entary 

m inus-strand RNA using the genom e as a tem plate and the subsequent synthesis o f 

genomic positive strand RNA (Dubuisson 2007; M oradpour, Penin et al. 2007).
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Figure 1.3. O rganisation o f  the HCV genom e and polyprotein processing into 
structural and non-structural proteins. Solid diam onds denote cleavage sites o f  the 
HCV polyprotein precursor by the endoplasm ic reticulum  signal peptidase. The 
open diam onds indicates further C-term inal processing o f  the core protein by 
signal peptide peptidase. A rrow s indicate cleavages by the HCV N S 2-3  and N S 3 - 
4A proteases. D ots in E l and E2 indicate the glycosylation o f  the envelope 
proteins. Reproduced with pennission from  N ature publishing group. (M oradpour, 
Penin et al. 2007)

10



Chapter 1. Introduction 

1.2 .4 V i r a l  l i f e  c y c l e

Figure 1.4 provides an overview o f  the HCV lifecycle. Briefly, the virus binds to a 

receptor at the cell surface, which leads to endocytosis o f  the viral particle. Several 

putative receptors for HCV have been identified. These include CD81 (a m em ber o f  

the tetraspanin family), Scavenger Receptor class B1 (S R B l)  binding lectins, low- 

density lipoprotein receptor, heparin sulphate proteoglycans and claudin 1 (Bartosch 

and Cosset 2006). Fusion between the viral envelope and an endosomal m embrane 

results in the release o f  the HCV genome into the cytosol. The HCV genome is a 

positive stranded RNA which is translated directly and all the viral proteins are 

simultaneously produced. Expression o f  HCV proteins induces intracellular 

m em brane alterations (membranous web) and this is where RNA replication occurs. 

The nonstructural proteins NS3 to NS5B assemble in association with cellular 

factors to form a replication complex, which is responsible for RNA replication. 

Accumulation o f  HCV genomic RNA and the structural proteins results in the 

assembly o f  a nucleocapsid, which gains its envelope within an intracellular 

compartment and the viral particle is then secreted (Dubuisson 2007).

(+) RNA

cdA yjr\jr\j^s
E ndoplasm ic 
re ticu lum

(+) RNA
®  ^  S M em b ran o u s  

w e b

Figure 1.4. Schematic o f  the life-cycle o f  HCV. Reproduced with permission from 
Nature publishing group. (Moradpour, Penin et al. 2007)
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1.3 N a t u r a l  H i s t o r y  O f HCV

The natural history o f  HCV has been difficult to assess because o f  the 

asymptomatic nature o f  acute infection and the prolonged period o f  latent infection 

prior to the onset o f  symptoms. In about 10-20% o f  cases acute infection is 

accompanied by malaise, jaundice and nausea usually starting within 7-8 weeks 

after exposure to HCV (Alter, Margolis et al. 1992). The development o f  jaundice 

appears to be associated with an increased chance o f  spontaneous clearance and 

may reflect a more effective host immune response. Fulminant hepatitis may occur 

but is very rare (Maheshwari, Ray et al. 2008). The infection becomes chronic in 

most cases (an estimated 74-86%) and is characterised by a long latent phase 

although the chronicity rate very much varies with the population studied with some 

studies reporting chronicity rates o f  around 55% (Kenny-W alsh 1999). Persistence 

o f  virus is defined as detectable HCV RNA for more than six months from the time 

o f  initial infection. Spontaneous clearance o f  viraemia once persistent infection has 

been established is rare. Factors also thought to be associated with spontaneous 

clearance include being infected with HCV genotype 3, female gender, having a low 

peak viral load, caucasian ethnicity as well as having a rapid viral load decline 

within the first four weeks (Maheshwari, Ray et al. 2008). Most chronic infections 

progress to hepatitis and to some degree o f  fibrosis and this stage may be associated 

with non-specific symptoms such as fatigue. There is significant variability in the 

time it takes to develop the various stages o f  liver disease. Serious liver disease 

including cirrhosis will develop in one-third o f  persons 20 years or less after 

infection and no progression will occur in another third for 30 years or more. 

Factors that can accelerate clinical progression include alcohol intake, co-infection 

with hepatits B virus (HBV) or HIV, male gender and older age at time o f  infection
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(L auer  and  W alke r  2001). In patients  with H C V -re la ted  cirrhosis, m orta lity  related 

to portal hypertension , hepatic  fa ilure or hepatocellu lar  ca rc inom a (H C C ) is 2 -5%  

p er  year (Fattovich, G iustina et al. 1997). End-stage H C V -re la ted  c irrhosis  is the 

m ost  p revalen t indication for liver transplantation. Recurren t H C V  infection o f  the 

graft is a lm ost universal and  is assoc ia ted  with  various degrees  o f  chronic  hepatitis  

(M arcell in  1999). T he risk o f  hepatocellu lar  ca rc inom a is es tim ated  at 1- 4%  per 

y ea r  once  cirrhosis  is established. T here  are also m an y  described  extra-hepatic  

m anifesta tions  o f  H C V  infection possib ly  occurring  as a consequence  o f  H C V  

rep lication  in lym phoid  cells. These  conditions  are m ost co m m o n ly  associa ted  with 

au to - im m u n e  or lym phoprolifera tive  states. C ryog lobu lins  are co m m o n ly  found in 

persons w ith  H C V  infection but only  10-15% o f  these  will have sym ptom atic  

d isease and  H C V  is the m ain  cause o f  essential m ixed  ci70globulinaem ia. A h igher 

incidence o f  n o n -H o d g k in ’s lym phom a has also been observed  in H C V  infection 

and cond it ions  such as lichen planus, porphyria  cu tanea  tarda and sicca syndrom a 

have all b een  linked to H C V  infection (L auer and W a lk e r  2001). Superinfection  

with hepatitis  A virus (H A V ) in persons w ho  are infected  with  H C V  m ay  result in 

severe acu te  or ra re ly  fu lm inan t hepatitis  (V ento  2000). T he  pathological injury 

described  fo r chronic  H C V  is d iv ided  into two aspects  1) g rade o f  in flam m ation  and 

2) stage o f  fibrosis. T he  m ost  characteristic  feature  o f  chronic  H C V  is b ile-duct 

d am ag e  and  the fo n n a tio n  o f  portal lym phoid  follicles (Bach, T h u n g  et al. 1992). 

T he  m e th o d s  o f  assessing these  entities have achieved  m u ch  attention and to date no 

w o rld w id e  consensus exists. T he m ost frequently  used  m ethods  are those described  

by D esm et et al. and  by Ishak et al. (D esm et,  G erber et al. 1994; Ishak, Baptista et 

al. 1995). D esm et utilises the HAI (histologic activity index) - a cum ula tive  score o f  

the periporta l  necrosis , in tralobular degeneration  and focal necrosis  and then portal
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inflam m ation with a separate score for fibrosis. Ishak m odified this HAl with 

respect to inflam m atory grades and fibrotic stages.

D iagnosis typically relies on serologic assays for detection o f antibodies and 

m olecular tests for detection o f  viral RNA. The prim ary serologic screening assay 

for HCV is the enzym e im m uno-assay (EIA). Such assays contain core as well as 

non-structural proteins and can detect antibodies w ithin 4-10 weeks after infection. 

M olecular detection o f  HCV RNA by reverse transcriptase PCR is then required to 

confirm  persistence o f  infection. The current treatm ent o f  choice for patients with 

chronic HCV infection is com bination therapy with in terferon-a  and ribavirin. 

Response rates to these treatm ents are variable and depend on factors such as 

genotype. Less than fifty percent o f  patients infected with genotype 1 m ay respond 

to treatm ent. In addition, prolonged courses o f therapy are required and are 

associated with significant side-effects (Lauer and W alker 2001).

1.3.1 T h e  l i v e r  -  a n  i m m u n o l o g i c a l l y  p r i v i l e g e d  s i t e

HCV is characterised by its ability to establish persistence w ithin the liver. The liver 

is responsible for the filtration o f  products o f  digestion including food-derived 

antigens that arrive in portal venous blood and as a consequence it appears to have 

developed a unique im m unological repertoire that m ay favour im m unological 

tolerance. It is likely that HCV takes advantage o f  these properties to establish 

persistence and avoid detection. It is therefore critical that we understand the 

im m une events that occur at this site. The liver is considered an im portant im m une 

organ. Not only does it possess a variety o f  imm une cells that include m acrophages 

(K uppfer cells), dendritic cells (both m yeloid and plasm acytoid), natural killer (NK)
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receptor positive cells (NKR+) and T and B-lymphocytes but both the parenchymal 

(hepatocytes) and non-parenchymal cells (Liver sinusoidal endothelial cells 

(LSECs) and hepatic stellate cells (HSC)) also possess crucial immune functions. 

Hepatocytes, LSECs and HSCs have, for example, all been implicated in antigen 

presentation and have all been shown to express a variety o f TLRs (Toll-like 

receptors) (Crispe 2009; Ishibashi, Nakamura et al. 2009; Nemeth, Baird et al. 

2009).

1.4 T h e  In n a t e  I m m u n e  R e s p o n s e  T o  HCV

The immune response to infection is classically divided into innate and adaptive 

responses. The innate immune system plays a critical role in the early response to 

pathogens and is characterised by its ability to respond in a rapid and non-specific 

manner, using components that are constitutively present. It is responsible for early 

pathogen recognition and the initiation o f important signalling pathways that 

culminate in the production o f key molecules including the Type I interferons and 

critical pro-inflammatory cytokines. Toll like receptors (TLRs) and the RIG I 

(retinoic acid inducible gene) helicases are essential components in this process as 

they facilitate this early pathogen recognition (Pichlmair and Reis e Sousa 2007).

1.4.1 T h e  i n n a t e  i n t e r f e r o n  r e s p o n s e

a  and (3 interferons are Type 1 interferons and are also known as innate interferons 

because o f their central role in the deployment o f the innate immune response. One 

o f the major sources o f cx-interferons are dendritic cells, and in the liver - Kuppfer 

cells, LSECs and hepatocytes may all secrete type I interferons (Samuel 2001;

15



Chapter 1. Introduction

W eber 2007). The ST A l (signal transducer and activator o f  transcription) fam ily o f 

proteins are latent cytoplasm ic transcription factors that becom e phosphorylated by 

Jak kinases (Janus fam ily o f  tyrosine kinase enzym es e.g. Tyk2 and J AKl )  

associated with the interferon receptor (Katze, He et al. 2002) to activate a cascade 

o f  further dow nstream  signalling events upon engagem ent o f  the receptor with 

interferon. For exam ple, a factor known as lRF-9 (interferon regulatory factor-9) 

binds to the phosphorylated STA T heterodim er to fonn the ISGF3 (interferon- 

stim ulated gene factor 3) transcription com plex. The trim eric ISGF-3 complex 

translocates to the nucleus w here it binds a region known as ISRE (interferon- 

stim ulated response elem ents), which is found in interferon inducible genes, thereby 

regulating their expression (G ale and Foy 2005). These interferon regulatory 

factors, like STA Ts, are im portant transcriptional regulators in the control o f  the 

interferon response.

Dow nstream  o f  these pathw ays there are hundreds o f interferon-stim ulated genes 

(ISGs), which possess anti-viral, anti-proliferative as well as im m unom odulatory 

functions (Der, Zhou et al. 1998; de Veer, Holko et al. 2001; Katze, He et al. 2002). 

The net effect o f  the expression o f  ISGs in the context o f  a viral infection is to 

produce a cellular m ilieu that lim its viral replication and targets infected cells for 

destruction. Exam ples o f  im portant anti-viral proteins activated by the ISGs include 

protein kinase R (PK R ), A denosine D eam inase A cting on RNA (A D A R) and 2 ’5 ’ 

oligoadenylate synthetase (OAS) (Sam uel 2001). Aside from the direct effects, the 

interferons exert a range o f  im m unom odulatory actions and negotiate a clear 

pathw ay o f  crosstalk betw een the innate and the adaptive responses to facilitate viral 

control in the host.
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1.4.2 HCV I N T E R F E R E S WITH  C R U C IA L  INNATE  SI GN ALLI NG  

P A T H W A Y S

HCV sets up a persistent infection in the m ajority o f  persons who are exposed 

h ighhghting its sophisticated arsenal in defence against the host im m une response. 

This process is facilitated through targeting o f  the host im m une response at a 

num ber o f  levels ( F i g u r e  1.5).  A num ber o f  studies to date have described how 

HCV interferes w ith the signalling initiated by engagem ent o f  RIG I. The N S3/4A 

protease appears to play a key role in interrupting RIG I signalling. This protease 

has an unusually shallow substrate-binding pocket and it is this property, which 

facilitates its ability to bind a range o f  host proteins and to target them for 

protealytic cleavage (Paw lotsky, Chevaliez et al. 2007). In the RlG-1 signalling 

pathw ays, the critical adaptor protein interferon [3 prom oter stim ulator 1 (lPS-1) is 

targeted for cleavage by the NS3/4A  protease (Foy, Li et al. 2003; Foy, Li et al. 

2005; Li, Sun et al. 2005; M eylan, Curran et al. 2005; Johnson, O w en et al. 2007). 

The net effect o f  these processes is inhibition o f  activation o f  downstream  

transcription factors IRF-3 and nuclear factor k-B  (N FkB ) thereby inhibiting 

induction o f  interferon signalling as well as the production o f  im portant cytokines. 

Furtherm ore, small m olecule inhibitors o f  the protease could protect IPS-1 from 

cleavage by N S3/4A  thereby restoring RIG-I and IPS-1 signalling to the IFN-(3 

prom oter (Loo, Ow en et al. 2006).

HCV also interferes with TLR signalling. A nalogous to the events that occur in the 

RIG-I signalling pathw ay, HCV N S3/4A protease can cleave TRIF (TIR -dom ain- 

containing adaptor protein inducing IFN) and interfere with the induction o f 

interferon (Li, Foy et al. 2005).
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Direct interference with the interferon signalhng m achinery w ithin the cell provides 

the virus with further opportunity to attenuate the hosts’ response to the infection. 

Disruption o f  the Jak-STA T pathw ay o f  signalling is therefore a prim e target and a 

num ber o f  studies indicate that this is likely to be the case, at least in vitro. Both full 

length and sub-genom ic HCV expression in Huh 7 cells were associated with a 

decrease in phosphorylated STAT-1 levels and interrupted interferon signalling in 

cell culture which was attributed to proteasom al degradation o f  STA T 1 (Lin, Choe 

et al. 2005).

The expression o f  HCV core has been shown to reduce STA Tl protein expression 

in IFN-treated m am m alian cells and has also been shown to inhibit the nuclear 

import o f phosphorylated STAT (Basu, M eyer et al. 2001; Blindenbacher, Duong et 

al. 2003). Over-expression o f  viral core protein in hepatic cells is associated w ith a 

reduction in tyrosine phosphorylation o f  STAT 1 which is accom panied by 

increased expression o f  SOCS 3 m RNA (SOCS 3 acts as a negative regulator o f  the 

Jak-STA T pathw ay), which m ay attenuate Jak-STA T m ediated signalling (Bode, 

Ludwig et al. 2003).

L iver biopsies taken from  persistently infected patients revealed significant 

im pairm ents in in terferon -a  induced DNA binding o f  STA T 1, attributed to its 

preferential binding o f  a negative regulator (PIA S - Protein inhibitor o f  activated 

S T A T l) (Duong, Filipow icz et al. 2004). Increased expression o f  PP2A  (protein 

phosphatase 2a), an enzym e which m odulates STAT-1 and interferes with Jak- 

STA T signalling, has also been observed in liver extracts from  HCV transgenic 

m ice as well as in liver biopsies from chronically infected patients (Duong, 

Filipow icz et al. 2004).
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1.4.3 HCV MODIFIES INTERFERON-INDUCED PRODUCTS.

In addition to its direct effects on the signalling cascades, HCV can interact and 

interfere with ISGs and their products. The NS5A protein was shown to disrupt 

Protein Kinase R (PKR) dimerisation in vivo, which resulted in repression o f PKR 

function. The E2 protein has also been shown to interfere with PKR function (Gale, 

Blakely et al. 1998; Sklan, Charuworn et al. 2009). The actions o f 2'5' 

OAS/RNAase L may also be targeted for disruption. RNAase L is involved in 

degradation of viral mRNA products, however it preferentially cleaves HCV RNA 

at UU or UA dinucleotide sites. Genotype 1 sequences have fewer o f these cleavage 

sites compared to genotype 2 and 3, which suggests that viral evolution at least for 

genotype I favours an interferon resistant state (Han, Wroblewski et al. 2004). It is 

noteworthy that many o f the observations and studies mentioned above involve 

single gene segments transfected into cell lines or use overexpression systems with 

non-physiological levels o f proteins and so, the extrapolation o f these results needs 

to undertaken with caution and the clinical relevance o f some o f these data has yet 

to be determined.

Figure 1.5. Mechanisms o f innate immune evasion by HCV. Reproduced with 
permissison o f Nature publishing group. (Sklan, Charuworn et al. 2009)
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1.5  T h e  A d a p t i v e  I m m u n e  R e s p o n s e

T he adaptive im m une  response typ ically  divided into 2 m ain  arm s - hum oral and 

cellu lar - p rovides  a m ore  specific response to the invading  pathogen. Hum oral 

im m unity  deals with the an tibody  responses  whilst  ce llu lar im m unity  involves the T 

cell responses. A ntigen ic  m em o ry  generated  by  the adaptive  im m u n e  response is the 

basis for long-lived im m unity ,  the principle  that underp ins  m ost vaccination  

strategies. A ctivation  and effic ient function o f  the adaptive im m une  response is 

l inked to an optim ally  func tion ing  innate response.

1.5.1 CD8+ T C E L L  IMIMUNITY

C D 8+  T  cells perfo rm  crucial functions in the elim ination o f  viral and o ther foreign 

antigens. O therw ise  k now n  as cy to toxic  T lym phocytes (C T L s),  they are capable o f  

secreting  perforin  and g ran zy m e B, m olecules that are responsib le  fo r  the 

destruc tion  o f  v irally  infected cells. A part  from  these cytotoxic abilities, they can 

also exert antiviral activity  th rough  non-cyto ly tic  actions. T he p roduc tion  o f  

antiviral cy tokines  such as interferon-y (IFN-y) and tum our necrosis  fa c to r -a  (T N F- 

a )  is an im portan t p roperty  o f  C D 8 +  T  cells. T hese  cy tokines  can exert a m yriad  o f  

antiviral effects by regu la ting  the expression o f  genes that encode antiviral 

m olecu les  and favour an antiviral ce llu lar milieu.

1.5.2 HLA C l a s s  I

T he  h u m an  leucocyte  antigen (H L A ) genes that are involved  in the im m une 

response fall into 2 m ain  classes, I and II, w hich  are structura lly  and functionally  

d iffe ren t (F igure  1.6). H L A  Class I m olecules  present pep tides  from  in tracellu lar
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pathogens such as viruses, to CD8+ T cells which are specialised to destroy cells 

that they specifically recognise. Almost all nucleated cells express Class I m olecules 

although the level o f  constitutive expression varies from one cell type to the next. 

The HLA complex on chromosome 6 contains over 200 genes and more than forty 

o f  these code for leucocyte antigens. The HLA Class I m olecule consist o f  two 

polypeptide chains, a larger a  chain and a smaller chain P2 microglobulin, which is 

not encoded in the HLA locus. The complete molecule has four domains, three 

formed fi'om the MHC-encoded cx chains, a l ,  a 2  and a3  and one from the 2̂ 

microglobulin chain. The a l  and cx2 domains form the walls o f  a cleft on the 

surface o f  the molecule which is the site o f  peptide binding. An individual can be 

infected by a wide variety o f different pathogens and therefore the HLA molecules 

on each cell must be able to bind to many different peptides. The binding of a 

peptide in the peptide binding cleft o f  an HLA Class 1 m olecule is stabilised at both 

ends by contacts between atoms in the free amino and carboxy termini o f  the 

peptide and invariant sites. Peptides that bind to HLA Class I m olecules are usually 

8-10 amino acids long and they lie in an elongated conformation along the groove. 

HLA m olecules are also highly polymorphic. The main differences between the 

allelic MHC variants are found at certain sites in the peptide-binding cleft. This 

results in different amino acids at critical peptide interaction sites in the different 

variants. The consequence o f  this is that the different variants preferentially bind 

different peptides. The peptides that can bind to a particular variant have the same 

or very similar amino acid residues at two or three positions along the peptide 

sequence. Because the binding o f  these side chains anchors the peptide to the HLA 

molecule, these peptide residues are known as anchor residues. The position and 

identity o f  these anchor residues can vary depending on the variant that is binding
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the peptide. Most peptides that bind to H LA Class I molecules have a hydrophobic 

(or sometimes basic) anchor residue at the carboxy terminus. Changing an anchor 

residue can prevent the peptide from binding. These features o f peptide binding 

enable an individual Class I molecule to bind a wide airay o f different peptides, yet 

allow different class 1 allelic variants to bind different sets o f peptide (K le in and 

Sato 2000; Charles A Janeway 2001).

Class I C lass II
Peptide-binding 1

groove I
/  ; ir  -

M L T M

Plasma
membrane

Cytoplasmic
tail

T
Cytoplasmic

tail

Figure 1.6. Structure o f H LA  
Class 1 and Class 11 molecules. 
The a  chain o f the Class 1 
molecule has two peptide- 
binding domains (a  I and a2), 
an immunoglobulin-like domain 
(a3), the transmembrane 
domain (TM ), and the 
cytoplasmic tail. Adapted from 
Klein et al. 2000. (K le in and 
Sato 2000)

1.5.3 HLA-TCR i n t e r a c t i o n

Recognition o f the peptide/HLA complex on the target cell, by the T cell receptor 

(TCR) on CD8+ T cells, results in the release o f cytokines such as interferon-y, 

chemokines and molecules such as perforin and granzymes that lead to the rapid 

lysis and apoptosis o f the infected target cell. Most TCRs are composed o f two 

different transmembrane polypeptide chains called the TCR a  and p chains linked 

by a disulphide bond. The TCR repertoire, generated by V(D)J recombination o f the 

TCR genes and N-region substitutions is remarkably diverse and possibly broad
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enough to recognise all foreign peptides containing appropriate MHC anchor 

residues (Davis and Bjorkinan 1988).

1 .5 .4  A n t i g e n  p r o c e s s i n g

The antigen fragments that bind to class 1 molecules are typically derived from 

viruses that take over the cells’ biosynthetic machinery to make their own proteins. 

Antigen presenting cells (APCs) take up foreign protein including viral proteins, 

and degrade these to peptides via cytosolic protease pathways. Much o f the protein 

degradation is carried out by a large multi-catalytic protease complex (proteasome). 

Peptides generated in this way are then translocated by specialized transporting 

molecules (transporters associated with antigen processing - TAPI and TAP2) into 

the endoplasmic reticulum. Assembly o f the a  and p2-microglobulin chains into a 

stable class 1 MHC molecular complex that can exit the endoplasmic reticulum 

requires the presence o f a peptide in the binding groove o f the class 1 molecule. The 

assembly process includes the participation of molecular chaperones, which 

facilitate the folding o f polypeptides. These include calnexin, calreticulin, tapasin 

(TAP-associated protein) and ERp57. Tapasin bring the TAP transporter into 

proximity with the class 1 molecule and allows it to acquire an antigenic peptide. 

Peptides not bound by class I molecules are rapidly destroyed. As a consequence o f 

peptide binding, the Class 1 molecule stabilizes and can then dissociate from 

calreticulin and tapasin and exit the ER and proceed to the cell surface via the 

Golgi. The peptide-Class I complex then lies on the APC surface membrane for 

presentation to CTLs (Figure 1.7.) (Klein and Sato 2000; Charles A Janeway 2001).
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Figure 1.7. Antigen 
processing and 
presentation to CD8+ 
T cells. Reproduced 
with perm ission from 
N ature publishing 
group. (Y ew dell, Reits 
et al. 2003)

1.5.5 CD4+ T CELL IMMUNITY

CD4+ T cells recognize peptides in the context o f  HLA Class II m olecules. These 

m olecules resem ble HLA Class I m olecules but have some im portant differences. 

HLA Class II m olecules are less ubiquitously expressed than Class 1 and are m ainly 

found on antigen presenting cells. They present peptides that have been taken up by 

the cell and which are derived from extracellular proteins. Like Class I, there are 

several loci for C lass II m olecules which include HLA -DR, -DP and -DQ. Sim ilar 

to CD 8+ T cells, in order for CD4+ T cells to becom e activated, their TCR m ust 

recognize their cognate antigen presented by an HLA Class II m olecule. Proteins or 

pathogens taken up by professional antigen presenting cells (A PC ) e.g. dendritic 

cells m ove through the endocytic pathw ay and are degraded by various proteases in
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endosomcs. Peptides are then loaded on to Class II molecules and delivered to 

endosomes in specialized vesicles prior to transport to the cell membrane. HLA 

Class II molecules are able to accom modate longer peptides (15-25 residues) than 

Class 1 molecules due to the structure o f  the peptide-binding cleft (Klein and Sato 

2000; Charles A Janeway 2001).

1.6 T h e  h u m o r a l  i m m u n e  r e s p o n s e  t o  HCV

HCV can impede the development o f  an effective B cell-mediated humoral 

response. Normally antibodies play a critical role in pathogen elimination through 

virus neutralisation and targeting foreign antigens for opsonisation and destruction. 

In HCV however, antibodies do not seem to clear HCV effectively. Previous studies 

have identified important residues on the HCV envelope proteins in particular E2, 

which are important for viral binding to hepatocytes. High rates o f  mutation within 

the E2 HVR results in a variety o f  variants and these can interfere with the 

recognition and binding o f  potentially neutralising antibodies. Furthermore, 

extensive glycosylation on E2 disrupts antibody-mediated inhibition o f  viral 

attachment to putative surface receptors. Antibodies to core and non-structural 

proteins are also produced but contribute little to viral neutralisation as they are not 

found on the surface o f  the virion (Bowen and W alker 2005).

1.7 T h e  c e l l u l a r  i m m u n e  r e s p o n s e  t o  HCV

The cellular immune response is thought to play a crucial role in detennining the 

outcome o f  HCV infection. HCV RNA can be detected in the serum o f  almost all 

patients within one to two weeks after exposure (Farci, Alter et al. 1991; Thimme,
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Oldach et al. 2001). The levels o f  HCV RNA rise rapidly during the first few weeks 

and then more slowly, and these levels remain high throughout the incubation 

period which last between 10-12 weeks. The control o f  viral replication coincides 

temporally with the detection o f  functional T cell responses and the onset o f  liver 

inflammation. The development and survival o f  mem ory T cell populations 

following this initial period, which can last for 6 months, is associated with long

term clearance. However over two-thirds o f  persons exposed to the virus will not 

succeed in clearing it. In those who do not spontaneously resolve two patterns o f  

viral replication are commonly observed. In the first group, viral replication is 

maintained throughout this early period with no evidence o f  viral containment. The 

second group mount a response which mirrors those who successfully clear the 

virus i.e. an initial period o f  viral containment which is not sustained and loss o f  the 

CD4+ T cells precedes rebound viraemia (Thimme, Oldach et al. 2001; Shoukry, 

Cawthon et al. 2004; Bowen and Walker 2005). Effective CD4+ and CD8+ T cell 

responses in this early stage o f  infection are considered essential for viral clearance 

(Figure 1.8.).
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Figure 1.8. The cellular im m une response to HCV infection.
a. Ineffective response to HCV. V iraem ia is never controlled. CD 4+ and CD8+ T 
cell responses m ay be weak or even absent. A high degree o f  variability exists 
betw een individuals, b. Failure to eradicate infection is characterised by delayed 
onset o f  CD 4+ and CD8+ T cell responses. V iraem ia is initally controlled and 
transam inases m ay rise. V iraem ia rebounds how ever, often follow ing loss o f  the 
CD 4+ T cell responses and infection persists, c. Viral replication is controlled 
follow ing the em ergence o f  CD4+ and CD8+ T cell responses, often associated 
w ith a rise in transam inases. Viral clearance is associated with persisting T cell 
responses. Reproduced with perm ission from N ature publishing group (Bowen and 
W alker 2005).
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1.8 CD4+ T CELL RESPONSES IN HCV INFECTION

1.8.1 A c u t e  INFECTION

CD4+ T cells, otherwise known as helper T cells play an essential role in combating 

viral infection. In HCV infection, these cells play a pivotal role in the successful 

eradication o f the virus. A body o f evidence, which includes genetic and functional 

data derived from both humans and animals, underlines the importance o f these 

responses.

1 .8 .2  F u n c t i o n a l  S t u d i e s

Studies in animals have provided preliminary evidence o f the central role o f CD4+ 

T cell responses in dictating outcome o f HCV infection. Liver biopsies from acutely 

infected chimpanzees were studied m vitro for proliferation in response to HCV 

proteins. Responses were not observed in those who failed to clear the infection but 

were observed in conjunction with either transient or permanent viral control 

(Thimme, Bukh et al. 2002). Furthermore sequential studies o f liver biopsies from 

acutely infected chimpanzees demonstrated accumulation o f virus-specific CD4+ 

and CD8+ T cells 8-14 weeks after inoculation that coincided temporally with viral 

clearance as well as liver inflammation (Cooper, Erickson et al. 1999; Thimme, 

Bukh et al. 2002).

Re-challenge experiments in chimpanzees who had previously successfully 

contained the virus provided further compelling evidence o f the importance o f this 

subset in mediating viral clearance. Upon re-challenge with virus, these animals 

mounted robust memory T cell responses that correlated with interferon-y 

production leading to viral elimination. However, antibody-mediated depletion of
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CD 4+ T cells prior to a third re-challenge resulted in persistent low level viraem ia 

in all anim als confirm ing irrefutably the position o f  this population as crucial 

navigators through a successful response (Grakoui, Shoukry et al. 2003).

Early work characterising CD 4+ T cell responses in acute infection found a distinct 

picture em erging. Those with spontaneously resolved infection consistently 

dem onstrated CD4+ T cell proliferation whereas those with persistent infection 

often failed to m ake responses or did so inconsistently or infrequently (D iepolder, 

Zachoval et al. 1995; M issale, Bertoni et al. 1996). A study by Urbani et al. using a 

com prehensive panel o f  overlapping peptides covering the entire HCV genom e, 

characterised both CD4+ and CD8+ T cell responses in 16 acutely infected patients. 

They clearly dem onstrate broader and stronger CD4+ T cell responses in those with 

self-lim ited infection com pared to those who develop persistent infection (U rbani, 

Am adei et al. 2006).

This clear-cut dichotom y how ever was challenged with the longitudinal m apping o f  

T cell responses in acute infection im m ediately after exposure from  iatrogenic 

needlestick injury and from prospective studies in high-risk populations. It becam e 

apparent that the evolution o f  detectable responses m ay follow  one o f  three paths. 

Those who successfully clear HCV invariably produce functional CD 4+ T cells 

which persist. On the other hand, those w ho fail to control the infection m ay follow  

either o f  two pathw ays. The first is characterised by a failure to generate any 

detectable CD 4+ responses and in such cases persistence is alm ost universal. The 

second pathway is, at least initially, sim ilar to a successful response with the 

generation o f  a robust virus-specific response. For reasons, as yet unelucidated

29



Chapter 1. Introduction

however, loss o f  the CD4 + T cells heralds a rebound in viral replication with 

persistence ensuing (G erlach, D iepolder et al. 1999; Thim m e, Oldach et al. 2001).

1.8.3 T a r g e t s  a n d  q u a l i t y  o f  CD4+ T  c e l l  r e s p o n s e s  d u r i n g

ACUTE INFECTION

The num ber o f  epitopes recognised during acute infection has been estim ated by 

assessing populations o f  m em ory cells in the peripheral circulation o f those with 

spontaneously resolved infection. Studies have indicated that in these persons a 

broad response targeting several epitopes is the norm  (Gerlach, D iepolder et al. 

1999; Lechner, W ong et al. 2000; Takaki, W iese et al. 2000; Day, Lauer et al. 2002; 

Rosen, M iner et al. 2002; Thim m e, Bukh et al. 2002; Urbani, Amadei et al. 2006; 

Sm yk-Pearson, Tester et al. 2008). In addition these responses are generally o f 

significant m agnitude when com pared to those with persisting infection where 

responses tend to be w eak and lim ited to few epitopes. Up to 14 epitopes were 

targeted by CD 4+ T cell populations in one study o f  self lim ited infection and 

sim ilarly in another study, 13 epitopes w ere recognised in a significant proportion 

(>30% ) o f  those with spontaneously resolved infection (Day, Lauer et al. 2002; 

Gerlach, U lsenheim er et al. 2005). M ulti-specific responses m ay also occur in 

persons w ho develop chronic infection how ever in m ost cases, these responses are 

not m aintained (Thim m e, Oldach et al. 2001).

Efforts to delineate targets o f  the helper cell responses have revealed substantial 

diversity. In m ost persons responses targeting both structural and non-structural 

proteins can be found although the non-structural proteins appear to be more 

frequently targeted (M issale, Bertoni et al. 1996; Gerlach, D iepolder et al. 1999;
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Lechner, W ong et al. 2000; Takaki, W iese et al. 2000; Thim m e, Oldach et al. 2001; 

Day, Lauer et al. 2002; Rosen, M iner et al. 2002; Thim m e, Bukh et al. 2002). In a 

prospective study o f  intravenous drug users acutely exposed to HCV, core protein 

was targeted m ore frequently in those who failed to resolve infection. Interestingly, 

they found that transition o f  the virus-specific m em ory responses from targeting 

core to non-structural proteins was associated with a favourable outcom e suggesting 

that the pattern o f  epitope targeting m ight be influential in determ ining outcom e 

(Ruys, Nanlohy et al. 2008). In another study, the evolution o f  CD 4+ T cell 

responses in an experim entally  infected chim panzee w as m onitored. Early on in the 

course o f  infection responses targeting a lim ited set o f  dom inant epitopes were 

observed. Later after viral replication was contained, low frequency responses were 

observed targeting a broader set o f  subdom inant epitopes. Interestingly, upon 

rechallenge with virus 7 years later, a sim ilar pattern o f  epitope targeting was 

m aintained (Shoukry, Sidney et al. 2004). Studies in the m urine lym phocytic 

choriom eningitis virus (LCM V ) infection model have suggested that the initial peak 

frequency o f  T cells targeting different epitopes m ay determ ine the frequency and 

longevity o f  the m em ory CD 4+ helper T cell pool (Varga and W elsh 1998; 

W hitm ire, Asano et al. 1998). W hilst such a clear-cut effect has not been observed 

in HCV, the developm ent and conservation o f  responses deserves further 

investigation.

In addition to the strength and num ber, there is also qualitative d ifferences in the 

responses observed in those who develop persistent infection com pared to those 

who resolve infection. The cytokine profile from  patients with acute HCV was 

investigated using CD4+ T cell lines stim ulated with recom binant HCV proteins. 

Significant differences between the groups w ere observed. Those who developed
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persistent infection exhibited significantly lower levels o f  interferon-y and IL-2 

secretion. M oreover this group also produced lL-4 and IL-IO in response to 

antigenic stim ulation (Tsai, Liaw et al. 1997). These cytokines exert anti

inflam m atory effects, which m ay ultim ately favour the developm ent o f  persistent 

infection. M ore recent reports o f  acutely infected patients also support the 

observation o f  dysfunctional T cell responses (Urbani, Amadei et al. 2006). The 

characterisation o f  antigen-specific responses in an acutely infected individual using 

an M HC Class 11 tetram er has provided further insight. In this study, functional 

responses m easured by interferon-y production were lost before the loss o f 

m easurable tetram er responses (U lsenheim er, Lucas et al. 2006).

1.8.4 C h r o n i c  H C V

W hilst the evolution o f  CD 4+ T cell responses m ay be relatively poorly understood, 

once chronicity is established, there appears to be relative inertia at least as far as 

can be m easured by cun'ent technologies. The hallm ark o f  chronicity is low 

frequency responses targeting few epitopes (Gerlach, Diepolder et al. 1999; 

Lechner, W ong et al. 2000; Takaki, W iese et al. 2000; Day, Lauer et al. 2002; 

Rosen, M iner et al. 2002; U lsenheim er, Gerlach et al. 2003; W ertheim er, M iner et 

al. 2003). V arious studies have been perform ed to determ ine w hether CD4+ T cell 

populations are m aintained long term  and to what extent loss o f  effector function 

contributes to the declining responses observed. One study m easured CD25 (the IL- 

2 receptor a  chain) as an indicator o f  T cell activation and found that a small 

proportion o f  CD 4+ T cells did up-regulate it in response to recom binant HCV 

proteins w ithout dem onstrating functional responses. However because this m arker 

is also found on a variety o f  T cell populations including T regulatory cells (Tregs)
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and it is thought to decline in anergic T cells, results m ust be cautiously interpreted 

(U lsenheim er, Gerlach et al. 2003). CD4+ T cell responses w ere studied using M HC 

Class 11 tetram ers for three HCV epitopes. Responses w ere not detectable in any o f  

the patients with chronic infection although responses w ere present in those with 

self-lim ited infection (Day, Seth et al. 2003). In contrast, w hen the groups also 

studied a single epitope restricted by H LA -D Rl - a com m only recognised antigen - 

a slightly different pattern em erged (Lucas, U lsenheim er et al. 2007). Using Class II 

tetram ers it was found that in acute infection, all H L A -D R I+  patients m ade a 

response to this epitope; how ever early loss o f  antigen-specific cells was seen in 

those who developed chronic infection. W hen studied in long-term  chronic patients 

however, low frequency antigen-specific cells could be identified supporting the 

notion that these cells are not deleted entirely but rem ain circulating with a limited 

capacity to function as effector cells. Dysfunction o f  effector populations in chronic 

infection has been described both in their cytokine secretion patterns and in their 

proliferative capacity. Interferon-y and lL-2 production assayed in parallel in a 

group o f  patients with different outcom es revealed a disproportionate loss o f  lL-2 

com pared w ith interferon-y secreting cells in those with persistent infection 

(Sem m o, Day et al. 2005). Further work also revealed a significant im pairm ent in 

proliferative capacity, which paralleled the reduction in lL-2 secretion (Sem m o, 

Krashias et al. 2007). As m entioned earlier, it also appears that some antigen- 

specific cells favour a Th2 profile with IL-4 and lL -10 secretion (Tsai, L iaw  et al. 

1997). W hat determ ines the differential expression o f  these cytokines is as yet 

poorly understood.
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1 .8 .5  IlMMUNOGENETlC STUDIES

In addition to the functional data, the genetic evidence also strongly supports a 

pivotal role for CD4+ T cells in determining outcome. These cells recognise 

antigens presented by major histocompatibility (M H C) Class II molecules on the 

surface o f  professional antigen presenting cells. These molecules therefore direct 

the immune response in a genetically predetermined way. Many studies have 

attempted to address whether a link exists between Class II alleles and outcome in 

HCV infection. Interestingly despite the heterogenous nature o f  the cohorts studied, 

it is clear that some alleles appear to feature significantly as key determinants.

A number o f  studies have found an association between human leucocyte antigen 

(HLA)  DQB1*0301 (Alric, Fort et al. 1997; Cramp, Carucci et al. 1998; Minton, 

Smillie et al. 1998; Zavaglia, Martinetti et al. 1998; Mangia, Gentile et al. 1999; 

Thursz, Yallop et al. 1999; Thio, Thomas et al. 2001) and D R B 1*1101 (Alric, Fort 

et al. 1997; Minton, Smillie et al. 1998; Thursz, Yallop et al. 1999; Yenigun and 

Durupinar 2002; Scotto, Fazio et al. 2003) and spontaneous viral clearance (Table  

1.1). In addition, 2 independent meta-analyses supported these findings (Yee 2004; 

Hong, Yu et al. 2005). Furthermore, some alleles also appear to be associated with 

unfavourable outcomes such as DQB 1*0201 and DRB 1*0301 (Table 1.2.).

The study o f  a single source outbreak has also provided important insights. Such an 

outbreak occurred in Ireland when a batch o f  contaminated anti-D immunoglobulin 

was inadvertently given to a large group o f  rhesus negative women in the late 

1970s. Crucially for the purposes o f  association studies, this cohort is defined not 

only by gender, age, time and dose o f  infection, but also by the presence o f  a single 

inoculum from a single donor. Analysis o f  the cohort therefore represented a unique
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opportun ity  to unpick the re la tive contributions o f  the M H C  alleles. C oncurr ing  

with o ther reports, several studies on this cohort also support  an associa tion betw een 

Class 11 alleles and outcom e. H L A -D R B 1 * 0 1 0 1 ,  D R B 1*0401 , D Q B P 0 5 0 1 ,  

D R B 1*15  w ere  associa ted  with  viral clearance w hils t  D Q B  1*0201, D R B  1*0701 

and DRB1*0301 w ere  associa ted  with persistence (T ab les  1 and 2).

