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Résumé 

Le virus de l’hépatite C (VHC) infecte ~185 millions d’individus dans le monde. 

Malgré le développement des nouvelles thérapies dirigées contre le VHC, on compte  deux 

millions de nouvelles infections chaque année, en particulier dans les pays sous-développés et 

les populations marginalisées. Comme pour la plupart des virus à infection chronique, le 

développement d’un vaccin prophylactique efficace est limité par le manque  de 

caractérisation des déterminants de la mémoire immunitaire protectrice lors des épisodes de 

réinfection naturelle chez les êtres humains. Le VHC représente un modèle unique au sein des 

virus à infection chronique pour étudier l’immunité protectrice. En effet ~30% des patients 

infectés par le VHC peuvent être guéris suite à un premier épisode d’infection spontanément. 

Dans cette thèse, nous avons étudié l’immunité protectrice contre le VHC dans une 

cohorte d’utilisateurs de drogues par injection qui sont à risque d’être infectés ou réinfectés. 

Notre hypothèse est que la majorité des patients qui ont résolu une première infection par le 

VHC sont protégés contre le développement d’une infection chronique s’ils sont réexposés. 

Cette immunité protectrice est associée à la présence des cellules T CD4 et CD8 

polyfonctionnelles qui possèdent des fréquences, magnitudes et avidités  élevées. La capacité 

protectrice des cellules T mémoire contre les séquences variables du VHC est dépendante de 

la diversité et flexibilité du répertoire de leurs récepteurs de cellules T (TCR), qui 

reconnaissent les séquences variables des épitopes ciblés. 

Notre premier objectif était de définir et détailler les déterminants de l’immunité 

protectrice conférée par les cellules T spécifiques du VHC. Nos résultats ont montré que la 

protection pendant l’épisode de réinfection était associée à une augmentation de la magnitude 

et du spectre des réponses spécifiques par les cellules T CD4 et CD8 polyfonctionnelles, ainsi 

que par l’apparition d’une population de cellules T tétramère+ CD8+  effectrices qui 

expriment faiblement le marqueur CD127 (CD127lo) lors du pic de la réponse. Chez les 

patients qui ont développé une infection chronique pendant l’épisode de réinfection, nous 

avons observé une expansion très limitée des cellules T CD4 et CD8. Le séquençage des 

épitopes ciblés par les cellules T CD8 chez ces patients qui sont non-protégés a montré que les 



 

 ii 

séquences de ces épitopes sont différentes des séquences de référence qui étaient utilisées pour 

tous les essais immunologiques de cette étude.    

Le deuxième objectif était d’analyser la dynamique du répertoire des TCRs des cellules 

T CD8 spécifiques chez les patients protégés versus les patients non-protégés. Nos résultats 

ont montré que le répertoire des cellules T CD8 spécifiques est plus focalisé que chez les 

patients protégés. En plus, nous avons observé que les clonotypes qui forment le répertoire 

chez les patients protégés sont distincts de ceux chez les patients non-protégés. Ces clonotypes 

chez les patients protégés ont montré de plus grandes avidité et polyfonctionnalité que leurs 

homologues chez les patients non-protégés.  

En conclusion, nos résultats suggèrent que la protection contre le développement d’une 

infection chronique pendant l’épisode de réinfection par le VHC est associée à une 

augmentation de la magnitude, du spectre et de la fonctionnalité des réponses des cellules T 

spécifiques, ainsi qu’à un répertoire des TCRs plus focalisé composé des clonotypes distincts 

qui possèdent de plus grandes avidité et polyfonctionnalité que chez les patients non-protégés. 

L’homologie des séquences des souches virales entre les différents épisodes de l’infection est 

un déterminant majeur de l’établissement d’une protection efficace.  Ces résultats ont donc des 

implications très importantes pour le développement d’un vaccin prophylactique contre le 

VHC et d’autres virus à infection chronique.    

 

Mots-clés : Virus de l’hépatite C (VHC) – Mémoire immunitaire – Réinfection par le VHC – 

Immunité protectrice – Répertoire des cellules T 
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Abstract 
Hepatitis C virus (HCV) currently infects ~185 million individuals worldwide. Despite 

the development of new effective antivirals against HCV, it is estimated that two million new 

infections occur annually, especially among marginalized populations and in developing 

countries. As with many chronic viral infections, the development of an effective prophylactic 

vaccine is hampered by the limited knowledge of determinants of a protective immune 

response in humans upon natural exposure to the virus. HCV represents a unique model to 

study protective immunity in chronic viruses, since ~30% of the patients are able to clear the 

primary infection spontaneously. 

In this thesis, we proceeded to study protective immunity against HCV in cohorts of 

injection drug users (IDUs) who are continuously at risk of infection and reinfection by HCV. 

We hypothesized that the majority of spontaneous resolvers of a primary HCV infection are 

protected against chronicity of infection upon re-exposure. Protective immunity would likely 

be associated with the highest breadth, frequency and functional avidity of HCV-specific 

polyfunctional CD4 and CD8 memory T cells. The protective capacity of memory T cells 

upon infection with novel HCV variants will depend on the diversity and flexibility of the T 

cell repertoire that can recognize these viral variants and/or the capacity to generate de novo T 

cell responses specific for these variants.  

The first aim of the project was to define and dissect correlates of protective immunity 

conferred by HCV-specific T cells in reinfected individuals. Our results showed that 

protection from chronicity upon reinfection was associated with an increased magnitude and 

breadth of the HCV-specific polyfunctional CD4 and CD8 T-cell responses, as well as the 

appearance of a CD127lo tetramer+ CD8+ effector T-cell population at the peak of the 

response. Individuals who developed persistent viremia upon HCV reinfection demonstrated 

very limited or no expansion of HCV-specific T cells. Sequencing of the cytotoxic T-

lymphocyte (CTL) epitopes targeted by the memory immune response in unprotected 

individuals revealed that the sequence of the autologous reinfecting virus was different from 

the reference sequence used in our immunological assays.  

The second aim was to analyse the dynamics of the T-cell receptor (TCR) repertoire of 

HCV-specific CD8 T-cells in protected versus unprotected patients and in relation to infection 
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with variant viral sequences. Our results demonstrate that for epitope-specific CD8 T cells a 

more focused TCR-repertoire of distinct clonotypes was associated with protection. These T-

cell populations showed higher functional avidity and polyfunctionality compared to their 

counterparts in non-protected patients. The clonotypes forming the effector T-cell population 

during reinfection were recruited from the memory pool, rather being de novo responses 

generated from the naïve pool. 

In conclusion, our results suggest that protection from persistence upon HCV 

reinfection is associated with an enhanced magnitude, breadth and quality of the HCV-specific 

T-cell response, as well as a more focused TCR-repertoire of distinct clonotypes with high 

functional avidity. The degree of homology between viral strains causing the consecutive 

episodes of infection is a critical determinant for protection. These findings provide a first 

insight into the correlates of protective immunity against HCV and have important 

implications for the rational design of effective prophylactic vaccines against HCV and other 

chronic viruses.  

 

Keywords:  

Hepatitis C Virus (HCV) – Memory immune response – HCV reinfection – Protective 

immunity – T-cell receptor (TCR) repertoire 
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CHAPTER 1: 

INTRODUCTION 

 

(Parts of this introduction were used in the review article  

“Protective Immunity against Hepatitis C: Many Shades of Gray”,  

Frontiers in Immunology, 2014) 
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The rational design of prophylactic vaccines against chronic viral infections 

necessitates dissection of the correlates of protective immunity that remain undefined to date. 

Hepatitis C virus (HCV) represents a unique model among chronic viruses where two 

dichotomous outcomes of infection are observed: spontaneous resolution or chronic infection. 

Thus it represents an ideal model for understanding determinants of the memory immune 

response that can confer protection upon re-exposure to the virus in a human cohort. 