T able  1.1 H L A  Class II associa ted  with  spontaneous viral clearance

D Q B  1*0301 (Alric, Fort et al. 1997; Cramp, Carucci et a!. 1998; 

Minton, Smillie et al. 1998; Zavaglia, Martinetti et al. 

1998; Mangia, G entile  et al. 1999; Thursz, Yallop et al. 

1999; Alric, Fort et al. 2()00; Thio, T hom as et al. 2001) 

(Harris, Sugim oto  et al. 2008)*

D R B 1 * 1 1(01) (Alric, Fort et al. 1997; Minton, Smillie  et al. 1998; 

Thursz, Yallop et al. 1999; Alric, Fort et al. 2000; 

Yenigun and D urupinar  2002; Scotto, Fazio et al. 2003) 

(Harris, Sugim oto  et al. 2008)*

D R B 1*01(01) (Barrett , Ryan et al. 1999; Fanning, Levis et al. 2000; 

M cK iem an, Hagan et al. 2000; Barrett,  G oh et al. 2001; 

Thio, T hom as et al. 2001; M cK iem an , Hagan et al. 2004; 

Kuniholm, K ovacs  et al. 2009)

D R B  1*04(01) (Cramp, Carucci et al. 1998; M cK iem an , Hagan et al. 

2004)

D Q B  1*0501 (M cK iem an, H agan  et al. 2000; Thio, T hom as et al. 

2001)

D R B 1*15 (M cK iem an, H agan  et al. 2004)

D R B 3*02 (Harris, Sugim oto  et al. 2008)*

* am ongst  C aucasians only
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Table 1.2 H L A  Class 11 alleles associa ted  with viral pers is tence

A e e Studies

D Q B  1*0201

DRB1*0301

D R B P 0 7 0 1

(Zavaglia, Martinctti et al. 1998; A lric, Fort et al. 2000; 

M cKiernan, Hagan et al. 2000; V cjbaesya, Songsivilai 

et al. 2000; Thio, Thom as et al. 2001; McKiernan, 

Hagan et al. 2004)

(M cKiernan, Hagan et al. 2000; Vejbacsya, Songsivilai 

et al. 2000; Thio, Thom as et al. 2001; Kuniholm, 

Kovacs et al. 2009)

(Thursz, Y allop et al. 1999; Fanning, L evis et al. 2000)

This  data strongly  supports  a key role for C D 4 +  T  cells in de te rm in in g  the fate o f  

the infection a l though the m echan ism  for this rem ains  poorly  understood . A nalysing  

functional C D 4 +  T cell responses is often  difficult fo r  a n u m b er  o f  reasons. T hese  

populations are often only  detectable  at low frequenc ies  periphera lly  and  require  

specialised enr ichm ent techniques. F u rth erm o re  they  c o m m o n ly  are p rom iscuous ly  

recognised  by  d iffe ren t H L A  Class II m olecules .  D espite  these l im ita tions  one study 

has dem onstra ted  that sustained C D 4+  T cell responses  w ere  m ain ta ined  in patients 

w ith  resolved infection  possessing the alleles H L A  D R B 1*1101  and H L A  

D Q B  1*0301 w h ich  w ere  stronger than n o n -D Q B l *0301 con tro ls  (H arcour t,  Hellier 

et al. 2001). U sing  C D 4 +  T  cell lines and c lones, several o th e r  studies have also 

dem onstra ted  that certa in  C D 4 +  T cell epitopes  ap p e a r  to be  frequen tly  targe ted  in 

those  with  acute reso lv ing  H C V  infection. T h ese  epitopes  w ere  restr icted 

p redom inan tly  by  alleles  implicated  in conferring  p ro tec tion  such as D R B 1*11 ,
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DRB1*04, DRB1*15 and DQB1*0301 (Diepolder, Gerlach et al. 1997; Lamonaca, 

Missale et al. 1999).

One possible mechanism that might explain these findings is that certain qualities o f  

the peptide repertoire restricted by the hosts M HC direct the path to one or other 

outcome. In such a model, a good “quality” peptide or set o f  peptides possesses the 

ability to engage its T cell receptor (TCR) and be processed efficiently with the 

consequent production o f  antiviral cytokines requisite for viral elimination or 

control. A “poor” quality peptide on the other hand lacks one or more o f  these 

characteristics thus favouring viral persistence. Alternatively, the breadth o f  

responses as determined by the HLA restriction may be a factor. Thus, a broad 

response targeting multiple epitopes m ay favour clearance whereas a narrow 

response targeting fewer epitopes m ay tip the balance in favour o f  persistence.

1.9 CD8+ T CELL RESPONSES TO HCV INFECTION 

1.9.1 A c u t e  H C V

CD8+ T cells perform crucial functions in the elimination o f  viral and other foreign 

antigens. They act in concert with CD 4+ T cells in directing the immune response 

and are key players in detennining outcom e after HCV exposure (Shoukry, 

Cawthon et al. 2004; Neumann-Haefelin, Blum et al. 2005). W e know from both 

animal and human studies that the CD8+ T cell population is important in mediating 

viral clearance. Additionally, the introduction o f  MHC Class 1 tetramers has also 

enabled further detailed dissection o f  these responses in terms o f  quantity, 

phenotype and functional characteristics. Like CD4+ T cells, early studies in 

chimpanzees revealed that CD8+ T cells migrate and accumulate in the liver during
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acute infection and are important in determining outcome. In these experiments, the 

presence o f  functional T cells in the liver coincided with liver inflammation and 

control o f  viraemia (Cooper, Erickson et al. 1999; Thimme, Bukh et al. 2002). 

Animals that lacked detectable CD8+ T cell populations universally developed 

chronic infection.

In humans, the train o f  events is likely to be similar. Following iatrogenic 

needlestick injury to health care workers, Thimme et al demonstrated the emergence 

o f  virus-specific CD8+ T cells peripherally on week 7 which coincided with an 

elevation in liver transaminases. Development o f  effector capabilities, namely the 

production o f  interferon-y resulted in control o f  viral replication (Thimme, Oldach 

et al. 2001). Broadly speaking, acute resolving infection is associated with vigorous 

CD8+ T cell responses compared to those observed with persistent infection 

although it is clear from prospective studies that in the initial stages at least the 

responses may be o f  similar magnitude. As the infection progresses however, these 

responses decline and are not sustained (Lechner, Gruener et al. 2000; Cox, 

Mosbruger et al. 2005; Lauer, Lucas et al. 2005). It is unclear though to what extent 

this effect is a cause o f  persistence or an effect o f  the continued exposure to antigen. 

A proportion o f  patients also fail to generate any detectable responses and in these 

cases persistence is generally the rule (Thimme, Oldach et al. 2001; Lauer, Lucas et 

al. 2005).

1.9.2 T a r g e t s  a n d  q u a l i t y  o f  CD8+ T  c e l l  r e s p o n s e s  t o  HCV

Early infection with HCV is characterised by uncontrolled viral replication which 

lasts for about 8-10 weeks prior to expansion o f  the CD8-I- T cell population 

(Thimme, Oldach et al. 2001; Shoukry, Grakoui et al. 2003). This population
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appears however to lack function initially as demonstrated in numerous studies both 

in animals and humans (Lechner, W ong et al. 2000; Gruener, Lechner et al. 2001; 

Thimme, Oldach et al. 2001; Urbani, Boni et al. 2002; Shoukry, Grakoui et al. 

2003). The acquisition o f  effector function, measured by the production o f  

interferon-y, at a later time point coincides with control o f  viral replication 

(Lechner, Gruener et al. 2000; Thimme, Oldach et al. 2001).

The delay in development o f  effector function appears to be a hallmark o f  HCV 

infection, also known as the “stunned” or “ stunted” phenotype and appears to occur 

irrespective o f  the outcome. Although this quality has been noted in other persistent 

viral infections, in HCV there appears to be an unusually long delay before the 

acquisition o f  its functional phenotype, which may play an important role in 

determining the outcome o f  infection. Upon re-challenge however, this delay 

appears to be absent as demonstrated in the chimpanzee model (Bassett, Guerra et 

al. 2001; Major, Mihalik et al. 2002). This suggests that maturation o f  naive T cells 

is o f  pivotal importance in initiating this phenomenon. Indeed, in acute infection 

CD8+ T cells also appear impaired in other effector functions such as cytotoxic and 

proliferative abilities (Lechner, W ong et al. 2000; Gruener, Lechner et al. 2001; 

Thimme, Oldach et al. 2001). In patients who either temporarily or permanently 

control viral replication, the recovery o f  CD8+ T cell function appears to be critical. 

Failure to develop or maintain these functional characteristics appears to herald an 

unsuccessful immune response (Lechner, W ong et al. 2000; Thimme, Oldach et al. 

2001; Urbani, Boni et al. 2002).

Following acute HCV, antigen-specific populations o f  CD8+ T cells demonstrate an 

activated phenotype, which again appears to be similar in all patients in'espective o f
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outcome. A study o fh e a h h  care w orkers iatrogenicaliy exposed to HCV found that 

expression o f  the activation m arker CD38 on virus-specific CD 8+ T cells occurred 

at w eek 8-10 and was dow n-regulated by week 12 in one patient w ith se lf  lim ited 

infection. Expression levels o f  CD38 con'elated with hepatitis and loss o f  

expression coincided with interferon-y secretion (Thim m e, O ldach et al. 2001). 

Lechner at al. sim ilarly found that expression o f CD38 and M HC Class 11 m olecules 

occurred early and that by week 20 expression was again dow n-regulated and in 

those with persistent infection the loss o f this m arker coincided with the loss o f  

effector T cells (Lechner, G ruener et al. 2000).

.\nalagous to the CD 4+ T cell responses, in m ost studies acute infection which 

resolves is characterised by a broad responses targeting m ultiple epitopes (Lechner, 

W ong et al. 2000; Thim m e, Oldach et al. 2001; Cox, M osbruger et al. 2005). On the 

other hand, the breadth o f  the response in those infections which persist are usually 

narrowly focussed and weak (Reherm ann, Chang et al. 1996; Takaki, W iese et al. 

2000; W edem eyer, He et al. 2002; Lauer, Barnes et al. 2004) although this is not 

always the case (K oziel, D udley et al. 1992; Koziel, D udley et al. 1995). Targeting 

of up to 12 epitopes has been observed in human studies o f  acute resolving infection 

(Lechner, W ong et al. 2000). In chim panzees, a sim ilarly m ulti-specific response 

has been observed both in the blood and in the liver with targeting o f 9 different 

epitopes located throughout the genom e (Cooper, Erickson et al. 1999; Thim m e, 

Bukh et al. 2002). M oreover, frequencies against individual epitopes m ay exceed 3- 

4% (Lechner, W ong et al. 2000). In some infections which persist how ever, m ulti

specific responses are also generated as has been observed in several studies in 

hum ans and chim panzees (Koziel, Dudley et al. 1992; Koziel, Dudley et al. 1995; 

Erickson, Kim ura et al. 2001). For example, eight different epitopes were
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recognised by CD8+ T cells in one chimpanzee who had been infected for over a 

decade (Erickson, Kimura et al. 2001).

Initial studies on the epitopes targeted by CTLs revealed no clear-cut dominant 

epitopes within the viral genome. However the finding o f  a clear association 

between the Class 1 allele HLA-B*27 and viral clearance led to the description o f  a 

potentially immunodominant epitope. Located within the NS5B protein, this epitope 

was targeted by five out o f  six women with spontaneously resolved infection 3 

decades after exposure from contaminated anti D immunoglobulin compared to only 

three o f  eight patients chronically infected. It was also one o f  six epitopes targeted 

in a HLA-B*27 positive patient with acute infection (Neumann-Haefelin, 

McKiernan et al. 2006). Moreover, the demonstration o f  amino acid substitutions in 

this epitope in all patients with chronic infection indicated that escape from CD 8+ T 

cell mediated selective pressure might have provided a m echanism for 

circumventing this response.

1.9.3 C h r o n ic  H C V

There appears to be little doubt that CD8+ T cell responses persist both in liver and 

the periphery for long periods o f  time. (Koziel, Dudley et al. 1992; Nelson, 

Marousis et al. 1997; W ong, Dudley et al. 1998; Urbani, Amadei et al. 2005). The 

presence o f  these cells appears to impart little additional protection in chronically 

infected individuals. Studies correlating viral load with the presence o f  C D 8+ T cell 

populations have at best shown a relatively weak association between lower viral 

load and the presence o f  virus specific CTLs (Hiroishi, Kita et al. 1997; Nelson, 

Marousis et al. 1997). Further evidence o f  the relative incapacity o f  these 

populations to effect later viral control was obvious in an experiment using antibody
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m ed iated  dep le tion  o f  C D 8+  T  cells in a hum an (K iefersauer, R eiter et al. [ 991 ) .  

T his revealed  m inim al effec ts e ith e r on v iral rep lication  m easu red  by v iral load or 

on liver d isease. F u rth en n o re , responses in chronic in fec tion  are frequen tly  

dysfunc tional w ith  loss o f  in terferon-y  p roduction  and loss o f  p ro life ra tiv e  capacity  

(L echner, W ong  et al. 2000 ; T h im m e, O ldach  et al. 2001; U rban i, B oni et al. 2002).

1.9.4 I m m u n o g e n e t i c  s t u d i e s

A ssocia tions betw een  H L A  C lass I alleles and viral ou tco m e have been 

d em o n stra ted  w ith  o th er variab le  v iruses how ever, until recen tly  such ev idence had 

no t been  fo rthcom ing  in H C V  in fection , but studies have now  begun  to  shed light 

on th is im portan t top ic. T h e  first report o f  an associa tion  betw een  possession  o f  a 

C lass I a lle le  and spon taneous reco v ery  from  infection cam e from  a study by T h io  et 

al w ho reported  a p ro tec tiv e  effec t o f  H L A -B *57  and H L A -C w *0102  (T hio , G ao et 

al. 2002). T hey  also  found  an assoc ia tion  betw een  H L A -C w *04  and d eve lopm en t o f  

persisten t in fection . W hilst this study  w as confounded  by  the study  o f  

he tero g en eo u s p o p u la tio n s includ ing  d ifferen t ethnic g roups, study  o f  the Irish 

cohort in fec ted  from  a sing le source has provided  fu rther insight. A s m en tioned  

earlier, the Irish an ti-D  cohort rep resen ts  an ideal study g roup  fo r the perfo rm an ce  

o f  assoc ia tion  studies. M cK iem an  et al. found a strong  assoc ia tion  betw een  certain  

C lass I a lle les and ou tco m e o f  in fec tion  (M cK iem an , H agan  et al. 2004). T hey  

found  a strong  assoc ia tion  betw een  H L A -B *27 , H L A -A *03 and  -Cw *01 (O R  7.99, 

2 .43 , 7.1 resp ec tiv e ly ) and spon taneous viral clearance. T hey  also  observed  an 

associa tion  b etw een  H L A -B * 0 8  and v iral persistence. A study  on an A frican  cohort 

rep o rted  an asso c ia tio n  betw een  H L A -B *57  and spon taneous v iral c learance 

(la rg e ly  o f  gen o ty p e  2) (C huang , S arkod ie  et al. 2007). M ore recen tly , a large study
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of  women infectcd with hepatitis C confirmed associations between HLA-B*5701, 

B*5703, Cw*01 and viral clearance (Kuniholm, Kovacs et al. 2009) (Tables 1.3 

and 1.4.).

Table 1.3. HLA Class 1 alleles associated with spontaneous viral clearance

HLA-A*03 (M cK iem an, Hagan et al. 2004)

HLA-A*11 (Thio, Gao et al. 2002)

HLA-B*27 (M cKiernan, Hagan et al. 2004)

HLA-Cw*01 (Thio, Gao et al. 2002; M cKiem an, Hagan et al. 

2004; Kuniholm , K ovaes et al. 2009)

HLA-B*57 (Thio, Gao et al. 2002; Chuang, Sarkodie et al. 

2007; Kuniholm, K ovacs et al. 2009)

Table 1.4. HLA Class I alleles associated with viral persistence

HLA-Cw*04 (Thio, Gao et al. 2002; Fanning, Kenny-W alsh et al.

2004)

HLA-B*08 (M cK iem an, Hagan et al. 2004)

HLA-A*2301 (Thio, Gao et al. 2002)

HIV, which is another highly variable virus, has also been extensively studied in the 

context o f  the MHC. It is interesting to note that similar to HCV, the HLA-B*27 

and B*57 alleles are also associated with a protective effect (Goulder and Watkins 

2004). In HIV infection, a significant proportion o f  those in possession o f  these 

alleles appear to retain an ability to control viral replication for long periods o f  time. 

The appearance o f  shared alleles associated with favourable outcomes in viral
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infections is important as it suggests a common pathway for delivering this 

protective effect. One mechanism that appears to unite these findings is the 

presentation o f  immunodominant epitopes restricted by the protective allele. In 

support o f  this, Neumann-Haefelin et al. dissected the cellular basis o f  this 

phenomenon in a number o f  HLA-B27+ Irish anti-D women as well as an acutely 

infected patient and a num ber o f  other B27+ persistently infected patients. They 

found evidence o f  a commonly recognised and potentially immunodominant epitope 

restricted by the allele (Neumann-Haefelin, McKiernan et al. 2006). In HIV 

infection, the protective effects o f  HLA-B*57 and HLA-B*27 have also been linked 

to immunodominant epitopes. (Goulder and Watkins 2004). Alternatively the MHC 

Class I association might be linked to activation o f  specific NK cells through 

interaction via Killer Immunoglobulin-like Receptors (KIRs), or through a linked 

gene on the M HC haplotype (Khakoo, Thio et al. 2004).

1.9.5 R o l e  o f  C l a s s  I a n d  KIR c o m b i n a t i o n s  i n  HCV

NK cells are an important component o f  the innate immune system and are 

responsible for secreting antiviral cytokines and lysing infected cells early on in a 

viral infection. They are regulated by different activatory and inhibitory signals and 

an important interaction is that between the activating or inhibitory KIRs and HLA 

class I molecules. KIRs are transmembrane proteins on N K  cells and they contain 

two or three immunoglobulin-like domains and a long or short cytoplasmic tail 

(2DL, SDL, 2DS, SDS) The KIRs which are associated with different outcomes o f  

HCV infection are KIR2DL1, 2 and S. KIR2DL1 is present in most individuals and 

strongly binds HLA-C (HLA-C2 group) alleles that harbour a lysine at position 80. 

This interaction leads to a strong inhibitory signal on N K  cells. In contrast,
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K1R2DL2 and 3 bind HLA-C (H LA -C l group) alleles with an asparagine at 

position 80. KIR2DL3 binds only weakly and as a consequence, results in weak 

inhibition o f  NK cells (Neumann-Haefelin and Thim m e 2007). Individuals who are 

homozygous for KIR2DL3 and HLA-C 1 have m inimal inhibitory signals and thus 

should result in a reduced threshold o f  NK cell activation. In theory, this should be 

associated with favourable outcomes in HCV and indeed individuals who are 

homozygous for KIR2DL3 and HLA-Cl alleles have been reported to have a higher 

chance o f  clearing HCV infection although this protective effect was only observed 

in persons who were presumed to have received a low dose o f  inoculum (Khakoo, 

Thio et al. 2004). Furthermore, this combination o f  alleles was more common in 

exposed seronegative aviraemic individuals compared to those with chronic HCV. 

Patients undergoing treatment for HCV were m ore likely to make a sustained 

virological response if  they possessed this allelic combination (Knapp, W arshow et 

al. 2009). The effect o f  different inhibitory KIR-HLA combinations on NK cells is 

thought to be related to release from inhibition o f  an N K  cell on encountering its 

target.

1.10  P r o t e c t i v e  T  c e l l  i m m u n i t y

Persistence and maintenance o f  memory T cell populations after acute infection 

appears to play an important role in conferring protective immunity. M emory CD8+ 

T cell responses have been observed two decades after exposure in those with self

limited infection though not in those with chronic infection (Takaki, Wiese et al. 

2000). An indication o f  the importance o f  T cell responses was evident in 

experimentally re-infected chimpanzees. Following the successful resolution o f  a
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prim ary infection, a second challenge was associated with a m ilder course o f  liver 

disease as well as sw ifter resolution o f  infection, which correlated with a vigorous 

m em ory T cell response and interferon-y production. A ntibody-m ediated depletion 

o f  CD8+ T cells lead to a delay in control o f  viral replication which was only 

regained when recovery o f  this population was noted intrahepatically (Shoukry, 

Grakoui et al. 2003). In a sim ilar experim ent, depletion o f  CD4+ T cells resulted in 

persistent infection in all cases and was associated with the em ergence o f  m ultiple 

CD8+ T cell escape m utations (G rakoui, Shoukry et al. 2003). In hum ans, 

prospective studies o f  intravenous drug users showed that the incidence o f  hepatitis 

C viraem ia was alm ost halved in those with previous exposure to the virus 

com pared to persons with no evidence o f  exposure and although the m echanism  for 

this has not been clarified, it is likely that the cellular responses are crucial (M ehta, 

Cox et al. 2002; Grebely, Conw ay et al. 2006).

1.11 T CELL FAILURE IN HCV INFECTION

A critical question in HCV pathogenesis is why do T cells fail in those w ho develop 

persistent HCV infection. Several m echanism s for this have been proposed.

1.11.1 T CELL ESCAPE MUTATIONS

HCV, like o ther RNA viruses possesses an RN A -dependent RN A polym erase, 

which lacks p ro o f reading ability. As a consequence o f  this it can generate an 

enorm ous am ount o f  variability in the genom e, which has been im plicated as an 

im portant m echanism  for undennining host imm unity. M utational escape from  

antibody-m ediated selection pressure has long been recognised in viral infections 

and in HCV, the hypervariable region o f  the Envelope protein, a region targeted by
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the humoral responses is one o f  the most polymorphic region o f  the HCV genome. 

The importance o f  escape from CTL recognition has m ore recently been established 

as an important contributing factor in facilitating viral persistence. The first 

evidence o f  CTL escape in HCV infection was demonstrated in the chimpanzee 

model with further evidence accruing in both human and animal studies (Chang, 

Rehermann et al. 1997; Erickson, Kimura et al. 2001; Timm, Lauer et al. 2004; 

Bowen and Walker 2005; Ray, Fanning et al. 2005; Tester, Smyk-Pearson et al. 

2005; Neumann-Haefelin, M cKiem an et al. 2006). The presence o f  CD4+ T cell 

help also appears to be an important determinant in the development o f  mutations in 

CTL epitopes. In chimpanzees depleted o f  CD 4+ T cells, escape mutations were 

observed within multiple Class 1-restricted epitopes and all animals failed to clear 

the virus (Grakoui, Shoukry et al. 2003).

Several mechanisms are thought to be responsible for the effects o f  CTL escape. 

Such mutations may alter proteosomal processing thus leading to inefficient or 

faulty transport within the cell and destruction o f  the epitope. Dissociation o f  the 

M HC-peptide complex m ay occur if  a mutation occurs within the anchor residues or 

failure o f  TCR binding may have an antagonistic effect against the wild-type 

epitopes (Bowen and W alker 2005).

One o f  the major barriers to studying the evolution o f  the viral genome is that the 

inoculating sequence is rarely known. However experimental infection o f  animals 

and iatrogenic infection following exposure to a known source or during acute 

infection has allowed these issues to be addressed in humans. One study for 

example followed the evolution o f  a dominant epitope in two HLA-B*08+ patients 

during acute infection and found evidence o f  escape occurring in both individuals
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(Timm, Lauer et al. 2004). As mentioned earlier, HLA-B*27 was associated with 

viral clearance in a population infected from a single source. Mutations were 

observed within a dominant epitope in all HLA-B*27+ patients with chronic 

infection which abrogated the T cell response in vitro whilst in the absence o f the 

allele mutations were not evident thus supporting the concept o f mutational escape 

from CTL mediated selection pressure (Neumann-Haefelin, McKiernan et al. 2006).

Population based approaches which identify “footprints” within the viral genome 

have also been infonnative (Gaudieri, Rauch et al. 2006). “Footprints” is a term 

used to describe a significant association between a HLA type and observed 

polymorphisms. These are thought to be an important indicator o f immune selection 

pressure during the course of infection (F igure 1.9.) (Bowen and Walker 2005).

One study, which assessed HLA driven associations in 70 patients with HCV 

infection, found the strongest evidence o f a “footprint” in the same previously 

defined HLA-B*27 restricted epitope as well as other epitopes (Timm, Li et al. 

2007). A further study o f the Irish single source outbreak identified “footprints” in 

epitopes restricted by HLA-B*07, B*35 and B*37. Epitopes restricted by these 

alleles were significantly associated with amino acid substitutions away from the 

donor sequence suggesting immune selection whilst sequence changes were also 

observed significantly more frequently in the absence of alleles HLA-A*01 and 

HLA-B*08 (Ray, Fanning et al. 2005). These findings suggest there are functional 

constraints on viral evolution.

As already discussed, it is clear that some HLA Class I responses are associated 

with a protecfive effect (e.g. HLA-B*27 and HLA-B*57) while other are deleterious 

or more commonly associated with persistence (e.g. HLA-B*08, Cw*04) as well as
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some with an apparently neutral effect. Several possible models exist which might 

explain these genetic findings.

The protective effect associated with Class I alleles might be mediated through the 

targeting o f  either a single immunodominant epitope or a set o f  epitopes which are 

structurally or functionally conserved. Unable to tolerate amino acid substitutions 

without incurring a significant fitness cost, targeting this type o f  epitope affords the 

host additional time and focus that might just be sufficient to tip the balance in 

favour o f  viral elimination. A recent report in HIV infection demonstrated 

significant impairments in replicative capacity associated with mutations in a 

dominant HLA-B27+ restricted epitope (Schneidewind, Brockman et al. 2007). In 

HCV infection a recent study confirmed a viral fitness cost associated with 

mutations in an immunodominant CTL epitope located in the NS3 region 

(Soderholm, Ahlen et al. 2006). Escape mutations occurring within dominant 

epitopes might therefore facilitate persistence but because o f  functional constraints 

on evolution, this process is hindered. A delay in the development o f  such 

substitutions or the requirement for additional compensatory mutations to restore 

function might be sufficient to allow the delivery o f  an effective response with 

subsequent viral elimination.

On the other hand, the deleterious effect associated with some Class I alleles might 

be explained by the targeting o f  epitopes which have minimal or no constraints on 

viral evolution. Escape can readily occur and therefore effective targets o f  the host’s 

response are swiftly lost within the individual. According to the thesis o f  “original 

antigenic sin” , naive T cells viewing the mutant epitope may be at a disadvantage in 

priming a new response, thereby limiting the immune response against the evolving
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virus (Klenennan and Zinkernagei 1998). in the absence of a fitness cost these 

“escaped” epitopes are preserved on transmission to a new host resulting in loss of 

the original epitope as has been described in HIV infection (Leslie, Kavanagh et al. 

2005). The targeting o f redundant or subdominant epitopes may therefore facilitate 

persistence in those bearing the allele in question.

In contrast to CTLs, the body o f data supporting escape from CD4+ T cell responses 

is much less abundant. The effects o f amino acid substitutions on functional 

responses were studied in vitro and these variants failed to stimulate proliferation or 

cytokine production (Harcourt, Garrard et al. 1998; Eckels, Zhou et al. 1999; Wang 

and Eckels 1999). Furthermore, a study which characterised CD4+ T cell responses 

to a DRBI*15 restricted epitope located in the NS3 region demonstrated a shift in 

cytokine secretion towards a Th2 pattern, as well as impaired proliferative ability in 

those epitopes with naturally occurring substitutions (Wang, Layden et al. 2003). 

Like CTL epitopes, escape is certainly not universal in CD4+ T cell epitopes. A 

commonly targeted CD4+ T cell epitope restricted by HLA-DRl was found to be 

highly conserved and loss o f functional responses to this epitope occurred despite 

lack o f evidence o f escape (Gerlach, Ulsenheimer et al. 2005). Another study 

highlighted a further potential impact of viral variation. A HLA-DRl 1 restricted 

epitope (N S31248-1261) is highly conserved across differing genotypes and is 

commonly found in cross sectional studies - however other epitopes may be 

immunodominant in a given individual. This may be because these sequences, 

which lie in less constrained regions according to structural models, are highly 

variable across a population (Harcourt, Lucas et al. 2004). This suggests again that 

functional constraints are at play in detennining viral evolution. The ability o f an 

epitope to tolerate substitutions may result in loss o f an epitope both within the
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individual and the population which, may lead to inaccurate estimation o f the 

hierarchy o f responses as the original epitopes may be unrepresented in the 

consensus sequence.

HLA “footprint”
HLAX

Effective 
CTL

CTL mediated selection 
Pressure

epitop epitope

Selects
escape
mutation

Under structural 
and functional 
constraint

Conserved or slow mutation

Affect recognition by TCR 

Affect HLA binding

HLA Y

No CTL mediated 
selection pressure

No mutation

i
Epitope Conserved

Figure 1.9. HLA “footprint”. Associations between different HLA types and escape 
mutations at a population level indicate sites o f T cell mediated selection pressure. 
Protective HLA types may be associated with a dominant T cell response to an epitope 
which is relatively conserved either for structural or functional reasons.
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1.11.2 F a i l u r e  OF P r i m i n g  a n d  E x h a u s t i o n  o f  T c e l l s

A primary defect in priming o f  T cell responses and exhaustion o f  an initially 

effective response both have been implicated in the failure to maintain adequate T 

cell responses to HCV (Neumann-Haefelin, Spangenberg et al. 2007). Thus a failure 

in antigen presentation by dendritic cells (DCs) or macrophages might account for 

the inability to develop or maintain virus-specific responses and various studies 

have both supported and refuted this hypothesis (Kanto, Hayashi et al. 1999; Bain, 

Fatmi et al. 2001; Lee, Choi et al. 2001; Sarobe, Lasarte et al. 2002; Rollier, 

Drexhage et al. 2003; Anthony, Yonkers et al. 2004; Larsson, Babcock et al. 2004; 

Longman, Talal et al. 2004; Piccioli, Tavarini et al. 2005; Della Bella, Crosignani et 

al. 2007). Some, for example, have reported differences in the cytokine profile o f  

DCs noting a reduction in lL-12 and TN F-a  in persistent infection whilst others 

have noted an impaired ability to stimulate allogeneic CD4+ T cells (Kanto, 

Hayashi et al. 1999; Bain, Fatmi et al. 2001; Anthony, Yonkers et al. 2004). 

Dendritic cells -  the main antigen presenting cells in the circulation - also require 

activation by CD4+ T cells in order to prime CD8+ responses, therefore the loss o f  

CD4+ T cells early on might lead to inadequate priming as has been demonstrated 

in the murine model o f  LCM V infection (Matloubian, Concepcion et al. 1994). 

Inadequate priming within the liver may also have an important influence (Crispe

2003). A study o f  chimpanzees infected with HCV however found that whilst 

dysfunction o f  DCs was noted, it did not appear to be a prerequisite for persistent 

infection whilst another study in humans did not observe any functional 

impainnents in mature DCs (Rollier, Drexhage et al. 2003; Longman, Talal et al.

2004). Longitudinal studies o f  acute infection in both chimpanzees and humans 

have supported an absence o f  priming in at least a proportion of individuals who
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develop chronic infection ahhough it is not universal (Cooper, Erickson et al. 1999; 

Thimme, Oldach et al. 2001; Thimm e, Bukh et al. 2002).

During chronic viral infection, CD 8+ T cell responses often gradually lose 

functional abilities such as cytokine secretion, proliferative and cytotoxic abilities -  

a process known as T cell exhaustion (Wherry, Blattman et al. 2003). CD4+ T cells 

similarly appear to suffer this fate (McNeil, Shupert et al. 2001; Brooks, Teyton et 

al. 2005). CD8+ T cell exhaustion has been described in various murine models o f  

persistence with viruses that replicate rapidly in the early stages and with infections 

that demonstrate persistently high viral loads. In the LCM V murine model, 

persistently high viral loads leads to an unresponsive state o f  antigen-specific 

populations, with down-regulation o f  TCRs and in some cases physical deletion o f  

antigen-specific populations (Moskophidis, Lechner et al. 1993). HCV is an 

example o f  an infection with persistently high viral loads, which may contribute to 

the functional anergy o f  T cells that is observed in this infection. Although the exact 

mechanisms underlying this phenomenon remain unresolved, certain 

immunomodulatory regulators appear to be important. Negative regulators o f  T cell 

function such as the programmed cell death receptor PD-1 may play a key role. In 

the murine model o f  LCMV, gene expression studies revealed that that the PD-1 

gene was up-regulated in exhausted T cells and that blocking this pathway appeared 

to restore function (Barber, W herry et al. 2006). This marker also appears to be up- 

regulated in a variety o f  persistent infections in humans including HCV and HIV 

(Day, Kaufmann et al. 2006; Urbani, Amadei et al. 2006; Radziewicz, Ibegbu et al. 

2007). In acute HCV infection, PD-1 appears to be up-regulated both peripherally 

and in the liver, irrespective o f  the outcome (Kasprowicz, Schulze Zur Wiesch et al. 

2007). Several studies have reported that this marker remains high in chronic
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infection and is associated with T cell exhaustion (Urbani, Amadei et al. 2006; 

Kasprowicz, Schulze Zur Wiesch et al. 2007; Penna, Pilli et al. 2007; Radziewicz, 

Ibegbu et al. 2007). IL-10 - an immunomodulatory cytokine - has also been 

implicated as a mediator o f early T cell dysfunction. IL-10 can suppress cytokine 

production and proliferation o f CD4+ and CD8+ T cells as well as altering the 

function o f antigen presenting cells and regulating B cell isotype switching. 

Blockade o f this pathway in the mouse model o f LCMV infection lead to restoration 

o f functional T cell responses and in HCV infection, in vitro blockade o f the IL-10 

receptor lead to an increase in virus-specific CD4+ T cell responses (Rigopoulou, 

Abbott et al. 2005). Lack o f CD4+ T cell help also appears to be a critical 

determinant in rendering CD8+ T cells inadequate and as discussed earlier the 

depletion o f this population lead to universal persistence in experimentally 

challenged chimpanzees. In the mouse model o f LCMV CD4+ T cells were 

essential in maintaining CD8+ T cell responses and it is thought that this process 

may be mediated through the production o f cytokines or by assisting professional 

antigen presenting cells (Matloubian, Concepcion et al. 1994). In HCV, a recent 

study o f acutely infected individuals demonstrated a significant difference in the 

outcome o f infection depending on whether CTLs were primed in the presence or 

absence o f CD4+ T cells. They also found higher levels of IL-2 in the patients who 

cleared the infection lending support to the notion that CD4+ T cell derived IL-2 

may be one o f the factors required during the primaiy immunization with HCV to 

program the differentiation of fully functional CTL memory cells (Smyk-Pearson, 

Tester et al. 2008). DNA microarray studies in a mouse model o f persistent LCMV 

infection lead to the identification o f a molecular signature for CD8+ T cell 

exhaustion. This study revealed over-expression o f several inhibitory receptors
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including PD-1, changes in the T cell receptor and cytokine signalling pathways, 

altered expression o f  genes involved in adhesion, chemotaxis and migration as well 

as expression o f  a distinct set o f  transcription factors thus revealing the complex and 

multifactorial nature o f  this process (WheiTy, Ha et al. 2007).

1 .1 1 .3  R e g u l a t i o n  o f  T  c e l l s

T regulatory (Tregs) cell populations are important in controlling the responses to 

self antigens as well as to non-self antigens such as pathogens and tumours. In 

recent times, they have received a lot o f  attention as potential modulators o f  the 

immune response to viral infections including HCV. They are responsible for 

suppressing activation, proliferation, differentiation and effector functions o f  many 

cell types including T cells. They can be divided into natural T regs (nTregs), which 

develop in the thymus and mediate their effects through contact-dependent 

mechanisms and inducible T regs, which develop in the periphery. nTregs are a 

subset o f  CD4+ T cells that constitutively express CD25+ (IL-2 receptor) as well as 

the transcription factor FoxP3. Induced Tregs comprise a diverse group o f  cell 

populations including CD4+CD25+ FoxP3+ cells, CD8+ FoxP3- cells as well as 

many others. Treg cell populations may exert their actions through the secretion o f  

anti-inflammatory cytokines like lL-10 or transfonning growth factor-(3 (TGF-P), 

direct killing o f  the target cells or contact-dependent mechanisms (Billerbeck, 

Bottler et al. 2007; Manigold and Racanelli 2007). Furthemiore, they m ay be 

antigen-specific as well as antigen independent (MacDonald, Duffy et al. 2002).

In HCV infection, higher frequencies o f  CD4+CD25+ cells have been observed in 

the circulation in those with chronic infection compared to those with recovered 

infection or healthy controls. These populations were found to exert
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im m unom odulatory activity on both CD4+ and CD 8+ T cells, curtailing their ability 

to proliferate and to secrete antiviral cytokines such as interferon y (Sugim oto, Ikeda 

et al. 2003; Cabrera, Tu et al. 2004; Boettler, Spangenberg et al. 2005; Rushbrook, 

W ard et al. 2005).

1 . 1 1 . 4  L i v e r  MICRO-ENVIRONMENT

The liver, which is the prim ary site o f  HCV replication, is a com plex im m une 

organ, which has to contend with the delivery o f  diverse environm ental and food 

related antigens delivered though the portal vein. In order to direct the host’s 

im m une response to these antigens, the liver has developed a unique tolerogenic 

environm ent as illustrated by the acceptance o f  liver allografts in pigs and other 

species across M HC m ism atch (Bowen, M cCaughan et al. 2005). In HCV infection, 

the antigen-specific T cell responses are enriched in the liver (Schirren, Jung et al. 

2000; Penna, M issale et al. 2002). The failure o f  such responses to control infection 

in this distinct and unique im m une organ m ight be explained by several 

m echanism s. These include the preferential production o f  im m uno-regulatory 

cytokines such as IL-10, ineffective prim ary activation o f  naive T cells and deletion 

o f  activated T cells. A m urine model o f  hepatitis confirm ed the induction o f  a 

predom inantly Th2 cytokine profile as well as apoptosis o f  T h l cells, w hich was 

induced by dendritic cells in the periportal area and sinusoids (W atanabe, Katsukura 

et al. 2007). Ineffective prim ary activation o f  T cells m ight lead to reduced 

cytotoxicity and survival o f  these responses contributing to persistence w ithin the 

liver and differences in the predom inant site o f  activation has been proposed as a 

rationale for differing outcom es.
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1.12 APPROACHES TO VACCINE DESIGN

The design o f  an effective vaccine against HCV rem ains a key goal o f  research 

however there are significant obstacles to overcom e. These include the high 

propensity o f  HCV to prom ote persistent infections, the lack o f  evidence o f  

sterilizing im m unity, the considerable heterogeneity  o f the virus and the 

developm ent o f  im m une escape m utations as well as the lack o f  a suitable anim al 

model other than chim panzees for im m unization and re-challenge experim ents. 

Furtherm ore, until recently the virus was not am enable to cell culture and even now 

exists only in specialized cell line/virus com binations. This m ade it difficult to study 

the relationship betw een antibody generation and control o f viraem ia (Strickland, 

El-K am ary et al. 2008).

Optim ism  has grown in recent tim es w ith the recognition that up to 50%  o f  persons 

infected with HCV m ay clear it spontaneously and cell-m ediated im m une responses 

appear to be crucial to this outcom e (K enny-W alsh 1999). Recapitulation o f  these 

responses represents therefore an attractive goal for vaccine design. V accine 

efficacy data from  the chim panzee challenge m odel suggests that prevention o f 

progression to chronicity is possible (Bassett, Guen'a et al. 2001). In hum ans, it is 

persistent infection that accounts for the pathogenicity  linked with HCV and so this 

type o f  vaccine approach is a feasible option. C learly defining the correlates o f  

im m une protection is an essential requirem ent for vaccine design and work is 

ongoing to define these in HCV.

Three approaches are considered for the design o f  an effective im m unization 

program  for HCV
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(1) a preventative or sterihzing vaccine

(2) a vaccine that prevents viral persistence

(3) a therapeutic vaccine -  designed to improve sustained virological responses 

in those with chronic infection.

It is widely accepted that the induction and maintenance o f stronger T cell immune 

responses against a variety o f viral epitopes is essential for clearance o f HCV. T 

cells, unlike antibodies, can recognize a variety of targets and thus, there is greater 

potential for recognition o f relatively conserved peptides in theory. In particular, 

there is strong evidence to suggest that CD8+T cells are critical to viral control 

during HCV infection. Thus, the induction o f protective CD8+ T cell immune 

responses is a viable vaccine strategy.

1.13 S t u d y  C o h o r t

A SINGLE SOURCE OUTBREAK OF HCV

A routine investigation looking at the prevalence o f HCV seropositivity in the Irish 

blood donor population in 1993 yielded the first suspicions that an outbreak 

situation may have arisen. Out o f 100,000 patients screened, 15 o f the 29 sero

positive patients identified were women and the majority (87%) o f these women 

were rhesus negative. This prompted a look-back exercise to identify any potential 

common exposure to HCV and it was later confimied that exposure to HCV had 

arisen through the receipt o f contaminated anti-D immunoglobulin over an eighteen 

month period spanning 1977-78. Thousands o f batches o f anti-D immunoglobulin 

were confirmed to have been contaminated with genotype lb  HCV and the source 

of the infectious plasma was found to be a female patient who was undergoing
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repeated exchange plasm apheresis for the treatm ent o f  rhesus-D -related haem olytic 

disease o f  the newborn. She becam e jaundiced during a plasm a exchange and was 

later confirm ed to be HCV antibody positive. Further sequence analysis o f  the NS5 

region o f  the virus in 100 patients confirm ed a single source origin consistent with 

that o f  the donor. Follow ing this discovery and in order to identify all possible 

recipients o f contam inated anti-D , the Irish governm ent initiated a highly publicised 

nationwide screening program m e. 704 w om en out o f  over 60,000 w om en screened 

w ere identified as being sero-positive for HCV and o f  these 55% were identified as 

persistently infected. A collaborative study later exam ined the outcom es o f  these 

wom en. Rem arkably, seventeen years after infection, the extent o f  liver injury was 

relatively mild. Inflam m ation was graded 0-18 and fibrosis was staged 0-4. 43%  

had inflam m atory grades < 3 and 83%  had fibrotic grades < 1. Only 2%  had 

probable or definite cirrhosis at this tim e although in 2007, 6% were reported to 

have cirrhosis (Kenny-W alsh 1999; (H PSC) 2007).

A second outbreak with HCV genotype 3 was also confirm ed as a consequence o f 

contam inated anti-D  im m unoglobulin received in the early 1990s.

This situation provided a unique opportunity to study the natural history o f  hepatitis 

C infection. It has traditionally been difficult to unpick the relative contributions o f 

factors which are associated with disease resolution or progression in hepatitis C 

infection because o f  the trem endous heterogeneity o f  factors that need to be 

accounted for. These factors include infection with m ixed genotypes, viral inocula 

size and fitness and co-infection with H epatitis B and HIV viruses whilst m ixed 

gender and race and different disease duration sim ilarly present confounding 

characteristics. The occurrence o f the single source outbreak provides a unique 

opportunity to study the viral and host factors that affect disease outcom e and define
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the coiTelates o f  a protective mimune response as the women affected are ethnically 

homogenous, have a similar disease duration and perhaps most crucially have all 

been exposed to genotype lb  hepatitis C virus which originated from a single 

source. Study o f  this group o f  women has already provided important infomiation 

about the natural history o f  HCV and its pathogenesis (Kenny-W alsh 1999). 

Notably, genetic studies o f  this population have revealed strong associations 

between possession o f  certain Class 1 and Class 11 alleles and outcome o f  infection.
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1.14 A i m s  OF S t u d y

There are important questions which need to be addressed to move forward with a 

successful CD8+ T cell vaccine for HCV. Firstly, what are the direct correlates o f  a 

protective immune response necessary to be induced by an HCV vaccine and 

secondly, to what extent will viral escape mutations at the population level hinder 

an effective vaccine?

These studies aim to begin to address these questions in this unique cohort

(1) through the comprehensive characterization and comparison o f  the 

dominant CD8+ T cell responses o f  HCV-infected subjects carrying the 

protective HLA-A*03 allele and the non-protective HLA-A*02 allele

(2) by exploring the viral escape patterns induced by HLA-A*03 and HLA- 

A*02 in order to better understand the m echanism s and dynamics o f  viral 

evolution driven by immune-mediated selection

(3) through the characterisation o f  markers associated with T cell exhaustion in 

patients with either persistent or resolved infection.
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2. M a t e r i a l s  a n d  M e t h o d s  

2.1 S t u d y  S u b j e c t s

The study population is derived from a group o f  Irish women who were exposed to 

HCV (genotype lb) through the receipt o f  contaminated anti-D immunoglobulin in 

1977-1979. A single donor was identified as the source o f  the HCV anti-D 

contamination. The women included in this study were attending 2 centres in 

Dublin: St. Jam es’s Hospital and St. V incent’s hospital and were either persistently 

infected (anti-HCV antibody and HCV RNA positive) or had cleared spontaneously 

or with treatment (anti-HCV antibody positive and HCV RNA negative).

243 females attending either o f  the above institutes had been previously enrolled in 

immunogenetic studies carried out by Dr. Susan McKiernan (TCD). HLA Class I 

and Class II data was available for most o f  these women. HLA-A, B and C typing 

had been performed according to the DNA typing method used by Bunce et al. 

(Bunce, O'Neill et al. 1995). Ninety persons were enrolled over an 18-month period. 

Only women who had been infected with genotype lb  in the 1977-79 period were 

included. No specific exclusion criteria were applied. A database has been compiled 

and provides information o f  the current PCR status o f  these patients, their ALT 

(alanine transferase) levels, treatment history and stage o f  liver disease i f  relevant. 

The study received ethical approval from the Research and Ethics committees at 

both institutions and confonns to the guidelines o f  the 1975 Declaration o f  Helsinki 

and informed consent was obtained from all patients.
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2.2  P r o c e s s i n g  o f  B l o o d  S a m p l e s

2.2.1 S e p a r a t i o n  o f  p l a s m a  a n d  PBMCs

W hole blood was collected in EDTA. It was then centrifuged for 10 m inutes at 2000 

rpm to separate plasm a. The plasm a layer was rem oved and stored at -80 C in 0.5ml 

aliquots. Peripheral blood m ononuclear cells (PBM Cs) were isolated from fresh 

heparinised blood by layering the blood over Lym phoprep (Fresenius Kabi Norge 

A xisShield, Oslo, Norway) at a ratio o f  2:1. The gradient was then centrifuged for 

30 m inutes at 250g (centrifuge slow start and no brakes). The PBM Cs form  a 

distinct layer (buffy coat), which was then harvested and washed three tim es in 

phosphate buffered saline (PBS). PBM Cs were counted by haem ocytom eter and 

resuspended in RIO for further use in cellular assays or cryopreserved as described 

in section 2.2.3.

(RIO - RPM l 1640 supplem ented with 10% Foetal C alf Serum (FCS), penicillin 

(lOOU/ml), streptom ycin (lOOfxg/ml) and L-glutam ine (2m M ).

2.2.2 D N A  EXTRACTION

Genom ic DNA was extracted from  whole blood for HLA typing. 3 m illilitres (mis) 

o f  blood was incubated for 10 m inutes with 9m ls o f  Red Blood Cell Lysis 

(Puregene reagents; Q iagen UK). The solution was centrifuged for 2 m inutes at 

2000g and the supernatant discarded. The cell pellet was re-suspended in 3m ls o f  

cell lysis buffer (Puregene). These samples were stored at room  tem perature prior to 

DNA extraction. Protein was then precipitated by the addition o f  1ml protein 

precipitation solution (Puregene) and vortexed for 20 seconds. The precipitate was 

pelleted by centrifugation at 2000g for 10 m inutes. The supernatant was rem oved
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and m ixed  w ith  3m ls isopropanol to precip itate the D N A . T he D N A  w as then  

pelleted  by centrifugation  at 2 0 0 0 g  for 3 m inutes, w ash ed  in 70%  ethanol and dried. 

2 5 0 (ils  o f  R N a se /D N a s-free  H 2O (S ig m a ) w as added to d isso lv e  the D N A  pellet. 

R econstituted  D N A  w as then stored at -2 0  C.

2 .2 .3  C r y o p r e s e r v a t i o n  a n d  r e c o n s t i t u t i o n

A ll ce lls  w ere cryopreserved  in the fo llo w in g  m anner. 5 -1 0  m illion  ce lls  w ere  

pelleted  by centrifugation  at 1200rpm  for 10 m inutes. 1 m l o f  co ld  FCS  

supp lem ented  w ith  10% D M S O  w a s added d rop w ise  to resuspended  c e lls  and 

stored in cry o v ia ls  at -8 0  C in a 5 1 0 0  C ryo 1 C F reezin g  C ontainer, “Mr Frosty” 

(N a lg en e  Labw are). T his a llo w s  a -I C /m inute co o lin g  rate required for su ccessfu l 

cell cryopreservation  and recovery . A fter 2 4  hours, cryov ia ls  w ere m oved  to the - 

150 C freezer for long-term  storage. C ell recovery  and reconstitution  w as ach ieved  

by w arm ing the cry o v ia ls  to room  tem perature. C ell su sp en sion  w a s then gradually  

diluted  in RIO m ed ia  to prevent o sm o tic  shock . C e lls  w ere then w ash ed  tw ice  in 

R 10 and then resuspended  in appropriate m edia.

2 .2 .4  C e l l  c o u n t s

C ells  w ere  cou n ted  b y  d ilu ting  1:1 in Trypan B lu e (S ig m a ) and load ing  lOjal onto a 

plastic cou n tin g  cham ber (Im m une S y stem s). T w o  squares w ere counted; gen era lly  

on e from  top left and on e from  b ottom  right. C ell concentrations w ere  obtained  as 

fo llo w s

N um ber o f  ce lls  per m l =  (m ean count for tw o  squares) x d ilu tion  factor (2 ) x lO'*
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2.3 P e p t i d e  P r e p a r a t i o n

2.3 .1  P e p t i d e s  f o r  C e l l u l a r  A s s a y s

Synthetic 9m er peptides were purchased from Pro-im m une (Oxford, UK) and the 

average purity obtained was greater than 80%. For the H LA -A *02 experim ents, 

fifteen previously published HLA-A*02 restricted HCV epitopes were chosen using 

the predom inant am ino acid sequences which were either present in the donor 

(Genbank: A F313916) or circulating in the recipients (Table 1, Chapter 3) (W ard, 

Lauer et al. 2002; Itakura, N agayam a et al. 2005). Control HLA-A*02 restricted 

epitopes derived from influenza (Flu) (G ianfrani, O seroff et al. 2000), 

cytom egalovirus (CM V) and Epstein-B arr Virus (EBV) (K han, Hislop et al. 2004) 

were also chosen. For the HLA-A*03 experim ents, bio-inform atic epitope 

prediction program s were used to identify candidate peptide epitopes and in 

addition a num ber o f  previously published epitopes were identified (4.3.1 and Table 

1, chapter 4). In order to screen the entire HCV polyprotein for T cell responses, a 

set o f  300 20m ers overlapping by 10 am ino acids (average purity 86% ) was 

purchased from  Pro-im m une (Oxford, U.K). The sequence o f  this set o f  peptides 

was based on the genotype lb  sequence o f  the donor in the Irish anti-D  outbreak 

(Genbank: A F313916).\

2 .3 .2  P e p t i d e  R e c o n s t i t u t i o n

Lyophilised peptides were stored at -80 C. Prior to reconstitution, peptides were 

w anned to room  tem perature. lOO^ils o f  DM SO (dim ethylsulphoxide - sterile 

filtered) was added to approxim ately l-2m gs o f  peptide and m ixed well. I f  the 

peptide failed to dissolve, further aliquots o f  25^18 o f  DM SO were added to
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maximum of  200[ils. I f  necessary, water sonication was also performed. W hen the 

peptide was fully dissolved, media (RPMI) was added to make a working 

concentration o f  lOmg/ml, 1 mg/ml (stock) and 100|ig/ml (working stock). Stock 

solutions were stored at -80°C and the working solutions (lOOfag/ml) was stored at 

4°C for 2-4 weeks.

2 .4  T e t r a m e r  D e s i g n  a n d  P r e p a r a t i o n

T cells detect antigens in the form o f  peptides bound to MHC molecules at the cell 

surface. The specificity o f  the T cell is determined by the TCR which binds the 

peptide-MHC (pM HC) via its highly variable complementarity-determining regions 

(CDRs). The TCR/pM HC interaction is quite weak and usually lasts less than a few 

seconds at physiological temperatures. Multimeric forms o f  soluble pM HC 

molecules can be utilised to identify T cells that bear cognate TCRs. Avidin-biotin 

based pM HC “tetramers” are the most common form for pM HC multimers. As well 

as visualising and enumerating antigen-specific cells, they have also been used to 

perform phenotypic characterisation and isolation and cloning o f  antigen-specific T 

cells. Avidin co-operatively binds four biotin molecules: the resultant tetrahedral 

nature o f  the complex means that three o f  the pM H C molecules will readily engage 

TCRs simultaneously. The ability o f  pM HC multimers to bind cognate T cells 

depends on the half-life o f  the corresponding m onomeric TCR/pM HC interactions 

(Wooldridge, Lissina et al. 2009).
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2.4.1 T e t r a m e r  D e s i g n

Four H L A -A *02 restricted HCV epitopes were selected (N S3 1073-81 

C V N G V C W T V  and C IN G V C W TV , N S 4 1987-95 V L SD FK TW L  and N S3 1406- 

15 K LSG LG LN A V  and two H L A -A *02 restricted control peptides CM V (pp65) 

N L V P M V A T V  and EBV (B M L F l) G LCTLVAM L (Table 5, Chapter 3.). For the 

H L A -A *03 experim ents, tetramers for the “footprint” HCV epitopes w as selected  

N S 3 1080-88 TVYH G AG TK  and N S5B  2510-18  K LTPPH SAK  as w ell as a third 

predicted H CV epitope -  N S 5B  2 562-70  EVFCVQ PEK . T w o EBV  control HLA- 

A *03 restricted epitopes R V R A Y T Y SK  (B R L F l) and RLR A EA Q V K  (E B N A 3A ) 

w ere also chosen (4 .2 .2  and Table 1, Chapter 4). All sequences o f  the H CV peptides 

w ere based on the donor HCV sequence (A F 313916). The m onom ers w ere m ostly  

prepared by Stuart Sims (Klenerman lab. University o f  Oxford). Subsequent 

tetramerisation was carried out in Dublin.

2.4.2 M o n o m e r  r e f o l d  a n d  b i o t i n y l a t i o n

A 500m l solution o f  refold buffer (lOOniM Tris pH 8.0 , 200m M  L-Arginine, 2mM  

E D T A ) was prepared and cooled  to 4°C. Im m ediately prior to refold, 5.3mM  

reduced glutathione and 0.5 ImM  oxidized  glutathione were added. 2 .5m g specific  

peptide (>98%  purity; Proimm une) d issolved  in < 5 0 0 |ils  D M SO  and 25m g B2M 

protein w ere added. Finally, 30m g H eavy chain w as added slow ly  over 20 minutes. 

The refold was left stirring at 4°C overnight. The refolded protein solution w as then 

filtered over Whatman Grade GF/F m icrofiber filters (0.7|am ) using a vacuum  

pump. The filtered refolded protein solution w as then concentrated at 4°C to 20m ls 

using a tangential fiow  concentrator (M iniK ros Sampler 245cm^ polysulfone  

mem brane M W CO lOkD; JM Separations) and peristaltic pump (M asterfix L/S
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economy drive; Cole Palmer). Further concentration to 2.5mls was achieved by 

centrifugation at 4000ipm  for 30-60 minutes at 4°C in a centrifugal ultrafiltration 

device (Centricon Plus N M W C lOkD; Fisher Scientific). Buffer exchange was then 

performed on the 2.5ml refolded protein using PD-10 desalting columns (GE 

Healthcare) and the protein eluted in 3.5mls biotinylation buffer (lOmM Tris pH 

8.0). An additional 3.5mls biotinylation buffer was added to the eluted buffer- 

exchanged protein. Biotinylation was performed by adding these reagents (Avidity) 

in the following order; 1ml Biomix-A (0.5M bicine buffer, pH 8.3), 1ml Biomix-B 

(lOOmM ATP, lOOmM M gOAc, 500uM d-biotin), Im M  d-biotin and 5|igs BirA 

enzyme (5000Units/|ig). lOfxIs o f  protease inhibitor cocktail was added. (Sigma; 

contains 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF), pepstatinA, E-64, 

bestatin, leupeptin, and aprotinin). The reaction was carefully mixed and left 

overnight at room temperature.

2 .4 .3  M o n o m e r  p u r i f i c a t i o n

The biotinylated m onom er was then purified by FPLC. The m onomer fractions 

were collected and concentrated to l-2m ls by centrifugation at 4000rpm for 30-60 

minutes at 4 C in a centrifugal ultrafiltration device (Centricon Plus N M W C lOkD; 

Fisher Scientific). The m onom er concentrate was quantified by Biorad protein assay 

and diluted in Ix PBS to 0.5mg/ml. l | i l  o f  protein inhibitor cocktail was added 

(Sigma) and the monomer was stored at -80 C in 25ug aliquots.

2 . 4 . 4  T e t r a m e r i s a t i o n

A 50 |ig  aliquot o f  m onom er was thawed and tetramerized by the sequential addition 

o f  extravidin-PE (Sigma). Multimerization was performed by the gradual addition
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o f 1/10*'’ o f total volume o f streptavidin every 15 minutes to a total 

pMHCI/streptavidin molar ratio o f 4:1.

2.5  C e l l u l a r  A s s a y s

2.5.1 Ex-vivo AND CULTURED I n t e r f e r o n - g a m m a  (IFN-y) E l i s p o t  

ASSAYS

IFN-y enzyme-linked immunospot (Elispot) assays were performed using sterile 96 

well nitrocellulose plates with a polyvinylidene fluoride membrane (Millipore, UK). 

The plate was pre-coated with 0.05|ag/ml recombinant anti-human IFN-y 

monoclonal antibody (Mabtech, Sweden) in phosphate buffered saline (PBS), and 

incubated at 4°C at least 24 hours in advance. Plates were then washed 7 times with 

PBS and blocked with RIO for 2 hours at 37"C. For the ex-vivo assays, 200,000 

PBMCs were added to each well and in the cultured Elispot between 50,000- 

200,000 cells were added and then stimulated with peptide. The final concentration 

for peptide stimulation was 10|ag/ml and each peptide was tested in duplicate. 

Medium alone was used as a negative control and 1 ng/ml phytohemagglutinin 

(PHA) was used as a positive control for all assays. The plate was then incubated 

for 12-14 hours at 37°C.

Processing -  Day 2

The wells were first washed seven times with PBS. lOO^il o f biotinylated secondary 

mouse anti-human IFN-y monoclonal antibody (Mabtech, Sweden), diluted to 

0.05|ag/ml in PBS, was then added to each well and incubated for 100 minutes at 

room temperature in the dark. The wells were then re-washed and 100|il o f
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streptavidin-alkaline phosphatase (ALP) conjugate (Mabtech, Sweden), diluted 

1:100 in PBS, was added and incubated for a further 45 minutes. Development was 

performed by addition o f  substrate colour solution (Bio-Rad Laboratories, UK). The 

plate was read using AID ELISpot plate reader (ELISpot v.4.0. Autoimmune 

Diagnotiska, Germany) or using a magnifying glass. The num ber o f  specific spot- 

forming cells (SFC) was calculated by subtracting the mean num ber o f  spots in the 

negative control wells from the number o f  spots counted in each well. A response 

was deemed positive if  the number o f  spots exceeded three times background. The 

magnitude o f  epitope-specific responses was calculated as SFC per million cells.

To perform the cultured Elispot, PBMCs were stimulated with pools o f  3 peptides 

(6 pools for HLA-A*02 experiments) and cultured for 10-14 days in the presence o f  

lL-2 (Sigma) and IL-7 (R & D). The harvested cells were then used in the Elispot 

assays to detect CD8+T cell responses. A period o f  time was spent trying to 

optimise this technique as the background observed was very high initially. PBMCs 

were initially incubated in RIO (RPMI with PCS 10%). Substitution with RHIO 

(RPMI with human serum 10%) improved the quality o f  the assay but after several 

attempts, I was unable to maintain a consistent low background and so we opted for 

alternative approaches to determine CD8+ T cell responses in this cohort.
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2.5.2 A p p l i c a t i o n s  o f  IFN-y E l i s p o t  A s s a y

2.5.2.1 S c r e e n i n g  f o r  h c v - s p e c i f i c  HLA-A*02 r e s t r i c t e d  CD8+

T CELL RESPONSES EX VIVO AND AFTER SHORT TERM CULTURE OF

PBMCs

Fifteen previously published HLA-A*02 restricted HCV epitopes (Ward, Lauer et 

al. 2002) (Table 2) were chosen using the predominant amino acid sequences which 

were either present in the donor (Genbank: AF313916) or circulating in the 

recipients.. Control HLA-A*02 restricted peptide epitopes derived from influenza 

(Flu), cytomegalovirus (CMV) and Epstein-Barr Virus (EBV) were also chosen. 

200,000/well o f fresh PBMCs were used to screen for ex-vivo CD8+ T cell 

responses.

2.5.2.2 S c r e e n i n g  f o r  H C V - s p e c i f i c  T c e l l  r e s p o n s e s  e x - v i v o  i n  

HLA DIVERSE i n d i v i d u a l s

In order to screen the entire HCV polyprotein for T cell responses (CD4+ and 

CD8+), a set o f 300 20mers overlapping by 10 amino acids (average purity 86%) 

was purchased from Pro-immune (Oxford, U.K) The sequence o f this set o f 

peptides was based on the genotype lb  sequence o f the donor in the Irish anti-D 

outbreak (Genbank: AF313916). 30 pools o f 10 peptides were used to screen for 

responses and the final concentration for each peptide was 10|Ag/ml.

2.5.2.3 CD25 d e p l e t i o n

T cells were depleted o f CD25 using Dynabeads® CD25. Briefly, 25 x 10̂ ’ PBMCs 

were supended in 1 ml isolation buffer and 50 |als o f washed dynabeads were added.
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T he dynabeads w ere  first prepared accord ing  to the m anufacturers instruction. The  

su sp en sion  w as then incubated for 30  m inutes at 4°C w ith  g en tle  tih in g  and rotation. 

It w as then p laced  in a dynabead m agnet for 2 m inutes. A fter this, the supernatant 

w as transferred to a n ew  tube, w ash ed  ex ten siv e ly  and used in the E lisp ot assays. 

T h is w as repeated as n ecessary  to ensure su ffic ien t v ia b le  ce lls  to perform  the 

E lispot.

2.5.3 I n t r a c e l l u l a r  c y t o k i n e  s t a i n i n g  f o r  IFN-y 

(ICS)

Ix 10^ cultured P B M C s w ere incubated w ith  m ed iu m  a lone, peptide (reducing  

concentrations from  10 |ig /m l to lO ng/m l, or w ith  PM A  (phorbol 12-m yristate 13- 

acetate) (lO n g /m l) and ion om ycin  ( I |jg /m l o f  culture) at 37°C  and 5% C O 2 for 1 

hour b efore  the addition o f  G o lg iP lu g  (1 ^il/ml), (B D  B io sc ien ces , San Jose, C a.) and 

then further incubated for an additional 5 hours. F o llo w in g  w ash in g , the ce lls  w ere  

stained w ith  a llop h ycocyan in  (A P C )-con ju gated  m ou se anti-hum an C D S (B D  

B io sc ie n c e s )  at 4°C. for 20  m inutes in the dark and then fix ed  and p em ieab ilised  

(C y to fix /C y to p em i F ixation /P erm eab ilisa tion  kit, B D  B io sc ie n c e s)  prior to stain ing  

w ith  F IT C -conjugated  m ou se  anti-hum an a n ti-lF N -y  (0 .25^ ig/m l). T he ce lls  w ere  

then an alysed  on the F A C SC alibur f lo w  cytom eter. A  m in im um  o f  1 0 0 ,000  events  

in the ly m p h o cy te  gate w as co llec ted  prior to analysis.
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2.5.4 D e t e r m i n i n g  t h e  i m p a c t  o f  a m i n o  a c i d  

SUBSTITUTIONS ON T CELL RECOGNITION.

A ntigen-specific lines (Section 2.6.2) were generated from  PBM Cs stim ulated with 

the w ild-type peptide or variants. The am ount o f  interferon-y produced by lines 

stim ulated with decreasing (logio dilutions) concentrations o f peptide was tested in 

an ICS assay. T cell recognition was also assessed by quantifying tetram eric binding 

in antigen-specific lines specific for the w ild-type or variant peptides.

2.5.5 PBMCs AND T CELL EFFECTOR PHENOTYPE 

ASSESSMENT

Fresh PB M C s from HCV-exposed subjects (either persistently infected or 

spontaneous resolvers) were isolated. For phenotype assessment, between 1x10'’ and 

2x10^ fresh PB M C s were stained for surface and intracellular markers using the 

following antibodies; CD 127 (PE), PD-1 (PE), CD3 (FITC and APC), CD4 (FITC), 

CDS (APC) CD161 (PE), T  regs (CD4/25 FITC/APC cocktail and FoxP3 PE), and 

IFN-y FITC and the cell viability marker Viaprobe (7 AAD). They were then

immediately acquired using the flow cytom eter (FA C SCalibur). Negative controls 

were obtained using unstained cells and isotype controls.

2.6 C e l l  C u l t u r e

2.6.1 M e d ia  a n d  R e a g e n t s  

RIO

RIO com prises RPM l (Gibco, Invitrogen) supplem ented with 10% heat-inactivated 

FCS (G ibco, Invitrogen), 2mM  L-glutam ine, lOOU/ml penicillin (Sigm a) and 

100[ig/ml streptom ycin (Sigma).
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RHIO

RHIO comprises RMPI supplemented with 10% heat-inactivated human serum (AB 

positive human serum, SIGMA), 2mM  L-glutamine, lOOU/ml penicillin and 

100|ag/ml streptomycin.

Foetal calf serum (FCS)

FCS (Gibco, Invitrogen), was heat-inactivated at 56°C for 30 minutes, and filtered 

through a 0.45fim filter.

Complete DMEM (Dulbecco’s modified minima! essential medium)

DMEM supplemented with 2 mM l-glutamine, nonessential amino acids, 100 U 

penicillin/ml, 100 |.ig streptomycin/ml, and 10% FCS.

2.6.2 A n t i g e n - s p e c i f i c  s h o r t - t e r m  CD8+ T c e l l  l i n e s

To establish antigen-specific CD8+ T cell lines, fresh PBMCs (4x10^) were 

resuspended in 1ml media (RIO) and stimulated with 10|ag/ml peptide and 25ng/ml 

IL-7 (R & D systems, UK). IL-2 (20ng/ml, Sigma Aldrich) was added on days 3, 7, 

10 and 12. The growth o f  cells varied and cells were observed daily to ensure that 

media was not depleted o f  nutrition. Clumps o f  cells were visible when cells were 

expanding. Fast-growing cells were split as appropriate and given fresh media, 

slow-growing cells were resuspended and given no fresh media. Cells were 

restimulated with 10|ig/ml o f  the coiTesponding peptide on day 7 and harvested for 

assays on day 14.

2.6.3 H U H - 7  CELL CULTURE

M onolayers o f  the human hepatoma cell line Huh7 which is highly permissive for 

HCV RNA replication, were grown in complete DM EM . Huh-7 cells were split 

every 2-3 days to maintain exponential growth phase.
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2.7 F l u o r e s c e n t  a c t i v a t e d  c e l l  s o r t i n g  (FACS)

2.7.1 T E T R A M E R  STAINING

Tetram er staining was perform ed prior to cell surface staining. Cells were stained 

with tetram ers for 10 m inutes at 37 C in the dark. Cells w ere then washed twice 

with PBS and either fixed in 2%  paraform aldehyde or processed for cell surface 

m arkers as described below. Responses were deem ed positive if  a distinct cluster o f 

tetram er positive cells was evident. A tetram er with an irrelevant peptide was used 

as a negative control.

2.7.2 C e l l  s u r f a c e  a n d  i n t r a c e l l u l a r  s t a i n i n g

Cell surface staining with antibodies for extracellular m arkers was perform ed at 

room  tem perature for 20 m inutes in the dark. The cells were washed in PBS and 

centrifuged at 2000rpm  for 5 m inutes. The supernatant was rem oved and the cells 

were then fixed in 2%  paraform aldehyde for 20 m inutes. A lternatively prior to 

intracellular staining, cells were fixed in Fix/Perm  buffer (BD Biosciences) for 30 

m inutes at 4°C. Cells were then washed in a saponin-containing buffer, Perm /W ash 

(BD Bioscience), and centrifuged at 2000g for 5 m inutes. Intracellular antibody 

staining was then perform ed at room  tem perature for 20 m inutes using the saponin- 

containing buffer, Perm /W ash (BD Biosciences). Cell w ere washed tw ice in PBS 

and resuspended in a stabilizing fixative (BD Biosciences) before acquisition by 

FACS.

2.7.3 A c q u i s i t i o n  a n d  a n a l y s i s

Cells were analyzed on a standard FACScalibur (BD Biosciences). The data files were 

analyzed using FlowJo software (version 8.2; TreeStar. Inc.) or CellQuest. Events in
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the lym phocyte gate were collected prior to analysis. The lym hocyte gate was 

identified initally on the density plot by the size and granularity o f  the cells. In 

cultured cells, this gate was expanded to include the larger blasting cells which were 

activated.

2.8  S e q u e n c e  A n a l y s i s

2.8.1 PROTEIN TRANSLATION AND ALIGNMENT

Viral RNA was extracted using the Roche Cobas A m plicor HCV Kit and then used 

in three one-step reverse transcription-PCR system  (SuperScript III One-Step RT- 

PCR, Invitrogen) to am plify the viral genom e (from  core to N S5b region). The first 

round tem plate was subsequently used in nested second round PCR reactions (Taq 

DNA polym erase, Roche) containing the com bination o f  HCV genotype I generic, 

specific and adjusted (based on previous sequences from  the same cohort) prim ers, 

covering the same region. Resultant PCR products were bulk-sequenced using the 

ABI BigDye Term inator Sequencing Kit (Applied Biosystem s). Sequence 

chrom atogram s were edited using the progi'am Assign (Conexio G enom ix, 

Australia). This sequencing was perform ed by our collaborators in Perth Australia 

(Silvana Gaudieri, Centre for Clinical Im m unology and Biom edical Statistics, 

Royal Perth Hospital and M urdoch University, Perth, Australia.).

The sequences w ere converted into FASTA form at. M ultiple alignm ent was 

perfonned  by entering the sequences into the alignm ent program  CLUSTAL W2 

(w w w .ebi.ac.uk/tools/clustalw 2/) . Sequences were aligned w ith the Se-Al v2.0 

sequence alignm ent editor. HLA-A*02 and HLA-A*03 epitopes were first 

identified in the donor sequence and subsequently in all aligned sequences. The
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am ino acid sequence o f  the epitope, throughout all sequences, was investigated for 

potentially significant am ino-acid substitutions, all in com parison w ith the donor 

sequence (donorwise).

2 .9  S t a t i s t i c a l  a n a l y s i s

Fisher’s exact test is a statistical test that uses 2x2 contingency tables to determ ine 

if  there are non-random  associations between tw o categorical variables. The test 

was perform ed using software available at w w w .langsrud.com /fisher.htm .

In chapter 6, the M ann-W hitney U test w as used to determ ine significant statistical 

differences. This is a non-param etric test for assessing w hether two independent 

sam ples o f  observations have equally large values. For a set o f  three or m ore data 

sets, the Kruskal-W allis one way analysis o f  variance is a non-param etric m ethod 

for testing equality o f  population m edians am ong groups. It is an extension o f  the 

M ann-W hitney U to three or m ore groups, test was used. A p value o f  <0.05 was 

considered significant.

The student’s t test was also used in C hapter 5. This is a statistical hypothesis test in 

w hich the test statistic follows a student’s t d istribution if  the null hypothesis is true. 

This is nom ially  applied when the test statistic follows a norm al distribution. A p 

value o f  <0.05 was considered significant. Analyses were perform ed using 

G raphpad Prism  v.4.0 or MS Excel 2004.
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2.9.1 Id e n t i f i c a t i o n  o f  H L A  C l a s s  I a s s o c i a t i o n s

WITH HCV POLYMORPHISMS IN A SINGLE SOURCE  

OUTBREAK

Fisher’s Exact Test, connected for m ultiple com parisons, have been used 

conventionally to detect associations betw een expression o f  HLA class I m olecules 

and HCV and HIV am ino acid polym orphism s Because all o f  the subjects in this 

study were infected w ith the same strain o f  HCV, in this study Fishers exact test 

without coiTection for m ultiple com parisons has been used.

The statistical associations betw een HLA class I m olecules and HCV sequence 

polym oiphism s were used to infer the biological processes o f  escape. “Escape” 

describes selection o f  am ino acid away from the “donor” sequence in the presence 

o f  a specific HLA allele.
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2 .10  Additional Information

Table 2.1. Software and on-line tools

Software/tool Function Source/manufacturer

Flow-Jo V 8.6.3 Analysis o f facs data Stanford University 

www.flowjo.com

Cellquest Analysis o f facs data Becton Dickenson 

www.bdbiosciences.com

Los Alamos HCV 

database

HCV sequence 

database and analysis 

tools

www.hcv.lanl.gov

Prism V 5.0 Statistical analysis 

and figure production

Prism for Mac, december 2007

Se-AI V. 2.0 a l l Alignment o f DNA 

sequences

Andrew Rambaut, Department o f 

Zoology, University o f Oxford.

Sequencher v 4.8 Analysis o f sequence 

data

Gene Codes Corporation 1991-2007

CLUSTALW Multiple alignment www.ebi.ac.uk/tools/clustalw2

PyMol Structural modelling www.pymol.org;
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Table 2.2. Sum m ary of antibodies used in these studies

Fluorochrome Company

CD4 clone RPA-T4 FITC BD Pharmingen

CDS clone RPA T8 APC BD Biosciences

CD3 HIT3a FITC BD Pharmingen

CD 127 PE BD Phamiingen

PD-1 clone MiH4 PE ebioscience

ICOS clone Dx29 PE BD Pharmingen

Interferon-y clone 4S. B3 FITC BD Pharmingen

CD4/25 cocktail (Treg kit) 

Clone PCHlOl

CD4 FITC/ CD25 APC ebioscience

FoxP3 clone PCHlOl PE ebioscience

Mouse IgGl isotype PE BD Pharmingen

Mouse IgGl isotype FITC BD Pharmingen

Mouse IgGl isotype APC BD Pharmingen

CD161 PE Immunotech

Viaprobe '^7 -A A D FL3 BD Pharmingen
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C h a p t e r s

C h a r a c t e r i s a t i o n  o f  CD8+ T c e l l  r e s p o n s e s

ASSOCIATED WITH THE NON-PROTECTIVE CLASS I ALLELE 

HLA-A*02 IN A SINGLE SOURCE OUTBREAK OF HCV

3.1 I n t r o d u c t i o n

M uch optim ism  is focussed on the design o f  a successful T cell vaccine to prevent 

and/or control hepatitis C. Rational design o f such a vaccine requires a thorough 

understanding o f  the correlates o f  a protective im m une response so that these factors 

can be elicited in a vaccine. As discussed previously there is strong evidence to 

suggest that CD8+ T cells are critical to viral control during HCV infection. Thus, 

the induction o f  protective CD 8+ T cell im m une responses is a viable vaccine 

strategy. However, it is not clear what the correlates o f  a protective CD 8+ T cell 

im m une response are or indeed why CD 8+ T cells ultim ately fail to control viral 

replication. Rational vaccine design requires not only a thorough understanding o f  a 

protective response but also an understanding o f  the responses associated with a 

non-protective response. This inform ation provides critical insights to how the virus 

responds to im m unological pressure in a variety o f  populations as well as w ithin 

individual hosts and will be essential to keep pace w ith and understand the response 

o f  the virus to any vaccine challenge.

In HCV, a num ber o f  Class I alleles have been linked to favourable outcom es. 

These include H LA -B*27 and HLA-A*03 whilst other alleles have been associated 

with unfavourable outcom es i.e. HLA-B*35. (M cK iernan, Hagan et al. 2004) It has
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been proposed that the protective effect o f HLA-B*27 is linked to the presentation 

o f  an im m unodom inant epitope located in the NS5B protein whilst the developm ent 

o f  persistent infection has been attributed to escape m utations arising w ithin this 

epitope (N eum ann-H aefelin, M cKiernan et al. 2006; Dazert, N eum ann-H aefelin et 

al. 2009).

In the single source outbreak, the HLA-A*02 allele was considered to be non- 

protective. M cKiem an et al. showed that the HLA-A*02 allele was carried by 

approxim ately 49%  o f  the patients studied (227 patients). In total, one hundred and 

tw elve patients carried H LA-A*02, seventy o f these developed persistent infection 

(49.6%  o f those with chronic infection) whilst forty two resolved the infection 

spontaneously (48.6%  o f  the resolvers), p=0.9, OR 0.9, 95% Cl 0.6-1.7 

(M cK iernan, Hagan et al. 2004). To m y know ledge, no other study has shown data 

to indicate a link between HLA-A*02 and protection from , or suceptibility to HCV 

infection. Neither is there m uch data supporting an effect o f  HLA-A*02 carriage in 

patients with differences in levels o f  liver fibrosis/cirrhosis.

HLA-A*02 is how ever the m ost prevalent allele (circa 44% ) in the Irish population 

and indeed in most Caucasian populations (w w w .allelefrequencies.net). The single 

source outbreak therefore provided a unique opportunity to understand the CD 8+ T 

cell responses associated with this allele after inoculation with a single strain o f  

genotype lb  infection. Because o f  its prevalence, the responses associated with 

HLA-A*02 have been well studied. Key im m unodom inant epitopes associated with 

genotype 1 infections have been previously described and were used as a starting 

point for our studies (W ard, Lauer et al. 2002).
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In this chapter, the aim was to understand the characteristics o f  the CD 8+ T cell 

responses associated with a common but non-protective allele HLA-A*02 and to 

understand how viral evolution contributes as a mechanism o f  immune evasion. 1 

study the CD8+ T cell responses to a number o f  previously defined HLA A*02 

restricted HCV epitopes and analyse the sequences o f  these epitopes in patients 

derived from the Irish cohort. This provides a unique opportunity to define the 

features o f  the CD8+ T cell repertoire associated with a non-protective allele in a 

tightly controlled cohort population.
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3 .2  A d d i t i o n a l  M e t h o d s

3 .2 .1  P e p t i d e  I d e n t i f i c a t i o n  S t r a t e g y

Fifteen previously published HLA-A*02 restricted HCV epitopes (W ard, Lauer et 

al. 2002) (Table 3.1.) w ere chosen using the predom inant amino acid sequences 

which were either present in the donor (Genbank: A F313916) or circulating in the 

recipients (Itakura, N agayam a et al. 2005) The “donor” was identified as subject X. 

Infected plasm a from subject X was used to m aunfacture batches o f  

im m unoglobulin and was identified as the source o f  the 1977 outbreak o f  HCV. 

Sequencing o f  the virus from  this patient was available from a previous publication 

(Itakura, N agayam a et al. 2005). Hence the inoculating strain o f  virus was term ed 

the “donor” . These sequences were assum ed to be closest to the infecting strain and 

were used to guide the design o f  the peptides. Prior to the initiation o f  the study, 

sequences from  22 patients infected as a consequence o f  the outbreak were also 

previously published (Itakura, N agayam a et al. 2005). I f  sequence variation was 

observed in any o f  the selected peptides, the variant version o f  the peptide was also 

chosen for the initial E lispot and some o f  the tetram er assays. Control H LA -A *02 

restricted epitopes derived from influenza (Flu) (G ianfrani, O seroff et al. 2000), 

cytom egalovirus (CM V) and Epstein-Barr Virus (EBV) (Khan, Hislop et al. 2004) 

were also chosen (Table 3.2.). In order to screen the entire HCV polyprotein for T 

cell responses, a set o f  300 20m ers overlapping by 10 amino acids (average purity 

86% ) was purchased from  Pro-im m une (Oxford, U.K). The sequence o f  this set o f  

peptides was based on the genotype lb  sequence o f  the donor in the Irish anti-D  

outbreak (Genbank: A F313916). For the HLA-B*27 experim ents, five previously 

identified H LA -B*27 restricted peptide epitopes were chosen (Table 3.3)
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(Neumann-Haefelin, McKiernan et al. 2006) as well as three B*27 restricted control 

peptide epitopes from Flu, EBV and CMV (Table 3.4) (Currier, Kuta et al. 2002; 

Elkington, Walker et al. 2003).
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Table 3.1. HLA-A*02 restricted HCV epitopes.