This introduction discusses what is known about primary and memory immune 

responses against chronic viral infections, followed by a more specific review of the literature 

about the primary and memory immune responses against HCV infection. It also gives a brief 

account of different aspects of HCV; characteristics of the virus, the infection caused by HCV, 

treatment strategies and HCV-vaccine trials.  
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1.1. Immunity against primary viral infection 

The human immune system is composed of two interconnected lines of defence; innate 

immunity and adaptive immunity. Innate immunity is non-specific, as it recognizes common 

motifs shared by interrelated pathogens known as “Pathogen Associated Molecular Patterns” 

(PAMPs), while adaptive immunity is highly specific and recognizes specific pathogen 

derived peptides known as antigens (Ags) or epitopes. Furthermore, adaptive immunity is 

privileged by its ability to generate immunological memory, which has the capacity to respond 

more rapidly to subsequent exposures to an Ag that has been previously encountered (also 

known as, the recall response). 

Innate immunity is the first line of defence triggered by foreign pathogens including 

viruses. Cells of innate immunity include monocytes, natural killer cells (NKs) and dendritic 

cells (DCs) [1]. NKs have direct cytotoxic action and can kill infected cells. In addition, they 

possess antiviral action through secretion of inflammatory cytokines such as interferon-gamma 

(IFN-γ) and tumor necrosis factor-alpha (TNF-α) [2], as well as having the ability to stimulate 

maturation of DCs that represent the link between innate and adaptive immunity (Figure 1) 

[3]. NK cell activity is triggered by reduced expression of the major histocompatibility 

complex (MHC) class I molecules on the surface of infected cells, known as the “missing self” 

hypothesis. The extent of NK cell activation is determined by the balance of interaction 

between the activating and inhibitory receptors on NK cells and their corresponding ligands 

expressed on target cells. These receptors include members of the killer cell immunoglobulin-

like receptors (KIRs) family and the NKG2 family [4, 5]. DCs are the main professional 

antigen presenting cells (APCs) involved in priming naïve adaptive immune cells known as T 

cells [6]. There are two main populations of DCs: myeloid DCs (mDCs) and plasmacytoid 

DCs (pDCs). The mDCs are the major APCs involved in antigen uptake and presentation, 

while pDCs mainly produce IFN-α and act as overall orchestrators of the immune response. 

DCs become activated upon recognition of PAMPs by cell surface and/or intracellular 

receptors [7]. 

Adaptive immunity has two arms that evolved to provide distinct functions; humoral 

immunity and cell-mediated immunity (CMI). The humoral immune response is comprised of 
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B cells that produce antibodies (Abs) that mainly target extracellular microorganisms (e.g. 

bacteria), but also neutralize intracellular pathogens (e.g. viruses) by targeting surface epitopes 

to prevent viral binding and entry into target cells. Abs also help in the destruction of infected 

cells by Ab-dependent cellular cytotoxicity (ADCC), where specific Abs bind to cell surfaces 

using their variable Ag-binding fragment (Fab) recognizing a specific Ag and their constant 

portion (Fc) binds to the Fc-receptors on NK cells and/or monocytes and activates their 

cytotoxic functions [6]. Cell-mediated immunity mainly targets intracellular pathogens (e.g. 

viruses) and abnormal cells like cancer cells, and it is comprised of CD8 T cells, known as 

cytotoxic T lymphocytes (CTLs) and CD4 T cells that act as helper T cells. CD8 T cells 

recognize and kill cancer cells and virus infected cells expressing foreign Ags/epitopes on 

their cell surface in the form of peptides bound to MHC class I molecules. CD8 T 

lymphocytes kill infected/cancerous cells by secreting pore-forming molecules inducing cell 

lysis (granzymes and perforin) or through ligand-mediated initiation of programmed cell death 

(e.g. Fas-FasL interactions). CD8 T cells also secrete cytokines (e.g. IFN-γ and TNF-α) that 

have direct antiviral effects and can activate other effector cells [8]. CD4 T cells, were 

previously divided into two major helper subsets; T helper 1 cells (Th1), that help priming and 

sustaining CTL responses, and Th2 that secrete specific cytokines that help activate B cells and 

promote them to differentiate into plasma cells and produce Abs [9]. More recently other CD4 

T-cell subsets were identified that regulate different aspects of the immune response and 

include Th17 cells that mediate inflammation and response to microbial pathogens, regulatory 

T cells (Tregs) that regulate different immune responses and follicular helper T cells (Tfh) cells 

that regulate formation of germinal centers for the initiation of antibody responses. 
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Figure 1: Innate and adaptive immune responses in humans using hepatitis C virus 

(HCV) as a model. 

Reproduced with the permission of Frontiers scholarly communications: Frontiers in 

Immunology [10], author copyrights 2014. 

Legend: (1) Pathogen entry and replication induces the production type I IFNs that are also 

secreted by pDCs and create a defensive state and stimulate NK cells that kill infected 

hepatocytes. (2) APCs (especially DCs) uptake apoptotic bodies from destroyed infected cells 

and present epitopes to both CD4 and CD8 T cells in the context of MHC class II and MHC 

class I, respectively. (3) The cross-talk between DCs and NKs regulates the function of both 

cells enhancing antigen presentation and priming, as well as NK-mediated killing. (4) CD4 

helper T cells support responses of CD8 T cells and B cells through production of Th1 and 

Th2 cytokine, respectively. (5) Abs produced from B cells could have an essential role in 

pathogen clearance by directly neutralizing the pathogen or by mediating ADCC. Tfh cells 

play an essential role in mediating the selection and survival of B cells. (6) CD8 T cells 

eliminate pathogen-infected cells through direct cytotoxic mechanisms (cytolytic granules, as 

perforin and granzyme) or non-cytolytic mechanisms through secretion of the antiviral 

cytokines IFNγ and TNFα or through ligand-mediated initiation of programmed cell death 

(e.g. Fas-FasL interactions). (7) CD8 T cell functions are sustained and enhanced by IL-21 

mainly produced by Th17 cells. IL-21 is also essential to rescue virus-specific T cells from 

exhaustion caused by persistent exposure to HCV antigens. Reduced IL-21 production or 

Th17 cell numbers results in an increased exhaustion status and expression of exhaustion 

markers like PD-1, Tim-3, CTLA-4, and others. (8) Regulatory T cells might be a cause in the 

failure of the primary immune response by secreting the regulatory cytokines TGFβ and IL-10, 

or secretion of Gal-9 that enhances apoptosis of Tim-3+ CD4 and CD8Tcells. 

ADCC, antibody-dependentcellular cytotoxicity; APC, antigen-presenting cell; CTLA-4, 

cytotoxic T lymphocyte antigen-4; DC, dendritic cell; FcR, receptor for the constant fragment 

of the antibody; Gal-9, galactin-9; Gz, granzyme; HCV, hepatitis C virus; IFN, interferon; IL, 

interleukin; NK, natural killer; PD-1, Programed death-1; pDC, plasmacytoid DC; Tfh, T 

follicular helper cells; TGF, transforming growth factor; Th17, T-helper 17 cell; Tim-3, T cell 

immunoglobulin and mucin domain 3;TNF, tumor necrosis factor;Treg, regulatoryT cell. 
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1.2. Immunological memory and vaccines against viruses 

Immunological memory is the ability to mount a specific accelerated recall response by 

antigen experienced T- and B-lymphocytes against a previously encountered pathogen [11-

13]. The memory immune response is also characterized by the increased frequency of 

antigen-specific lymphocytes with improved recognition and function [14, 15], as well as 

enhanced trafficking, migration and localisation at the site of infection [16, 17]. 

Most of our current knowledge about immunological memory against viruses is based 

on studies of the lymphocytic choriomeningitis virus (LCMV) infection in mouse models. 

LCMV is an excellent infection model, since its different strains have distinct courses of 

infection; where the Armstrong strain causes an acute infection cleared within a few days, as 

opposed to LCMV-clone 13 that leads to chronic infection and serves as a model that would 

correspond to human chronic viral infections (e.g. HIV and HCV) [18]. It is only recently that 

these findings were validated in human viral infections [19].  

1.2.1. Generation of memory immune responses 

Naïve B cells are activated and proliferate when they encounter their specific antigen 

for the first time. Activated B cells either remain in the marginal zone of T cells within lymph 

nodes and differentiate into short-lived plasma cells or migrate to B cell follicles initiating a 

germinal centre (GC) reaction. Within the GC, B cells undergo somatic hypermutation, 

affinity maturation and selection leading to the generation of high affinity memory B cells. 

The GC formation requires help from Tfh CD4 T lymphocytes [20, 21].  

Development of memory T cells (Tmem) includes three phases (Figure 3);  

Phase I (Expansion): activation and expansion of Ag-specific T-cell clones that have 

recognized their specific Ag within the context of MHC molecules, and with adequate 

costimulation these T cells differentiate into effector T cells (Teff).    

Phase II (Contraction): after resolution of infection the majority (~90%) Teff die by apoptosis. 

Phase III (Maintenance): establishment of the Tmem niche (from the remaining ~10% of Ag-

specific T cells) [22]. 
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Two models for the development of Tmem were proposed, the linear/progressive model 

and the asymmetric/bifurcative/stochastic model. Evidence supporting both models is 

equivocal, thus it remains unclear whether the pathway is linear or asymmetric, and whether it 

is one-way or reversible. The linear model proposes that activated naïve T cells develop into 

Teff then a proportion of those Teff differentiate into Tmem that are either effector-memory T 

cells (TEM) or central-memory T cells (TCM) (Figure 2). This was supported by microarray 

analysis of the gene-expression program of T cells in the LCMV model showing that 

acquisition of Tmem cell traits was gradual and was still occurring several weeks after viral 

clearance. This suggests that the 5-10% of the surviving Teff are promoted to Tmem by 

completing a gradual program of differentiation and acquisition of all memory properties [23]. 

An interesting study of SIV-infected monkeys treated with bromodeoxyuridine (BrdU) 

demonstrated the progression of labelled cells, from TCM to TEM and finally to terminally-

differentiated T cells (TEMRA) representing the end-stage of T-cell development [24] (different 

T-cell subsets are explained in detail in section 1.2.4.). These results suggest that memory 

subsets are not independent, but rather share a common differentiation pathway, supporting 

the linear model [25]. On the other hand, the asymmetric model suggests that a single naïve T 

cell once primed gives rise to a heterogeneous population of Ag-specific T cells, and that the 

different populations of T cells of all phases are programmed for their final fate shortly 

following antigenic stimulation [26]. This early imprinting of a specific developmental 

program is reflected in changes in the gene expression that occur shortly after priming of naïve 

T cells [27]. Asymmetric T-lymphocyte division during early steps of initiation of the adaptive 

immune response were demonstrated in a mouse model of Listeria monocytogenes [28]. 

Important issues concerning generation of immunological memory remain to be 

resolved. First, what factors determine which cells would express memory T-cell markers 

versus those that become short-lived effector cells? Second, are those factors intrinsic, 

extrinsic or both? Finally, is it predetermined for CD8 T cells to become Tmem from the earliest 

point of priming or is it a stochastic process occurring later during the activation process? [11]. 



 

 9 

 

 

Figure 2: Possible models for memory T-cell differentiation. 

Reproduced with the permission of Macmillan Ltd: Nature Reviews in Immunology [29], 

author copyrights 2009. 

Legend: (A) The linear model versus (B) the asymmetric model for the generation and 

differentiation of memory T-cell populations.  
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1.2.2. Maintenance of immunological memory  

The Tmem population remains stable at a nearly constant number for many years. BrdU 

labelling of T cells in a mouse model showed that Tmem cells maintain their numbers by 

continuously dividing [30]. Homeostatsis of Tmem is achieved through slow turnover balanced 

by both survival and death [11]. Survival of Tmem will depend on intrinsic properties of T cells, 

but also on the space available in the anatomic niche that is accessible to memory cells [31]. 

The dogma of the space limitation is challenged by a recent study showing that the memory 

niche is subject to expansion [32]. 

Homeostatsis of Tmem is regulated by common γ-chain cytokines as interleukin-7 (IL-

7), IL-15 and IL-21 [33]. IL-7 is essential for the generation and basic survival of Tmem. This 

was partially attributed to its ability to sustain the expression of B-cell lymphoma-2 regulator 

protein (Bcl-2), which is an important anti-apoptotic protein [34, 35]. Expression of the IL-7 

receptor alpha chain (IL-7Rα/CD127) was not sufficient for the formation of a CD8 Tmem 

population during viral infection [36], but it was necessary for Tmem generation and identifies 

T cells that give rise to a long-lived memory population [37]. IL-15 is another important 

cytokine for homeostasis, but mainly for the stage of maintenance of Tmem [38]. This was 

demonstrated in mice deficient in IL-15 or IL-15Rα, since they could still generate LCMV-

specific CD8 Tmem, but they declined in number faster than in normal mice and regained their 

proliferative capacity when transferred to wild-type (WT) mice with intact IL-15/IL-15Rα 

[39-41]. Under steady-state conditions, Tmem slowly turn over, even in the absence of the Ag, 

depending on the constitutive production of IL-7 and IL-15 [42]. IL-21 was also shown to be 

important for maintenance of Tmem by preventing their exhaustion [43]. 

Whether maintenance of B and T cell memory requires continuous Ag stimulation (or 

even intermittent stimulation) is still controversial. In several mouse models it has been shown 

that T cells may persist indefinitely in the absence of Ag [44, 45]. This was confirmed by 

observations in humans, where specific memory was preserved despite lack of exposure to the 

pathogen for many years. Long-term immunological memory was reported for measles on the 

Faroe Islands (where the population was not exposed to the pathogen for 65 years) [46], 

yellow fever in Virginia (75 years) [47], or polio in remote Eskimo villages (40 years) [48]. 
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However, these studies did not specify whether those memory cells would be protective [49, 

50]. In contrast, results from other human studies suggest that the presence of Ag plays a role 

in maintaining memory (reviewed in [13]). Epidemiological studies confirm this concept by 

demonstrating that the levels of memory responses are higher in people who continue to live 

in endemic regions than in individuals who leave those areas [11]. To reconcile those 

seemingly contradicting findings, it was proposed that even in the absence of reinfection and 

re-exposure to Ag there is maintenance of Ag presence on follicular DCs (fDCs) trapped in 

immune complexes in the GCs for months or even years after the resolution of infection [51, 

52]. Another possible mechanism is that lymphocytes might undergo low affinity interactions 

with self-Ags [53]. A third explanation could be that there is periodic re-exposure to the 

antigen(s) due to asymptomatic exposures to the same pathogen (or a closely similar 

pathogen). 

Longevity of memory also depends on inherent properties of the lymphocytes, as their 

division potential. Telomere shortening is an important mechanism for limiting the number of 

cell-divisions, where rapidly dividing cells/populations reach senescence before slowly 

dividing ones [54]. Despite up-regulation of telomerase to limit telomere shortening, it will 

ultimately reach the Hayflick limit and cell division will be arrested [55]. Different 

proliferation rates are required for continuous replenishment of memory pools according to 

their life spans; where TEM have a proliferation rate of 4.7% per day compared to 1.5% for 

TCM [56]. 

1.2.3. Characteristics of a memory immune response 

The memory immune response is characterized by having more rapid kinetics upon re-

exposure to the same Ag. Many studies in animal models reported this finding; for example, 

rechallenging chimpanzees with HCV showed that memory immune cells responded in a 

much shorter time than that required for naïve cells to respond to primary infection [57].  