YLLPRRGPRL 35-44 Core

DLMGYIPLV 132-40 Core

LLALLSCLTl 178-87 Core

SMVGNWAKV (donor) 
SMAGNWAKV (recipients)

363-71 El

RLWHYPCTV 614-22 E2

CVNGVCWTV(donor) 
CINGVCWTV (recipients)

1073-81 NS3

YLVTRHADV 1131-39 NS3

KLSGLGLNAV 1406-15 NS3

YLVAYQATV 1585-93 NS3

VLVGGVLAA 1661-69 NS4

HMWNFISGl 1769-77 NS4

LLFNILGGWV 1807-16 NS4

ILAGYGAGV 1851-59 NS4

VLTDFKTWL (donor) 
VLSDFKTWL (recipients)

1987-95 NS4

ALYDVVSTL 2594-2602 NS5

Table 3.2. HLA-A*02 restricted control epitopes.

GILGFVFTL (influenza virus) 58-66 Matrix 1

NLVPMVATV (CMV) 495-503 pp65

GLCTLVAML (EBV) 1280-88 BMLFl
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Table 3.3 HLA-B*27 restricted HCV epitopes.

ARMILMTHF 2 8 4 1 ^ 9 NS5B

GRLVPGAAY 780-88 P7

GRGRTGIYRF 1492-1501 NS3

ARHTPVNSW 2820-28 NS5B

GRAANCGKY 2 9 3 6 ^ 4 NS5B

Table 3.4. HLA-B*27 restricted control epitopes.

SRYWAIRTR (Influenza) 383-391 Nucleoprotein

RRKMMYMCY (CMV) 201-209 lE-1

RRIYDLIEL (EBV) 258-266 EBNA3C

3 . 2 . 2  T e t r a i m e r  d e s i g n  a n d  c e l l  a c q u i s i t i o n

Four HLA-A*02 restricted immunodominant HCV epitopes and two controls were 

chosen (Table 3.5.) and tetramers were made as previously described (Section 2.4). 

For the ex vivo assays a gate was placed on the lymphocytes whilst for the in vitro 

assays, a gate was placed on the lympocytes including the activated cells identified 

by their size and granularity (Figure 3.L). Tetramer positive CD8+ T cells were 

identified within the gate by the presence o f double stains for the fluorochromes 

chosen. Responses were only deemed positive if a distinct cluster o f double positive 

cells were evident.
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Table 3.5. Tetramers for the HLA-A*02 assays

CVNGVCWTV(donor) 
CINGVCWTV (recipients)

1073-81 NS3

KLSGLGLNAV 1406-15 NS3

VLTDFKTWL 1987-95 NS4
NLVPMVATV (CMV) 495-503 pp65

GLCTLVAML (EBV) 1280-88 BM LFl

Figure 3.1. Ex vivo and in vitro gating strategy.
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Cultured PBMCs Activated lymphocytes
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0 200 400 600 800 1000 0 200 400 600 800 1000
FSC-H FSC-H

2 1 .6 %

Tctramcr 
positive cclls

C D 8+ T cclls

^  Double positive cells, 
CD8+ Tetramer or 
cytokine producing

Figure 3.1. Gating strategy. A gate was placed on the lymphocytes. These were 
identified by size and granularity. Activated lymphocytes after in vitro culture were 
characterised by increased size and granularity. Surface staining for the markers o f 
interest was performed as described.
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3.3 R e su l t s

3.3.1 CD8+ T CELL RESPONSES ARE NOT DETECTABLE EX VIVO IN 

PATIENTS THREE DECADES AFTER EXPOSURE TO HCV

Seventeen HLA-A*02 positive women were recruited for this study. Eleven patients 

had persistent infection and six patients had spontaneously resolved infection 

(Table 3.6.). Fresh PBMCs were isolated and used immediately in ex-vivo 

interferon-y Elispot assays. Fifteen previously defined HLA-A*02 restricted HCV 

peptide epitopes were used in the assay and three HLA-A*02 restricted epitopes 

derived from EBV, CMV and flu were used as positive controls (Tables 3.1 and 

3.2.). In addition, variants o f three HCV epitopes which were found to be 

circulating in the recipients were also included in the assay. HCV-specific CD8+ T 

cell responses were not detectable in any o f the patients, irrespective of the viral 

status o f the women i.e. whether they had spontaneously resolved infection or were 

persistently infected. Confirming the validity o f the assays, responses to at least one 

control peptide epitopes were present in most assays (Figures 3.2 and 3.3).

The Elispot assay relies on functional responses and the detection o f interferon-y. 

However in chronic HCV infection, the T cell responses are often dysfunctional and 

impaired in their ability to secrete such cytokines (Shoukry, Cawthon et al. 2004). 

To determine if anergic antigen-specific responses were present, we also screened 

for ex vivo responses using a set o f four tetramers specific for three well known 

immunodominant HLA-A*02 restricted epitopes (Table 3.5). The control tetramers 

used were the same HLA-A*02 restricted CMV and EBV epitopes as used in the
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Elispot assay (Table 3.5.), Similar to the previous results, HCV-specific CD8+ T 

cell responses were undetectable despite readily detectable control responses 

(Figure 3.4). As mentioned earlier, T regulatory cells may also impair antigen- 

specific responses. 1 also depleted CD25 (a marker o f nTregs) and attempted Elispot 

analysis thereafter. However, very high background staining was observed after 

extensive washing and so this technique was abandoned.

Because my results differed from what had been found previously (Takaki, Wiese 

et al. 2000), 1 also examined CD8+ T cell responses in three HLA-B*27 positive 

individuals. HLA-B*27 is associated with spontaneous resolution o f HCV in this 

cohort and five HLA-B*27 restricted epitopes were previously identified (Table 

3.3) The NS5B 2841-49 ARMILMTHF epitope, in addition was found to be 

immunodominant in this cohort. CMV, EBV and Flu control peptide epitopes were 

included in the assays (Table 3.4). As HLA-B*27 is a rare allele in this population 

(circa 3%), only three patients were recruited - two o f these had spontaneously 

resolved infection whilst one had persistent infection. Again, no HCV-specific 

responses were observed ex vivo either with tetrainers or interferon-y Elispot 

(Figure 3.5.).

In this study, I used only a limited number o f HLA restricted epitopes. It is well 

documented that this approach may miss many responses within individuals (Ward, 

Lauer et al. 2002). In order to comprehensively screen for T cell responses ex vivo 

(both CD4+ and CD8+), we used a library o f 300 overlapping peptides (20mers) 

spanning the entire genome (genotype lb) again using the published sequence o f the 

donor (AF313916 EMBL/Genbank). Eight women with diverse HLA types were
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recruited (four with spontaneously resolved infection and four with chronic 

infection). This study confirmed our earlier findings that HCV-specific responses 

were absent in these patients.

Table 3.6. Characteristics of HLA-A*02 positive patients

Age
(years)

HLA Class I Disease
Status

Treatment Liver
Staging

ALT
(lU/l)

62 A02,29;
Cw07

007,44; Chronic On Treatment 2 21

74 AO 1,02; 
Cw07,16

808,44; Chronic On treatment 2 -

54 A02,29;
Cw07,16

B08,44; Chronic Failed Cirrhosis 63

56 A02,24;
Cw07

B07,08; Chronic None 2 66

60 A01,02;
C05,07

808,44; Chronic None 1 36

56 AO 1,02; 
Cw07

808,51; Chronic None 1 11

61 AO 1,02; 
Cw05,06

844,57; Chronic None 3 42

52 AO 1,02; 
Cw07,10

808,15; Resolved Successful 3 72

59 A02,02;
Cw08,08

814,14; Chronic None 2 84

63 A02;B07,57;
Cw06,07

Chronic None 1 35

57 A01,02;
Cw07,08

808,14; Chronic None 4 103

58 AO 1,02; 
Cw07,07

808,44; Chronic None 1 32

56 A02,24;
B15,39;Cw07,10

Resolved - - 22

59 A02;
Cw05,07

807,44; Resolved - - -

59 A02,29;
C02,07

807,27; Resolved - - 42

57 A02,03;
Cw05,07

807,44; Resolved - -

68 A01,02;
Cw07

818,49, Resolved - - 13

60 A 02,03; B14; Cw08 Resolved - - -
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X -?, , . --v'. ■■ f
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Figure 3.2. CD8+ T cell responses to HLA-A*02 restricted epitopes in ex- 
vivo IFN-y Elispot assays.
A 96 well plate was pre-coated with recombinant anti-human IFN-y antibody. 
200,000 fresh PBMCs were then added to each well with media and peptide 
and incubated for 14-16 hours. Biotinylated anti-human IFN-y monoclonal 
antibody was then added prior to developing with a substrate colour solution. 
Each spot represents an antigen-specific T cell and results are presented as 
SFU (spot forming unit) per 1x10^’ PBMCs.
Examples o f  CD8+ T cell responses to A) resting cells in media (negative 
control), B) PHA (positive control), C) HCV epitope (CINGCVWTV), D) 
CMV epitope E) EBV epitope and F) influenza epitope.
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Figure 3.3 Magnitude of CD8+ T cell responses as determined by ex vivo 
IFN-y ELISpot in HLA-A*02 positive patients. All individuals displayed T 
cell responses (IFN-y producing cells) after PHA stimulation. No responses to 
HLA-A*02 restricted HCV peptides were detectable in HLA*02 positive 
patients. Responses to control peptides CMV pp65, EBV BM LFl and Flu 
Matrix were readily detectable, n=17 (6 patients had spontaneous resolved 
infection and 11 had persistent infection). Responses are presented as mean of 
duplicate wells after subtraction o f background. Summation o f spot-forming 
units (SFU) is expressed per 1x10^  PBMCs.
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Figure 3.4. Ex vivo CD8+ T cell responses to HLA-A*02 restricted HCV and 
control epitopes using tetramers A. Representative dot plots o f CD8+ T cell 
responses to the HLA-A*02 restricted NS3 1073-81 epitope in 2 patients with 
spontaneously resolved infection. No responses were detectable. B. A representative 
dot plot o f a tetramer positive population specific for the control HLA-A*02 
restricted EBV epitope (GLCTLVAML). C. No significant CD8+ T cell responses 
were observed in response to 3 HLA-A*02 restricted HCV epitopes n = l l .  
Responses were deemed positive if  a distinct cluster o f tetramer positive cells was 
evident. Results expressed as the percentage o f tetramer positive CD8+ T cells.
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Figure 3.5. CD8+ T cell responses 
to HLA-B*27 restricted epitopes 
in ex-vivo IFN-y Elispot assays. 
(Subject 36 spontaneous resolver)
Examples of CD8+ T cell responses 
to A) resting cells in media 
(negative control), B) PHA 
(positive control), C) an 
immunodominant HCV epitope 
(NS5B 2 8 4 1 ^ 9  ARMILMTHF) D) 
CMV epitope are demonstrated.

900 

500 

100-*-

• • •

• • •

HCV CMVPHA EBV Flu

Figure 3.6. M agnitude of CD8+ T cell responses as determined by ex vivo IFN-y 
Elispot using a whole genome assay assay in HLA diverse individuals. No HCV
specific responses were observed in response to overlapping 20mer peptides spanning 
the entire genotype lb  polypeptide in patients with diverse HLA backgrounds, n=8 (4 
spontaneous resolvers and 4 persistently infected). Controls included HLA restricted 
CMV and EBV epitopes and influenza vaccine. Responses are presented as mean o f 
duplicate wells after subtraction o f background. Summation o f spot-fonning units 
(SFLf) is expressed per 1x10^  PBMCs.
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Table 3.7. Clinical characteristics of patients tested in the whole genome assays.

Subject Age
(years)

HLA Class 1 Disease
Status

Treatment Liver
Staging

ALT
(lU/l)

46 60 A01,02; B08,14; 
Cw07,08

Chronic none 4 125

52 63 AO 1,02; B08,44; 
Cw05,07

SR 15

43 63 A02,02; B07,15; 
Cw07,16

Chronic none 2 46

63 75 Not done SR 7
17 60 AO 1,02; 808,44; 

C05,07
Chronic None 1 36

109 58 A02,03; 807,44; 
Cw05,07

SR 19

27 56 A31,68; 835,44; 
Cw04,07

Chronic None 2 8

111 67 Not done SR 19
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3.3.2 CD8+ T CELL RESPONSES TO THE NS3 1073-81 

(CVNGVCWTV) AND NS3 1406-15 (KLSGLGNAV)

IMMUNODOMINANT EPITOPES ARE DETECTABLE AFTER SHORT-TERM  

CULTURE IN HLA-A*02 POSITIVE INDIVIDUALS

Next, we investigated w hether CD 8+ T cell responses could be detected in patients 

after peptide re-stim ulation and short-tenn culture o f  PBMCs. Fresh PBM Cs were 

isolated from  recruited w om en and short-term  T cells lines established as described 

(Section 2.6.2). Four im m unodom inant HLA-A*02 restricted peptides (Table 3.5.) 

were used to generate antigen-specific cell lines as well as three HLA-A*02 

restricted control peptides (Table 3.2.). After 14 days the cells w ere washed 

extensively and CD 8+ T cell responses were assessed using tetram ers. Eight HLA- 

A*02 positive patients w ere recruited for this study (Table 3.8.), CD 8+ T cell 

responses to the NS3 1073-81 epitope (CVN GCVW TV or the variant 

C IN G V C W TV ) were detectable in all eight (100% ) patients (F igure 3.7 and 3.9.). 

Two out o f  eight (25% ) patients also dem onstrated CD8+ T cell responses to the 

NS3 1406-15 (K LSG LG LN A V ) epitope and both o f  these patients had 

spontaneously resolved infection. Responses to control HLA-A*02 restricted EBV 

or CM V peptides were readily detectable in m ost patients (F igure 3.8 and 3.9.). 

CD 8+ T cell responses to the NS4 1987-95 (V LTD FK TW L) epitope w ere not 

detectable in any o f  the patients (Figure 3.9.).

To detennine if  these antigen-specific cells were functional, intracellular cytokine 

staining was perform ed to detect the secretion o f  interferon-y. This confirm ed that

98



Chapter 3. Results 

HCV-specific CD8+ T cells retained functionality, at least as measured by these in 

vitro assays (Figure 3.10.).

Table 3.8. Characteristics o f HLA-A*02 postive women recruited for cultured

Patient no. Age HCV status HLA Class 1 HLA Class 11 Liver
staging

35 60 PCR+ A*02, 02, B*14,14, 
C*08,08

DR*701, 1301, 
DQ202, 301

Stage 2 
fibrosis, mild 
activity

104 50 SR A *01,02 , B*8.44, 
C*01.07

DR*404,404
DQ*302,302

101 58 SR A*02,02, B*27,44, 
C*01,05

D R *1101,1502, 
D Q *0301,6011

17 62 PCR+ A*01,02, 8*08,44, 
C*05,07

D R *3011,0407, 
D Q *0201,0301

Stage 1 
fibrosis, 
minimal 
activity

107 54 SR A*02,02, 8*44,44, 
C*05,05

DR*0410,1302,
00*0301 ,0609

”

110 57 SR A*02.03. 8*14,44, 
C*05,08

DR*0401,0101, 
D Q *0301,0501

”

60 56 PCR- (post 
Rx)

A*02,03, 8*07,44 
C*05,07

DR*4048,4013, 
D Q *0301,0302

~

109 56 SR A *02 ,03 ,8*07 , 44 
C*05,07

D R *0401,0401, 
DQ*0301,0302

"

assays. 
SR- spontaneous resolver
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6%

TetramerNS3 1073-81 
CINGVCWTV

CD8+ T cells

Patient 107

T™i— ............... I— ^

Patient 60

3.6%

Patient 17

Figure 3.7 CD8+ T cell responses to the HLA-A*02 restricted peptide NS3 1073- 
1081 epitope in short-term CD8+ T cell lines. Representative dot plots o f the CD8+ 
T cell responses to the NS3 1073-81 epitope (CVNGVCWTV or CINGVCW TV) in 
two patients with resolved infection (patient 107 and 60) and a patient with persistent 
infection (patient 17). Results are presented as the percentage o f tetramer positive 
CD8+ T cells -  shown in upper right corner.
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1 6 .4 %

EBV Tetramer

C D 8+ T cells

Patient 109 A .

2 1 .6 %

CM V Tetramer

C D 8+ T cells

Patient 110

Figure 3.8 CD8+ T cell responses to HLA-A*02 restricted control peptide 
epitopes in short-term CD8+ T cell lines. A. Representative dot plots o f tetramer 
responses to the HLA-A*02 restricted control EBV epitope in two patients. B. A 
representative dot plot o f  tetramer responses to the HLA-A*02 restricted control CMV 
epitope. Results are presented as the percentage o f  tetramer positive CD8+ T cells -  
shown in upper right comer.

101



% 
T

et
ra

m
er

+/
C

D
8+

 
T 

ce
ll

s

Chapter 3. Results

70 - 

SO- 

SO-

10-I-
10.0t  

7.5 

5.0

-  -  

• ■0 .0 '

•  Resolvers  

■  Chronic infection

I I w r

NS3 1073-81 NS31406-15 NS4 1987-95 EBV CMV

Figure 3.9. CDS + T cell responses to H LA-A*02 restricted epitopes in cultured  
T cell lines. The NS3 1073-81 epitope (C V N G V CW TV  or CINGVCW TV) elicited 
tetramer positive CD8+ T cell responses in all patients, n=8. Two out o f  eight (25%) 
patients also responded to the NS3 1406-15 (K LSG LGLNA V) epitope. Responses 
to control HLA-A*02 restricted EBV or CM V peptides were readily detectable in 
most patients.
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Interferon-y

CD8+ T cells

Patient 110

PMA and ionomycinUnstimulated cells

NS3 1073-81 CMV peptide
CINGVCWTV NLVPMVATV

Figure 3.10. HCV-specific cells retain functionality and secrete interferon- 
Y in vitro. Representative dot plots from patient 110 (spontaneous resolver) are 
shown. Interferon-y secretion in response to A. resting cells (negative control) 
B. PMA and ionomycin (positive control) C. HLA-A*02 restricted HCV NS3 
1073-81 CINGVCWTV epitope and D. HLA-A*02 restricted CMV 
NLVPMVATV epitope (positive control).
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3.3.3 V i r a l  s e q u e n c i n g  r e v e a l s  n o  e v i d e n c e  o f  HLA-A*02 

m e d i a t e d  s e l e c t i o n  p r e s s u r e  in  t h e  NS3 1073-81 CVNGVCWTV

EPITOPE DESPITE THE PRESENCE OF PERSISTING CD8+ T CELL 

RESPONSES.

An alternative approach to the investigation o f T cell responses is the study o f viral 

sequences. The statistical associations between HLA class I molecules and HCV 

sequence polymorphisms can be used to infer the biological processes o f escape. 

“Escape” describes selection o f amino acid away from the consensus or “donor” 

sequence (in this study) in the presence o f a specific HLA allele. The demonstration 

o f escape mutations in CD8+ T cell epitopes implies the presence o f significant 

immunological pressure in vivo. In this cohort, all patients were inoculated with a 

single strain o f HCV genotype lb from a single donor. As a consequence, the ability 

to detect important “escape” amino acid substitutions is significant. We studied the 

viral sequences obtained from chronically infected HLA-A*02 positive women. The 

15 HLA-A*02 restricted HCV epitopes were first identified in the donor sequence. 

This was then aligned with the viral sequences’ o f the recipients in HLA-A*02 

positive patients and controls. The controls were viral sequences obtained from 

HLA-A*02 negative women from the same cohort. Amino acid polymorphisms 

within the epitopes were identified and Fisher’s exact test was used to demonstrate 

significant associations between HLA-A*02 and the amino acid substitution. We 

first analysed the NS3 1073-81 CVNGVCWTV epitope. Despite the presence of 

robust CD8+ T cell responses to this epitope, we did not find evidence o f  any 

significant HLA-A*02 associated “escape” (Table 3.9). Valine (V) is substituted 

with isoleucine (I) at position 2 (V I0741) more commonly in the HLA A*02
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positive group but this is not statistically significant (p=0.6, Fishers Exact Test). We 

then analysed the sequence o f the NS3 1406-15 K LSG LG LN A V  epitope, however 

insufficient viral sequence was available on HLA A*02 positive patients and thus 

the data w as insufficient to draw any conclusions regarding HLA associated 

selection pressure (Table 3.10.) The rem aining thirteen epitopes were then analysed 

however, no HLA-A*02 associated polym orphism s were identified w ithin these 

epitopes (Table 3.11 and Appendix).
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Donor
AF313916

S e q u e n c e CVNGVCWTV

HLA-A*02 p o s i t i v e  
N=15

25977
45782  
37224  
28938  
2 9079  
30595
4 5783  
4 7736  
2 6917  
33849  
2 6228  
49386  
48153  
35910  
4 5995

- S -----------
I -------------
I ----------- A

— E----------

I -------------

HLA-A*02 n e g a t i v e  
N= 15

26187
2 7907
33704
2 7 503
2 9 070
30630
37008
3 3403
28567
3 3 489
2 9211
37014
2 8447
4 6 966
2 6755

-L -

- I -

Table 3.9. Sequence variation in 
the NS3 1073-81 CV N G V C W TV  
epitope restricted by H LA-A*02  
Class I allele. No significant 
sequence variation is observed in 
the HLA-A*02 restricted NS3 
1073-81 (CVN GV CW TV ) epitope 
in HLA-A*02 positive and HLA- 
A*02 negative patients. Valine (V) 
is subsituted with isoleucine (I) at 
position 2 ( V I 0741) more 
commonly in the HLA-A*02 
positive group but this is not 
statistically significant. (p=0.6, 
Fishers Exact Test, n= 30)
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Donor Sequence 
AF313916

KLSGLGLNAV

HLA-A*02 positive 
N=4
25977
45783
26917
27355

--------s------------------

HLA-A*02 negative 
N=10
26187 
27907 
27503 
29070 
30630
26188 
28567 
30902 
33489 
37014

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
CO 

1 
CO 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1

Table 3.10. Sequence variation in 
the NS3 1406-15 K LSG LG LN A V  
epitope restricted by H LA-A*02  
Class I allele. Insufficient data 
from  HLA-A*02 positive patients 
to infer any sigificant associations. 
The G1409S substitution is not 
significant with the sequence 
available. (p=0.5, Fishers exact test, 
n=14)
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YLLPRRGPRL

--------------------- ( 2 9 / 3 3 )
---------------- K-  ( 4 / 3 3 )

DLMGYIPLV

( 3 3 / 3 3 )

LLALLSCLTI

( 3 2 / 3 2 )

SMAGNWAKV

------------------- ( 4 / 2 4 )
-MV------------ ( 2 0 / 2 4 )

RLWHYPCTV

( 2 6 / 2 6

YLVTRHADV

( 3 3 / 3 4 )  
---------------- I ( 1 / 3 3 )

YLVAYQATV 

------------------  ( 1 3 / 1 3 )

VLGGVLAA

( 2 4 / 2 7 )  
-------------- V-  ( 3 / 2 7 )

HMWNFISGI 

------------------- ( 2 5 / 2 5 )

LLFNILGGWV 

------------------  ( 2 5 / 2 5 )

ILAGYGAGV 

------------------  ( 2 5 / 2 5 )

VLTDFKTWL

------------------  ( 1 6 / 1 9 )
— S ------------  ( 3 / 1 9 )

ALYDWSTL

------------------- ( 4 8 / 4 9 )
- P --------------  ( 1 / 4 9 )

Table 3.11. Amino acid polymorphisms within HLA-A*02 restricted epitopes. No
HLA-A*02 mediated “escape” is present in these thirteen epitopes. The numbers in 
brackets indicates the number o f patients from the cohort with these sequences. The 
tables in the Appendix illustrate the viral sequences in HLA-A*02 positive patients and 
controls and the p values for polymorphisms identified within the epitopes.
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3 .4  D i s c u s s i o n

In this chapter, 1 set out to characterise the nature o f the responses associated with 

the non-protective Class I allele HLA-A*02. HLA-A*02 was chosen for a number 

o f reasons. It is a relatively prevalent allele (circa 45% prevalence in caucasian 

populations (www.allelefrequencies.net) and for this reason has been quite 

extensively studied in the context of hepatitis C infection. We were thus able to 

identify 15 previously defined HLA-A*02 restricted epitopes including a number of 

immunodominant epitopes. These epitopes were then used to screen for ex vivo 

CD8+ T cell responses in our assays. A previous study had suggested that CD8+ T 

cell responses were indeed long lived in patients infected at least two decades 

earlier. (Takaki, Wiese et al. 2000). Similar to the work in my study, Takaki et al. 

used ex vivo interferon-y Elispot assays and a number o f previously identified HLA- 

A*02 restricted epitopes to study CD8+ T cell responses in German women infected 

from a single source o f hepatitis C virus. Like the Irish women recruited for our 

study, these women had received contaminated anti-D immunoglobulin in the 70s. 

Unlike the results from my study however, many o f the women with spontaneously 

resolved infection had persisting and robust CD8+ T cell responses detectable two 

decades after exposure despite evidence o f waning humoral immunity. As 

described, we were unable to detect CD8+ T cell responses ex vivo in either patients 

with resolved or persistent infection irrespective o f their HLA type or the type o f 

assay used. The differences in the CD8+ T cell responses observed in this study 

may reflect natural waning of the cellular responses to HCV since this study was 

performed three decades after a single exposure. Other factors including the genetic
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background o f the cohorts, technical differences and the dose o f the inoculum may 

also have played a role.

To confimi if  CD8+ T cell responses did indeed persist but were beyond the limits 

o f detection in ex vivo assays, we cultured PBMCs in the presence o f specific 

peptide to expand antigen-specific cells. Using this system, we were able to confirm 

that antigen-specific responses persist in this cohort as evident in the tetramer assays 

but that the precursor frequency is extrememly low and requires re-stimulation prior 

to detection. We detected responses to the HLA-A*02 restricted NS3 1073-1081 

CVNGVCWTV epitope and also the NS3 1406-15 KLSGLGVNAV epitope using 

this method.

We next set out to detennine if  selection pressure imposed by these persisting CD8+ 

T cell responses was driving viral evolution in vivo. We studied the association 

between amino acid polymorphisms within the epitopes in HLA-A*02 positive 

patients and HLA-A*02 negative controls. Similar to results from other studies, no 

HLA-A*02 associated polymorphism was identified in the NS3 1073-81 

CVNGVCWTV epitope (Kantzanou, Lucas et al. 2003). The V I0741 substitution 

was present in a number o f HLA-A*02 positive individuals but its presence was not 

statistically significant. Furthermore, in the other HLA-A*02 restricted epitopes, no 

escape mutations were identified.

The NS3 1073-1081 epitope is a well recognised target o f the CD8+ T cell 

responses in HLA-A*02 positive person infected with HCV (Rehermann, Chang et 

al. 1996; Lauer, Ouchi et al. 2002; Vertuani, Bazzaro et al. 2002). Previous studies 

have shown that a response to this epitope is associated with acute resolving

1 1 0
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infection and that strong responses are detectable in acute infections (Cucchiarini, 

K am m er et al. 2000; Gruner, Gerlach et al. 2000; Lechner, W ong et al. 2000). 

A m ongst genotype 1 infections, it is relatively conserved and there is a substantial 

degree o f  cross-genotype reactivity (Fytili, Dalekos et al. 2008). How ever, despite 

the relative iinm unogenicity and im m unodom inance o f  this epitope, we and others 

have shown no evidence o f  im m une escape. There are several potential explanations 

for this. In the first instance, the epitope is located w ithin the NS3 protein, which is 

essential for viral processing and replication. M utations occurring w ithin this region 

m ay have substantial effects on these functions and so the sequence rem ains 

conserved to protect its structure and function. A study by Soderholm  et al. tested 

this hypothesis and provides some support for this theory. They introduced alanine 

(a non-conservative substitution) consecutively at each position w ithin the epitope. 

Substitutions at position 1074 and 1079 severely im aired protease function and this 

was reproduced even when conservative substitutions were introduced. 

Furtherm ore, they found that substitutions at positions 1074, 1075, 1076, and 1079 

had a deleterious effect on viral replication in the subgenom ic replicon system 

(Soderholm , Ahlen et al. 2006).

Targeting such conserved epitopes which are h ighly im m unogenic has been 

proposed as a viable vaccine strategy given the high barrier to im m une escape. 

How ever, not all conserved im m unogenic epitopes are nesssarily key drivers o f  

viral clearance as is evident from  this and other studies. O ther factors are clearly 

also o f  key im portance. One im portant consideration is the quality o f  the imune 

response to a given epitope. The “functional sensitivity” or “avidity” o f  a T cell is a 

m easure o f  its ability to recognise low levels o f  peptide w hilst m ounting an
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efficacious response and it is determined by a number o f  factors including TCR  

affinity and valency. Indeed, the sensitivity o f  the T cell response has previously  

been shown as an important factor in viral control in both murine m odels and 

human infection (W alker, Sew ell et al.).

A few  studies have exam ined the functionality o f  H C V -specific epitopes and their 

association with outcom e. Yerly et al. exam ined the functional avidity o f  T cell 

responses and compared the responses in chronically infected patients and clearers. 

Functional avidity was measured using the S D 50 (the peptide concentration required 

to elicit half-m axim al response rates) after in vitro  expansion o f  antigen-specific  

responses. C ells from clearers elicited responses with significantly higher functional 

avidity compared to those from chronically infected patients (Y erly, Heckerman et 

al. 2008). Urbani at al. also previously characterised antigen-specific functional 

responses associated with acute infection. They show ed that the imm unodom inant 

N S3 1073-81 epitope was associated with low -avid ity  responses. They also 

compared the avidity o f  C V N G V C W T V  to the variant sequence C IN G V C W TV  in 

ex vivo  analyses and found that the V I 0741 substitution resulted in reduced avidity 

as measured by its peptide sensitivity. This suggests that this variant m ay v e iy  well 

be an escape variant and b io logica lly  relevant despite the lack o f  statistical 

evidence. In this study, low -avidity C D 8 + T ce lls  w ere associated with impaired 

C D 8 + T cell function as measured by their degranulation capacity (C D  107a 

expression) and the lack o f  em ergence o f  escape m utations w as in turn associated  

with impaired C D 8 + T cell function (Urbani, Am adei et al. 2005). O ne can 

therefore postulate that the lack o f  escape mutations observed in our study m ay also
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potentially  be explained by the presence o f  poor quality CD 8+ T cell responses 

im posing m inim al selection pressure (U rb an i, JI, 2005).

In a recent study, the functional responses to the N S3-1073 and N S3-1406 epitopes 

were characterised in patients with differing outcom es o f  genotype 1 infection. 

Analysis o f  CTL responses to increasing doses o f  peptide revealed significant 

d ifferences betw een genotype 1 recovered and infected patients with low er avidity 

T cell responses observed in the latter. They then exam ined the ability o f  NS3-1073 

specific cells from  expanded lines obtained from  these patients to bind m ultim ers 

(peptide-M H C  (pM H C) oligom ers o f  high valency m ultim erised with aggregated 

streptavidin) versus tetram ers (pM HC oligom ers o f  low valency). This allows 

discrim ination betw een high versus low-avidity responses. They found that NS3- 

1073 specific cells from  recovered donors w ere stained by both m ultim ers and 

tetram ers w hereas those with chronic infection, showed staining for m ultim ers only 

confirm ing these as low avidity responses (N eveu, D ebeaupuis et al. 2008). 

Furtherm ore, using a tetram er with m odified CDS binding, K asprow icz et al. also 

exam ined responses to the NS3-1073 epitope. They found that these m odified 

tetram ers bind only in the presence o f  an intact CDS recognition site indicating that 

this is a low avidity  response. In this study how ever, the genotype 4 NS3-1073 

epitope was CD 8-independent indicating a high affinity  response w hich also 

correlated with the functional responses to the same epitopes. These genotype- 

specific differences are interesting and indicate a hierarchy o f  responses amongst 

different genotypes (Kasprow icz, W ard et al. 200S).
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The presence of a high affinity T cell response however may not uniformly drive 

selection and escape if perhaps again for other reasons such as structure or function, 

substitutions cannot be tolerated. This may be the case for the HLA-A*02 restricted 

NS5B 1594-2602 ALYDVVTKL epitope. Previous studies have indicated that 

responses to this epitope are o f high affinity, yet in our study this epitope is highly 

conserved. This lack o f selection may occur because this epitope is not a target of 

the HLA-A*02 restricted responses in this cohort or may reflect functional 

constraints as NS5B encodes the critical polymerase required for viral replication.

The absence o f HLA-A*02 associated escape mutations may also potentially be 

explained by a more widespread adaptation o f the hepatitis C virus to prevalent 

alleles within a population. Supporting this notion, a recent large multi-centred 

study in HIV infection by Kawashima et al. reports on the widespread adaptation of 

HIV to the prevalent alleles within a population and suggests that over time even 

immunodominant responses linked to protective alleles may be lost to the 

circulating species (Kawashima, Pfafferott et al. 2009). We predict that similar 

evolutionary pressures are pertinent in HCV infection. HLA-A*02 is a prevalent 

allele and thus the passage o f the virus over time may very well have resulted in the 

“fixing” o f the most beneficial sequences that achieve optimal immune evasion.

As previously mentioned, HLA Class I molecules are highly polymorphic 

glycoproteins that present peptides to cytotoxic T cells. HLA-A*02 is the most 

common Class I allele and consists o f at least 16 different but related subtypes 

diverging by between one and five amino acid substitutions. The polymorphisms of 

the HLA-A*02 subtypes are concentrated in the peptide binding groove o f the
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m olecule. These changes m ay affect the ability o f the m olecule to bind to different 

peptides or lead to conform ational differences in the presentation o f  these peptides. 

C onsequently  antigen-specific CTLs m ay fail to recognise peptides in the presence 

o f  certain subtypes (Parham , Lawlor et al. 1989). In this study, 1 have not 

distinguished between the various subtypes o f  HLA-A*02 and so cannot assess their 

influence in relation to the oberved responses.

W hilst H LA -A *02 restricted responses have beeen studied in other cohorts, this 

study allowed us to analyse the responses using the sequence o f  the incom ing virus 

or autologous virus. Viral variation is one o f the m ajor m echanism s o f  im m une 

evasion em ployed by HCV and the use o f  m ism atched peptide epitope sequences is 

one o f  the m ajor pitfalls o f  any cellular assay. The use o f  autologous viral sequence 

how ever ensures a com prehensive assessm ent o f  cellular responses. Furtherm ore, 

the use o f  sequence analysis to identify HLA m ediated selection pressure provides a 

very sensitive aproach in determ ining where significant CD 8+ T cell responses are 

occun'ing.

The design o f  an effective T cell vaccine requires a thorough understanding o f  the 

behaviour o f  the virus in differing populations infected with different genotypes. 

This study allow s us a snapshot o f  the behaviour o f  a genotype lb  virus in a 

Caucasian population and allows us to define its evolution in patients possessing the 

non-protective allele HLA-A*02. Such an approach provides us with a unique 

insight as to the nature o f  the T cell responses and the viral responses to a variety o f 

im m uological pressures. W e have found a distinct lack o f  im m une selection in 15 

HLA-A*02 restricted epitopes and speculate that perhaps this indicates a m ore
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generalised absence o f epitope targeting or may reflect poor quality CD8+ T cell 

responses associated with the HLA-A*02 allele. Like other studies, we found that 

the conserved NS3 1073-81 epitope is targeted by CD8+ T cells in the majority o f 

patients, however this epitope is located in a conserved region o f the NS3 protease 

and substitutions in this region incur a significant fitness cost. This suggests that the 

targeting o f a single immunodominant epitope restricted by HLA-A*02 alone is 

insufficient to generate a protective response and suggests that other factors are also 

important. This may include the simultaneous targeting o f a number o f 

immunodominant epitopes restricted by different alleles as well as factors like 

CD4+ T cell responses, and T cell regulation by cytokines and regulatory 

molecules, such as IL-10 and PD-1 as well as T cell sensitivity, as discussed.

Whilst we set out to comprehensively map the CD8+ T cell responses in HLA-A*02 

positive individuals by using both a targeted approach (defined epitopes) and a 

screeening approach (overlapping peptides spanning entire genotype 1 b genome) in 

ex vivo assays, the absence o f detectable responses in these cellular assays and the 

cumbersome nature o f the in vitro work meant we examined responses to only a 

limited number o f immunodominant epitopes. In the future, examining further 

epitopes and further definition o f the quality of the T cell responses will allow a 

more comprehensive picture o f the overall nature of the HLA-A*02 restricted CD8+ 

T cell repertoire in this population.
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C h a p t e r  4

T h e  p r o t e c t i v e  e f f e c t  o f  t h e  c l a s s  I a l l e l e  HLA- 

A*03 MAY b e  l i n k e d  TO THE PRESENTATION OF AN 

IMIVIUNODOMINANT CD8+ T  CELL EPITOPE

4.1 I n t r o d u c t i o n

Up to 50% o f  those exposed to HCV will clear the infection spontaneously whilst 

the remainder develop chronic infection (Lauer and Walker 2001) and it is clear that 

CD 8+ T cell responses are a key factor in directing a successful outcome. In 

addition to a wealth o f  immunological evidence, there is strong genetic evidence 

supporting the role o f  the CD8+ T cell response in clearance o f  infection (Bowen 

and W alker 2005). Several studies have shown links between outcome and 

possession o f  certain Class 1 alleles (Thio, Gao et al. 2002; Chuang, Sarkodie et al. 

2007). One o f  the strongest pieces o f  evidence showing the importance o f  HLA 

Class I and CD 8+ T cell responses comes from a study o f  the Irish cohort o f  women 

infected with HCV after receipt o f  contaminated anti-D (McKiernan, Hagan et al. 

2004). Unlike other Class I association studies in HCV, this study was unique in 

that all patients were o f  a single gender, o f  similar age and ethnic background and 

had all been infected by a single genotype ( l b )  from a common donor. Clear links 

between the possession o f  certain Class I alleles and spontaneous clearance o f  

infection were identified. These alleles included HLA-B*27, HLA-A*03 and HLA- 

Cw*01 as well as a number o f  Class II alleles. Understanding how these Class 1 

alleles confer protection and emulating this in rational vaccine design is crucial.
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Previous work has indicated that the protective effect o f  HLA-B*27 in HCV 

infection is linked to a dom inant CD 8+ T cell response associated with an epitope 

located in the NS5B region (N eum ann-H aefelin, M cKiernan et al. 2006). A 

clustering o f  escape m utations in the TCR contact residues o f  this epitope abrogates 

the CD8+ T cell response and is necessary to facilitate escape from  imm une control. 

It is believed that the high genetic barrier necessary to achieve this clustering o f 

m utations is beneficial for the host and facilitates prolonged targeting o f  a dom inant 

response which favours viral clearance. The class 1 alleles HLA-B*27 and HLA- 

B*57 are also associated with long term  non-progression o f  HIV infection and the 

protective effect o f  these alleles has also been linked to presentation o f  key 

im m unodom inant epitopes (G ouider and W atkins 2004). The developm ent o f an 

escape m utation in the dom inant H LA -B*27 restricted p24 gag KKIO epitope 

(R264K) abrogates the CD8+ T cell response but also confers a substantial fitness 

cost to the virus and selection o f  a com pensatory m utation is required to restore 

replicative capacity (Schneidewind, Brockm an et al. 2008). A sim ilar set o f  events 

are associated with HLA-B*57 (G ouider and W atkins 2004). This has prom pted the 

hypothesis that a dom inant CD8+ T cell response, which can drive escape m utations 

that reduce viral fitness, is a contributing factor in im m une control o f  HIV, either by 

prom oting outgrow th o f a viral quasispecies with a lower replicative capacity, or by 

delaying the selection o f  escape m utations, both o f  which m ay slow the onset o f 

AIDS. W e therefore speculated that sim ilar m echanism s m ight explain the 

protective effect associated with HLA-A*03 in this distinct Irish cohort exposed to 

HCV.