A second important characteristic of the memory immune response is the increased 

frequency of the specific lymphocytes targeting the Ag. It was shown in the LCMV model that 

CD8 T cell precursors specific for a certain epitope occur at a frequency of about 1 in 105 CD8 

T cells (~100-200 cells). At the peak of the immune response these specific cells expanded to 
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reach ~107 cells. After the resolution of infection, a memory pool of ~ 5x105 cells was present 

[45]. Other reports confirmed that Ag-specific cells are 20- to 1000-fold more prevalent after 

primary exposure than in naïve mice [14]. 

Third, memory immune cells show improved recognition and responsiveness to their 

specific Ags upon re-exposure. The nature and magnitude of stimulatory and co-stimulatory 

signals required for activation of lymphocytes differ between naïve and memory populations. 

Memory B cells were shown to respond more effectively than naïve B cells and to lower 

concentrations of Ag and with less help from helper CD4 T cells [58]. This was suggested to 

be due to somatic mutations of immunoglobulin (Ig) genes that take place upon primary 

exposure [59]. Memory T cells also have enhanced proliferation and more rapid differentiation 

into effectors in response to lower doses of Ag when compared to naïve T cells [15]. Some of 

these changes have been attributed to alterations in T-cell signalling, thus leading to less 

stringent requirements for Ag presentation, costimulation and help [60].  

Fourth, altered trafficking contributes to the accelerated secondary response. Where 

Tmem, TEM in specific, are more predominant in non-lymphoid organs and preferentially 

migrate through different peripheral tissues enabling them to perform surveillance where 

infections usually start and concentrate at the initial site of Ag encounter which is the most 

probable site of reinfection [61]. In contrast, naïve cells mainly circulate the blood and lymph 

nodes (LNs) [62]. This is attributed to lower level of expression of the LN-homing receptors 

such as the C-C motif chemokine receptor type 7 (CCR7) and L-selectin (CD62L) (both 

detailed in section 1.2.4) [16]. 

Fifth, memory T cells were shown to have improved effector functions than naïve 

cells. As naïve cells get primed during the primary immune response they are educated 

through the signals they receive, and as they differentiate into memory cells their gene 

expression is reprogrammed to enable the production of more cytokines. CD4 T cells that are 

able to produce high levels of one cytokine only (IL-2) when they are naïve, gain the capacity 

to produce other cytokines at high levels as they develop into differentiated Tmem, becoming 

polyfunctional rather than monofunctional like their naïve counterparts [17]. Similarly, genes 

encoding IFNγ and cytotoxic proteins are not expressed in naïve CD8 T cells, but 

constitutively expressed in CD8 Tmem [23].  
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Sixth, differences in proliferation kinetics have been observed for Tmem in comparison 

to naïve T cells. This could be attributed to the difference in telomere length, which is shorter 

in Tmem than naïve cells, and is reflected in the more rapid turnover of Tmem and their limited 

number of cell divisions [12]. Nevertheless, heterogeneity of proliferative capacity exists 

among the different subpopulations of both Tmem and naïve T cells [56, 63].   

Finally, the relative contributions of humoral versus cell-mediated immunity 

(antibodies versus CD8 and CD4 T cells) during primary and secondary viral infections seem 

to be different. Using smallpox as a model, it was shown that mice lacking Ab responses had 

comparable rates of viral clearance during primary infection as WT mice indicating that CD8 

T cells had the predominant role [64]. In contrast, in a reinfection setting pre-existing 

neutralizing Abs (nAbs) represented the first line of defense against the virus [50].  
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Figure 3: Generation and maintenance of T-cell memory. 

Reproduced with the permission of Cell Press: Immunity [65], author copyrights 2009. 

Legend: The diagram depicts the dynamics of Ag-specific T cells at various stages after 

priming and boosting the immune response. The total number of T cells (black line) is the sum 

of the effector T cells activated during the primary response (red line) and the memory 

population generated following the clearance of the Ag (green line). Some proposed 

intermediate populations are also represented (yellow and violet lines). 
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1.2.4. Memory T cell subsets 

Memory T cells represent a heterogeneous population. The different subsets of Tmem 

are associated with the expression of specific surface receptors and intracellular 

molecules/transcription factors, and this is linked to their differential requirements for 

stimulation, survival, homing and some effector functions [66].  

These subsets are mainly classified according to the expression of the surface 

molecules involved in homing to lymph nodes; CCR7 and CD62L. CD62L mediates 

attachment and rolling to walls of high endothelial venules (HEVs). CCR7 binds to the C-C 

motif chemokine ligand 19 (CCL19) and CCL21 on endothelial cells causing arrest of 

movement and extravasation [67]. Combined expression of adhesion molecules and 

chemokine receptors allow tissue-specific targeting of T cells [68]. CD62Lhi CCR7hi Tmem 

cells are located predominantly in the lymph nodes and constitute the central memory T 

population. Effector memory T cells are CD62Llo CCR7lo and mainly circulate the blood and 

peripheral tissue [69]. Distinct CD8 T-cell subsets have differential functional profiles, where 

TCM mainly produce IL-2 and TEM produce effector cytokines as IFNγ and TNFα [70]. 

Additional markers better distinguish the different subsets. These include markers 

involved in T-cell activation (e.g. CD45RA or CD45RO), costimulation/maturation markers 

(e.g. CD27 or CD28), regulation markers (e.g. programmed death-1 (PD-1)) and cytokine 

receptors (e.g. CD127/IL-7Rα). General phenotypic profiles emerge within the heterogeneity 

of T-cell population (Figure 4). TCM (CCR7+ CD45RA- CD27+ CD28+) express low levels of 

PD-1, but high levels of CD127 and CD62L, in contrast, to terminally-differentiated cells 

(TEMRA) having an opposite phenotype (CCR7– CD45RA+ CD27– CD28–) [66].  

Ag-specific CD8 T cells display unique profiles depending on their viral specificity; 

where HCV-specific CD8 T cells are predominantly CCR7+ CD27+ CD28+, whereas for 

human immunodeficiency virus (HIV) they are mainly CCR7– CD27+ CD28– and for 

cytomegalovirus (CMV) they are mainly CCR7– CD27– CD28– [71]. Interestingly, the 

phenotypic profiles of CD4 T cells specific for the corresponding viruses are also present with 

similar distributions [64, 72, 73]. This may be related to the nature of the infection (resolved, 

latent or chronic), as well as the site of infection.  



 

 16 

 

 

Figure 4: Different subsets of human T cells and their phenotypic attributes. 

Reproduced with the permission of John Wiley & Sons publications: Cytometry Part A [66], 

author copyrights 2008. 

Legend: Different homing and activation markers that distinguish the various stages of 

differentiation of CD8 T cells (upper half), and the level of expression of these markers, as 

well as markers of activation, co-stimulation and regulation at the different phases of 

differentiation (lower graph). 
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1.2.5. Immunological memory at the clonal level 

Another level of complexity is that Tmem subsets and even T-cell populations specific 

for a single epitope are formed of heterogeneous clones of T cells bearing different T-cell 

receptors (TCRs). It is the additive function of these clones and their differential capacity to 

recognize antigen that would finally determine the efficacy of the memory response [13]. 

However, some Ag-specific CD8 T-cell clones can dominate the total effector CD8 response, 

especially during the initial phase of the response [74-76]. The clonal repertoires of Tmem 

subsets could be different (e.g. the repertoire of TEM could be distinct from the TCM-repertoire) 

[77]. 

1.2.5.1. Generation of TCR diversity 

The adaptive immune system has evolved to generate a large number of T-cell 

clonotypes, each expressing a unique TCR. The TCR is formed of a heterodimer of the α and 

β chains (Figure 5). The variable region of both chains is generated by somatic recombination 

of genes encoded by the variable (V) and junction (J) gene segments, in addition to the 

diversity (D) gene segment for the β chain. Regions of hypervariability are encoded within the 

V gene segments, these are known as complementarity-determining regions (CDRs). CDR3 of 

the β-chain is formed by combinatorial and junctional variation and is characteristic for a 

specific clonotype. During T-cell development, gene segments recombine and are spliced to 

form a unique TCR for each T-cell clone [78]. To add to the diversity, the recombination 

process involves random addition and deletion of nucleotides to/from the ends of V, J and D 

gene segments. Mathematically, this would lead to the generation of a TCR repertoire of > 

1015 different TCRs in humans. However, positive and negative selection in the thymus leaves 

only ~107 T-cell clonotypes with unique TCR amino acid sequences forming the human 

repertoire [79]. 
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Figure 5: Generation of TCR diversity by recombination of TCR gene segments. 

Reproduced with the permission of Macmillan Ltd: Nature Reviews Immunology [78], author 

copyrights 2006. 

Legend: (A) TCRs are formed of heterodimers of both α and β chains. They are generated by 

gene recombination of the V and J gene segment (and for the β-chain, also the D gene 

segment). During T-cell development, genes segments recombine and are spliced together to 

form a single functional αβ TCR unique for each T-cell clonotype (B) Regions of 

hypervariability (CDRs) are encoded in the V gene segments. The diversity of the TCR 

repertoire is further increased due to lack of precision during gene rearrangements. 
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1.2.5.2. Impact of TCR diversity on the viral immune response 

Given the huge number of different T-cell clonotypes with unique TCRs present in the 

repertoire, it would not be expected that the same clonotype could be found in different 

individuals. A rarer event would be that a specific clonotype would be responding to a 

particular epitope in several individuals. Surprisingly, specific T-cell clonotypes were detected 

recurrently in different individuals against the same viral epitopes, referred to as a “public” T-

cell clonotype [79]. Several models and explanations have been proposed to explain this 

phenomenon [80, 81]. A decisive factor in the selection of the clonotype(s) that would 

participate in the initial response against a specific epitope is the TCR fitness measured by its 

functional avidity. Functional avidity is a determinant of T-cell efficacy that reflects the ability 

of specific T-cell clonotypes to recognize peptide-MHC (p-MHC) complexes. Higher avidity 

of a clonotype/TCR would mean the recognition of p-MHC at lower densities on cell surfaces, 

leading to more rapid proliferation and more rapid induction of effector responses. This is 

usually associated with prompt elimination of virus-infected cells [82]. Consequently, these T 

cells with high avidity have a selective advantage over other clonotypes and would proliferate 

more rapidly shaping the dominance of clonotypes in the responding T-cell pool. Thus, despite 

the presence of a great variety of T-cell clonotypes with TCRs that could interact with a 

specific Ag, not all of them would be present in the pool of the responding Teff population 

[81].  

Memory T-cell populations are composed of the clones that expanded during the initial 

exposure to the pathogen. The longevity of specific memory and the stability of the repertoire 

are limited by the senescence of the different clones, which might be still replenished by 

homeostasis. Senescence of the individual clone is governed by a number of factors including: 

avidity to the epitope and competition from other clones. Other general factors include the 

nature of the pathogen and the microenvironment of the clone [13]. Longevity of persistence 

of an individual clone in the memory repertoire was measured in the context of Epstein–Barr 

virus (EBV) infection. Many clones were detected for at least a year and some persisted for 

over 3 years [74, 83], and the overall repertoire was stable for 19 months [77]. Nevertheless, 

some changes could occur due to switch in response towards a different set of Ags [84]. 

Clonal survival is probably shaped by the avidity of each clone to the epitope, so that the 



 

 20 

largest responses are the ones with high avidity. Nevertheless, dominant clones show the 

highest proportional reduction over time [85], as their accelerated exhaustion was observed in 

mouse models [86]. Another factor affecting clonotype survival is the persistence of the 

corresponding epitope. Persistence of epitopes in the chronic phase of viral infections (e.g. 

HIV, EBV and CMV) can result in deletion of their specific highly reactive clonotypes [18]. 

Antigen decay was associated with dynamic changes in the TCR repertoire and gain of 

function within HIV-specific CD8 T populations attributed to functional improvement of the 

clonotypes originally present and/or recruitment of additional clonotypes with higher 

functionality [87]. 

The lack of consistent correlations between the quantitative parameters of the overall 

specific CD8 T-cell responses and control of viral infection indicated that not all specific T 

cells have equivalent efficacies. Dissecting the responses according to the fittest clonotypes 

provided better correlations with the control of the viral replication, indicating that it is more 

precise [66]. T-cell avidity, diversity and cross-recognition were shown to be crucial for 

superior control of HIV replication by Ag-specific T cells and their polyfunctionality [88]. 

Furthermore, it was shown that both avidity and polyfunctionality are interrelated, since Ag-

sensitivity is a major determinant of CD8 T-cell polyfunctionality and HIV-suppressive 

activity [89]. A study rechallenging chimpanzees with HCV after clearance of a primary 

infection demonstrated that rapid resolution of viremia after rechallenge temporally coincided 

with the expansion of the dominant Tmem clonotype that was associated with the clearance of 

the primary infection [90]. 

Another important difference between T-cell clonotypes is their ability to tolerate 

mutations in the targeted peptides [91]. HIV-positive patients who are long-term non-

progressors (LTNPs) to AIDS (i.e. had better long-term control on the virus) possessed highly 

cross-reactive clonotypes that recognize the different variants of targeted viral epitopes 

efficiently [92]. Studies analysing HCV-specific immune responses at the clonotypic level 

showed that one of the mutations in a specific epitope (NS3-1406) was aimed at exploiting a 

virtual gap or a “hole” in the TCR repertoire, thus avoiding recognition [93]. Rechallenging a 

chimpanzee that spontaneously resolved a primary HCV infection demonstrated that higher 

diversity within the TCR CDR3 region correlated with viral clearance and better control on the 
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evolution of escape mutations within the targeted epitope. Despite preferential expansion of 

the dominant clonotypes at the peak of the immune response to reinfection, the repertoire was 

diverse in the memory phase following primary infection and following clearance of the 

secondary viral infection. This indicates that focusing/narrowing the repertoire at the peak of 

the recall response was only temporary [94]. Altogether, these findings underscore the 

importance of studying the protective memory immune response at the clonal level. 

1.2.6. Immunological memory and vaccination 

Vaccination is the most efficient and cost-effective intervention strategy for 

prophylaxis against pathogens. It represents the main pillar for public health measures to 

contain infectious diseases. The only infectious diseases that were successfully eradicated are 

those against which an effective vaccine was developed and accompanied with successful 

vaccination campaigns worldwide (e.g. Smallpox). Ironically, successful vaccines were 

developed without understanding the molecular basis for protection or immunological 

memory. We realize now that vaccines are an effective and well-controlled alternative to a 

primary infection for inducing immunological memory, without suffering from the high rates 

of morbidity and mortality associated with many pathogens.  

The majority of available antiviral vaccines are protective against lytic viruses causing 

acute infections. The main correlate of protection conferred by these vaccines is the generation 

of nAbs that inhibit viral binding and entry into target cells [95]. Another factor contributing 

to the success of these vaccines is the presence of only a few closely related strains in nature, 

thus the inclusion of few cross-reactive strains in the vaccine provided broad protection 

against the majority of strains (e.g. polio, human papilloma virus (HPV) and rotavirus) [96-

100]. This memory immune response provides sterilizing immunity, where the immune 

response neutralizes the pathogen before establishing an infection. However, for chronic 

viruses the realistic goal would be to have protective immunity that could prevent the 

establishment of persistent infection. 
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1.2.7. Challenges for developing vaccines against chronic viruses 

Early vaccines were the result of an empirical design based on clinical observations of 

patients infected with the corresponding pathogen. However, several challenges impede the 

successful design of vaccines against chronic viruses, since major questions remain 

unanswered. First, how to design a vaccine for viral infections where the CD8 T-cell response 

is the major determinant of viral clearance and protection upon re-exposure? Second, how to 

overcome the high variability of viral-sequences for viruses that continually mutate, as HIV 

and HCV? Third, is the memory immune response always protective in case of chronic 

viruses? The answers to these critical questions are essential for the rational design of an 

effective prophylactic vaccine [101]. But, the most challenging issue remains the definition of 

the characteristics of the protective immune response, specifically, the properties of the Tmem 

that would be protective upon exposure and/or re-exposure to chronic viruses. 