In this chapter, 1 aim ed to establish the m echanism  underpinning the protective
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effect o f HLA-A*03 in a single source outbreak o f HCV by identifying critical 

epitopes and analysing the CD8+ T cell responses associated with them. I also 

address the role o f CD8+ T cell responses in the selection o f escape mutations in 

HLA-A*03 individuals. This study provides a unique opportunity to unravel the 

protective mechanism associated with HLA-A*03 which, unlike other protective 

Class I alleles, is prevalent within the population.

4 .2  A d d i t i o n a l  M e t h o d s  a n d  p r e l i m i n a r y  w o r k  

4.2.1 I d e n t i f i c a t i o n  o f  HLA-A*03 r e s t r i c t e d  HCV
E P IT O P E S .

Previously published HLA-A*03 restricted optimal epitopes were identified by 

searching the literature (Appendix Table 1.) However, because this search revealed 

relatively few HLA-A*03 restricted epitopes and these had all been identified in 

genotype la strains o f HCV, another system was adopted. Using a bio-infomatic 

approach, a list o f HLA-A*03 restricted predicted epitopes was generated. The 

predicted epitopes were identified using a combination o f different prediction 

programs (Bimas, SYFPEITHI, Jenner, ProPred 1, Rankpep, MAPPP and Net 

MHC). BIMAS outlines potential binders according to the predicted half-time 

dissociation o f MHC-peptide complex based on synthetic peptide libraries and 

SYFPEITHI ranks predicted epitopes according to the affinity o f amino acids in the 

anchor sites from calculations obtained from a pool o f natural ligands (Schirle, 

Weinschenk et al. 2001; Stevanovic 2005) whilst the remaining 5 databases use a 

combination o f different algorithms that are used to screen the sequence o f interest 

for targets which are able to bind the MHC molecule. These databases were used to
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identify amino acid motifs within the entire viral polypeptide sequence for HCV lb 

donor sequence (Genbank; AF313916), which could bind to HLA-A*03 molecules. 

The epitopes chosen were those, which consistently had the highest ranking across 

the different databases (Table 4.1). This list o f  predicted epitopes was generated by 

Dr. Danijela Petrovic, Trinity College Dublin. Two HLA-A*03 restricted peptide 

epitopes derived from EBV were also chosen to act as positive controls (Table 4.1).
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Table 4.1. HLA-A*03-restricted HCV and control epitopes

KLTPPIISAK 2510-18 NS5 135.000 30 1 6

q l f t f s p r r 290-98 El 60.000 1 6

LLTLSPHYK 829-37 NS2 20.000 21 1 6

QLAEQFKQK 1724-32 NS4B 45.000 27 1 6

SLTITQLLK 1951-59 NS4B 40.000 25 0.89 6

LLAQEQLEK 2853-61 NS5B 40.000 24 1 5

IILIFCIISRKK 1391-00 NS3 30.000 26 1 5

g m q l a e o f k 1722-30 NS4B 60.000 1 5

KTSERSQPR 52-60 Core 1 4

RVFTEAM TR 2757-65 NS5B 4.000 26 1 4

RLGVRATRR 43-51 Core 4.000 24 1 4

ALVVSQLLR 332-40 El 12.000 1 4

G LNAVAYYR 1412-20 NS3 54.000 1 3

VVFSD M ETK 975-83 NS2 15.000 24 0.89 3

W M NG TG FTK 555-63 E2 90.000 0.89 3

SVPAEILRR 2270-78 NS5A 0.89 3

A V CTRGVAK 1863-71 NS4B 2.000 33 1 3

T V YH GAG TK 1080-88 NS3 3.000 34 1 5

EVFCVQPEK 2562-70 NS5B 4.500 21 0.89 3

SLASSSASQ 2198-06 NS5A 1 2

NM VYA TTSR 2455-63 NS5B 6.000 0.78 2

M VLQAGITR 901-09 NS2 23 1 2

TLG FGA YM SK 1261-70 NS3

G V AG A LV A FK 1858-67 NS4

R VCEKM ALY 2588-96 NS5B

R M Y VGG VEHR 632-641 E2

RVRA YTYSK 148-56 BRLFl

(EBV)

RLRAEAQV K 603-611 EBNA

(EBV) 3A

*BIM AS score -  estimate o f  half time o f dissociation o f  a molecule containing this 

sequence. 

^SYFPEITHI score - ranks predicted epitopes according to the affinity o f  amino 

acids in the anchor sites 

0  Jenner score -  confidence o f  prediction (M ax= l)
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4.2.2 I d e n t i f i c a t i o n  OF TWO HLA-A*03 s p e c i f i c  “ f o o t p r i n t s ” .

Since conventional cellular immunologic approaches were insensitive in detecting T 

cell responses in this cohort, in order to further define the HLA-A*03 restricted 

CD8+ T cell response and similar to the method used in the previous chapter, a 

sequence-directed approach was adopted. HLA associated escape mutations or “ 

HLA footprints” identify areas o f the genome which are under immune selection 

pressure. The great advantage o f this approach is that it is an excellent indicator of 

where CD8+ T cell responses are targeted in vivo, and therefore can be an important 

tool in identifying T cell epitopes. It is however, to some extent limited by the large 

number o f patients required to identify the presence o f significant polymorphisms - 

at least in heterogeneous populations infected with differing strains and genotypes. 

In the case o f a single source outbreak however where the inoculating sequence is 

known and the impact o f genetic divergence is limited, the use o f “footprint” 

identification is a powerful tool to investigate where relevant T cell epitopes are 

located.

To assess the impact o f HLA-A*03 mediated T cell selection pressure, bulk 

sequence o f the non-structural region o f the viral genome in the serum of HLA- 

A*03 positive patients and HLA-A*03 negative patients derived from the cohort 

was obtained. The sequences were then aligned with that o f the donor and the 26 

putative or predefined HLA-A*03 restricted epitopes (Table 4.1.) were identified. 

A comparison o f the epitope sequences in HLA-A*03 positive and negative 

individuals revealed two clear HLA-A*03 “footprints” (Tables 4.2 and 4.3.). The 

first significant “footprint” was located within the NS3 region (NS3 1080-88 

TVYHGAGTK). Lysine (K) was substituted with arginine (R) at position 9
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(K1088R) in eight out o f eleven (73% ) A*03 positive patients com pared to two out 

o f  thirty  four (5%) in the control group, (p=0.001, F isher’s exact test). Furtherm ore, 

threonine (T) was also substituted with alanine (A) at position 8 (T1087A ) in five 

out o f  eleven (45% ) A*03 positive patients com pared to three out o f  thirty four 

(8% ) in the control group, (p=0.04). The double substitution o f  TK to AR is also 

observed predom inantly in HLA A*03 positive patients (5/11, 45% ) com pared to 

two o f  thirty four controls (5% ) and was also significant in A*03 positive patients 

(p=0.02) (Table 4.2.).

The second footprint was located in the NS5B located epitope (NS5B 2510-18 

K LTPPH SAK ). Lysine (K) was substituted with arginine (R) at position 9 in eight 

out o f  fifteen HLA-A*03 positive patients (53% ) com pared to two out o f  forty five 

HLA-A*03 negative patients (4% ), (p=0.001, F isher’s exact test). A second 

com m on substitution was also observed at position one in both HLA-A*03 positive 

and negative patients. Lysine (K) was substituted with m ethionine (M ) in five out o f 

fifteen (33% ) com pared to thirty six out o f  forty seven (76% ) although this was not 

significantly associated with HLA-A *03, (p=0.2) (Table 4.3). The sequencing was 

perform ed by our Perth collaborators (Dr. Silvana G audieri’s lab) and the sequence 

alignm ent was perform ed by Dr. Danijela Petrovic, TCD. Tetram ers for these two 

epitopes were designed and m anufactured by Stuart Sim s (K lenennan laboratory, 

U niversity o f  O xford) and they were based on the sequence o f  the donor. In 

addition, tetram ers specific for both HLA-A*03 restricted EBV epitopes 

(RV R A Y TY SK  and RLRAEAQV K) were also m anufactured for use as controls in 

the cellular assays. A third tetram er based on one o f  the HLA-A*03 predicted HCV 

epitopes NS5B 2562-70 EV FCV QPEK was also m anufactured.
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Source 
(AF313916)

1080 1081 1082 To83 1084 1085 1086 1087 1088 I

A*03+

A R 4
A/. R 1

R 2
R 1

SI. 1
2

- - - - - - 3

A*03-

28
A R 2

- - - - 1
- - A 1

A 1
- - 1
- - - - - - - - - 15

Table 4.2. An HLA-A*03 “footprint” in HCV NS3 protein.
The sequence identity w ith the donor sequence is identified by a dot. Am ino acid 
mixtures at a site are separated by a forward slash.
Significant sequence variation in seen in the NS3 1080-88 TV YH G AG TK 

epitope. Lysine (K ) is substituted w ith arginine (R) at position 9 (K1088R) in eight 
out o f eleven patients (73%) in the A*03 positive group compared to two out o f 
th irty four (5%) in the control group p=0.001, Fisher’s exact test. Furthermore, the 
threonine (T) at position 8 is frequently substituted with alanine (A) T1087A in 
H LA A*03 positive patients (5/11, 45%) compared to A*03 negative patients 
(3/34, 8%)), p=0.04. The double substitution TK1087AR is also observed in a 
significant number o f H LA  A*03 positive patients (45%o) compared to controls 
(5%)), p=0.02. no sequence available (-), A ll patients studied had developed 
persistent infection. Table adapted from Merani et al. Paper submitted.
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Source
(AF313916)

Table 4.3. An HLA-A*03 “footprint” in HCV NS5B protein. Significant sequence 
variation in seen in the NS5B 2510-18 KLTPPHSAK epitope. Lysine (K) is substituted 
with arginine (R) at position 9 (K2518R) in 8/15 (53%) in the A*03 positive group 
compared to 2/45 (4%) in the control group, p=0.001, Fisher’s exact test. Lysine (K) is 
also substituted with methionine (M) in both groups. Its association with HLA-A*03 is 
not significant (p=0.2). no sequence available (-) Table adapted from Merani et al. Paper 
submitted.
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4.3 R e su l t s

4.3.1 T h e  HLA-A*03 r e s t r i c t e d  NS3 1080-88 

TVYHGAGTK EPITOPE IS REGULARLY TARG ETED BY 

CD8+ T  CELL RESPONSES IN RESOLVED HCV INFECTION.

The HLA-A*03 specific “footprints” provides strong evidence that these epitopes 

are likely to be an in vivo target of the CD8+ T cell repertoire. To further assess this, 

we generated peptide-specific T cell lines corresponding to the two HLA-A*03 

“footprint” epitopes, a NS5B 2562-70 predicted epitope (EVFCVQPEK) and to 2 

control peptides derived from EBV. Ten HLA-A*03 positive patients were 

recruited, eight with resolved infection (seven had spontaneously resolved and one 

resolved after antiviral therapy) and two with chronic infection. O f these, 6 patients 

(60%) with resolved infection demonstrated CD8+ T cell responses to the NS3 

1080-88 TVYHGAGTK epitope by tetramer analysis (Figure 4.1. and 4.2). 

Responses to the control EBV peptide epitopes were also present in a number o f 

patients (Figure 4.3.). Furthermore, these antigen-specific cells were able to secrete 

interferon-y in response to peptide stimulation at least in vitro (Figure 4.4.). CD8+ 

T cell responses to the other HCV “footprint” epitope (NS5 2510-18) and the 

selected NS5B (2562-70) epitope were not detected (data not shown). In addition to 

the above in vitro work, ex vivo CD8+ T cell responses were also assessed using the 

same set o f tetramers in the corresponding patients. Similar to the HLA-A*02 

responses and consistent with the Elispot data, no tetramer responses were evident 

ex vivo in response to this “footprint” epitope in patients with in vitro responses 

(data not shown).
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Figure 4.1, CD8+T cell responses to the HLA-A*03 restricted “footprint” 
epitope NS3 1080-88 in cultured cell lines. CDS + T cell responses were 
observed in response to the NS3 1080-88 (TVYHGAGTK) epitope in 60% of 
HLA-A*03 positive patients. Responses to the 2 HLA-A*03 restricted control 
EBV epitopes were also readily detectable in vitro, n=10 (7 patients had 
spontaneously resolved infection, 1 patient resolved with antiviral therapy and 
2 patients had chronic infection)
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3 .9%

Tetramer 
NS3 1080-88  

TVYHGAGTK

CD8+ T cells
Patient 106

1 4 . 1%

Patient 60

6 .8 %

Patient 49

4 .4 %

Patient 29

Figure 4.2. C D 8+ T cell responses to the HLA-A*03 restricted “footprint” epitope  
NS3 1080-88 in cultured cell lines. Representative dot plots showing tetram er 
responses to the NS3 1080-88 epitope in 4 patients -  Patients 106, 49 and 29 were 
spontaneous resolvers and patient 60 resolved with antiviral therapy. The percentage 
o f  tetram er positive CD8+ T cell are shown in the upper right corner.
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1 4 .8 5 %

Patient 60

EBV  
(E B N A 3A ) 
Tetramer

C D 8+ T cells

3 .2 %
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Patient 109

EBV
( BRLFl )
Tetramer

Patient 60

C D 8+ T cells

Figure 4.3, CD8+T cell responses to the HLA-A*03 restricted control epitopes in 
cultured cell lines. Representative dot plots demonstrating tetramer responses to the 
HLA-A*03 restricted control EBV epitopes (EBNA3A OR B R LFl) are shown. The 
percentage o f tetramer positive CD8+ T cell are shown in the upper right corner.
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Interferon-y

CD8+ T cells

Patient 29

0 .06%

Unstimulated

2 .4 %

NS3 1080-88 
TV Y H G A G TK

PM A and lonomycin

Figure 4.4. C D 8+ T cell responses to the H LA-A*03 restricted “footprint” epitope  
NS3 1080-88 in cultured cell lines. Representative dot plots demonstrating 
interferon-y secretion in response to stimulation with the NS3 1080-88 epitope in 
cultured PBMCs. Negative (unstimulated) and positive (PM A and ionomycin) controls 
are also shown.
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Table 4.4 Characteristics of HLA-A*03 patients recruited for cultured assays

Patient no. Age HCV
status

HLA Class 1 HLA Class 11 Liver staging

106 64 SR A*01,03, B*14,37, 
C*06,08

DR*0401,1201
DQ*0301,0609

-

49 60 SR A*03,68, B*07,15, 
C*07,10

DR* 1501,0401, 
DQ*0602,0302

-

29 53 SR A*01,03, B*07,57, 
C*06,07

D R *3011,0701 
DQ*0201,3032

-

113 53 PCR+ A*01,03, 8*07,08, 
C*07,08

DR1501, 1501, 
DQ*0602,0602

not available

15 67 PCR+ A*03,03, 8*07,14, 
C*07,08

DR*1501,1302
DQ*0602,0609

Stage 2 fibrosis, 
moderate activity

105 61 SR A*03,26, 8*27,49, 
C*01,07

DR*0101, 1101, 
DQ*0301,0501

-

102 57 SR A*02,03, 8*07,27, 
C*06,06

D R *0101,0404 
D Q *0501,0302

-

110 57 SR A*02,03. 8*14,44, 
C*05,08

DR*0401,0101,
DQ*0301,0501

-

60 56 PCR- 
{post Rx)

A*02,03, 8*07,44 
C*05,07

DR*4048,4013,
00*0301 ,0302

-

109 56 SR A *02 ,03 ,8*07 , 44 
C*05,07

D R *0401,0401, 
D Q *0301,0302

-
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4.3.2 THE ESCAPE M UTANT TVYHGAGAR ABRO GATES THE  

CD8+ T CELL RESPONSE

Next, we studied the impact o f the amino acid substitutions on CD8+ T cell 

recognition. PBMCs were stimulated with either the wild type TVYHGAGTK 

peptide or the escape TVYHGAGAR peptide in two patients who had detectable 

CD8+ T cell responses to the same epitope (patient 49 had resolved spotaneously 

and patient 60 had resolved with antiviral therapy). In both patients, the secretion o f 

interferon-y was reduced in lines stimulated with the most common mutation 

(TVYHGAGAR) (Figure 4.5.).

To further address the impact o f the amino acid substitutions on the T cell response, 

we again cultured PBMCs in the presence o f peptides representing either the wild 

type epitope (TVYHGAGTK) or mutant peptides which possessed either o f the 

single mutations observed (TVYHGAGTR and TVYHGAGAK) or the double 

mutant (TVYHGAGAR). After 14 days, these cell lines were analysed for their 

ability to bind peptide antigen using the tetramer which corresponded with the wild 

type sequence TVYHGAGTK. Notably in four out o f five patients, a reduction in 

the number o f tetramer positive CD8+ T cells was observed in cells stimulated with 

the single mutant TVYHGAGAK although this was not significant (p=0.3, student’s 

t test). Cultured cell lines stimulated with peptides containing the K1088R 

substitution (TVYHGAGTR or TVYHGAGAR) however, both showed almost no 

stimulation o f antigen-specific CD8+ T cells (Figure 4.6 and 4.7.).
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Figure 4.5. Immune escape by selected peptide NS3 1080-88.
PBMCs from 2 patients with resolved infection were cultured in the presence 
o f the NS3 1080-88 WT peptide. They were then re-stimulated with logio 
decreasing concentrations o f either the wild-type NS3 TVYHGAGTK or the 
mutant TVYHGAGAR peptide. The ability to secrete interferon-y was 
reduced in cells stimulated with the double mutant TVYHGAGAR in both 
patients.

133



Chapter 4. Resuhs

=  16no  o

25 12- o
o
"aj >
:-5 8H
(Ao
Q.
o  
E
RS

>.0 I

p=0.03

ns

p=0.03

WT (TK) AK
A .

120 «  p<0.0001
p<0.0001

«100

p 0.06
80

40

WT (TK) AK TR AR

B.

Figure 4.6. Variant peptides fail to stimulate NS3 1080-88 specific CD8+ T 
cells. Antigen specific lines were generated in response to the wild-type peptide 
(TVYHGAGTK) or variants that contained either a single mutation 
(TVYHGAGAK or TVYHGAGTR) or the double mutation (TVYHGAGAR). 
The degree o f tetramer (TVYHGAGTK) binding was subsequently quantified. 
The lysine (K) to arginine (R) mutation at position 9 (TVYHGAGTR) and 
(TVYHGAGAR) caused a significant reduction in the binding o f the wild type 
tetramer (p=0.03, student’s t test) whilst the threonine (T) to alanine (A) alone 
(TVYHGAGAK) lead to a reduction in binding in 4 patients (p=0.7) B. 
Nonnalised values -  wild-type is presented as 100% and mutant recognition is 
subsequently compared.
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TVYHGAGTK TVYHGAGAK

Tetramer 
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C D 8+ T  cells
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Figure 4.7. Variant peptides fail to stimulate antigen-specific CD8+ T 
cells. Representative dot plots are shown for patient 29 -  a spontaneous 
resolver. The lysine (K) to arginine (R) substitution significantly abrogates the 
CD8+ T cell response.
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4.3.3 THE W ILD-TYPE NS3 1080-88 EPITOPE IS CONSERVED  

IN GENOTYPE i B  INFECTION AND MAY INDICATE  

GENOTYPE/SUBTYPE-SPECIFIC IMMUNITY

The characteristics o f this cohort were unique both with reference to the hosts’ 

genetic information as well the virus (genotype lb). To further assess the nature of 

the epitope in patients from more heterogeneous populations infected with differing 

strains o f genotype lb  and la, as well as the other genotypes, we searched the Los 

Alamos database for sequences o f this region in different genotypes (Table 4.5.). In 

genotype lb  strains the predominant circulating sequence was TVYHGAGSK. The 

K1088R mutation was not observed in any o f the published sequence for genotype 

lb  infections. Notably, all variants identified preserved lysine at position 9 (P9). 

The observation that lysine is preserved at this position in genotype lb  strains and 

the complete absence o f variants with arginine at P9 supports the hypothesis that the 

K1088R substitution may force the virus to adopt an unfavourable position at least 

in genotype lb  infections. Unlike genotype lb  however, in genotype la  strains, the 

consensus sequence overwhelmingly represents the variant with arginine at P9 

TVYHGAGTR whilst the double mutant TVYHGAGAR is only rarely observed. 

Table 4.5 illustrates the predominant sequence o f the epitope in other genotypes. 

Genotypes 2, 4, 5 and 6 (low numbers o f sequence available for some genotypes) 

also preserve lysine at P9 in the majority whilst genotype 3 has arginine at P9 in the 

majority o f sequences. These data may indicate that the protective effect o f this is a 

genotype/subtype-specific phenomenon or could also indicate a natural selection 

process.
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Table 4.5. Published sequences o f the NS3 1080-88 epitope in different 

genotypes.

NS3 1080- 
88
epitope

Variants at
amino acid
sites
(Genotype lb)

Genotype lb 
database

n %

Variants at 
amino acid 
sites 
(Genotype 
la)

Genotype la 
database

n %

Consensus

Variants

TVYHGAGSK

-------T-
—  F----T-
-------A-

58 (64.4%)

27(30%)
3(3.3%)
1 (1 .1%)
2 (2 .2%)

TVYHGAGTR 

_A-------
-------S-
-------A-
-------- K
SI-------
-------- p_
S-------K

285(91.3%)

3(0.9%)
11(3.5%)
6(1.9%)
3(0.96%)
3(0.96%)
1(0.32%)
1(0.32%)

NS3 1080- 
88
epitope

Variants at
amino acid
sites
(Genotype 2)

Genotype 
database 
(59) 
n %

Variants at 
amino acid 
sites
(Genotype 3)

Genotype 
database 
(177) 
n %

Consensus

Variants

TVYHGAGNK

-------NN
—  F----NK
 T— NK
------- PR
------- SK

47 (80%)

1 (1 .6%)
4(6.7%)
1 (1 .6%)
2(3.4%)
3(5.1%)

TVYHGAGSR

------- PR
------- SR
 R SR
-------GR

158(90.1%)

17(9.6%)
11(3.5%)
1(0.5%)
1(0.5%)

NS3 1080- 
88
epitope

Variants at
amino acid
sites
(Genotype 4)

Genotype 
database 
(19) 
n %

Variants at 
amino acid 
sites
(Genotype 5)

Genotype 
database 
(5) 
n %

Consensus

Variants

TVYHGAGSK

-GK
-SK

17 (89%)

1(5.2%)
1(5.2%)

TVFHGAGAK

TLFHGAGSK
TVYHGAGPR

1 (2 0 %)

2(40%)
2(40%)

NS3 1080- 
88
epitope

Variants 
amino 
sites 
(Genotype

at
acid

6 )____

Genotype 
database 
(49) 
n %

Consensus

Variants

TVYHGAGSK

------- SR
-----P-FK
-------AK
 Y---SK
—  F----SK

43(88%)

1 (2%)
1 (2%)
2(4%)
1(2%)
1 (2%)
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4.4  D is c u s s io n

HLA-A*03 was found to be a protective allele in determining a favourable outcome 

in HCV infection in a study o f patients infected from a single source (McKiernan, 

Hagan et al. 2004). We hypothesised that, like other protective alleles such as HLA- 

B*27 and B*57 in HIV, this effect may be due to a single or a set of 

immunodominant epitopes. In order to identify HLA-A*03 restricted responses in 

this cohort, we adopted two approaches. In the first, we chose a set o f HLA-A*03 

restricted epitopes based on previous publications and prediction programs using 

the known sequence of the inoculating virus. A bio-informatics approach using 

prediction software has become an important tool in elucidation o f epitopes 

restricted by MHC molecules. In this study, 7 different prediction programs were 

used to identify putative HLA-A*03 restricted epitopes. Overall, what all the 

databases have in common is that they possess complex algorithms used to screen 

for probable sequence targets, within the protein o f interest, which could bind to a 

particular MHC molecule. 26 putative epitopes were thus identified and initially we 

set out to identify HLA-A*03 restricted responses to our predicted epitopes using ex 

vivo assays. As described, we were unable to detect CD8+ T cell responses ex vivo 

in either patients with resolved or persistent infection irrespective o f their HLA type 

or the type o f assay used.

An alternative approach in establishing the targets o f the T cell repertoire is to use 

the sequencing data to identify areas o f the the viral genome which appear to be 

under HLA driven T cell selection pressure. Because the patients in the study had 

all been infected from a single source o f HCV and thus the background viral 

diversity was limited, we were able to identify clearly the influence o f the different
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HLA backgrounds on the evolution o f the viral sequence. Such HLA associated 

“footprint” epitopes provide a very sensitive measure o f where the important CD8+ 

T cell mediated activity is being exerted. Using this method, the 26 HLA-A*03 

epitopes were screened for evidence o f immunologically driven selection pressure 

and two clear HLA-A*03 “footprints” were identified.

In the NS3 1080-88 TVYHGAGTK epitope, there are two significant substitutions, 

K1088R at position 9 (P9) and T1087A at position 8 (P8) in the HLA A*03 positive 

patients. Furthermore in a number o f HLA-A*03 positive individuals, these 2 

mutations (T1087A and K1088R) occur together. Anchor positions represents the 

preferred amino acid side-chain that fit into allele-specific pockets within the MHC 

groove. There are usually two major anchor positions for class 1 binding peptides, 

one at the C-terminal end (P9) and the other frequently at position 2 (P2) but may 

also occur at P3, P5 or P7. The anchor motifs for HLA A*03 molecules usually 

occur at P2 and P9 (Delves Peter 2006). The K1088R mutation at P9 therefore is 

likely to greatly faciltate escape from this immunodominant response in vivo. In 

support o f this, I have shown that interferon-y production from cell lines stimulated 

with peptides containing the K1088R mutation is reduced and that the mutant 

peptides failed to stimulate antigen-specific proliferation in vitro.

The above findings provide further evidence supporting the role o f CD8+ T cell 

escape as a major mechanism for viral persistence but do not explain how HLA- 

A*03 mediates its protective effect. In HIV infection, the protective effects 

associated with certain Class 1 alleles e.g. HLA-B*27 and HLA-B*57 have been 

attributed to the targeting o f epitopes which lie in parts o f the genome that possess
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important structural or functional activities. The development o f escape mutations 

within these epitopes incurs significant fitness cost which is thought to hinder viral 

replicative capacity and thus attenuates the virus (Leslie, Pfafferott et al. 2004; 

Martinez-Picado, Prado et al. 2006; Schneidewind, Brockman et al. 2007; Goulder 

and Watkins 2008). The fitness cost o f escape mutations has also been studied in 

HCV although to a much lesser extent. In a recent study, the impact o f amino acid 

substitutions in a HLA-B*08 restricted epitope was analysed and a significant 

fitness cost was observed after the development of a key escape mutation although 

in most studies HLA-B*08 has not been linked to protection (Soderholm, Ahlen et 

al. 2006; Salloum, Oniangue-Ndza et al. 2008). The NS3 1080-88 TVYHGAGTK 

epitope lies within the NS3 region which codes for a bifunctional protein whose 

activity encompasses both protease activity as well as NTPase helicase activity 

(Lauer and Walker 2001; Soderholm, Ahlen et al. 2006). As a consequence, this 

nonstructural protein is relatively conserved to protect its key activities. Mutations 

at key catalyic sites including H is-1083, which lies within the TVYHGAGTK 

epitope have been shown to abolish cleavage o f the nonstructural proteins 

(Bartenschlager 1999). Thus substitutions occurring within this region are likely to 

have a significant effect on viral processing and replication. In support o f this, the 

adjacent immunodominant HLA-A*02 restricted epitope NS3 1073-1081 

CVNGVCWTV is routinely targeted in A*02 positive individuals but is relatively 

conserved and a previous study by Soderholm et al. indicates that substitutions 

within this epitope significantly affect its function (Soderholm, Ahlen et al. 2006). 

Given its location within the genome, we speculated that substitutions within the 

epitope identified in this study may similarly be subject to a set o f functional 

constraints and the mutations which are necessary to enable escape may jeopardise
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its function. Based on our observations, it appears that only the single substitution at 

position 9 (P9), K1088R is necessary to facilitate escape. H ow ever in the m ajority  

o f  HLA A*03 positive patients in this sudy, this m utation occurred in conjunction 

with a second substitution T1087A  at position 8 (P8). The reasons w hy this occurs 

are unclear. In the case o f  several HIV epitopes linked to protective alleles, 

com pensatory m utations arise in adjacent regions o f  the genom e and their function 

is prim arily to restore fitness capacity (Brockm an, Schneidew ind et al. 2007; 

Craw ford, Prado et al. 2007; Schneidew ind, Brockm an et al. 2007). U nlike the 

dom inant HLA-B*27 and B*57 restricted epitopes in HIV, escape m utations 

observed occurring w ithin the B*27 restricted HCV epitope N S 5B -2841-2849 

appear to have a relatively m odest fitness cost. This epitope is notable for the 

clustering o f  m utations that occur at TCR contact residues in persistently infected 

individuals. Escape from im m une recognition in this case appears to require 

m ultiple m utations rather than a single substitution and these m utations do not 

appear to have a com pensatory function (Dazert, N eum ann-H aefelin et al. 2009). 

Several o f  the escape variants continue to be cross-reactive and elicit T cell 

responses. In this epitope, escape m utations at the anchor residues are absent in 

vivo. A rtificially introduced substitutions introduced at these positions how ever 

resulted in a significant fitness cost in a replicon system  which may explain its 

absence. W e thus postulated that the developm ent o f  the T1087A  m utation w ithin 

the NS3 1080-88 epitope m ay either reflect accessory changes that are either 

com pensatory in the setting o f  restoring viral fitness or are occurring to com plete 

the evolution to successful escape from  T cell m ediated control -  a“2 -h if ’ 

hypothesis.
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The characteristics o f this cohort were unique both with reference to the hosts' 

genetic information as well the virus (genotype lb). To further assess the nature o f 

the epitope in patients from more heterogeneous populations infected with differing 

strains o f virus, we searched the Los Alamos database for sequences o f this region 

in both genotypes. We found that in genotype lb  strains all variants o f the NS3 

1080-88 epitopes preserved lysine at P9 and none o f the variants possessed arginine 

at this position. In genotype la and 3, the consensus sequence overwhelmingly 

represents the escape variant with arginine at P9 TVYHGAGTR . This suggests that 

this epitope may have already been lost as a T cell target in these genotypes. A 

recent large multi-centred study in HIV infection by Kawashima et al. reports on the 

widespread adaptation o f HIV to the prevalent alleles within a population and 

indicates that over time even immunodominant responses linked to protective alleles 

may be lost to the circulating species (Kawashima, Pfafferott et al. 2009). Thus this 

data may indicate that the protective effect o f this epitope is genotype/subtype- 

specific and may already have been lost as a target in other genotypes such as la. A 

recent study has shown that the protective effect o f the B*27 restricted NS5 

ARMILMTHF is genotype-specific. In genotype 3 infections, the sequence o f this 

epitope does not appear to be under selection pressure and correspondingly, the 

epitope was not found to be a CTL target in vitro (Neumann-Haefelin, Timm et al.). 

Further studies will need to be performed in A*03 patients infected with non

genotype lb  to determine if  this is the case with respect to the N S31080-88 epitope.

A study which assessed the longitudinal evolution o f a HCV NS3 epitope in an 

experimentally infected chimpanzee showed that the sequence which eventually 

became fixed in the circulating quasispecies was not the fittest variant but a slightly
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less fit variant which retained its capacity to evade the CD 8+ T cell response 

(U ebelhoer, Han et al. 2008). The evolution o f  different epitopes in HCV in 

different populations m ay very well reflect a sim ilar balance requiring a trade o ff  in 

fitness to achieve optim al im m une evasion.

In this study, we surm ised that the K1088R substitution was an escape m utation and 

1 have shown that stim ulation o f  PBM Cs with the m utant peptide does not expand a 

population o f  cells that are specific for the wild-type sequence. “Original antigenic 

sin” was initally described for influenza infection and refers to the preservation o f 

m em ory responses to the original antigen even w hen this is no longer present in the 

circulating infecting strain (Fazekas de St and W ebster 1966). This response m ay 

im pair the hosts ability to m ake a de novo response or indeed affect the quality o f  

the de novo response to the variant antigen. It is possible that CD 8+ T cell 

responses to the variant or escape m utant are present and/or dysfuctional. This 

hypothesis could be explored by designing tetram ers using the K1088R and 

T1087A  sequences. I f  such responses are indeed present, it would be interesting to 

explore how the efficacy o f  the functional responses to the variant epitopes 

com pares to the w ild-type as previous studies have shown that altered peptide 

ligands (APLs) can have antagonistic effects (K lenerm an and Zinkernagel 1998).

In total, 10 HLA-A*03 positive patients were assessed - looking for CTL responses 

to the A*03 tetram ers. Eight o f  these had resolved infection whilst two had 

persistent infection. O f these patients, six patients were found to have CTL 

responses to the NS3 1080-88 epitope (6/8 resolvers versus 0/2 chronics, p-0.13, 

Fishers exact test). A lthough this did not reach statistical significance, probably 

because o f  the small num bers, the trend certainly appears to support the genetic data
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- that the presence o f CTLs against the NS3 1080-88 epitope is associated with 

HCV clearance.

The NS5B 2510-18 KLTPPHSAK epitope also bears a substitition at the key anchor 

position P9 K2518R which is significant (p=0.001). This epitope was identified in 

both the prediction databases and had been previously identified in patients infected 

with genotype la (Wong, Dudley et al. 1998; Wong, Dudley et al. 2001). In 

addition, there appears to be an HLA-A*03 “footprint’ present in a second distinct 

cohort (Todd Allen, Boston, personal communication). In this epitope, there was 

also a second common substititution from lysine to methionine at position 1 

(K2510M) however this occurred in both HLA-A*03 positive as well as A*03 

negative individuals. Since this mutation does not appear to arise under HLA driven 

selection, it is possible that it represents reversion to consensus or alternatively, this 

amino acid may lie within another unidentified adjacent or overlapping epitope 

targeted by a different allele. The significance o f the K2518R substitution does 

support the notion that this epitope is highly likely to be an in vivo target at least 

during acute infection. In this study, we were unable to demonstrate any T cell 

responses to the wild-type epitope (KLTPPHSAK) in the 10 patients examined in 

this cohort. Compartmentalisation o f antigen-specific cells within the liver or 

deletion o f virus-specific responses as the infection progresses is also a possibility. 

Technical issues cannot be excluded. Furthennore, we assessed antigen-specific 

responses specific for the sequence KLTPPHASK and therefore the effects o f either 

o f the observed mutations on T cell recognition has not been tested. The persistence 

o f the mutation decades after infection does suggest that significant T cell mediated 

pressure is still present but undetectable using our cun'ent methods. Further study of
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acutely infected HLA-A*03 positive individuals (ideally with genotype lb) could 

provide infonnative details about both the sequential evolution o f  the mutations and 

provide some information on the hierarchy o f  the responses as well as their context 

with respect to viral kinetics.

As previously discussed, the quality o f  the T cell response m ay also be an important 

determinant o f  outcome. Further studies are needed to assess the quality o f  the 

responses to these two epitopes both in acute and chronic disease, as well as in those 

who have recovered from infection.

In summary, in this chapter 1 have demonstrated that CD8+ T cell responses to a 

novel HLA-A*03 “footprint” epitope are present in women 30 years after initial 

exposure to the HCV virus. The escape mutation K1088R abrogates the T cell 

response in vitro. This in vivo and in vitro data suggests that this is an important 

epitope which may be linked to the protective effect associated with HLA-A*03.
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C h a p t e r  5

T h e  K 1 0 8 8 R  e s c a p e  m u t a t i o n  is  a s s o c i a t e d  w i t h  a

VIRAL FITNESS COST AND REQUIRES A COMPENSATORY  

MUTATION (T1087A) TO RESTORE OPTIMAL VIRAL 

REPLICATION

5.1 In t r o d u c t i o n

In this chapter, 1 address the hypothesis that the protective effect o f HLA-A*03 is 

associated with the outgrowth o f an escape mutant o f the NS3 1080-88 epitope 

which is associated with a fitness cost. 1 also address whether the presence o f the 

double substitution (TK1087AR) has a compensatory function. There is an accruing 

body o f literature in HIV infection which supports the importance o f escape variants 

which reduce viral efficiency as a mechanism driving the protection associated with 

certain Class I alleles (Leslie, Pfafferott et al. 2004; Fernandez, Stratov et al. 2005; 

Martinez-Picado, Prado et al. 2006; Brockman, Schneidewind et al. 2007; 

Schneidewind, Brockman et al. 2007). For example, control o f HIV by HLA-B*27 

positive persons has been linked to an immunodominant CTL response targeting the 

conserved KKIO epitope in p24/gag (Goulder, Phillips et al. 1997). Viral escape in 

KKIO occurs through the development o f a substitution (R264K) and this is 

associated with reduced viral replication efficiency. However, this substitution 

rarely occurs in isolation and is usually observed in conjunction with other upstream 

“compensatory” mutations. This combination o f substitutions restores viral 

replication efficiency in vitro. This requirement for compensation facilitates an
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optimal immune response to the KKIO epitope and escape which occurs late in 

infection is associated with loss o f viral control (Kelleher, Long et al. 2001; 

Schneidewind, Brockman et al. 2007; Schneidewind, Brockman et al. 2008).

In HCV infection, there is limited data available to determine if mutations selected 

by T-cell immune pressure incur a fitness cost. As previously mentioned, 

Soderholm et al demonstrated a fitness cost associated with artificially introduced 

alanine substitutions in the HLA-A*02 restricted 1073-81 CVNGVCWTV epitope 

but the relevance o f this remains unclear as these mutations are not present in vivo 

and variants are not selected in HLA-A*02 individuals (Soderholm, Ahlen et al. 

2006). Salloum et al. investigated the impact o f escape mutations in the HLA-B*08 

restricted NS3 1395-1403 HSKKKCDEL epitope. They also observed reduced viral 

replication efficiency associated with escape substitutions compared to the 

prototype sequence (Salloum, Oniangue-Ndza et al. 2008).

A recent study examined the impact o f escape mutations within the protective and 

immunodominant epitope restricted by HLA-B*27. Some mutations at TCR contact 

residues were associated with a modest impact on viral replication (reduced to 50% 

o f wild-type) but there was no significant difference observed in those variants with 

clustered mutations (as observed in vivo) suggesting that the clustering is not a 

consequence o f a compensatory mechanism (Dazert, Neumann-Haefelin et al. 

2009). In this chapter, I investigate the impact o f the observed mutations in the NS3 

1080-88 epitope (T1087A and K1088R) on viral replication efficiency using the 

subgenomic replicon system.
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5.2 T h e  s u b g e n o m i c  r e p l i c o n

It is possible to propagate the virus in primary human hepatocytes but efficiency is 

very low and requires a high degree o f  differentiation o f  the cells. In addition, these 

cells are not readily available (Bartenschlager 2002). In 1999 however, Lohmann et 

al. described the first successful HCV subgenomic replicon system established in a 

human hepatoma cell line (Huh-7) (Lohmann, Kom er et al. 1999). Replicons are 

subgenomic constructs that can replicate autonomously in a cell line. In these 

constructs, the region that encodes the structural proteins was replaced by a 

selectable marker i.e. a neomycin gene encoding the enzyme neomycin 

phosphotransferase (NPT) which inactivates G418 (the cytotoxic agent - neomycin). 

Work on other positive stranded RNA viruses had previously shown that the 

structural proteins were not essential for RNA replication and this was also found to

be the case with HCV. The production o f  NPT is mediated by the HCV internal

ribosomal entry site (IRES) present in the 5 ’NTR, whereas a second heterologous 

IRES (of another virus -  e.g. encephalomyocarditis virus (EM CV)) inserted 

downstream o f  the neo gene facilitates translation o f  the HCV replication proteins 

(Figure 5.1.). In the initial work, transfection o f  Huh-7 cell lines provided a number 

o f  neomycin (G418) resistant colonies that carried high amounts o f  autonomously 

replicating HCV RNAs.

Two reasons for the high level o f  replication o f  these RNAs have now been 

identified

(1) the presence o f  specific cell culture adaptive mutations and

(2) selection for highly pennissive host cells.

Adaptive mutations were found at the N-terminus o f  the NS3 helicase, in NS4B and 

in the centre o f  NS5A. Several o f  these alter the phosphorylation state o f  NS5A, and
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this is thought to have an effect on RNA replication through the production o f  a 

hyperphosphorylated NS5A (p58). The second im portant finding was the 

identification o f  highly perm issive cell clones. “Curing” clones by rem oval o f  HCV 

replicons i.e. by treatm ent w ith in terferon-a  resulted in a highly pennissive clone 

when the sam e clone was re-infected w ith HCV replicons. Huh-7.5 and H uh-Lunet 

are two such clones that have been generated this way. This system does not support 

the com plete HCV life-cycle as they do not produce infectious virions. How ever 

despite this lim itation this system provides a useful tool that has advanced the study 

o f  HCV replication (B artenschlager 2002; Bartenschlager 2006). O riginally, HCV 

replication was m easured by quantifying the am ount o f  HCV RNA or protein in a 

cell how ever the insertion o f  a reporter gene such as the firefly luciferase has 

sim plified this process and transient replication assays are easily perform ed.