Whether the memory immune responses observed for the different chronic viruses 

would be protective upon re-exposure is debatable, since strong memory responses do not 

necessarily provide protective immunity, as it was shown for different human pathogens [102]. 

The discrepancy between the demonstration of immunological memory and protective 

immunity may reflect the time needed to produce sufficient levels of nAbs or effector T cells 

following exposure to the pathogen versus the incubation period of the pathogen [103]. Thus, 

an important factor for memory immune cells to be protective would be their ability to 

differentiate into effector cells upon re-exposure fast enough to outpace the virus and prevent 

the establishment of persistent infection [104]. It is also difficult to verify whether the memory 

immune response would be protective for some viruses upon re-exposure, since the virus is 

never eliminated from the body of the host after the primary infection due to being chronic or 

latent (e.g. HIV and herpes simplex virus (HSV), respectively). For other viruses as HCV 

(where ~30% of patients do clear the virus spontaneously and with no latency), it has been 

very challenging to study a reinfection setting.  

The setback caused by the STEP trial for developing an HIV vaccine by Merck & co. 

(New Jersey, USA) underscores the importance of defining the correlates of memory immune 

responses, especially for complex chronic viruses like HIV and HCV [105]. This vaccine was 

tested in a population at risk and aimed at inducing CMI to reduce viremia, consequently 
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slowing disease progression and transmission [106]. Despite being immunogenic in 77% of 

the vaccinees, it did not prevent infection or reduce viremia in the vaccinated group, and there 

were even more infection cases in the vaccinated group compared to the placebo group [107, 

108]. 

1.2.8. Protective CMI mechanisms for successful vaccines 

The Food and Drug Administration (FDA) defines a correlate of protection as a 

parameter that has been shown to be associated with protection from clinical disease [109]. 

Deeper understanding of correlates of protection of successful vaccines would ensure better 

design of next-generation vaccines [110]. With the recent advances in flow cytometry, 

genomics, proteomics and other immunology and molecular biology techniques, it is 

inevitable to revise our strategies for vaccine design based on lessons learned from successful 

vaccines on how to trigger an efficient memory CMI response. More important, what are the 

correlates of this memory immune response associated with protection against the different 

pathogens with their varying disease courses and pathologies? 

Early protection provided by most available vaccines has been mainly attributed to the 

presence of nAbs or antibody-dependent mechanisms [95]. The contribution of CMI to the 

long-term protection conferred by those vaccines has not been thoroughly studied [103]. 

Studies using yellow fever (YF) 17D vaccine as a model were able to shed light on some of 

the determinants of protection of CMI. Yellow fever 17D vaccine is an ideal example of a 

successful vaccine where 540 million doses have already been administered [111]. Despite 

existing in seven different genotypes differing by 25% at the nucleotide sequence level, the 

YF 17D vaccine provides effective protection against all of them [111]. The nAb response is a 

correlate of protection, yet, the CD8 T cell response seems to contribute by mediating viral 

clearance. A system-biology approach demonstrated that both innate and adaptive immunity 

collaborate in providing protection. Both humoral and CMI are implicated in the protection 

orchestrated by transcription factors as signal transducer and activator of transcription-1 

(STAT1) and interferon regulatory factor-7 (IRF7) [112]. The vaccine was shown to activate 

multiple DC subsets via several toll-like receptors (TLRs) (specifically, TLR-2, 7, 8 and 9), 

thus stimulating polyvalent immunity [113]. 
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1.2.9. Human models for studying protective immunity against chronic 

viruses 

The LCMV model was invaluable in shaping our knowledge about anti-viral immunity 

against chronic viruses and characteristics of the memory immune response. However, these 

findings require validation in a human model due to caveats of the LCMV model that hinder 

applying this knowledge directly for developing human vaccines. First, the mouse is a short-

lived species when compared to humans, thus, whether a successful memory generated in the 

mouse would be paralleled by a similar memory in humans is questionable. Second, many 

differences exist between the immune system and the cell biology of mice versus humans. 

Third, mice used for these studies are inbred and they do not reflect the genetic diversity found 

in human populations. They are also kept in a restricted semi-sterile environment with limited 

exposure to environmental factors and other pathogens that shape the natural immune 

response. Finally, LCMV causes systemic infection and affects many organs [114, 115]. 

Whether similar findings would be observed for chronic viruses causing localized infections 

needs verification. One example reflecting these discrepancies is the observation of 

experiments for blocking inhibitory receptors. In human HCV infection cytotoxic T 

lymphocyte antigen-4 (CTLA-4) blocking synergized with PD-1 blocking in restoring CD8 T 

cell functions, versus LCMV infection in mice where there was no synergism [116]. 

A better understanding of the mechanisms and correlates of the protective memory 

against chronic viral infections in humans would enable the rational design of a vaccine 

capable of stimulating such protective memory. With more elaborate immunological tools 

available, we need to define these correlates, not only at the cellular level (phenotype and 

function) but also at the molecular level (signalling and transcriptome), and not only at the 

cell-population level but also at the clonotypic level.  

We remain in a quest for a model of a human chronic virus that would permit studying 

the correlates of protective immunity under real-life settings. HCV represents an excellent 

model for studying protective memory immune responses in a natural human infection. First, 

the infection with HCV has the advantage that the natural immune response in humans can 

clear the virus spontaneously [117]. Second, the infection has a clear dichotomous outcome 
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during the acute phase of infection (first 6 months of infection); either clearance or 

persistence. Third, epidemiological studies have reported that in populations at risk, such as 

injection drug users (IDUs), patients who were able to clear the first infection could be 

infected for a second time (reinfected) as they continued their high-risk behaviour. Among 

those reinfected patients, many successfully cleared the second infection [118, 119]. These 

cohorts represent a unique opportunity to study protective memory immune responses in a 

real-life human infection context, where humans (rather than in-bred laboratory animals) are 

infected with variant quasispecies (rather than single reference sequences) and are under 

natural environmental conditions (rather than controlled laboratory conditions). Therefore, 

HCV represents a unique setting for identifying correlates of protective immunity against 

chronic viruses in humans. 
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1.3. Hepatitis C Virus 

HCV is a non-cytopathic hepatotropic virus that infects the liver [120]. HCV was first 

cloned in 1989 in the laboratory of Dr. Michael Houghton at Chiron Corporation (California, 

USA), from a chimpanzee infected with the plasma of a patient infected with non-A, non-B 

(NANB) viral hepatitis [121, 122]. This discovery impacted public health strategies, where 

screening blood for this new virus (given the name hepatitis C) became a regular procedure at 

blood banks since 1992 [123]. 

1.3.1. HCV epidemiology and transmission 

The World Health Organization (WHO) estimates HCV prevalence at 3.1% worldwide 

(~185 million individuals) [124]. The prevalence is higher in developing countries, the highest 

being in Egypt (15-20%) (Figure 6) [125, 126]. In the absence of a prophylactic vaccine, two 

million new HCV infections are estimated to occur every year worldwide [127]. In Canada, 

the prevalence of HCV is 0.8% (~275,000 individuals), of whom 30% are IDUs [128, 129]. 

These numbers might not be representative, since many HCV patients live in secluded areas in 

developing countries or belong to marginalized groups in developed countries. Thus, despite 

the universal distribution of HCV, it is uneven [130].  

The main mode of transmission of HCV is direct exposure to infected blood [131-133]. 

Other modes of transmission account for a small percentage (e.g. the second and third most 

common modes of transmission, perinatal transmission and  sexual transmission, account for 

4% and 1.5% of the cases, respectively) [134-136]. Currently, there are 2 patterns for HCV 

transmission; in the developing world unsafe therapeutic injections and transfusions account 

for ~40% of new cases, while in developed countries, sharing contaminated needles between 

IDUs accounts for ~68% of new cases. In Canada, most new HCV infections occur among 

IDUs and aboriginal populations [126].  
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Figure 6: Prevalence of HCV and genotype distribution worldwide. 