In our study, the basic construct used for transient replication assays w as the 

pFK /i341PiLucN S3-3’ ET sub-genom ic replicon. This construct contains the 

com plete HCV 5 ’ NTR, a 63-nucleotide spacer elem ent, the poliovirus (PV) IRES, 

the firefly (Photinis vulgaris) luciferase gene, the IRES o f  the ecephalom yocaditis 

virus (EM CV ) and the HCV proteins NS3 to NS5B and the HCV 3 ’NTR. This 

construct is based on the functional clone obtained from  the HCV isolate Con 1 

(EM BL A J238799 - a genotype lb  isolate) (Lohm ann, H offm ann et al. 2003; 

Bartenschlager 2006). A replication-defective replicon was used as the negative 

control (designated GND). This construct has a point m utation (GND) at the m otif 

(GDD ) o f  the NS5B RN A -dependent RNA polym erase which prevents viral 

replication.
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NS4A

Neo NS3 NS4B NSSA NSSB

Figure 5.1. Structure o f original subgenomic replicon. The region which encode; 
core up to NS2 is replaced by the neomycin phosphotransferase (NPT) gene and th( 
IRES o f EMCV (El). This IRES directs the expression o f the HCV replication protein; 
whilst neo is translated under the control o f the HCV IRES that is present in the 5’NTR.

NS4A

☆ ☆

A3 epitopd

LU

TVYHGAGTK

NS3 NS4B NSSA NSSB

Figure 5.2. The i341PiLucNS3-3’ ET subgenomic replicon. The basic construct 
used for transient replication assays in this study was the pFK/i341PiLucNS3-3’ ET 
subgenomic replicon. It contains the complete HCV 5’ NTR, a 63-necleotide spacer 
element, the poliovirus (PV) IRES, the firefly (Photinis vulgaris) luciferase gene, the 
IRES o f the ecephalomyocaditis virus EMCV (El) and the HCV proteins NS3 to 
NSSB and the HCV 3’NTR. The construct sequence is based on the functional clone 
obtained from the HCV isolate Con 1 (a genotype lb  isolate). Stars indicate the cell 
culture adaptive mutations E1202G, T 12801 and K1846T. The HLA A*03 restricted 
NS3 1080-88 epitope is highlighted.
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5.3 ADDITIONAL METHODS

M o l e c u l a r  B i o l o g y  T e c h n i q u e s / V i r a l  F i t n e s s  

A s s a y

5.3 .1  T r a n s f o r m a t i o n

DNA from the HCV subgenomic replicon plasmid (pFK/i341 PiLucNS3- 

3 ’containing the firefly luciferase gene) was transfonned into chemically competent 

E.coli (e.g XL) Blue Competent cells: Strategene). l |i l .  of vector was added to 

thawed E.coli cells, mixed gently and incubated on ice for 30 minutes. The DNA 

was transformed using heat shock at 42^C for 45 seconds, prior to incubation for 2 

minutes on ice. 200 |aLs o f SOC media (Invitrogen) was added and the cells were 

incubated and shaken for 1 hour at 250ipm at 37"C. Transformed cells were spread 

onto agar plates made up with the antibiotic ampicillin ( lOOng/ml). Plates were then 

left overnight at 37°C. Single colonies were picked and grown up in 2-3 mis o f LB- 

broth (Luria-Bertani broth; Sigma) containing 100[jg/ml o f ampicillin, by shaking at 

37‘’C for 12-16 hours. Plasmids were extracted from the bacteria using a midi-prep 

kit (Qiaprep midi kit; Qiagen) according to manufacturers instructions, and 

quantified. Confimiation o f successful transformation was tested by PCR o f the 

DNA followed by agarose gel electrophoresis. The molecular weight of the PCR 

fragment was 3.7kB (Figure 5.3).
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1 iHIr
m L U C  5.1 S G R (3 .7 k b )  

— ► 5.1 S G R (1 .7 k b )

F igure  5.3. H C V  replicon p lasm ids. C onfirm ation  o f  H C V  replicon plasm ids. To  
c o n f in n  the p resence o f  the H C V  subgenom ic  replicons in t ransfo rm ed  cells, PC R  
and agarose  gel e lec trophoresis  w as  perform ed. T he pFK/i341 P iL u cN S 3 -3 ’ 
contain ing  the firefly luciferase gene (designated Luc 5.1 SG R ) w as confirm ed  by 
the p resence o f  a 3 .7kb fragm ent.  T he  subgenom ic replion carry ing  the neo gene 
insertion (designated  5.1 SG R ) w as also tested in parallel and its p resence w as 
confirm ed  by the p resence o f  a l.Vkb fragm ent. H yperladder 1 is on the left hand 
side.

5.3.2 PCR REACTION

P C R  w as  carried  out on D N A . W ater w as used  as a negative  control. Positive 

contro ls  included  the use o f  the H C V  replicon plasm id D N A . T he am plif ica tions 

w ere  p e r fo rm ed  in 0.5 m is p ropy lene  tubes with an au tom ated  therm al cyc ler  

(E p p e n d o rf  M aster  C yc le r  5330).

T h e  P C R  reaction  w as  perfo rm ed  in a final vo lum e o f  25|xLs:

17 .85nL H 2O (D N A se /R N A ase  free; S igm a)

2.5|o.L lOx T aq  buffer  ) (R oche  E xpand H igh Fidelity PCR System )

0.4|.iL D N T P s (  lOmM)

l^iL 5 ’ p r im er  (lOfxM)

1 |xL 3 ’ p r im er  (10|xM)
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1,25[iL Taq polym erase (5U) (Roche Expand High Fidelity PCR System )

l^iL DNA Tem plate (approx 30-35ng/|AL).

The PCR reaction was perform ed using the follow ing procedure (Table 5.1). The 

PCR products w ere separated by agarose gel electrophoresis and visualized as UV 

fluorescence after staining with ethidium  bromide.

Table 5.1. PCR reaction

Step Temperature °C Time

1 D enaturation 94 2 m inutes

2 D enaturation 94 15 seconds

3 Annealing 56 * 30 seconds

4 Extension 72 45 seconds

5 go to step 2;

repeat 29 tim es

6 Extension 72 7 m inutes

7 Cooling 4

* depends on properties o f prim er

5 . 3 . 3  V i s u a l i z a t i o n  o f  D N A  - A g a r o s e  G e l  E l e c t r o p h o r e s i s

DNA was visualized by agarose gel electrophoresis and m ixed at a 10:1 ratio w ith a 

gel-loading buffer (Bioline UK). This was then loaded onto a 1% agarose gel 

(S igm a UK) in TBE buffer (Tris-Borate-ED TA , Prom ega, UK). Ethidium  brom ide 

solution (lO m g/m l) was added at 5^1s per 500m ls o f  gel. Sam ples were run in 

parallel w ith H yperladder 1 and 11 (Bioline UK) to allow  an estim ation o f  the size 

and concentration o f  the DNA fragm ents. The gel was run by electrophoresis at
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lOOV for approximately 40-60 minutes. The DNA in the gel was then visualized  

under UV light using a Gel Doc 2000 (Biorad).

5 .3 .4  A g a r o s e  g e l  e x t r a c t i o n

Purification o f  DNA products by gel extraction was performed using a Gel 

Extraction Kit (Qiagen) according to the manufacturers instructions. DNA was run 

on a 2% agarose gel at 80V for 2 hours and extracted manually under UV light to 

visualize the correct bands. Gel cutting under UV light was performed swiftly to 

prevent UV-damage to the DNA. DNA was eluted in RNase/DNas-free H2O 

(Sigma) and either stored at -SO^C or used immediately.

5 .3 .5  C a v e a t s  a n d  q u a l i t y  c o n t r o l  o f  PCR

Each set o f  PCR reactions included a negative control containing no template DNA. 

This was to ensure that the DNA contamination risk during preparation o f  the PCR 

reaction was low.

Taq DNA polymerase is a thermostable enzyme derived from the thermophilic 

organism, Thernms acqnaticus. The Expand High Fidelity PCR system is composed 

o f  a unique enzyme mix containing thennostable Taq DNA polymerase and Tgo 

DNA polymerase, a thermostable DNA polymerase with proof reading activity. 

This powerful polymerase mixture is designed to generate PCR products o f  high 

yield, high fidelity and high specificity from all types o f  DNA (Barnes 1994).
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5.3.6 Q u a n t i t a t i o n  o f  DNA

DNA was quantified using a ND (nanodrop) 1000 spectrophotometer (Labtech 

International). If^l o f  DNA was required for quantitation. DNA concentration was

subtracted from background using the ND1000-V3.5.2.

5.3.7 S i t e  d i r e c t e d  M u t a g e n e s i s  a n d  P riimer  D e s i g n

The location o f  the HLA-A*03 restricted epitope (NS3 1080-88 TV Y H G A G TK ) 

was identified in the 5.1 Luciferase SGR between position 3482 and 3503 

respectively in the plasmid pFK i341 PiLucNS3-3’. The restriction enzyme sites 

N O Tl and M LU l were identified by Nebcutter (tools.neb.com/NEBcutter2/) at 

positions 2696 and 6442 respectively (Vincze, Posfai et al. 2003).

The wild type sequence for the sub-genomic replicon was identified as 

TV YHG AG SK. Primers were designed with the following amino acid substitutions; 

TV Y H G A G TK , T V Y H G A G T R  and T V Y H G A G A R  (Table 5.2.). To incorporate 

the substitutions, two rounds o f  PCR reactions were performed. The subgenomic 

replicon was used as the template in the first round PCR and the product o f  the two 

reactions was then combined in equal molar concentrations and used as the template 

in a final PCR reaction (Figure 5.4 .) Sequencing was then carried out to confinn the 

incorporation o f  the substitutions.

First Round PCR 5.1 Luc SGR 

2696F + 1999R -  Product 1 (800bp)

1981F + 6442R - Product 2 (2943bp)

Second Round PCR 5.1 SGR 

2696F + 6442R = final product (3.7kb)
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2696F 
 ►

1981F
  ►

1999R 6442R 

<-------

TVY Subgenomic replicon LUC
EPITOPE e  A

NOT I i MLU I

PCR PRODUCT 1

i
PCR PRODUCT 2

i
2696F 

 ► 6442R

Final product

Figure 5.4. Schematic o f how the site directed mutagenesis was performed for the 5.1 
Luciferase subgenomic replicon. NOT 1 and M LUl are the restriction enzymes 
identified with Nebcutter. They are located at position 2696 and 6442 of the replicon 
respectively.

Table 5.2. Primers used for site directed mutagenesis

Primer name Sequence Melting temp “C
LUC SGR 2696F GTAAGCGGCCGCGTTAAACAG 61.8
LUC SGR 6442F GTGTACGCGTTAATGGGG 56
SGR TK (1981)F CGGCACAAAGACCCTTGC 61
SGR TK (1999)R CAAGGGTCTTTGTGCCGGC 58.2
SGR TR(1981)F GCACAAGGACCCTTGC 54.3
SGR TR (1999)R CAAGGGTCCTTGTGCCGG 60.5
SGR A R (1981)F GCGCAAGGACCCTTGC 56.9
SGR A R (I999)R CAAGGGTCCAAGCGCCG 60
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-4 ------------ Product 2

Product 1

Figure 5.5 First round products A-F
show the the first round products for 
the SGR Luciferase 5 .1 TK, TR and 
AR substitutions (product 1 800bp and 
product 2 2943bp).

>• 5.1 SG R luciferase products 
(3.7kb)

Figure 5.6. Final products. The last 3 
lanes show the bands for the 5.1 
luciferase final products (TK, TR and 
AR respectively).
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5 .3 .8  T  V e c t o r  C l o n i n g

The purified full-length PCR gene products were cloned into a mammalian 

expression vector using the pGEM® T easy vector system (Promega, USA), 

according to manufacturers instructions. These vector systems facilitate the direct 

cloning o f PCR products into a convenient plasmid vector. These vectors have been 

linearised and have had 3 ’ terminal thymidine nucleotides added.

5 . 3 . 9  DNA L i g a t i o n

DNA ligation was performed using the T4 DNA ligase and the 2X rapid ligation 

buffer (Promega) at a vector to insert ratio o f 1:1 and 3:1 based on DNA nanodrop 

concentrations.

ng vector x kb size insert x insert vector ratio = ng o f insert 
kb size vector

Reagent Volume

2X rapid ligation buffer 5 f i l

pGEM ® T easy vector (50ng) 1 |a 1

PCR product X  | l l

T4 DNA ligase (3 Weiss units/[il) I |il
Deionised water to a final volume o f 1 0

^Is.

The reactions were further mixed by pipetting and either incubated for 1 hour at 

room temperature or alternatively incubated overnight at 4°C. They were then 

stored at -20°C. Following T vector cloning, transformation was performed as 

previously described (Section 5.3.1). Ten colonies from each transfonnation were 

chosen and PCR perfonned to determine the fragment size. Clones were considered 

positive for the desired mutant DNA if  the fragment size approximated to 3746 bp
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(using prim ers LucSG R 2696 F and LucSGR 6442R). All positive clones were 

chosen and sent for sequencing for confirm ation. A single clone with each o f  the 

desired substitutions was then chosen and clonally expanded by transform ation.

5 . 3 . 1 0  S e q u e n c i n g  R e a c t i o n s

5.3.10.1 PCR PU RIF IC AT IO N

PCR products were purified using Qiaquick PCR purification kit (Q iagen) in 

accordance with the m anufacturers instructions.

5.3.10.2 S e q u e n c i n g

Sequencing o f  PCR products w as perform ed using prim ers binding both the sense 

and anti-sense strands o f  the DNA incorporating the substitutions. Sequencing was 

perform ed using the Big Dye Term inator v3 reaction mix (Applied Biosystem s, 

UK). The reaction mix was as follows; 3 .8^L  dHaO, 1.5^L Big Dye buffer, 3.2\xL 

prim er (10pm ol/|al), 0.5|aL Big Dye T enninator v3 reaction mix and 0 .5^L  PCR 

tem plate. The sequencing reaction was perform ed on a Peltier Therm al Cycler PTC- 

200 (M J Research, UK) and the program  was as follows;

T em perature Tim e

96“C 10 seconds

50 °C 5 seconds

60 T 4 m inutes

repeat for 30 cycles
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5.3.10.3 PRECIPITATION OF SEQUENCING PRODUCTS

The precipitation o f  sequencing products was carried out in a 96 well plate. 10 ^ils 

o f  sterile distilled w ater was first added to each well. The final precipitation o f  the 

sequence cycling products was carried out by the addition o f  52|.xls o f 

NaO Ac/ETOH solution (2|al 3M NaOA c + 50|il 100% ice-cold ETOH). The plate 

was then sealed, vortexed briefly prior to centrifugation (lOOOrpm for lOseconds). It 

was then incubated at room  tem perature for 20 m inutes and then centrifuged at -4°C 

at 4000rpm  for 80 m inutes. Im m ediately after centrifugation, the plate was inverted 

onto tissue paper and centrifuged briefly at SOOrpm in order to rem ove the residual 

ethanol. 200 |als o f  ice-cold 70 % ethanol was added to each well to w ash the pellet 

and the plate was re-sealed. This step was repeated twice (centrifuged for 15 

m inutes only). The plate was then air dried for 20 m inutes, re-sealed and stored at - 

20 °C until further processing. Sequences were analysed on the ABI 3700 DNA 

analyzer (A pplied Biosystem s, UK). Sequence data was analysed using Sequencher 

v4.8 (Gene Codes Corp) and aligned m anually in Se-Al v .2 .0 a ll  (A. Rambaut, 

Departm ent Zoology, U niversity o f  Oxford).

5 .3 .1 1  R e s t r i c t i o n  e n z y m e  d i g e s t i o n

Plasm id DNA (pG EM ®  T easy vector and HCV subgenom ic replicon) w as cut by 

restriction enzym e digestion. Restriction enzym es were purchased from  New 

England Biolabs and used according to m anufacturers instructions. Incubations 

ranged from  3 hours to overnight at 37° C depending on efficiency. Unique 

restriction sites in DNA w ere checked using an online tool N E B cutter V2.0 

(tools.neb.com /N EB cutter2/), which detects all restrictions sites o f  NEB restriction
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enzymes in a given uploaded sequence. The restriction enzymes used in this study 

were Not I and MLU 1 (Vincze, Posfai et al. 2003) .

The reactions included the following in a total final volume of lOOjils:

R eagent Volume
(1̂ 1)
Plasmid DNA (10 |igs) X |ils

Buffer (1 OX) 10 [ils
lOOX BSA 1 |il
Restriction enzyme 1 5 jils
Restriction enzyme 2 5 jils

Deionised water to a final volume o f 100
l^ls.

Following enzymatic digestion, l|al o f reaction mix was run on 1% agarose gel to 

look for the presence o f digested products. The total reaction mix was then run in 

large wells on a 2% agarose gel and the DNA extracted from the gel. The cut DNA 

was then eluted in 30^1 RNase/DNase-free HiO (Sigma). The cut DNA could now 

be stored at -80"C until DNA ligation. DNA ligation was performed using the 

original vector (HCV SGR Luc) that had been linearised with the same restriction 

enzymes. These constructs were then transformed using competent E. Coli. DNA 

was extracted using a Plasmid midi-kit (Qiagen) according to manufacturers 

instructions, quantified and purified.

5.3.12 RNA TRANSCRIPTION AND ELECTROPORATION

Mutant plasmids along with the wild-type and GND negative control were 

linearized with M LUl enzyme and used for in vitro transcription reactions using the 

T7 RNAmax (Promega). The following were included in the transcription reaction 

(final volume lOOjals): T7 transcription 5X buffer 20|ils, rNTPS (25mM) 30 fils,
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linear DNA tem plate (10 jags) 40|als, and 11  polym erase 10|als. These w ere pipetted 

gently and incubated for 16 hours at 4‘’C. DNA was rem oved by addition o f  lU  o f  

RQ l D N A ase/|ig  o f  DNA for 15 m inutes at 37°C. Equal volum es o f  

phenol:chloroform :isoam yl alcohol (125:24:1) were then added and vortexed. The 

m ixture was then centrifuged at 13000rpm for 5 m inutes. The aqueous layer was 

carefully rem oved into a new 1.5m ls m icrcentrifuge tube. Next, equal volum es o f  

chloroform :isoam yl alcohol (24:1) was added and vortexed to m ix prior to 

centrifugation at 13000 rpm  for 5 m inutes. This step was repeated tw ice and then 

the aqueous layer was added to 2 volum es o f  isopropanol. This was incubated on ice 

for 5 m inutes and then spun again at 1300rpm for 5 minutes. The supernatant was 

carefully rem oved and the pellet w ashed tw ice with 70% cold ethanol. The pellet 

was then suspended in 100 |j1s o f  nuclease free w ater and the RNA quantified. RNA 

was stored at -20°C until further use.

Huh 7 cells in the log phase o f  growth were then counted, w ashed in PBS 

equilibrated in Opti-M EM  m edia and resuspended at Ix 10^ Huh-7 cells/m l o f  

cytom ix.

20|Ags o f  purified in vitro RNA transcripts were m ixed with 400 |jIs o f  10^ Huh-7 

cells/m l and transferred to an electroporation cuvette with a 0.4 cm gap. Cells were 

electroporated using the gene pulser (Bio-Rad) adjusted to deliver 1 pulse o f 0.25kV  

and 960 f^Fd. Cells w ere then seeded into 6 well cluster plates and cultured in the 

presence o f  com plete media.

5.3.13 L u c i f e r a s e  a s s a y

The Bright-G lo Luciferase assay system  was used to analyse viral fitness using 

luciferase as the reporter. Luciferase read-outs were taken at 4, 24, 48 and 72 hrs
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post-transfection. In each assay, we included in addition to the mutants, the wild 

type as a positive control and the replication deficient mutant o f  the NS5B RdRp 

active site as a negative control (GND). Values were normalised to the 4h RNA 

value (set at 100%) and also further normalised to WT. The results are presented as 

the mean o f  3 independent experiments.

5 . 3 . 1 4  S t r u c t u r e  a n a l y s i s

We used NS3 protease structures based on genotype la  virus sequence (protein 

database code PDB code 3EYD). The epitope environment was analysed using 

PyMOL. Mutants were generated in PyMOL and structural figures generated 

(ww w.pym ol.org; DeLano, Warren L. The PyMOL Molecular Graphics System 

(2009). DeLano Scientific LLC, Palo Alto, California, USA. 

http://www.pym ol.org).
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5.4 RESULTS

5.4.1 V i r a l  f i t n e s s  i s  c o m p r o m i s e d  i n  r e p l i c o n s

CONTAINING THE K1088R SUBSTITUTION BUT THE SECOND 

T1087A “ COMPENSATORY” MUTATION RESTORES VIRAL 

REPLICATIVE EFFICIENCY.

To determ ine the effect o f  the m utations observed in the HLA-A*03 positive 

patients, we assessed their impact on viral replication efficiency (fitness cost). 

M utations were introduced into the subgenom ic replicon (genotype lb  strain) 

carrying a firefly luciferase reporter gene (5.1 SGR Luc) by site directed 

m utagenesis as described and Huh-7 cells were transiently transfected with the 

replicon. Transfection o f  cells with a replication defective replicon (GND) was 

perform ed as a negative control. In addition, mock infected cells w ere also used as a 

control. In the subgenom ic replicon the wild-type sequence o f  the epitope carries 

serine at position 8 (TV Y H G A G SK ) for which we substituted threonine 

(TV Y H G A G TK ) as observed in the Irish cohort. Tw o further epitope m utants were 

created by m utagenesis -  one bearing the single K1088R substitution at position 9 

(m utant TR) and the other bearing the double substitution T1087A  and K1088R 

(m utant AR). Viral replication was m easured by lum inom etry. The results presented 

here represent the m ean o f  three independent experim ents. The replication 

efficiency o f  these m utants w as then com pared w ith the w ild-type sequence and a 

replication-defective replicon (GND ) at a num ber o f  tim e points (0, 4, 12, 24 and 48 

hours).
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We observed a significant reduction in the replication efficiency in mutants bearing 

the single substitution K1088R at all time points (Figure 5.8). At both 48 and 72 

hours, mutant TR replicates to approxmately 22% of wild-type. In contrast, at 72 

hours the mutant carrying the double substitution (mutant AR) was associated with 

a viral replication efficiency which was 95% of the wild-type (Figures 5.7 and 5.8)

The previous experiments (Chapter 4) suggest that only the K1088R mutation is 

necessary to achieve CD8+ T cell escape however this single substitution is 

observed only rarely in vivo in the Irish cohort. These data indicate that this 

substitution is associated with a loss o f viral fitness. The development o f the double 

substitution appears to restore viral replication efficency supporting the importance 

o f this compensatory mechanism at least in HLA-A*03 positive patients. The 

student’s t test was used to determine the p values (Figure 5.8) and statistical 

significance.

165



Chapter 5. Results
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Figure 5.7. Replication efficiency of wild-type (TK) and mutants (TR and AR) at 
48 and 72 hours. Level o f  replication is expressed as relative luciferase units. Data 
are presented as means +/- standard deviation. The AR m utant replicates well whilst 
the m utant TR replicates poorly at both tim e points. GND -  replication defective 
replicon. Results represent the m ean o f  3 independent experim ents. Standard 
deviations are shown.
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Figure 5.8. The percentage replication efficiency of mutants compared to wild- 
type (TK). Representative time course o f mutants TR and AR compared with wild- 
type (TK) and the negative mutant (GND) at 4 and 24 hours (5.8A) and at 48 and 72 
hours (5.8B). Replicative capacity is expressed as a % after nonnalisation to the 4 
hour input RNA value (reflecting transfection efficiency). Wild-type (TK) was 
normalised to 100%. The mean +/- standard deviation (SD) o f 3 independent 
experiments is shown. Replication efficiency o f the mutant TR is significantly reduced 
at all time point whilst the AR mutant replicates nearly as well as the wild-type 
indicating a compensatory role.
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5.4.2 STRUCTURAL MODELLING REVEALS A 

CRITICAL ROLE FOR K1088 IN STABILISING THE 

HELICAL TURN OF THE ACTIVE CATALYTIC SITE 

OFNS3

The NS3 1080-88 TV Y H G A G TK  epitope lies within the NS3 region and its activity 

encompasses both protease activity as well as NTPase helicase activity (Lauer and 

Walker 2001; Soderholm, Ahlen et al. 2006). Mutations at key catalyic sites 

including H is -1083, lying within the TV Y H G A G TK  epitope have been shown to 

abolish cleavage o f  the nonstructural proteins (Bartenschlager 1999). Thus 

substitutions occurring within this region are likely to have a significant effect on 

viral processing and replication. Using structural modelling, we show that the 

residue pair (T I087  and K1088) lies close to but not in the active site. K1088 

appears to stabilise the helical turn which presents the active site (His 1083) via a 

hydrogen bond to the backbone carbonyl o f  A 1085. T1087 lies on the surface o f  

the protein directed into the solvent with the side chain making no interaction to 

other parts o f  the protein (Figure 5.9.) This modelling suppports our findings and 

reveals significant structural constraints on the lysine residue at 1088. Threonine at 

position 1087, on the other hand appears to be under much less constraint and its 

function at a m olecular level will need further investigation. Professor Susan Lea 

(Sir William Dunn School o f  Pathology, University o f  Oxford) provided assistance 

with the interpretation and drawing o f  the structure.
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Figure 5.9. Mapping of the protective epitope onto the structure of HCV NS3.
The HCV NS3 structure is shown as a blue cartoon representation derived from the 
published structure (Venkatraman, Wu et al. 2009). This reveals the residue pair (stick 
representation, coloured by element, C magenta) lie close to, but not in the active site 
(catalytic triad shown as stick representation coloured by element C, lavender; boronic 
acid inhibitor shown as stick representation in yellow-green). K1088 is seen to 
stabilise the helical turn which represents the active site H I083 via a hydrogen bond to 
the backbone carbonyl o f A 1085 (stick representation, C green). T1087 lies on the 
surface o f the protein and is directed into the solvent with the side chain making no 
interactions to other parts o f the protein. Picture drawn using program PyMol 
(www.pvm ol.org: Delano, Warren L. the PyMOL molecular graphics system (2009). 
Delano Scientific LLC, Palo Alto, California, USA.).
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5 .5  D i s c u s s i o n

In both HIV and HCV infection, certain class I alleles such as HLA-B*27 and 8*57 

are associated with a protective phenotype. The development o f escape mutations 

within epitopes restricted by these alleles is associated with loss o f viral control. 

(Goulder and Watkins 2008) The mechanism underpinning the beneficial effect of 

these alleles has been studied in some detail. The outgrowth o f quasispecies bearing 

costly “escape” mutations is one important element in this control. Escape 

mutations lying within regions o f the genome which are functionally constrained 

may impact on viral replication efficency and thus incur a fitness cost. Additionally 

the requirement for “compensatory” mutations which act to optimise and restore 

viral replication competence inflicts a high genetic barrier which must first be 

overcome. This potentially allows other components o f the immune response the 

opportunity to successfully contain the virus (Goulder and Watkins 2004). For 

example, the presentation o f a number o f immunodominant gag CD8+ T cell 

epitopes has been linked to the viral control which is associated with HLA-B*57 in 

HIV infection. One such epitope designated TWIO has been studied in some detail 

(Brockman, Schneidewind et al. 2007). An escape mutation within this epitope 

(T242N) has been shown to impair replication capacity in vitro. This mutation was 

found to be associated with a number o f upstream mutations located in the 

cyclophilin A (CypA) binding loop in patients with progressive disease. In addition, 

in a cohort o f epidemiologically linked transmission pairs, the presence o f these 

subsitutions alongside the T242N mutation was associated with significantly higher 

plasma viraemia in donors. Replication o f H IV -1 requires binding to host cell CypA 

and although the precise nature of this interaction is not well understood, it is 

thought that CypA alters capsid stability, aids viral uncoating and may prevent host
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restriction factor recognition. Brockman et al. were able to correlate the reduced 

viral replicative capacity observed in vitro with an enhanced sensitivity to the drug 

cyclosporin A (CsA -  a competitive inhibitor of HlV-1 capsid binding to CypA), 

indicating that the T242N mutation hindered capsid interactions with the host cell 

protein CypA. The compensatory mutations reduced viral sensitivity to CsA and 

resulted in enhanced viral replication in both PBMCs and Jurkat cells potentially 

through modulation of the critical capsid interaction with CypA (Brockman, 

Schneidewind et al. 2007).

In HCV infection, several groups have looked at the impact o f  escape mutations 

within defined epitopes on viral fitness. As previously mentioned, Dazert et al. 

studied the effect of escape mutations occurring within the immunodominant HLA- 

B*27 restricted epitope NS5 2841-9 ARMILMTHF. Unlike the protective HLA- 

B*27 restricted HIV epitope (KKIO), the clustering o f  mutations which is observed 

in vivo within NS5 2841 does not appear to have a compensatory role but rather 

represents an essential requirement to escape this highly cross-reactive epitope. 

Escape mutations at the anchor sites are not generally observed in vivo. However, 

several artificially introduced sustitutions at this site in the replicon system resulted 

in a profound drop in viral replicative efficiency. This potentially explains the 

relative conservation at this key position and highlights the importance of functional 

constraints on viral evolution. Using a strucural model, they show that this epitope 

is located within helix Q, which is important for the interaction of thumb and 

fingers subdomains of NS5B and required for its polymerase activity. Substitutions 

at certain sites e.g. residues R2842 and F2849 which line pockets A and B at the 

thumb surface are likely to have a pronounced effect on function and provide a
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plausible explanation for the degree o f  conservation observed at these sites in vivo 

(Dazert, N eum ann-H aefelin et al. 2009).

Previous work on HCV has also identified a fitness cost associated with an escape 

m utation occurring w ithin the HLA-B*08 restricted NS3 1395-1403 H SK K K CD EL 

epitope. This epitope is com m only targeted w ithin HLA-B*08 individuals and is 

associated with escape m utations in some cohorts (Tim m , Lauer et al. 2004; Tester, 

Sm yk-Pearson et al. 2005; Tim m , Li et al. 2007). The K1397R escape m utation was 

associated with a significant loss o f  viral fitness (60%  reduction) when com pared to 

the prototype sequence in a transient replication assay using the subgenom ic 

replicon system. No apparent com pensatory m utations are obvious in conjunction 

with the observed escape m utations in this epitope. W hilst HLA-B*08 was not 

associated with a protective effect in the Irish cohort, it has been associated with 

protection in other cohorts (Hraber, Kuiken et al. 2007). In fact w ithin the Irish 

cohort, this allele was associated with persistence (M cK iernan, Hagan et al. 2004). 

Interestingly, how ever a recognised escape m utation was present w ithin the donor 

sequence and therefore is likely to have been transm itted to the recipients. This 

potentially provides an explanation for the unfavourable outcom es associated with 

this allele in this cohort. Furtherm ore, within the cohort, there is some evidence that 

this m utation is in fact reverting to the consensus in the absence o f  H LA -B*08 

(Ray, Fanning et al. 2005). Reversion o f  selected escape m utations in the absence o f  

the restricting alleles is a feature which has been associated with im portant targets 

o f  the T cell response in HIV infection (M atthews, Prendergast et al. 2008) and m ay 

very well be an im portant feature in HCV infection although to date, evidence for 

this is scarce.
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In this chapter, I wanted to address w hether the escape m utation K1088R within the 

NS3 1080-88 epitope was sim ilarly associated with a fitness cost and furtherm ore 

determ ine w hether the T1087A substitution was a com pensatory m utation required 

to optim ise viral efficiency. To establish the role o f the double m utations in this 

HLA A*03 restricted epitope, we introduced the escape m utation K1088R into the 

HCV subgenom ic replicon (genotype lb ) and then transiently infected Huh-7 cells. 

W e then introduced the double m utations T1087A and K 1088R . Confirm ing our 

“ fitness cost” hypothesis, we dem onstrated that the K 1088R substitution alone 

resulted in a m arked reduction in viral replication efficency. The introduction o f  the 

double substitution, in contrast was associated with im proved viral replication 

com pared to wild-type, confirm ing its im portance as an im portant “com pensatory” 

m echanism .

W e also w anted to address the structural impact o f  such m utations as this is not 

fully understood. W e m odelled the wild type epitope onto the existing structure o f 

HCV NS3 (Figure 5.9.) This revealed as expected strong structural constraints on 

the lysine residue at 1088, which stabilises a helical turn. In contrast threonine at 

position 1087 w ould appear to have m uch less constraint, and the m echanism  for 

the association -  which is very clear at a genetic level in vivo  and supported by 

functional studies in vitro -  requires further specific analysis to define its m olecular 

basis. K1088 is seen to stabilise the helical turn which represents the active site 

H I 083 via a hydrogen bond to the backbone carbonyl o f  A 1085 (stick 

representation, C green in Figure 5.9). T1087 lies on the surface o f the protein and 

is directed into the solvent with the side chain m aking no interactions to other parts 

o f  the protein.
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The NS3 gene o f  HCV codes for a serine protease which is essential for viral 

replication in vivo. Proteases cleave proteins through a hydrolytic reaction. The 

process is com posed o f  a series o f  steps which allow the addition o f  w ater to a 

peptide bond. A com m on feature o f  these enzym es is the presence o f  a catalytic 

triad which is com posed o f serine, histidine and aspartic acid residues and is 

responsible for acelerating the reactions. The residues o f  the catalytic triad form  a 

charge transfer relay network. The carbon-nitrogen bond is o f  course strengthened 

by its double-bond and thus the carbonyl atom is less electrophilic and less 

susceptible to nucleophilic attack. To prom ote peptide-bond cleavage, an enzyme 

m ust facilitate peptide bond cleavage at a norm ally unreactive carbonyl group 

(G arrett 2010). It is therefore plausible that subtle changes in the charges o f  the 

am ino acids close to the active site o f  the protease may have significant effects by 

altering the electrostatic charges around the active site, which m ight interfere with 

substrate binding and specificity. W ithin the NS3 1080-88 epitope, the side chain 

o f  threonine is polar with a neutral charge and this is substituted with alanine -  

which has a nonpolar side chain (neutral charge). Lysine which has a positively 

charged polar side-chain is substituted with arginine which has a polar side chain 

with a neutral charge. Further studies on the physico-chem ical nature o f  the 

intereactions are required to address possible m echanism s to explain the 

dem onstrable reduction in viral fitness.

In sum m ary, in this chapter we dem onstate a significant fitness cost associated with 

the K1088R m utation w ithin the NS3 1080-88 epitope, which is supported by 

structural m odelling. In addition, the second T1087A  m utation appears to play an
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important “compensatory” role although the mechanism underlying this effect 

remains to be defined.
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CHAPTER 6

MARKERS OF EXHAUSTION ON CIRCULATING T CELL 

POPULATIONS IN A SINGLE SOURCE OUTBREAK

6.1 I n t r o d u c t i o n

T cell exhaustion is characterised by a progressive loss o f  T cell function which 

may ultimately result in physical deletion o f  these cells. It is comm only a feature o f  

infections associated with antigen persistence such as HIV and HBV. T cell 

exhaustion is also considered an important mechanism that facilitates immune 

escape in patients infected with HCV. Factors that affect the degree of T cell 

exhaustion include the duration and magnitude o f  antigenic activation, the 

availability o f  CD4+ T cell help, and the levels o f  stimulatory and inhibitory 

cytokines and receptors (Yi, Cox et al.). Understanding the factors that modulate 

this exhaustion is critical so that strategies can be optimised to assist in the 

rejuvenation o f  these redundant T cell responses. Many different factors have been 

implicated in this process in HCV infection as discussed in Section 1.11.1. This 

includes the presence or absence o f  certain co-stimulatory molecules, for example 

PD-1 (Programmed Death receptor I).

It has been difficult to study and ascertain the contribution o f  m any o f  these 

elements in HCV pathogenesis because infection with HCV is associated with a 

large num ber o f  confounding factors. We hypothesised that T cell exhaustion or 

anergy was promoted by modulation o f  certain factors (e.g. CD 127, PD-1, ICOS, 

CD161++ CD8+ T cells and natural T regulatory cell populations) by HCV. In a

176



Chapter 6. Results

homogeneous population such as the Irish single source outbreak, markers o f  

exhaustion present on global T cell populations may be detectable and potential 

differences observed. This study has the advantage o f  minimal host population 

diversity in addition to infection with a single genotype and knowledge o f  the 

timing o f  infection. In this chapter, I aimed to define the phenotype o f  T cell 

populations with respect to exhaustion markers in this unique cohort. I examined the 

phenotype o f  T lymphocytes with respect to CD 127, PD-1, ICOS, and CD161 

expression and study also the proportion o f  natural Tregs cells in patients with 

different outcomes o f  infection to determine if  significant differences exist.
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6.2  A d d i t i o n a l  M e t h o d s

6.2.1 S t u d y  S u b j e c t s

Only patients with persistent infection or those who had spontaneously resolved 

infection were recruited for the purposes o f  these studies. Patients who had resolved 

after antiviral therapy were excluded.

6.2.2. S u r f a c e  s t a i n i n g  o f  CD127, PD-1, ICOS a n d  CD161 o n  T

LYMPHOCYTES

Surface staining for CD 127, P D -I, CD161 and ICOS was carried out as prevously 

described (Section 2.7.2) with double staining for either CD 4+ or CD8+ T cells. 

Fresh or frozen PBM Cs were used for these assays and gated for live lymphocytes 

using size and granularity charcterisitics on the FACScan. Isotype stained or 

unstained cells were used as negative controls. The M ann-W hitney U test or the 

Kruskal W allis one w ay analysis o f  variance non-param etric test were used to 

determ ine statistical significance and a level <0.05 was considered as significant.

6.2.3 nTreg staining

Surface and intracellular staining for CD4, CD25 (surface) and FoxP3 (intranuclear) 

was carried out as previously described (Section 2.7.2). A gate ( R l )  was placed 

around the live lym phocyte population in PBM CS Figure 6.7a. A gate (R4) was 

also placed around the CD4+ T cell population Figure 6.7b. The proportions o f  

CD 4+ CD 25+ T cells and CD 4+ FoxP3+ present in R l w ere quantified. 

Subsequently, the percentage o f  CD25 and FoxP3 positive CD 4+ T lym phocytes 

(nTregs) was quantified (R1+R4). Figure 6.7c., d. and e.
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6.3 CD127 (IL-7 r e c e p t o r  a )

Memory T cells are crucial components o f the host immune response. This key pool 

o f cells retain the ability to respond swiftly to re-infection with a previously 

encountered pathogen through clonal expansion and thus confer protective 

immunity. The hallmark o f memory T cells is their ability to persist in the absence 

o f antigen and their ability to undergo antigen-independent proliferation to maintain 

themselves. Memory CD8+ T cells undergo homeostatic proliferation in response to 

the lL-7 and IL-15 cytokines. These cytokines have been shown to support T cell 

survival by increasing the expression o f Bcl-2 and M cl-l (both antiapototic 

cytokines) (Gourley, Wherry et al. 2004). Signalling through the IL-7 receptor, a 

heterodimer o f IL-7 receptor alpha (lL-7 R a also known as CD 127) and the 

common gamma chain (Yc) is required for the survival o f both naive and memory T 

cells. The IL-7 receptor is usually expressed at high levels on resting T cells. CD 127 

is quickly down-regulated upon T cell activation and then re-expressed by a small 

fraction o f effector T cells which are programmed to survive as memory cells (van 

Leeuwen, Sprent et al. 2009).

Studies o f lymphocytic choriomeningitis (LCMV) infection in mice indicate that 

that when the virus is completely cleared in vivo, entry into and maintenance within 

the CDS memory pool depends upon IL-7 and is restricted to LCMV-specific T 

cells that re-acquire CD 127. However, when the virus persists in vivo, the virus- 

specific cells never become fully CD 127 positive and maintenance o f the memory 

pool relies on continuous antigen stimulation rather than IL-7 (Kaech, Tan et al. 