Reproduced with the permission of Macmillan Ltd: Nature [137], author copyrights 2011. 

Legend: World map showing the prevalence of HCV infection in different countries. The 

panel at the bottom shows the distribution of genotypes per continent. 
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1.3.2. HCV genome and proteins 

HCV genome is an uncapped positive single-stranded RNA (+ssRNA) of 

approximately 9.6 kilo base-pairs (kb) [138]. The genome represents an uninterrupted open 

reading frame (ORF) encoding a polyprotein precursor [121] which is processed upon 

translation first by cellular then by viral proteases into ten proteins: three structural proteins 

(Core, E1 and E2), the viroporin (p7) and six non–structural (NS) proteins (NS2, NS3, NS4A, 

NS4B, NS5A and NS5B) (Figure 7). The genome also contains two non-coding regions 

(NCRs) flanking the ORF, the 5’untranslated region (5’UTR) and the 3’UTR [139].  

The core: The core protein amino acid sequence is highly conserved among different 

HCV genotypes [140]. The core is involved in the formation of the HCV nucleocapsid [141] 

and was shown to modulate the host’s intracellular signalling pathways [142].  

The envelope: The two envelope glycoproteins (E1 and E2) form complexes which are 

the building unit of the envelope [143], and are necessary for viral entry [144, 145].  

P7: The P7 protein is a small hydrophobic polypeptide suggested by many reports to 

function as a viroporin or ion channel [146, 147].  

NS2: NS2 is essential for viral replication in vivo [148]. NS2/3 possesses an 

autoprotease activity necessary for the polyprotein processing between NS2 and NS3. This 

activity resides in the C-terminal half of NS2 and the N-terminal third of NS3 [149, 150].  

NS3: NS3 is a complex multi-functional molecule essential for both viral protein 

processing and RNA replication [150], with a serine protease activity located in the N-terminal 

third and RNA helicase/NTPase activity residing in the C-terminal two-thirds of the protein 

[151]. The helicase domain unwinds RNA-RNA substrates in a 3’ to 5’ direction [152]. The 

serine protease catalyses the processing of the polyprotein downstream of the NS3 region 

[140].  

NS4A: NS4A is the co-factor for the NS3 serine protease [153].  

NS4B and NS5A: NS4B and NS5A are poorly characterized and their functions are 

not fully elucidated. However, studies show that NS4B induces the formation of a 

membranous-web compartment where viral replication takes place [154, 155], and cell-culture 
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adaptive mutations mapped to the NS5A enhance RNA replication suggesting its importance 

for viral replication [156-158].  

NS5B: NS5B is the viral RNA-dependant RNA-polymerase (RdRp) responsible for 

HCV-RNA replication [141]. As with other RNA viruses the HCV RdRp enzyme lacks proof-

reading activity and is highly error prone, leading to the emergence of different viral 

populations circulating in the blood of an individual patient as a mosaic of highly related 

sequences termed ‘quasispecies’, that differ in nucleotide sequence by >10% [130].  

The untranslated regions (UTRs): Most of the 5’UTR is occupied by the internal 

ribosome-binding site (IRES) that can direct translation of the downstream reading frame in a 

cap independent manner [159-161]. The 3’UTR is formed of three regions; a short variable 

region of ~30 nucleotides, a poly–U/UC stretch and a highly conserved 98-base sequence 

designated the ‘x-tail’ [162, 163]. The poly–U/UC region is recognized by the retinoic-acid-

inducible gene I (RIG-I) pattern recognition receptor (PRR) [164]. Current evidence suggest 

the importance of 3’UTR in viral replication [165].   

Despite variability of the HCV genome, certain highly conserved regions were 

identified in the core/E1 and NS5B that were used as the basis of HCV genotyping, thus 

classifying HCV into genotypes 1 to 7 which differ from each other by 31–33 % at the 

nucleotide level, and more than 60 different subtypes (e.g. 1a, 1b, 1c, etc.) with 20–25 % 

differences in sequences [166-169]. The different genotypes show marked differences in 

geographic distribution (Figure 6) and response to therapy [170].  
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Figure 7: HCV genome and polyprotein. 

Reproduced with the permission of Frontiers scholarly communications: Frontiers in 

Immunology [10], author copyrights 2014. 

Legend: HCV genome RNA is composed of an ORF flanked by 5′ and 3′ UTRs (blue). IRES-

mediated translation of the ORF leads to the formation of a polyprotein that is processed into 

ten viral proteins. Cleavage of the core protein from E1 involves a cellular signal peptidase, 

which also cleaves E1, E2 and p7 from the polyprotein (pink arrows). In an autocleavage 

mechanism the NS2-NS3 protease cleaves itself (green arrow). The NS3 protease located in 

the first one-third of NS3, assisted by its membrane-bound cofactor, NS4A, cleaves the 

remaining proteins NS3, NS4A, NS4B, NS5A and NS5B (violet arrows). 
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1.3.3. HCV life cycle 

Major advances in our knowledge about the life cycle of HCV were achieved since 

2005, with the development of the first in vitro culture system able to produce complete 

infectious virus particle by Dr.Takaji Wakita using the Japanese fulminant hepatitis-1 (JFH1) 

isolate [171]. 

Receptors involved in binding and entry of a given virus determine its tissue tropism 

and host range [140]. All the receptors and co-receptors that have been discovered for HCV 

are expressed on hepatocytes. The first described receptors for HCV were CD81 [172] and 

scavenger receptor class B type I (SR-BI) [173]. Tight junction (TJ) proteins Claudin-1 

(CLDN1) and occludin (OCLN) have also been identified as receptors/co-receptors for HCV. 

It has recently been reported that epidermal growth factor receptor (EGFR) and ephrin 

receptor type A2 are also required for HCV entry and possibly modulate the interaction 

between CD81 and CLDN1 [174] (Figure 8 – Main panel). Binding is followed by fusion of 

the viral envelope with the cellular membrane by clatherin mediated endocytosis then fusion 

with the endosomal membrane and the viral genome is released into the cytosol [144].  

Translation of the HCV genome (lacking a 5’ cap) depends on the IRES [160], which 

binds the 40s ribosomal subunit directly without the need for pre-initiation factors [175]. The 

major product of HCV ORF translation is a large polyprotein that is subsequently processed 

into mature structural and non-structural proteins. Junctions between structural proteins are 

processed by host signal peptidases from the endoplasmic reticulum. The viral non-structural 

proteins are processed by two proteases encoded by HCV; the NS2/3 autoprotease [140, 141] 

and the NS3/4A serine protease (Figure 7) [176]. 

Replication starts by the NS5B RdRp synthesis of a complementary full-length 

negative strand RNA using the genome as a template, then using this negative strand as a 

template for the production of many copies of the genomic positive strand in a replication 

complex [177, 178] that is associated with lipid-raft based membranes (Figure 8 – Lower left 

then right panels) [179, 180]. 

Data from expression systems show that once an HCV nucleocapsid is formed at the 

cytoplasm-endoplasmic reticulum interface it acquires an envelope as it buds through an 
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intracellular membrane [181-183] producing particles of heterogeneous size (40-70 nm) that 

are released from the cell through the secretary pathway [140]. HCV nucleocapsid is built 

from units of the core protein with RNA, surrounded by a membrane derived from the human-

cell with embedded heterodimers of the envelope glycoproteins (E1 and E2)  [138]. The 

virions associate with low-density and very-low-density lipoproteins (LDL and VLDL) 

forming lipoviroparticles (LVPs) that are pleomorphic (Figure 8 – Upper right panel)  [184]. 
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Figure 8: HCV viral life cycle. 

Reproduced with the permission of Macmillan Ltd: Nature Medicine [185], author copyrights 

2013. 