2003; Wherry, Barber et al. 2004; Lang, Recher et al. 2005). This loss o f CDI27 

during chronic infection correlates with impaired cytokine production, increased 

susceptibility to apoptosis and a reduction o f the ability o f memory virus-specific
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CD 8+ T cells to persist in the host. Furtherm ore, adoptive transfer studies in m ice o f 

antigen-specific CD8+ CD 127+ T cells taken during the effector phase o f  the 

im m une response to LCM V infection have identified CD 127 as a m arker o f CD8+ 

T cells able to control virus upon re-infection (Kaech, Tan et al. 2003; Huster, 

Busch et al. 2004). This suggests that induction o f  CD 127 expression on CD8+ T 

cells potentially  may be beneficial for an effective vaccine for a chronic viral 

infection such as HCV.

Studies in hum an infection have also suggested differences in the level o f  CD 127 

expression according to the type o f  viral infection i.e. resolving versus persistent 

infection. In one study, the levels o f  CD 127 expressed on antigen-specific CD8+ T 

cells w ere com pared in patients infected with resoving viruses -  (influenza and 

vaccinia virus) and persisting viruses (EBV and HIV). Significantly low er levels o f  

CD 127 expression on H lV -specific CD 8+T cells were observed when compared 

with the other three viral infections whilst levels were significantly higher in acute 

resolving infections (W hen^ , Day et al. 2006). Resolution o f  acute hepatitis B 

infection was also shown to correlate w ith CD 127 up-regulation (Boettler, Panther 

et al. 2006).

In HCV infection, several studies have exam ined the link betw een CD 127 

expression and viral outcom es and differences have been noted in the levels o f  

expression on virus-specific CD8+ T cells as well as levels expressed either in 

hepatic or peripheral lym phocytes (Penna, Pilli et al. 2007; Radziew icz, Ibegbu et 

al. 2007).
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In this study, we examine the expression o f  CD 127 on bulk CD4+ and CD8+ T cell 

populations in patients with chronic persisting infection or with spontaneously 

resolved infection recruited from the Irish cohort.

6.3.1 R e s u l t s

The mean percentage o f  CD 127+ CD4+ T cells in PCR+ (n=21) and PCR- (n=l 1) 

patients was 89.03+/-1.35 (SEM ) and 89.48+/-1.49 (SEM) respectively. The mean 

percentage o f  CD 8+CD127+ T cells in PCR+ (n=21) and PCR- (n=9) was 68.95+/- 

2.6 (SEM) and 68.01+/-6.8 (SEM) respectively. The mean percentage o f  CD127+ 

CD4+ and CD8+ T cells in healthy controls is 87.4+/-1.03 (SEM) and 64.S+/-3.9 

(SEM) respectively.

We observed no significant difference in the levels o f  expression o f  CD 127 on 

circulating CD4+ (p=0.68, Kruskal Wallis test) and CD8+ (p=0.9, Kruskal Wallis 

test) T cells in those with either persistent or spontaneously resolving infection. 

Furthermore, levels were not statistically different from those observed in normal 

healthy controls (p=0.3, Kruskal Wallis test) (Figure 6.1 and 6.2,).
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Figure 6.1. C D 127 expression on T cells. A gate was placed around the live 
lym phocytes identified by size and granularity. CD4+ or CD 8+ T cells staining 
positive for CD 127 are indicated.
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Figure 6,2. CD127 expression on T cells. A. Levels o f circulating CD 127+ CD4+ 
T cells, chronic patients n=21, resolved n = ll ,  healthy n=8. No significant 
difference is observed between patients who are chronically infected or those with 
spontaneously resolved infection. (p=0.68). Levels are not significantly different 
from healthy controls. B. Levels o f circulating CD 127+ CD8+ T cells, chronic 
patients n=21, resolved n=9, healthy n=8. No significant difference is observed 
between patients who are chronically infected or those with spontaneously 
resolved infection. (p=0.9). Levels are again not significantly different from 
healthy controls (p=0.39, Kruskal-Wallis test)
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6 .4  P r o g r a m m e d  d e a t h  r e c p t o r -1 ( P D - 1 )

I

Activation o f  a primed virus-specific CTL depends on engagement o f  the TCR with 

a HLA Class 1/peptide complex. Furthermore, interactions between positive and 

negative co-stimulatory molecules are critical to this process. PD-1 is one such 

important molecule. It is a m ember o f  the CD28/B7 immunoglobulin superfamily o f  

transmembrane proteins and it is expressed on activated T cells, B cells and myeloid 

cells. Engagement o f  PD-1 with its ligand PD-Ll delivers a negative signal to the 

TCR activation pathway which leads to an inhibition o f  T cell proliferation and IL-2 

production thereby promoting T cell anergy. Following antigen stimulation, PD-1 

recruits SHP-2 (src homology 2 domain containing tyrosine phosphatase) to the 

ITSM (immunoreceptor tyrosine based switch motif). SHP-2 dephosphorylates 

effector molecules downstream o f  the TCR-induced nuclear regulatory pathway. 

This leads to inhibition o f  T cell proliferation via cell cycle arrest in GO/Gl and the 

inhibition o f  lL-2 secretion. Mice deficient in PD-1 develop a number o f  different 

auto-immune conditions including diabetes, systemic lupus erythematosus (SLE) 

and reumatoid arthritis (Larrubia, Benito-Martinez et al. 2009). In a murine model 

o f  infection with LCMV, PD-1 was noted to be up-regulated in anergic virus- 

specific CD8+ T cells. Monoclonal antibodies targeting the anti-PD-Ll restored 

virus-specific CD 8+ T cell responses facilitating viral clearance. (Barber, Wherry et 

al. 2006)

PD-1 and PD -L l are expressed on resident and infiltrating liver cells including 

hepatocytes, kuppfer cells and liver sinusoidal epithelical cells (LSECs). In acute 

HCV infection, PD-1 appears to be up-regulated on HCV-specific T cells
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irrespective o f  outcome (Urbani, Amadei et al. 2006; Kasprowicz, Schulze Zur 

Wiesch et al. 2008). PD-1 also appears to be highly expressed on intra-hepatic T 

cells in the liver in chronic HCV infection and levels are higher than on peripheral 

CD8+ T cells. Furthermore, this up-regulation on hepatic cells appears to be HCV- 

specific (Golden-Mason, Palmer et al. 2007; Radziewicz, Ibegbu et al. 2007; 

Golden-Mason, Klarquist et al. 2008; Kasprowicz, Schulze Zur Wiesch et al. 2008; 

Nakamoto, Kaplan et al. 2008).

During the stages that follow, expression appears to be modulated according to 

progression o f  infection. In resolving infection, virus-specific CTLs down-regulate 

PD-1 expression and express CD 127 whilst in persisting infection, these cells 

remain CD 127 negative but continue to express high levels o f  PD-1 (Urbani, 

Amadei et al. 2006; Rutebemberwa, Ray et al. 2008). Furthermore, Golden-Mason 

et al. identified significant differences on both bulk and HCV-specific CTLs in both 

the peripheral and intra-hepatic compartment in patients with persistent infection 

relative to those with spontaneous resolution, non-viral liver disease and normal 

healthy controls (Golden-Mason, Palmer et al. 2007). Nakamoto et al. also 

examined the expression o f  PD-1 on circulating CD8-I- T cell populations and in 

contrast to the study by Golden-Mason et al., they found no significant differences 

in PD-1 expression in patients with chronic HCV infection compared to healthy 

sero-negative controls (Nakamoto, Kaplan et al. 2008).

Functional studies also support the role o f  PD-1 in T cell exhaustion in chronic 

HCV infection. The CTLs o f  those patients with high levels o f  PD-1 expression 

displayed impaired ability to produce key cytokines like IFN-y, T N F -a  and IL-2 as
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well as perforin and granzyme B (Golden-Mason, Pahner et al. 2007; Nakamoto, 

Kaplan et al. 2008).

Corroborating the above data, in-vitro blockade o f the PD -l/PD -L l pathway, with 

monoclonal antibodies targeting PD-Ll increased proliferation capacity after 

antigen encounter in patients with chronic HCV. Furthermore, production of IFN-y, 

IL-2, perforin, CD107a and IL-13 was also restored (Golden-Mason, Palmer et al. 

2007; Nakamoto, Kaplan et al. 2008) although one caveat o f this finding was that 

blockade was not as efficient on intra-hepatic virus-specific CTLs which are 

characterised by very high expression o f PD-1.

The PD-1/PD-Ll pathway can also act by modulating Treg populations. 

Franceschini et al. noted high expression o f PD-1 on Tregs, in particular those 

infiltrating the liver. They studied the function o f PD-1 expression on Tregs during 

chronic HCV infection and interestingly, demonstrated that PD-1 ligation appears to 

provide an overall inhibitory signal to Tregs. PD-1 blockade was later shown to 

enhance IL-2 dependent proliferation o f intrahepatic Tregs in response to HCV 

antigens and enhanced the overall ability o f Tregs to inhibit effector T cells. In this 

study, Treg activity was increased in response to liver injury, however once the liver 

injury was under control, PD-1 expression was increased, which then lead to Treg 

inhibition. It is thought that this key interplay between Treg activation and relative 

expression o f PD-1 may be a crucial factor in controlling and balancing the 

intrahepatic immune response and ameliorating immunopathology (Franceschini, 

Paroli et al. 2009; Radziewicz, Dunham et al. 2009).
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In this stud)', I examine the expression o f  PD-1 on bulk CD4+ and CD8+ T cell 

populations in patients with chronic persisting infection or with spontaneously 

resolved infection to determine if differences exist in the Irish cohort.

6.4.1 R e s u l t s

The mean percentage o f  PD-1+ CD4+ T cells in PCR+ (n=16) and PCR- ( n = l l )  

patients was 10.51+/-1.8 (SEM ) and 14.92+7-2.86 (SEM) respectively. The mean 

percentage o f  CD8+ PD-1+ T cells in PCR+ (n=16) and PCR- (n=9) was 17.91+/- 

3.17 (SEM) and 18.75+/-3.3 (SEM) respectively.

We observed no significant difference in the levels o f  expression o f  PD-1 on 

circulating CD4+ (p=0.2, M ann-W hitney U test) and CD8+ (p=0.2, Mann-W hitney 

U test) T  cells in those with either persistent or spontaneously resolved infection 

(Figure 6.4). Figure 6.3 illustrates representative dot plots obtained from a 

persistently infected patient.
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Live lym phocytes
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C D 4+ T cells

Figure 6.3 PD-1 expression on T cells. A gate was placed around the 
lym phocytes. The percentages o f  CD4+ or CD8+ T cells staining positive for 
PD-1 are indicated. Representative dot plots from  a patient with persistent 
infection.
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Figure 6.4. PD-1 expression on T cells. A. Levels o f circulating PD-1+ CD8+ 
T cells, chronic patients n=16, resolved n = l l .  No significant difference is 
observed either betw een patients who are chronically infected or spontaneously 
resolved infectio (p=0.2). B. Levels o f  circulating PD-1 CD4+ T cells, chronic 
patients n=16, resolved n = l l .  No significant difference is observed either 
betw een patients who are chronically infected or spontaneously resolved 
infection. (p=0.2, M ann-W hitney non-parainetric test).
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6 .5  I C O S  ( I n d u c i b l e  c o - s t i m u l a t o r v  m o l e c u l e )

ICOS, like PD-1 is a member o f  the CD28/B7 family o f  receptors and it is thought 

that molecule from this family play a critical role in controlling the adaptive arm of 

the immune response. The B7 family consists o f  structurally related cell-surface 

protein ligands, which bind to receptors on lymphocytes and regulate the immune 

response. Activation o f  T and B lymphocytes is initiated by engagement o f  cell 

surface, antigen-specific T or B cell receptors, but additional signals delivered 

simultaneously by B7 ligands detemiine the ultimate immune response. ICOS and 

CD28 both deliver positive signals upon binding to their respective ligands (Yong, 

Salzer et al. 2009). ICOS has been shown to play roles in T cell differentiation, 

cytokine secretion and survival as well as in antibody production. Like CD28, ICOS 

signalling has been shown to increase levels o f  IL-4, lL-5, IL-6 IFN-y, T N F -a  and 

granulocyte macrophage colony stimulating factor (GM-CSF); however compared 

to CD28, ICOS engagement results in greater lL-10 production. Evidence suggests 

that ICOS is essential for Th-2 and Treg cell function and thus, could contribute to 

induction o f  anergic and suppressive T cells and tolerance. Induction o f  T cell 

anergy was completely blocked after siRNA knockdown o f  ICOS expression on T 

cells (from healthy human controls) as well as after preventing ICOS-ICOS ligand 

interaction (using blocking antibody) in dendritic cell/T cell cocultures. In addition, 

CD4+ T cells from ICOS-deficient patients were completely resistant to anergy 

induction and differentiation into suppressive T cells even after supplementation of 

IL-10 (Tuettenberg, Huter et al. 2009). FoxP3+ regulatory cells have also been 

found to exist as ICOS+ and ICOS- subsets. The ICOS+ FoxP3+ T cells suppressed 

dendritic cell function with IL-10, and T cell function with TGF-|3 and these cells

190



Chapter 6. Results

were dependent on stimulation with ICOS-L (the ICOS ligand) for survival and 

proliferation. In vitro studies on human cells have also shown that CDS and ICOS 

engagement with monoclonal antibodies in the absence of CD28 or IL-2 resulted in 

the generation o f regulatory T cells expressing TGF-(3 and FoxP3, which were 

capable o f inhibiting the proliferation o f naive CD4+ T cell in an allogeneic reaction 

(Ito, Hanabuchi et al. 2008).

ICOS-deficient patients as well as knockout mice show severe defects in T cell- 

dependent B cell responses. In vitro and in vivo studies attributed this phenomenon 

to impaired up-regulation o f cell surface molecules and cytokine synthesis by 

ICOS-deficient T cells (Burmeister, Lischke et al. 2008). T cells from ICOS-L 

knockout mice had reduced levels o f IL-4 and IL-10 and IFN-y was increased (Mak, 

Shahinian et al. 2003; Yong, Salzer et al. 2009). T cells from ICOS knockout mice 

were also shown to have defective secondary expansion o f T cells in vivo indicating 

that ICOS might serve as a preferential co-stimulator in memory T cell responses 

(Mahajan, Cervera et al. 2007) In one study, blocking the ICOS/ICOS-L pathway 

blocked the ability o f Tregs to abrogate pulmonary inflammation and asthma 

(Akbari, Freeman et al. 2002). Furthermore, in mice infected with influenza virus, 

ICOS inhibition with a monoclonal antibody lead to a reduction in pulmonary T cell 

infiltrates and associated cytokines, although this reduction was accompanied by 

higher viral titres in the lungs (Humphreys, Edwards et al. 2006).

There is minimal data available regarding the expression of ICOS on T cells in 

hepatitis C infection. T cell exhaustion in persistent viral infections is characterized 

by initial loss o f IL-2 followed by T N F-a and ultimately IFN-y production (Yi, Cox
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et al.). IL-10 producing virus-specific CD8+ T cells are readily detectable in liver 

biopsies and suppress IFN-y production and proliferation of antigen-specific T cells 

in vitro. In addition, IL-10 may also interfere with the function o f antigen- 

presenting cell. Typically HCV results in chronic inflammation in the liver and 

histologic findings are characterized by moderate lymphocyte infiltration o f the 

parenchyma, reactive bile-duct changes and the presence o f lymphoid follicles in 

portal areas. Secretion o f pro-fibrotic cytokines like TGF-(3, activate stellate cells 

which are the primary source o f extracellular matrix leading to fibrosis and 

ultimately cirrhosis (Rehermann 2009). IL-10 with its anti-inflammatory properties 

may serve to attenuate the inflammatory response to the virus but at a cost to the 

hosts ability to eliminate it. In view of its potential role in the induction of T cell 

tolerance and anergy possibly though preferential IL-10 production, we 

hypothesized that this molecule may be a target for modulation in HCV infection. In 

this study we investigate the expression o f ICOS on CD4+ T cells and their 

potential role in contributing to the functional anergy of T cell populations in HCV 

infection.

6.5.1 R e s u l t s

The mean percentage o f ICOS+ CD4+ T cells in PCR+ (n=I2) and PCR- (n=12) 

patients was 1.59+/- 0.2 (SEM) and 1.61+/- 0.25 (SEM) respectively. We observed 

no significant difference in the levels o f expression o f ICOS on circulating CD4+ 

(p=0.9, Mann-Whitney U test) T cells in those with either persistent or 

spontaneously resolved infection (Figure 6.5)
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Figure 6.5. ICOS expression on CD4+ T cells. A. Representative dot plots showing the 
expression of ICOS on CD4+ T cells in the periphery. A gate is placed around the 
lymphocytes which are identified by their size and granularity on the density scatter plot. 
B. Levels of circulating ICOS CD4+ T cells. No significant difference is observed either 
between patients who are chronically infected or those with spontaneously resolved 
infection chronic patients n=12, resolved n=12. (p=0.9, Mann-Whitney test).
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6 . 6  NATURAL T  REGULATORY CELL POPULATIONS ( iiT R E G S )

Regulatory T cells are considered to be important in the maintenance of 

immunological tolerance and in inhibiting auto-immunity. They have a crucial role 

in suppressing immune responses to self-antigens and limit excessive immune 

activation after a variety o f infectious stimuli. In HCV infections these populations 

are thought to be important in preventing excess immuno-pathology but as a 

consequence, may provide an important route o f immune escape facilitating the 

development o f persistent infection (Manigold and Racanelli 2007).

Several subsets o f Tregs have been described in this rapidly evolving area. Natural 

Tregs (nTregs) refer to those that develop during the normal process o f T cell 

maturation in the thymus. Adaptive Tregs refer to those populations that develop 

from mature classical T cells or which may develop from naturally occurring Tregs 

under certain differentiating conditions i.e. continuous exposure to low-dose 

antigen. Naturally occurring Tregs typically comprise o f CD4+CD25+ FoxP3+ T 

cells but may also comprise o f innate cells such as natural killer (NK) cells. These 

cells seem to function via antigen-independent, contact-dependent, and cytokine- 

independent mechanisms. At present, FoxP3, a transcription factor belonging to the 

forkhead/winged helix family is considered an optimal marker o f the classic nTreg. 

Naive and memory T cells may develop into adaptive Treg according to the stimuli 

received. The suppressive function o f these cells in contrast to nTregs, appears to be 

cytokine-mediated. Examples o f populations include induced CD4-i-CD25+FoxP3+ 

cells, CD4-1- T cells producing IL-10 (T rl), TGF-(3 (Th3), double negative T cells 

(CD3+CD4-CD8-) and yb T cells. CD8+ T cells can also act as Tregs athough less
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is known about these populations (Billerbeck, Bottler et al. 2007; M anigold and 

Racanelli 2007; A latrakchi and Koziel 2009).

Evidence suggests that Tregs m ay be expanded during acute HCV infection (Sm yk- 

Pearson, G olden-M ason et al. 2008; Heeg, U lsenheim er et al. 2009). In chronic 

infection, these populations appear to be m aintained whilst in resolved infections, 

levels appear to return to those seen in healthy controls (Sugim oto, Ikeda et al. 

2003; Cabrera, Tu et al. 2004; Boettler, Spangenberg et al. 2005; Bolacchi, Sinistro 

et al. 2006; Ebinum a, N akam oto et al. 2008). In the liver, high proportions o f  CD4+ 

FoxP3+ cells were present in patients with persisting HCV (W ard, Fox et al. 2007). 

A recent study reported that HCV appears to be capable o f  prim ing virus-specific 

Tregs which suppress CD8+ T cells (Ebinum a, N akam oto et al. 2008). Previous 

work had also reported the induction o f Tregs by HCV antigens. H CV -specific IL- 

10 secreting CD 4+T cells were found peripherally in patients with chronic 

infection. These cells recognised the same epitopes on the HCV core protein as the 

interferon-Y producing T h l cells (M acDonald, Duffy et al. 2002). Further studies 

w ere also able to establish antigen-specific CD8+ IL-10 secreting Tregs from  the 

livers o f  patients w ith persistent infection and these cells appear to have a role in 

protecting against apoptosis and pro-fibrotic laminin production (Accapezzato, 

Francavilla et al. 2004; Abel, Sene et al. 2006).

In this chapter, I investigate the levels o f  natural Tregs (CD 4+C D 25+ FoxP3+) 

present in the peripheral blood o f  patients recruited from  the Irish single source 

cohort and com pare the results to other studies because in contrast to these other 

studies, the cohort was uniquely hom ogeneous and tightly defined.
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6.6.1 R e s u l t s

The mean percentage o f  natural Tregs cells in PCR+ (n=12) and PCR- (n=14) 

patients was 0.61+/-0.12 (SEM ) and 0.82+/-0.21 (SEM ) respectively. 1 observed no 

significant difference in the levels o f  nTregs circulating peripherally (p=0.9, M ann- 

W hitney U test) in those w ith either persistent or spontaneously resolved infection 

(Figure 6.6 and 6.7.).
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Figure 6.6. nTregs circulating in peripheral blood. No significant difference 
is observed either betw een patients who are chronically infected or those with 
spontaneously resolved infection. (p=0.9) Chronic patients n=12, resolved 
n=12.
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Figure 6.7. N atural T regulatory cells in lym phocytes in H CV exposed patients.
Natural T regs (nTregs) are defined here as CD 4+CD 25+FoxP3+ T cells. Q uantitation 
o f  nTregs is provided as a percentage (% ) o f  lymphocytes, a. R1 is gated on the 
lym phocyte population identified by size and granularity in the density plot. b. R4 is 
gated on CD 4+ T lym phocytes in the density plot. c. Representative dot plot 
dem onstrating the percentage o f  CD 4+/CD 25+ T lym phoctes in the Rl gate. d. 
Representative dot plot dem onstrating the percentage o f  CD 4+/FoxP3+ T lym phocytes 
in the Rl gate e. Representative dot plot representing the num ber o f  C D 4+/C D 25+ T 
lym phocytes w hich are FoxP3+ve (nTregs) in a patient with resolved infection 
(patient 67) (gated on Rl and R4).
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6.7 CD161++ CD8+ T c e l l s

An alternative possible m echanism for evading T cell responses in viral infections 

has recently come to light. This involves the induction o f  a CD8+ T cell response o f  

a distinct lineage occurring possibly as a consequence o f  the location o f  the virus. A 

previous study observed CD161 expression on circulating virus-specific CD8+ T 

cells in patients with hepatitis B and C infection (Northfield, Kasprowicz et al. 

2008) and these levels were elevated on the tissue-infiltrating populations o f  cells. 

Similar expression was not observed on other virus-specific T cell populations 

including in HIV, CM V and EBV infection. CD161 also known as KLRBl or 

N K RPl A is a C-type lectin that normally is highly expressed on NK and NKT cells. 

The cell surface ligand for CD16I is lectin-like transcript 1 (LLTl).  In the study by 

Northfield et al., CD16I + T cells did not proliferate as well as their CD 161 negative 

counterparts. These populations produced pro-inflammatory cytokines (interferon-y 

and T N F-a)  but showed reduced levels o f  granzyme B and perforin suggesting a 

key role in non-cytolytic processes.

It is believed that such cells possess crucial tissue homing properties. The tissue- 

specific characteristics o f  these cells can be deduced from the close association 

which exists between CD161 and CXCR6 expression on peripheral CD8+ T cells. 

CXCR6 is a chemokine receptor which binds CXCL16 -  a chemokine that is 

constitutively expressed in organs such as the liver and the respiratory tract. It is 

hypothesised that CD 161++ CD8+ T cells in vivo might possess important 

functions as a consequence o f  these tissue-homing and chemokine receptor 

expression.
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Recent studies have identified a unique population o f  lL-17 secreting CD161++ 

CD8+ T cells (termed T c l7 )  (Billerbeck, Kang et al.; Huber, Heink et al. 2009). IL- 

17 is a key cytokine involved in innate host defences The major gene targets o f  this 

cytokine include pro-inflammatory chemokines, haemopoietic cytokines, acute 

phase response genes and anti-microbial substances. It is a potent activator o f  

neutrophils and is important in the immune response to extracellular pathogens. 

Human T h l7  cells produce CCL20 - a chemokine that recruits DCs and T cells and 

has antimicrobial properties (Korn, Bettelli et al. 2009).

These T c l7  cells are present in normal individuals, share common differentiation 

patterns with T h l7  cells (IL-17 producing T helper cells) and represent a subset o f  

CD16I ++ CD8+ T cells found in both human peripheral and cord blood (Billerbeck, 

Kang et al.). Evidence has begun to emerge that these populations may be important 

in viral infections. Mice lacking the transcription factors T-bet and eomesodermin 

develop high levels o f  IL-17 producing CD8+ T cells and these mice develop a 

progressive inflammatory and wasting syndrome after LC M V  infection (Intlekofer, 

Banerjee et al. 2008). In HCV infection, an association between CD161+ T c l7  

subsets and limited disease progression has been observed although the exact 

mechanism underpinning this observation remains to be defined (Billerbeck, Kang 

et al.). A protective effect was also observed in a murine influenza challenge which 

was mediated by non-cytolytic mechanisms (Hamada, G arcia-Hem andez M de et al. 

2009). It is hypothesised that persistent viral infection might be associated with a 

polarised T h l7  and T c l7  response that might exert either a positive or negative 

feedback loop that facilitates viral persistence and the pathogenesis o f  virus-induced 

disease.
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In this chapter, I wanted to exam ine the global expression o f  CD161 (a m arker o f 

these T c l7  cells) on CD 3+CD8+ T cells in patients with different outcom es o f 

infection .

6,7 .1  R e s u l t s

The mean percentage o f  CD3+ CD 8+ CD161*” '̂®̂ ’ T cells in PCR+ (n=14) and PCR- 

(n=14) patients was 1.5+/-0.5 (SEM ) and 2.4+/-0.6 (SEM ) respectively. We 

observed no significant difference in the levels o f  CD3+ CD 8+ 00161*^"®*^’ T cells 

circulating peripherally (p=0.35, M ann-W hitney U test) in those w ith either 

persistent or spontaneously resolved infection (Figure 6.8 and 6.9.),
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Figure 6.8. Expression of CD161 on C D 3+ CD 8+ T cells in peripheral 
blood. No significant difference is observed either between patients w ho are 
chronically infected or those with spontaneously resolved infection. (p=0.9) 
Chronic patients n=15, resolved n=12.
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6.8 D is c u s ss io n

In this chapter, m y aim was to analyse factors that m ight be contributing to T cell 

exhaustion in HCV infection. M any o f  these factors have been studied previously in 

other cohorts but the findings have not alw ays been conclusive. How ever, these 

studies have been perform ed on m ore heterogeneous groups o f  patients i.e different 

m odes o f  infection, ethnicities, genders and different inocula. My aim was to 

exam ine T cell exhaustion m arkers in a unique cohort where the background 

heterogeneity w ith respect to both the host and virus populations was limited. The 

cohort o f  Irish wom en infected w ith HCV from  anti-D im m unoglobulin is an 

invaluable study group to address these questions. Unlike other cohorts, it is defined 

by fem ale gender, com m on ethnicity, a defined tim e and mode o f  infection and the 

presence o f  a single com m on inoculum. The characteristics o f  this cohort thus 

perm its us to focus in on discrim inating features o f the immune response that m ight 

be im portant in driving or escaping viral containm ent. Several questions arise with 

respect to T cell exhaustion m arkers in this coho rt- (1) can significant differences in 

global T cell populations be observed in patients with different outcom es as has 

been described by others? (2) are there differences in expression levels o f  these 

m arkers on antigen-specific cells? and (3) what are the differences in levels o f  

expression in the different com partm ents -  i.e circulating peripherally or present in 

the liver?

In this chapter, I have addressed the first o f  these questions -  can we detect 

differences in the global T cell populations in patients with different outcom es o f 

infection?

202



Chapter 6. Results

In HCV infection, several studies have examined the link between CD 127 

expression and viral outcomes. Radziewicz et al. examined and compared the 

expression o f  CD 127 on human peripheral blood and liver-infiltrating lymphocytes. 

They found a significant reduction in the number o f  these cells in hepatic CD8+ T 

cells compared to those in the periphery. They also examined the levels of 

expression on antigen-specific CD8+ T cells in hepatocytes and peripheral cells. In 

the periphei'y, HCV-specific cells were mostly CD127+, whilst in the liver in the 

two individuals tested these cells were rarely positive (Radziewicz, Ibegbu et al. 

2007). Penna et al. also examined CD 127 expression on peripheral HCV-specific T 

cells. They similarly found that the percentage o f  CD127+ CD8+ T cells was 

significantly lower amongst the HCV-specific population compared to the CM V or 

flu-specific populations despite relatively high levels o f  CD127 expression (Penna. 

Pilli et al. 2007).

A study by Urbani et al. examined the expression levels o f  CD 127 on circulating 

virus-specific CD8+ lymphocytes in patients acutely infected with HCV. They 

found low levels o f  CD 127 expression on CD8+ T cells at this early time point, 

irrespective o f  the outcome. Patients who went on to develop persistent infection 

however exhibited low levels o f  CD 127 expression on CTLs, whilst in those who 

subsequently resolved infection, the levels increased (Urbani, Amadei et al. 2006). 

Another study also examined the relationship o f  CD 127 expression on T cells in a 

cohort o f  acutely infected patient. Levels were compared to normal healthy controls 

and patients with long-term chronic infection. They also noted that baseline CD 127 

expression was reduced on bulk CD4+ and CD8+ T cells in acutely infected patients 

who failed to subsequently clear the virus, as well as those with long-term chronic
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infection. They com pared the levels o f  expression in naive and antigen-experienced 

cells and found that CD 127+ T cells w ere decreased in both the CD 4+ and CD8+ 

naive and effector/m em ory T cell subsets in patients with chronically evolving 

infection com pared to healthy controls. W hen they exam ined expression levels on 

antigen-specific cells, they again found relatively greater CD 127 expression in 

patients who subsequently resolved infection, how ever notably loss o f  circulaing 

viraem ia was not associated with the tem poral em ergence o f  CD 127 expressing 

HCV-specific CTLs (Golden-M ason, Burton et al. 2006).

Kasprowicz et al. exam ined CD 127 expression on virus-specific T cells in patients 

with established persistent infection as well as patients with acute infection. In 

established persistent infection, they observed high levels o f  CD 127 expression on 

virus-specific CTLs and levels were significantly lower than those seen in 

individuals with resolving infection. Notably in this study, levels o f  CD 127 

expression were noted to be lower when a perfect m atch was present betw een the 

optimal epitope sequence and autologous virus (K asprow icz, Kang et al.). S im ilar to 

others, they found that CD 127 expression on virus-specific T cells was generally 

low or absent at the early tim e point in patients with acute infection.

These data in HCV highlight some o f  the difficulties that can be encountered when 

studying heterogeneous cohorts infected w ith different viral strains. The study by 

Kasprowicz et al. for exam ple highlights the im portance o f  taking sequence 

variation into account when interpreting results. In this study, we exam ined CD 127 

expression on bulk circulating CD4+ and CD 8+ T cells. Unlike the results o f  

G olden-M ason et al., no difference is observed in expression levels in patients with
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persisting or spontaneously resolved infection in this cohort o f women. There are 

several reasons that potentially explain these findings. The level o f CD 127 present 

on T cells relates to the level o f antigen present in the circulation. HCV replication 

occurs in the liver and so it is in this organ where the bulk o f antigenic stimulation 

occurs. The level o f HCV antigen present peripherally in established infection is 

considerably less than then that observed in acute infection or mainly present in the 

liver o f patients. Accordingly, the expression levels o f CD 127 are up-regulated and 

this could potentially explain the absence o f difference amongst patients with 

different outcomes as well as healthy controls. Other factors that may additionally 

be important include dendritic cell dysfunction, and the absence o f antigen 

recognition or low antigen presentation in peripheral blood. We were unable to 

assess the levels expressed on HCV-specific T cells because these populations were 

undetectable peripherally ex vivo and similarly, we were unable to assess 

differences in T cell populations in the liver because these cells were unavailable. 

Analysis o f liver-infiltrating lymphocytes would be interesting to assess if 

differences in expression levels observed by others are also present in this cohort. 

Our study population in this cohort was also unique compared to previous studies. 

In this cohort, three decades has passed since the original exposure though 

contaminated anti-D. The inoculum received by the women is likely to relatively 

low at least compared to cohorts infected for example, through contaminated blood 

transfusions. These cohort differences may have an overall effect on the results. Our 

results bears some similarities to previous work however. Similar to our results, 

Radziewicz et al found high levels o f CD 127 expression on peripheral CD8+ T 

cells, whilst studies by Penna, Bengsch and Kasprowicz et al. also found relatively 

high levels o f expression o f CD 127 on virus-specific CD8+ T cells peripherally
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(Kasprow icz, Kang et al.; Bengsch, Spangenberg et al. 2007; Penna, Pilli et al. 

2007; Radziewicz, Ibegbu et al. 2007).

PD-1, like CD 127 is also considered a m arker o f T cell exhaustion. Reversal o f  

exhaustion is observed in the presence o f  PD-1 blockade and so PD-1 is considered 

an im portant therapeutic target (Larrubia, Benito-M artinez et al. 2009). There is 

some evidence that PD-1 is upregulated both on bulk T cells peripherally and intra- 

hepatically as well on virus-specific T cells (Golden-M ason, Palm er et al. 2007). 

My work has not reproduced the findings o f  Golden-M ason et al. which show ed an 

elevation in the expression o f  PD-1 on circulating CD8+ T cells in patients with 

established chronic infection com pared to those with spontaneously resolved 

infection, non-H CV  liver disease and normal healthy controls (G olden-M ason, 

Palm er et al. 2007). N akam oto et al. however, also appear to see sim ilar levels o f 

PD-1 expression in bulk circulating CD8+ and CD4+ T cells but note that in acute 

infection, PD-1 expression is upregulated in CD 8+ T cells peripherally. Like other 

studies, significant differences are observed between the levels o f  expression on 

both peripheral and intra-hepatic CDS and CD4 T cells, with levels elevated in the 

latter. These cells were profoundly dysfunctional but only partially responsive to 

PD-1 blockade (Nakam oto, Kaplan et al. 2008).

It should be noted that although m any studies have looked at the changes in PD-1 

expression on different cell types in both acute and chronic infection, 1 did not find 

any study which addressed w hether sim ilar changes are noted with respect to its 

ligand P D -L l. M any studies however, show that the effect o f  blocking this receptor 

pair leads to a reversal o f  T cell inhibition. An im portant observation was noted in a
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study by Nakam oto et al (N akam oto, Kaplan et al. 2008). This study assessed the 

level o f PD-1 expression and T cell dysfunction in HCV-specific CD 8+T cells 

circulating peripherally and intrahepatically. They observed high levels o f  PD-1 

expression on the intrahepatic H CV -specific CTLs com pared to the control EBV- 

and influenza-specific CTLs. This high expression correlated with profound 

dysfunction o f  T cells which was not reversed by P D -l/P D L l blockade. In contrast 

in the peripheral circulation, H CV -specific cells were noted to show interm ediate 

levels o f  PD-1 expression and dysfunction. Unlike the intrahepatic cells, PD- 

l/P D L l blockade could indeed reverse the T cell inhibition. This finding is 

im portant as it indicates a differential effect o f PD-1 acccording to the concentration 

on cells and also the site o f  tissue involvem ent - highly relevant in the context o f  the 

hepatotropic HCV.

Like CD 127, we believe that differences in the cohort studied may have a profound 

im pact on the results observed and potentially explain the differences betw een this 

work and that perform ed by G olden-M ason et al. Consistent with this, another study 

perform ed by the same group observed an association betw een high PD-1 

expression on virus-specific T cells and failed antiviral therapy in African Am erican 

but not Caucasian Am erican patients. This study highlights the im portance o f 

patient and cohort-specific characteristics in the interpretation o f  results (Golden- 

M ason, K larquist et al. 2008).

The ICOS co-stim ulatory m olecule has not previously been investigated in HCV 

infection. A lthough we did not find a significant difference in the levels o f 

expression o f  this m olecule on CD 4+ T cell population in this cohort, it is an
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interesting candidate for m odulation o f  both B and T cell responses. W e m ay not 

have observed differences for m any o f  the reasons already discussed. In this study, I 

have not considered w hether changes in ICOS-L expression are present on 

circulating CD 4+ T lymphocyes. Changes in expression o f  the ligand m ay well have 

an effect on the T cell function and cannot be excluded from  this work. Sim ilarly, I 

have not exam ined ICOS expression nor concentrations on other cell types or in 

different com partm ents such as the liver. Future studies should consider exam ining 

these issues.

Several hum an studies have found differences betw een the proportions o f  nTregs in 

patients w ith recovered or persistent infection and healthy controls. These studies 

found an increase in the num bers o f  CD 4+CD 25+ T cells in patients with persistent 

infection (Sugim oto, Ikeda et al. 2003; Cabrera, Tu et al. 2004; Boettler, 

Spangenberg et al. 2005) and evidence suggests that these cell m ay have a 

suppressive effect on virus-specific T lym phocyte activity. In this study, I was 

unable to reproduce the results o f these previous studies. N otably how ever, in a 

chim panzee study, M anigold et al. also found sim ilar num bers o f 

CD 4+CD 25+FoxP3+ T cells in anim als with either persistent or resolved infection. 

Like the patients in this study, these anim als were exposed to a single strain o f  HCV 

at a known tim e point. In this study, the functional characteristics o f  nTregs differed 

between those w ho had been HCV exposed and healthy controls. They differed in 

both their responsive to IL-2 and TREC ratio. The TR EC (T cell Receptor Excision 

Circle) copy num ber gives an indication o f  the proliferative history o f  the Treg 

population. It is conceivable that the differences noted in the previous human 

studies m ay be attributable to differences in cohorts and patient characteristics. In
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addition, technical differences may have resulted in the divergent observations, for 

example, many o f  the earlier studies used only CD 4 and CD25 to phenotype these 

populations o f  Tregs. In this work, I have not excluded differences in levels of 

functionality between those with different outcomes and in the future such issues 

should be considered.

The recent identification o f  IL-17 producing CD 8+ cells (T c l7 )  in HCV and other 

viral infections potentially provides an alternative mechanism o f  immune evasion. 

The role o f  lL-17 producing T cells and their contribution to determining the 

outcome o f  infection in HCV and indeed other persistent viral infections is not fully 

understood. In a murine model o f  persistent infection with Theiler’s murine 

encephalomyelitis virus (TM EV - a virus which results in chronic demyelination), it 

has been demonstrated that some viruses may be able to evade the antiviral 

responses by inducing increased levels o f  IL-17 producing CD4+ or CD8+ T cells. 

IL-17 produced by T h l 7  cells appears to upregulate anti-apoptotic molecules and 

consequently promotes persistent infection by enhancing survival o f  virus-infected 

cells and blocking target cell destruction by cytotoxic T cells. In this study, 

neutralisation o f  IL-17 augmented viral clearance by eliminating virus-infected cells 

and boosting lytic functions by CTLs, thereby preventing disease development 

(Hou, Kang et al. 2009). In HCV however, there is evidence that elevated levels o f  

T c l 7  are associated with limited disease progression (Billerbeck, Kang et al.). 

These results m ay seem at odds with each other but the likelihood is that the 

protective or pathogenic role o f  these cells is related to a num ber o f  factors 

including the tissue site o f  infection, the chronicity o f  infection or the requirement 

for cytolyis for viral clearance. I explored whether there was an overall difference in
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levels o f  CD161++ CD8+ T lymphocytes between patients with different outcomes 

in HCV infection and found no difference in levels between these two groups 

peripherally. There is some evidence that HCV may persist in the livers o f  patients 

who are antibody positive but HCV RNA negative (Hoare, Gelson et al. 2008) If 

indeed this were the case, it would be unsuiprising that the results are similar 

amongst HCV RNA positive and HCV RNA negative patients but different in 

healthy controls particularly if  these cells are indeed important in controlling viral 

infection. Further studies in different cohorts and on intra-hepatic cells are required 

to further address the role o f  this interesting population in HCV pathogenesis.

Other markers o f  exhaustion have recently also come to light -  these include TIM-3 

and LAG-3. TIM-3 (T-cell immunoglobulin and mucin domain-containing molecule 

3) is a m embrane protein initially identified on terminally differentiated Thl but not 

Th2 cells in mice. In HIV infection, TlM-3 is up-regulated on both CD4+ and 

CD8+T cells from patients with chronic infection relative to uninfected individuals 

and virus-specific cells expressing high levels o f  TIM-3 secrete less IFN-y than do 

TIM-3-negative cells (Jones, Ndhlovu et al. 2008). A recent study by Golden- 

Mason also observed higher levels o f  TIM-3 expressing CD4+ and CD 8+ T cells in 

patients with chronic HCV infection compared to healthy controls (Golden-Mason, 

Palmer et al. 2009). It would be useful in future studies to determine i f  such 

differences exist between groups with different outcomes in this very tightly defined 

group.

In summary, in this chaper I have analysed a variety o f  markers that may contribute 

to the anergic or exhausted T cell responses observed in HCV. I have not observed
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significant differences between patients with different outcomes o f infection in 

these studies. It should be noted that this study was performed at a single time-point 

-  which was three decades after initial exposure and that differences in earlier time 

points in infection cannot be excluded. As previously mentioned, there are several 

reasons that potentially explain my findings in this chapter. In the first instance, I 

have not looked at immune exhaustion markers on virus-specific cells and indeed 

many o f the studies cited in this chapter actually observed significant changes in 

this cell population. Likewise, 1 only studied cells circulating peripherally in 

contrast to other studies which examined responses both periperally and in the liver. 

I also did not compare my findings to healthy unexposed controls. Apart from these 

obvious differences, there were clear differences in the populations studied, for 

example -  the Irish cohort is comprised o f a population o f caucasian women with 

minimal ethnic diversity with an average age o f approximately 60 whereas the study 

by Golden-Mason et al. studied a population o f patients o f mixed ethnicity (a 

significant proportion o f african-american pateints were included for example) with 

an average age o f 43 and with a preponderance o f men (Golden-Mason, Klarquist 

et al. 2008). Such striking differences in the cohorts studied may have had a 

profound effect on the results observed. Finally to re-iterate, the different cohorts 

have been infected with different strains o f virus as well as having different 

concentrations and modes o f inoculating virus. Such clear cut differences may well 

have contributed to the observed results.

In this cohort, ex vivo virus-specific T cell responses were not detectable however, 

we were able to detect virus-specific CD8+T cell responses after in vitro culture. 1 

have not assessed the expression of exhaustion markers on the antigen-specific
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populations generated in vitro. It would be interesting to address whether 

phenotypic differences are present on these cells in patients with resolved or chronic 

infection. Although this is less satisfactory than studying ex vivo T cell responses, 

nonetheless it might be useful to identify obvious differences between tetramer 

positive and tetramer negative populations. An alternative would be to try to 

identify and phenotype ex vivo populations o f tetamer positive T cells using 

enrichment techniques as previously described (Barnes, Ward et al. 2004). It would 

also be interesting to examine the phenotype o f the immunodominant responses 

compared to less immunogenic antigens to determine if there are obvious 

differences.

The main aim o f this chapter was to determine if differences exist between those 

patients with different outcomes in the single source outbreak of infection -  I have 

not observed significant differences in the chosen markers in this study. However, 

previous studies have indicated a pervasive effect o f HCV on global T cells in HCV 

infection (Lucas, Vargas-Cuero et al. 2004). All patients in these studies have had 

exposure to HCV infection and so we next plan to detemiine if differences exist 

between those with a history o f HCV exposure and age and gender matched healthy 

sero-negative controls to detennine if  this is indeed the case in patients preciously 

exposed to HCV. A better understanding o f the role o f these exhaustion-related 

molecules may pave the way towards improved immuno-modulatory strategies in 

HCV infection.
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7. G e n e r a l  d i s c u s s i o n

The studies presented in this thesis analysed the effects o f  CD 8+ T cell responses in 

a unique cohort o f wom en infected w ith HCV from a single source, focussing on the 

CD 8+ T cell responses associated with the protective HLA class I allele HLA-A*03 

and HLA-A*02 - a non-protective allele.

The aim s were to identify the correlates o f  a protective im m une response necessary 

to be induced by a protective or therapeutic HCV vaccine, to obtain a greater 

understanding o f  the dynam ics o f  viral escape in a unique situation, and finally to 

identify to what extent viral evolution m ight hinder an effective vaccine.

7.1 HLA-A*03 AND IMIMUNE C O NTRO L IN A SINGLE SO URCE  

OUTBREAK

The m ain focus o f  this thesis was to dissect the potential m echanism s underpinning 

the association o f  the Class I allele HLA-A*03 with viral clearance in this cohort. A 

sequence-led approach had identified two epitopes with evidence o f  HLA-A*03 

associated substitutions in this cohort and we hypothesized that these were a 

consequence o f CD 8+ T cell driven selection pressure. The selection o f  these 

m utations w  vivo strongly suggested that these epitopes were im portant CD8+ T 

cell targets in HLA-A*03 positive patients. In chapter 4, 1 have shown detectable 

CD 8+ T cell responses to the NS3 1080-88 TV Y H G A G TK  epitope in six out o f 

eight (75% ) patients with resolved infection w hilst neither o f  the patients with
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persistent infection had a detectable response. 1 show  that the K1088R substitution 

located at the anchor position P9 resulted in dim inished CD 8+ T cell recognition but 

the second substitution T1087A did not abrogate the CD8+ T cell response. In 

chapter five, 1 show that the K1088R m utation is associated with a significant viral 

fitness cost whilst the T1087A m utation appears to com pensate this and is 

associated with restored replicative capacity. These data support the hypothesis that 

a dom inant CD8+ T cell response, which can drive escape m utations that reduce 

viral fitness, is a contributing factor in im m une control o f HCV, by prom oting 

outgrow th o f  viral quasispecies with low er replicative capacity. Sim ilar to the HLA- 

B*27 associated findings in HCV and HIV, this study links the protective effect o f 

HLA-A*03 to the presentation o f  a dom inant CD8+ T cell epitope. In addition, we 

have used a sequence-led approach to identify this protective CD8+ T cell response. 

To m y know ledge, this is the first piece o f  evidence that protection in HCV is 

linked to a CD 8+ T cell response to a viral epitope which requires com pensatory 

changes to restore optim al fitness thereby im posing a high genetic barrier to escape. 

These findings have im portant im plications with respect to vaccine design and 

reveal the pow er o f  both host and viral genetic approaches to define the crucial 

com ponents o f  the host response.

A longside the hypothesis presented in this thesis, there are a num ber o f other factors 

that m ay also be o f  im portance in the determ ination o f  the protection that has been 

associated with H LA -A *03. In the study by M cK iem an et al. the HLA-A*03 allele 

occurred in linkage disequilibrium  with B*07-DRB1 *I5-DQB1 *0602 and this 

haplotype was significantly associated with clearance (p=0.004, OR 3.51). 

Furtherm ore, the A *03-B*07 haplotype was associated with viral clearance (OR
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3.58). Independently, B*07 was more frequent in those with viral clearance 

compared with chronic infection (p=0.07, OR 2). Indeed, in our study 5/6 patients 

with resolved infection and a detectable CD8+ T cell response also carried HLA- 

B*07. Multiple logistic regression analysis indicates however that only HLA-A*03 

(OR 2.4) and D R BI*15 (OR 2.2) were protective statistically (McKiernan, Hagan et 

al. 2004). In a parallel study, and in contrast to the HLA-A*03 findings in this 

study, no definite HLA-B*07 associated footprints were evident in a number o f  

predicted epitopes (Danijela Petrovic, personal communication). Despite the 

absence o f  statistical significance, it is plausible that HLA-B*07 may be 

contributing to the protection associated with this haplotype. This could occur 

through the simultaneous targeting o f  other dominant or subdominant epitopes and 

future studies should aim to address and characterize the B*07 restricted CD8+ T 

cells responses in this cohort to detennine if  this is indeed the case.

There is also very clear evidence that CD4+ T cell responses are absolutely critical 

in determining outcome in HCV infection. A num ber o f  Class II alleles have been 

linked to viral clearance in this cohort as previously discussed. In addition, T cell 

help appears to be essential in preventing the emergence o f  CD8+ T cell escape 

mutations (Grakoui, Shoukry et al. 2003; Bowen and W alker 2005). In particular, 

DRB1*15 is found in linkage with HLA-A*03 and is also associated with 

favourable outcomes (OR 2.2) (McKiernan, Hagan et al. 2004). Future studies will 

need to further define the characteristics o f  the CD 4+ T cell responses in persons 

with protective and deleterious alleles in order to interpret their contribution to an 

effective immune response to HCV. A broader understanding o f  the nature o f  the 

epitope targeting and escape mechanisms associated with these responses is a key
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requirem ent in HCV pathogenesis and detailed cellular studies are needed to 

address this. It is possible that an approach such as that taken in this study could be 

used as the starting point for further work providing that sufficient sequence data 

can be obtained from candidate patients and controls.

It is also possible that the peptide epitopes recognized by HLA-A*03 m ight 

prom iscuously bind other HLA types by m eans o f  a sim ilar binding m o tif  Such 

degenerate binding o f  peptide epitopes has been reported for HIV epitopes binding 

both HLA-A*03 and H L A -A *11 and also HLA-B*07 (Threlkeld, W entworth et al. 

1997; Leslie, Price et al. 2006). HLA-A*03 is a m em ber o f the HLA-A*03 

supertype. These HLA supertypes are identified by the ability o f  comm on peptides 

to bind m ultiple HLA alleles. Previously, it was shown that HLA-A*03 and A * 1 1 

recognised very sim ilar m otifs, leading to the hypothesis that significant overlap 

m ight exist am ongst their peptide-binding repertoires. The A*03 supertype was later 

shown to include A*03, A * l l ,  A*3101, A*3301 and A*6801 HLA alleles. A*03 

supertype m olecules recognise a broad m otif charcterised by Ala, Val, He, Leu, 

M et, Ser, or Thr in position 2 and Arg or Lys at the carboxy-term ini (Sette and 

Sidney 1998). It has also been hypothesized that cross-reactive binders are 

frequently good epitopes and conversely, that good epitopes are frequently cross

reactive. A lthough HLA-A*11 was not noted to be associated with viral clearance 

in the Irish cohort, it is interstesting therefore to note that A * 1 1 has also been linked 

to viral clearance in another cohort and may also be linked to protection in HIV 

(Sriw anthana, Hodge et al. 2001; Thio, Gao et al. 2002; Selvaraj, Sw am inathan et 

al. 2006). HLA-A*03 has also been linked to a variety o f  auto-im m une disease 

including m ultiple sclerosis as well as to the genetic disorder haem ochrom atosis
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(D istante, Robson et al. 2004; Harbo, Lie et al. 2004; Friese, Jakobsen et al. 2008; 

O lsson, Ritter et al. 2008). It w ould be very interesting to address w hether the NS3 

1080 or NS5 2514 peptide epitopes can also prom iscuously recognize other HLA 

alleles.

There w ere two clear “footprints” associated with HLA-A*03 epitopes as discussed 

in chapter four. A lthough 1 did not find evidence o f  CD8+ T cell responses to the 

NS5 2510-18 “ footprint” epitope in m y study, I cannot exclude the possibility that 

persisting responses are present in the liver or that technical issues may have 

precluded their identification. The strong “ footprint” associated with the NS5 2510- 

18 epitope in this study is im portant and m ay indicate ongoing selection pressure at 

some level. It is notew orthy that this epitope has previously been identified in 

genotype la  infections (W ong, Dudley et al. 1998) and that a “footprint” has also 

been identified in other populations (com m unication, Todd Allen, M IT, Boston, 

USA). It is possible that the sim ultaneous targeting o f  m ore than one dom inant 

epitope restricted by HLA-A*03 m ay be contributing to the overall protection 

associated with this allele. Longitudinal studies o f  the T cell responses in HLA- 

A*03 individuals with acute infection will be necessary to define the kinetics and 

hierarchy o f  these responses and provide further insight.

In chapter three, I discussed m any o f  the reasons why H LA -A *02 m ight not have 

been associated w ith favourable outcom es despite the presence o f  a persisting and 

dom inant response restricted by the allele. The quality  o f  the T cell response was 

one im portant elem ent in this discussion. M any studies have shown that T cells with 

an inherent ability to recognize very low antigen densities are the m ost effective at
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eUminating tum ours and viruses in vivo. H igh-avidity CD 8+ T cells effect the lysis 

o f  target cells m ore rapidly and are m ore effective at m ediating viral clearance at 

any given antigen concentration than low -avidity cells (Sedlik, Dadaglio et al. 2000; 

A lm eida, Price et al. 2007; W ooldridge, Lissina et al. 2009). Certainly in HIV 

infection at least, there is solid data that suggests that T cell quality is an im portant 

feature o f  protective im m une responses. The protective H LA -B*27 restricted KKIO 

p24/gag epitope has been show n to be associated w ith polyfunctional capabilities, 

increased clonal turnover and superior functional ability when com pared to HIV- 

specific cells restricted by other non-protective HLA alleles (A lm eida, Price et al. 

2007). In this study, the HLA-B*27 restricted CD8+ T cells produced significantly 

higher proportions o f  interferon-y, T N F -a , and M1P-1|3 and showed m ore CD 107a 

positivity (a m arker o f  degranulation), than other H lV -specific CD8+ T cells. In 

addition, these cells were also o f  higher avidity. It has been suggested that the 

quality o f  the CD8+ T cell response in term s o f  cytokine profile is enhanced for 

highly sensitive T cells and a con-elation betw een T cell functionality and avidity 

has been previously dem onstrated (La Gruta, Turner et al. 2004). In HCV infection, 

Yerly et al have shown that HCV clearers m ounted CTL responses o f  higher 

functional avidity than non-clearers (Yerly, H eckem ian et al. 2008). A recent study 

also shows functional differences between H LA -A *02 restricted CTL responses in 

patients with persistent HCV infection com pared w ith spontaneously resolved 

infection and healthy controls. H ypo-responsive CTLs w ere observed in the group 

w ith persistent infection in this latter study (Neveu, D ebeaupuis et al. 2008). It has 

also been previously noted that polyfunctional CD 8+ T cell responses are 

predom inantly driven by viral epitopes restricted by HLA -B alleles (Harari, Cellerai 

et al. 2007). These data raise im portant questions with respect to correlates o f
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protective immunity in HCV infection. To date, there is relatively little known 

about the quality o f CTL responses in HCV. It would be interesting to characterize 

the quality o f the CD8+ T cell responses associated with the newly identified NS3 

1080 TVYHGAHTK epitope as well as other dominant and non-dominant epitopes, 

ideally after acute infection in order to assess the ex vivo characteristics o f this 

population and also to address whether differences exist between epitopes restricted 

by HLA-A and B alleles in HCV infection.

Several technical aspects o f the study should be commented on. A variety of 

approaches were attempted in order to optimise the isolation o f virus-specific 

responses in cells taken from patients in this cohort. PBMCs were pulsed with 

peptide in the presence o f IL-2, lL-7 and autologous irradiated PBMCs (2 x 10  ̂

cells irradiated with 30Gy - as a source of APCs) at day zero and day seven. Parallel 

cultures were run in the absence o f feeder cells. No difference in CD8+ T cell 

responses were observed and thus the use o f the feeder cells was discontinued. An 

alternative approach was also attempted. This involved the use o f an antigen 

expansion kit from Miltenyi Biotec. The kit consists o f Anti-Biotin MACSiBead 

Particles and biotinylated antibodies against human CD2, CDS, and CD28. Anti- 

Biotin MACSiBead Particles loaded with the biotinylated antibodies are used to 

mimic antigen-presenting cells and activate resting T cells from PBMCs as well as 

purified T cells. T cell expansion was achieved as previously described - by 

culturing cells in the presence o f peptide with reactivation at day 14 o f culture. 

Again no discernable difference in T cell responses was observed and so neither of 

the above techniques was continued. A variety o f other techniques have been used 

in order to optimize the generation o f antigen-specific T cell responses. These
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include the use o f autologous or allogeneic transformed EBV-B cells and peptide 

pulsed DCs. Neither of these approaches were attempted. It is possible that such 

approaches might have enhanced the recovery o f antigen-specific cells and further 

optimised the assay, particularly if the cultures were prolonged further.

In this study, 1 have shown that HCV-specific responses were detectable but at a 

low precursor frequency. For the ex vivo Elispot assays, we chose to culture 200,000 

PBMCs in the presence o f peptide. However as only a much smaller percentage o f 

these cells is likely to be CD8+ T cells, it is possible that the experimental design of 

this part o f the study may have affected the results. To examine this in more detail, 

we used flow cytometry to assess if ex vivo HLA-A*02 or HLA-A*03 restricted 

responses could be detected with tetramers. These experiments were performed 

either in parallel with the cultured assays or retrospectively in patients with a 

definite antigen-specific response in the cultured assays. Large numbers of PMBCs 

were captured (> 1,000,000 cells) in each experiment. Again, this confinned the 

absence o f detectable ex vivo T cell responses even when responses were known to 

exist. An alternative approach which might have increased the experimental yield in 

these assays would have been to pre-enrich cells. Using magnetic beads to pre

enrich tetramer positive CD8+ T cells, Barnes et al have previously shown that it is 

possible to reliably identify virus-specific CD8+ T cells at frequencies of 0.001% 

(I/m illion PBMCs) or more but requires a very high input o f cells (Barnes, Ward et 

al. 2004).

Cultured cell lines were generated from PBMCs by stimulation with HCV peptides 

for two weeks. Therefore the relatively low percentages of tetramer positivity may

220



Chapter 7. Discussion

reflect the veiy low numbers o f  antigen-specific CD8+ T cells in the original 

population. As previously mentioned, it is possible that the use o f  autologus or 

allogeneic transformed EBV- B cells might have lead to a better recovery rate, 

particularly if  we had cultured for a longer period.

In this study, I have studied the CD8+ T cell response associated with HLA Class I 

alleles in HCV infection. However CD8+ T cells are not the only cells that interact 

with Class I molecules. Receptors on N K  cells also fonn  interactions with HLA 

Class I molecules and there is also a growing body o f  evidence that such 

interactions may be important in influencing outcomes in HCV infection. N K  cells 

are a major component o f  the antiviral immune response and act by recognizing and 

killing virally infected cells. They modulate their activity through a combination o f  

inhibitory and activatory receptors such as the killer immunoglobulin receptors 

(KlRs) which bind to HLA Class 1 molecules. Nearly all NK cells express an 

inhibitory receptor for self-HLA class I, which is important for NK cell 

development and function (Gardiner 2008). HLA Cw alleles are the natural ligands 

for KIR 2D receptors. This interaction is characterized by the residue which is 

present at position 80 o f  the HLA-Cw molecule. An asparagine at position 80 

defines the H L A -C w  group 1 (HLA C l )  which binds to KIR 2DL2, 2DL3 and 

2DS2 receptors. Lysine at position 80 defines the HLA-Cw group 2 (HLA C2) 

which binds to KIR 2DL1 and 2DS1 receptors. HLA-A and B alleles with Bw4 

motifs at positions 77-83 bind KIR3DL1 and HLA-A*03/A*II bind KIR3DL2 

(Vilches and Parham 2002). Genes encoding the inhibitory receptor KIR 2DL3 and 

its main leucocyte antigen C group 1 (H L A -C l)  ligand have been demonstrated to 

influence the resolution o f  HCV infection (Khakoo, Thio et al. 2004).

221



Chapter 7. Discussion

Homozygosity for K1R2DL3 in combination with HLA-Cl was also found to be 

more frequent in HCV exposed seronegative aviraemic individuals compared to 

those persistently infected (OR 3.10). In this study, the KIR 2DL3/HLA-C-I 

combination was also noted be associated with a sustained response to antiviral 

therapy (OR 2.3) (Knapp, Warshow et al. 2009). KIR2DL3 binds HLA-Cw*01 

which was associated with protection in both the Irish cohort and another study 

(Thio, Gao et al. 2002; McKiernan, Hagan et al. 2004). This receptor:ligand 

combination is thought to provide weaker inhibitory signals than other KIR/HLA C 

pairings possibly permitting a more responsive NK cell phenotype which favours 

viral clearance although this has not been well studied at a mechanistic level.

It is also relevant to this discussion to note that CD8+ T cells can express some 

natural killer receptors which bind HLA Class I molecules, and these interactions 

are likely to greatly influence their properties. It has been reported that KIR 

receptors can be expressed on antigen experienced CD8+ T cells and upon 

interaction with Class I molecules, there is clear evidence that T cell effector 

function may be inhibited (Mingari, Pietra et al. 2005). KIRs are expressed on 

memory CD8+ T cells and are thought to play a role in modulating their 

susceptibility to activation-induced cell death (Vivier and Anfossi 2004). 

Interestingly, KIR+ve CD8+ T cells were detectable in the liver and peripheral 

blood from HCV infected patients although these were not major subsets. These 

cells expressed increased levels o f CD57 -  a senescence marker and produced lower 

amounts o f perforin in HCV infected persons compared to HBV infected patients 

and healthy controls. The presence o f KIR in addition could inhibit the response of 

HCV-specific CD8+ T cells ex vivo (Bonorino, Leroy et al. 2007).
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The HLA-A*03 allele as well as H LA -A *] 1 both bind KIR3DL2. In view o f  the 

association o f  both o f  these alleles with favourable outcomes in HCV, it would be 

o f  interest to further understand and study the nature o f  these interactions with 

respect to viral infections. Dr. Gardiner (TCD) is currently examining the Irish 

cohort to determine the genetic relationship o f  the KIR/Class I haplotype with 

respect to viral outcome and this may provide some insight. Importantly, the 

interaction between HLA-A*03 and A* 11 and KIR 3DL2 appears to be highly 

dependent on the peptide. An EBV EB N A  3A peptide epitope allowed KIR3DL2 

recognition whilst peptides from influenza and HIV do not (Hansasuta, Dong et al. 

2004). Furthermore, a substitution at position 8 in the EBV peptide epitope 

abolished binding to KIR 3DL2 indicating sequence-dependent effects, which may 

be particularly relevant in the context o f  variable pathogens like HCV. HLA- 

B*2705 interaction with KIR 3DL1 also shows some degree o f  peptide specificity 

(Stewart-Jones, di Gleria et al. 2005). It should be noted in this study that CD8+ T 

cell responses were mainly delineated by the presence o f  the CD8+ T cell marker. 

It is therefore not implausible that some o f  the peptide-specific responses could 

have arisen from NK cells binding either the peptide or tetramers. In a rhesus 

m aqaque model, it has been shown that KIR polymorphisms can modulate peptide 

binding to a M HC Class I ligand bearing a Bw6 m otif  (Colantonio, Bimber et al ). 

This finding is interesting since it supports an alternative hypothesis. Changes in 

epitopes that increase the affinity o f  certain M HC class I ligands for inhibitory or 

activatory KIRs may modulate the activation o f  specific NK cell subsets and thus 

influence the subsequent imm une response. In light o f  the above, it would also be 

interesting to further analyse the KIR/Class I interaction with respect to HCV 

epitopes including the immunodominant B*27 and A*03 restricted epitopes to
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discern effects i f  any on NK cell and CD8+ T cell function that might influence 

viral outcomes.

It should be noted however, that we have recently repeated an ICS assay assessing T 

cell responses to the wild-type NS3 1080 epitope and to the variants (Fitzmaurice, 

Petrovic et al.). In this experiment, have shown that these responses are indeed 

originating from CD3+CD8+ T lymphocytes.

In both HIV and HCV infection, it is predominantly the B alleles which are 

associated with favourable outcomes i.e. HLA-B*57 and B*27 in HIV and HCV. In 

HlV-1 infection, substantially greater selection pressure appears to be imposed by B 

alleles rather than A. Several reasons have been suggested for this including a 

greater diversity o f  peptides bound by B alleles as well as greater polyfunctional 

capacity. In contrast to A alleles which bind mainly hydrophobic residues in the B 

pocket, B alleles can accomodate a much greater range o f  residues. It is thought that 

variable pathogens like HIV and HCV are thus much more likely to be able to adapt 

to the more homogeneous terrain represented by A alleles (Kiepiela, Leslie et al. 

2004; Harari, Cellerai et al. 2007). The finding that an A allele is associated with 

HCV viral clearance is therefore o f  considerable interest. In contrast to HLA-B*27 

and B*57, the A*03 allele is a relatively common allele present is c. 20%  of 

Caucasian populations and thus the protective impact within a population is likely to 

be substantially greater.
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7.2 I m p l i c a t i o n s  f o r  v a c c i n e  d e s i g n

In this study, we have addressed the m echanism s underpinning the protection 

associated with HLA-A*03 in a single source outbreak o f  genotype lb  infection. 

Incorporating protective T cells epitopes such as that described in this thesis in a T 

cell vaccine is an attractive strategy. Because o f  their location w ithin the genome, 

escape m utations incur a fitness cost and may require an additional substitution or 

substitutions to com pensate and restore viral fitness. This process im poses a high 

genetic barrier that allows the hosts im m une response to target the optim al epitope 

for a longer period. In addition, the fitness cost incurred by escape allow s other 

com ponents o f  the hosts im m une response to be more effective and tip th 

e scales in favour o f  viral containm ent.

Key questions which arise include (i) to what extent is the protective effect o f  the 

NS3 im m unodom inant epitope preserved across different populations and (ii) 

w hether the protective effect is m aintained across different genotypes in different 

cohorts. In chapter 4, I review ed the sequences o f  the NS3 1080-88 epitope that 

w ere available on the Los A lam os database. It was evident from  this that the epitope 

sequence appears to be conserved in a genotype-specific m anner suggesting that the 

protection associated with this epitope is possibly genotype-specific. Lysine is 

preserved at position 9 in genotype lb , genotype 2, 4, 5 and 6 but arginine is 

predom inantly at this position in genotype la  and genotype 3 infections although 

for som e genotypes, the num ber o f  sequences available was small. In the case o f  the 

HLA-B*27 restricted NS5 epitope, the protective effect certainly appears to be 

restricted to genotype 1 (N eum ann-H aefelin, Tim m  et al.). In this study, CD8+ T 

cells did not target the NS5 epitope in genotype 3 infected persons and there was no
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evidence o f  T cel! selection pressure in this epitope. This liighlights the need to 

identify a range o f  protective T cell epitopes in all genotypes so that these can be 

included in a T cell vaccine.

A nother im portant question relating to vaccine design -  is to w hat extent will 

protective responses persist in the population as the epidem ic progresses or will 

protective responses be lost as the virus adapts at a population level? In HIV 

infection it appears that escape m utations in epitopes associated with protection, are 

accum ulating w ithin the population and therefore over tim e will likely becom e fixed 

and predom inate in the circulating quasispecies. This indicates that even protective 

epitopes will over tim e be lost (Kawashim a, Pfafferott et al. 2009). It will be 

im portant to determ ine if  sim ilar viral evolution is a feature o f  HCV infection and if  

so, the extent and rate o f  sequence change in different populations. These data 

highlight the challenges faced in the design o f  a vaccine including the m andate to 

keep pace with viral evolution for successful therapeutic strategies.

Also crucial to vaccine design is an understanding o f  the m echanism s that are 

associated with worse outcom es including persistent viral infections. Both C lass I 

and Class II alleles are associated with unfavourable outcom es in this cohort. HLA- 

B*08 and H LA -B*18 were independently associated with viral persistence in this 

cohort although this association wan not m aintained on m ultiple logistic regression 

analysis. H L A -D R B l *03011 and DQB 1*0201 were also associated w ith viral 

persistence. This m ay be because they select CTLs which target epitopes which lie 

in variable regions o f  the genom e where escape m utations are tolerated w ithout a 

fitness cost. A lternatively, genetic loci carried on a haplotype m ay also be
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contributing to outcom es. D efining the characteristics o f  the CD4+ and CD 8+ T cell 

repertoires associated with these alleles -  ideally a com prehensive characterization 

o f  the T cell repertoires including the breadth and m agnitude o f  the responses as 

well as their ability to escape from  key responses could provide im portant insights. 

Furtherm ore, characterizing the degree o f T cell exhaustion in these populations will 

also be important.

The single source outbreak o f  HCV is as previously m entioned the ideal study 

group to exam ine questions relating to HCV pathogenesis and disease outcom es. 

However, the distinctiveness o f  the cohort m ust be borne in m ind when interpreting 

and extrapolating results to the broader population. This study for exam ple relates to 

genotype lb  viral infection in wom en o f Irish ethnicity and who received a 

relatively low viral inoculum. The highly polym orphic nature o f  the HLA genes 

poses considerable challenges and extensive allelic diversity is observed in HLA 

associations with susceptibility and protection in HCV infection in different cohorts. 

D ifferent ethnic groups display HLA loci diversity as a consequence o f  racial 

differences and environm ental and im m unological selection pressures. Antigenic 

specificity will vary according to viral genotype and subtype and m ay be 

significantly variable even betw een individuals infected with the same genotype. 

Furthennore, the antigenic load or burden from  the outset m ay also influence the 

outcom e. Consequently, the results o f  this and other studies needs to be interpreted 

in the context o f  the study lim itations and general extrapolation to a broader 

population verified by further studies involving different cohorts infected w ith HCV 

by different m odes and with different genotypes.
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F i n a l  r e m a r k s

In this study, we had the unique advantage o f  studying the impact o f  HCV infection 

in individuals exposed though a common source. This group o f  patients is 

composed o f  a single gender, common ethnicity and have all been infected for a 

known defined period. As a consequence, we were clearly able to define a novel 

immunodominant CD8+ T cell epitope linked to the protective HLA-A*03 allele 

through combined host and viral genetic data and immunologic studies. This study 

therefore allows us a snapshot o f  the behaviour o f  a genotype lb  virus in a 

Caucasian population and has provided substantial insights to the factors that shape 

its evolution in a defined situation.

Whilst much has been achieved since the discovery o f  HCV in 1989, many 

questions remain as has been alluded to. Key issues which need to be addressed to 

move forward with vaccine design remain. Firstly, what aspects o f  the CD8+ T cell 

reponse need to be induced to confer protection in HCV - is it related to quality, 

quantity or location? Finally and perhaps most crucially -  what causes the failure o f  

the CD4+ T cell responses in HCV and can these responses be rejuvenated? In light 

o f  the scale o f  the problem and the associated morbidity, it is imperative that we 

address these issues to enhance our preventative and therapeutic strategies against 

this tenacious adversary.
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1.1 Se q u e n c e s  o f  H L A  A*02 r e s t r i c t e d epitopes

Donor Sequence 
AF313916

Core 35-44 
YLLPRRGPRL

HLA A*02 positive 
N=16

25977
45782 
29079 
30595
45783 
47736 
26917 
27355 
49386 
26228 
48153 
35910 
25258 
29028 
33761 
45995

-K-

HLA A*02 negative 
N=17

26187 
27907 
33704 
27503 
46966 
29070 
30630 
45578 
37008 
33403
26188 
30856 
28567 
33489 
37014 
28447 
29337

K-
K-

K-
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Donor Sequence 
AF313916

Core 132-40 
DLMGYIPLV

HLA A*02 positive 
N=17
25977
45782 
29079 
30595
45783 
47736 
26917 
27355 
49386 
26228 
49386 
48153 
35910 
25258 
29028 
33761 
45995
HLA A*02 negative 
N=16
26187 
27907 
33704 
27503 
46966 
29070 
30630 
45578 
37008 
33403
26188 
30856 
28567 
33489 
37014 
28447

The CORE 132-40 DLMGYIPLV 
epitope. This epitope is fully conserved 
in both gi'oups. N=33 ;
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D onor S e q u e n c e  
A.F313916

C o re  1 7 8 - 8 7  
LLALLSCLTI

HLA A*02 p o s i t i v e  
N=16

2 5 977
45782  
2 9 0 7 9  
3 0595
4 5783  
4 7736  
2 6 917  
2 7 3 5 5  
4 9386  
26 228  
48 153  
35 910  
2 5 258  
2 9 028  
33761  
45 995

HLA A*02 n e g a t i v e  
N=16

2 6 187  
2 7 907  
33704  
2 7 5 0 3  
4 6 9 6 6  
2 9 0 7 0  
30 630  
45 578  
37 008  
3 3 4 0 3
2 6 1 8 8  
3 0 8 5 6  
2 8 5 6 7  
3 3 4 8 9  
37 014  
2 8 4 4 7

The CORE 178-87 LLALLSCLTI 
epitope is fully conserved in both 
groups. N=32
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Donor Sequence 
AF313916

El 363-71 
SMAGNWAKV

HLA A*02 positive
N=ll
25977 - V _____
30595 — V------
45783 — V------
27355 — V------
49386
26228 — V-----
25258 — V------
33584 — V-----
45978 — V-----
33761 — V-----
45995

HLA A*02 negative
N=13
26187 - V _____
27907 — V-----
33704 — V-----
27503 — V-----
46966 — V-----
29070 __V-----
30630 — V------
37008 — V------
33403 — V------
26188
28567
28447
29337

The E l 132-40 SM AGNW AKV  
epitope. The A365V substitution is 
present in both groups (p=0.6, Fishers 
exact test). N =24
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Donor S e q u e n c e  
A.F313916

E2 6 1 4 - 2 2  
RLWHYPCTV

HLA A*02 p o s i t i v e  
N=14

2 5 977
3 0 5 9 5
4 5 783
4 7 7 3 6
2 6 9 1 7
2 7 3 5 5
4 9 3 8 6
2 6 2 2 8
2 5 2 5 8
3 3 761
4 5 9 9 5
37224
33584
4 5 978

HLA A*02 n e g a t i v e  
N=12

2 6 1 8 7  
3 3 704  
2 7 5 0 3  
4 6 9 6 6  
2 9 0 7 0  
3 0 630  
3 7008  
3 3 403
2 6 1 8 8  
2 8 5 6 7  
2 8 4 4 7  
2 9 3 3 7

The E2 614-22 RLWHYPCTV 
epitope is fully conserved in both 
groups. N=26
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D onor S e q u e n c e  
A.F313916

NS3 1 1 3 1 -3 9  
YLVTRHADV

HLA A*02 p o s i t i v e  
N=19

2 5977
45782  
3 7224  
2 8 9 3 8  
30595
4 5783  
4 7 7 3 6  
2 6 9 1 7  
3 3 8 4 9  
2 7 3 5 5  
4 9 3 8 6  
2 6228  
33761  
45995  
33584  
4 5978  
2 9 0 7 9  
4 8153  
3 5910

HLA A*02 n e g a t i v e  
N=15

2 6 7 5 5
2 6 1 8 7  
2 7 9 0 7  
33 704  
2 7 5 0 3  
4 6 9 6 6  
2 9 0 7 0  
3 0 630  
37 008  
3 3 4 0 3
2 6 1 8 8  
2 8 5 6 7  
3 0 9 0 2  
2 8 4 4 7  
2 9 2 1 1

No significant substitution is 
observed within the NS3 
1131-39 YLVTRHADV  
epitope. N=33
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Donor Sequence 
AF313916

NS3 1585-93 
YLVAYQATV

HLA A*02 positive 
N=4

27355
29079
26228
48153

HLA A*02 negative 
N=9

28567
30630
27503
37008
46966
29070
26187
26188 
33704

The NS3 1585-93 
YLVAYQAYV epitope is 
fully conserved in both 
groups. N=13
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Donor Sequence 
AF313916

NS4 1661-69 
VLGGVLAA

HLA A*02 positive 
N=10

27355
25977
29079
26228
48153
45782 
30595
45783 
47736 
49386

HLA A*02 negative 
N=17

28567
30630
27503
37008
46966
29070
26187
26188 
27907 
33704 
45578 
33403 
30856 
33489 
37014 
28447 
29337

-V-

-V-

-V-

The A1668V  substitution 
observed within the NS4 
1661-69 VLGGVLAA  
epitope is not significant in 
the HLA A*0 negative group. 
(p=0.5. Fishers exact test). 
N=27

236



Appendix

Donor Sequence 
AF313916

NS4 1769-77 
HMWNFISGI

HLA A*02 positive 
N=10
45783
30595
47736
25977
26917
33849
29079
26228
48153
35910

HLA A*02 negative 
N=15
28567
30630
37014
27503
29211
33403
37008
46966
29070
26187
26188 
28447 
27907 
33489 
33704

T h eN S4 1769-77 
HMWNFISGI epitope is fiilly 
conserved in both groups. 
N=25
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Donor Sequence 
AF313916

NS4 1807-16 
LLFNILGGWV

HLA A*02 positive 
|N=10

45783
30595
47736
25977
26917
33849
29079
26228
48153
35910

HLA A*02 negative 
N=15

28567
30630
37014
27503
29211
33403
37008
46966
29070
26187
26188 
28447 
27907 
33489 
33704

T heN S4 1807-16 
LLFNILGGWV epitope is 
fully conserved in both 
groups. N=25
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Donor Sequence 
AF313916

NS4 1851-59 
ILAGYGAGV

HLA A*02 positive 
N=10

45783
30595
47736
25977
26917
33849
29079
26228
48153
35910

HLA A*02 negative 
N=15

28567
30630
37014
27503
29211
33403
37008
46966
29070
26187
26188 
28447 
27907 
33489 
33704

T h eN S 4  1851-59 
ILAGYGAGV epitope is fully 
conserved in both groups. 
N=25
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Donor Sequence 
AF313916

NS4 1987-1995 
VLTDFKTWL

HLA A*02 positive 
N=7

45783
30595
47736
25977
26917
33849
35910

--S---------

HLA A*02 negative 
N=12

28567
30630
37014
27503
37008
46966
29070
26187
26188 
27907 
33489 
33704

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
I 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

CO 
1 

1 
1 

1 
1 

1 
CO 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1

The T 1989S  substitution 
observed within the N S 4  
V LTD FK TW L epitope is not 
significant (p = l .  Fishers exact 
test). N =19
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D o n o r  S e q u e n c e  A F 31 39 16 NS5 2 5 9 4 - 2 6 0 2  
ALYDVVSTL

HLA A*02 p o s i t i v e  N=25

2 5 9 7 7
4 5 7 8 2  
3 7 2 2 4  
2 9 0 7 9  
3 0 5 9 5
4 5 7 8 3  
128938 
4 7 7 3 6  
2 6 9 1 7  
2 7 3 5 5  
2 6 2 2 8  
4 9 3 8 6  
4 8 1 5 3  
3 5 9 1 0  
2 5 2 5 8  
2 9 0 2 8  
3 3 7 6 1  
4 5 9 9 5  
3 6 0 9 1  
2 5 9 3 0  
4 9 1 4 9  
3 6 3 3 9  
33 5 8 4  
45 9 7 8  
4 8 1 4 9

HLA A *02 n e g a t i v e  
N=24

2 6 1 8 7  
2 7 9 0 7  
3 3 7 0 4  
2 7 5 0 3  
4 6 9 6 6  
2 9 0 7 0  
3 0 6 3 0  
4 5 5 7 8  
3 7 0 0 8  
3 3 4 0 3
2 6 1 8 8  
3 0 8 5 6  
2 8 5 6 7  
3 3 4 8 9  
3 7 0 1 4  
2 8 4 4 7  
2 8 5 6 7  
3 0 9 0 2  
3 2 8 2 8  
2 9 2 1 1  
4 6 8 8 7  
2 9 3 3 7  
2 6 7 5 5  
3 2 8 2 7

The NS5 2594-2602 
ALYDVVSTL epitope is fully 
conserved in both groups. 
N=49
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Apendix Table 1. Previously published HLA A*03-restricted HCV and control 

epitopes used in Chapter 4.

KLTPPHSAK 2510-18 NS5 (Wong, Dudley et al. 1998; Wong, Dudley et al. 2001)

QLFTFSPRR 290-98 El (Chang, Gruener et al. 1999; Sreenarasimhaiah, Jaramillo 

et al. 2003)

HLIFCHSRKK 1391-00 NS3 (Chang, Gruener et al. 1999; Rosen, Marousek et al. 

2002; Sreenarasimhaiah, Jaramillo et al. 2003)

KTSERSQPR 52-60 Core (Chang, Gruener et al. 1999; Sreenarasimhaiah, Jaramillo 

et al. 2003)

RLGVRATRR 43-51 Core (Chang, Gruener et al. 1999; Sreenarasimhaiah, Jaramillo 

et al. 2003)

TLGFGAYMSK 1261-70 NS3 (Chang, Gruener et al. 1999; Rosen, Marousek et al. 

2002; Sreenarasimhaiah, Jaramillo et al. 2003)

GVAGALVAFK 1858-67 NS4 (Chang, Gruener et al. 1999; Sreenarasimhaiah, Jaramillo 

et al. 2003)

RVCEKMALY 2588-96 NS5b (Wong, Dudley et al. 1998; Cucchiarini, Kammer et al. 

2000)

RMYVGGVEHR 632-641 E2 (Chang, Gruener et al. 1999; Sreenarasimhaiah, Jaramillo 

et al. 2003)

RVRAYTYSK

(EBV)

148-56 BRLFl (Currier, Kuta et al. 2002)

RLRAEAQVK

(EBV)

603-611 EBNA

3A
(Currier, Kuta et al. 2002)
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