Legend: Interaction of extracellular HCV LVPs (1) with cellular surface receptors initiates the 

entry process (2), which can also occur by direct cell-to-cell transmission. After fusion and 

uncoating, the incoming HCV genome is translated and the resulting polyprotein processed 

(bottom panel, (3)). Replication takes place in ER-derived membrane spherules (membranous 

web, bottom right panel (4)). In the assembly and release process (top right panel, (5)), core 

protein is transferred from LDs to form nucleocapsids that, assisted by NS5A, are loaded with 

RNA. The p7, NS2 and NS3-NS4A proteins are also involved in coordination of assembly. 

HCV virion morphogenesis is coupled to the VLDL pathway, and particles are produced as 

LVPs. EphA2, ephrin receptor type A2; GAG, glycosaminoglycans; LD, lipid droplet; PL, 

phospholipids; TG, triglycerides.  
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1.3.4. HCV infection and its outcome 

Due to the asymptomatic nature of HCV infection, less than 15% of the infected 

persons worldwide are aware of their carrier status [186], leading to the spread of infection 

and missing the opportunity of early treatment [187, 188]. The majority of acutely infected 

HCV patients (~70%) progress to chronicity [117], and up to 20% of patients with chronic 

viral hepatitis C subsequently develop complications including end-stage cirrhosis, liver 

failure and hepatocellular carcinoma (HCC) [189]. These patients represent a quarter of the 

cirrhosis and HCC cases worldwide [190], making hepatitis C the most common indication for 

liver transplantation (40-50%) [191,  192]. 

Several factors influence the outcome of HCV infection. Ethnicity and accompanying 

co-morbidities (e.g. HIV infection, alcohol abuse, renal diseases, obesity or liver fibrosis) are 

considered the most relevant host factors [193]. African Americans were shown to have a 

resolution rate of one-third that of Caucasians [194]. This was explained in light of the 

findings of genome-wide association studies (GWAS) that demonstrated a correlation between 

specific single-nucleotide polymorphisms (SNPs) near the IL28B gene locus and the 

spontaneous resolution of infection [195]. The different alleles for these SNPs are distributed 

unequally among the different ethnicities [195, 196]. Recently, another SNP near the genes for 

HLA class II, the DQB1*03:01 was independently associated with spontaneous resolution of 

HCV infection [197]. Other genetic determinants were shown to affect HCV-infection 

outcome due to having an impact on HCV-specific immune responses; Khakoo et al., reported 

that individuals homozygous for KIR2DL3 and HLA-C1 alleles were more likely to clear 

HCV infection than individuals with other KIR2DL:HLA-C combinations [198]. KIR2DL3 

has a lower affinity for HLA-C1 than other KIR2DL alleles, so HLA-C1-mediated inhibition 

of NK cells is thought to be weaker in individuals homozygous for KIR2DL3 and HLA-C1 

(i.e. easier NK activation) [199]. Also, some HLA class I alleles (e.g. HLA-B*27) [200] and 

HLA class II alleles (e.g. HLA-DRβ1*0101) demonstrated a strong association with HCV 

clearance, whereas others (e.g. HLA-DRβ1*0701) were associated with HCV persistence 

[201-203].  
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Nevertheless, the outcome of HCV infection is determined by a ménage-à-trois 

between host genetics, the virus and HCV-specific immunity. The viral interplay with the host 

and HCV-specific immunity will be discussed in details later in this chapter.      

1.3.5. Treatment of HCV infection 

1.3.5.1. Available treatments 

IFN-α was shown to have a success rate of 6-12% in curing patients with NANB 

hepatitis in 1986, even before HCV was cloned [204]. Prolonging the treatment duration to 12 

months, addition of the antiviral ribavirin and covalently binding IFN-α to polyethylene glycol 

(PEG) boosted the success rate to ~56% against genotype 1 (which is the most resistant 

genotype to treatment) [205-207]. However, some associated side effects are severe, as 

lymphopenia, depression and anxiety that might develop into suicidal tendencies [208].  

Since 2011, the two new anti-HCV protease inhibitors; Boceprevir and Telaprevir have 

been available on the market. They were included in a triple therapy regimen (with PEG- IFN-

α and Ribavirin) to increase the cure rates to ~70%. Nevertheless, this added to the existing 

side effects and the high cost of the standard of care treatment [209, 210]. 

Responses to IFN-α based therapy fall into three main categories; sustained virological 

response (SVR), which is equivalent to success in clearing HCV, relapse and non-response 

(NR). The most significant viral factor correlating with SVR is the genotype. Genotype 1a is 

the most resistant genotype with an SVR rate of 42-46% [205, 207], versus genotypes 2 and 3 

that have the highest SVR rates. Other viral factors associated with a higher SVR rate are 

lower baseline viral load [193] and greater quasispecies diversity pre-commencement of 

treatment [211]. Ethnicity (correlated with the IL28B SNPs) and absence of accompanying co-

morbidities are considered the most relevant host factors [193, 196]. Timing of initiation of 

treatment is a crucial factor, as well, where early initiation of therapy during the acute phase 

markedly increases the SVR rate (e.g. for genotype 1a it increases to ~88%) [212, 213]. 
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1.3.5.2. Novel HCV treatments 

The ideal HCV treatment would be an all-oral, IFN-free regimen, with SVR rates 

approaching 100%, minimum side effects and minimum development of resistance. 

1.3.5.2.1. Direct-acting antiviral agents (DAAs) 

DAAs target HCV proteins in an attempt to counteract their actions. NS3/4A protease 

inhibitors act by inhibiting the NS3/4A serine protease, thus inhibiting the processing of the 

HCV-polyprotein into mature non-structural proteins. After the approval of Telaprevir and 

Boceprevir by the FDA in 2011, Simeprevir was approved in 2013 and there are still several 

anti-NS3/4A molecules that are in phase III clinical trials as Faldaprevir and Vaniprevir. 

Another class, NS5B polymerase inhibitors bind the attractive target that represents the RdRp, 

thus halting HCV-replication. They are either nucleotide analogues (e.g. Sofosbuvir) or non-

nucleoside analogues (e.g. ABT-333 and BI207127) [185]. Sofosbuvir is a very promising 

drug that was approved in 2013, with pan-genotypic action, high resistance barrier and a good 

safety profile. It showed SVR rates of ~90% for genotype 1 infected patients in clinical trials, 

when combined with IFN and Ribavirin for twelve weeks [214]. NS5A inhibitors (e.g. 

Daclatasvir and ABT267) emerged despite the fact that NS5A lacks enzymatic activity and its 

function(s) are not fully elucidated. Screening processes have shown these compounds to be 

potent antivirals causing extremely rapid HCV decline and their inhibition of HCV-replication 

was shown to be NS5A-dependant [185]. Results from a phase IIb clinical trial for a 

combination of an all-oral/IFN-free regimen are promising. Two drugs from Abbvie (Chicago, 

USA) combined with Ribavirin showed 95% SVR rate in a group of patients infected with 

HCV genotype 1. The combination of the non-nucleoside polymerase inhibitor ABT-333 and 

the protease inhibitor ABT-450 combined with Ribavirin showed SVR rates of 83-100% in 

difficult-to-treat patients and naïve patients, respectively. The addition of the NS5A inhibitor 

ABT-267 improved efficacy in difficult-to-treat patients [215]. Another study showed that 

regimens combining Daclatasvir and Sofosbuvir could achieve very high SVR rates, even in 

patients who had previous failure with Telaprevir/Boceprevir and PEG-IFNα combinations. 

Among gentotype 1 patients, 98% of 126 previously untreated patients and 41 patients who 
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did not have SVR with Telaprevir/Boceprevir and PEG-IFNα achieved SVR after 12 and 24 

weeks of treatment, respectively [216]. 

1.3.5.2.2. Host targeting agents (HTAs) 

A number of host factors were found to influence HCV replication as Cyclophylin A 

(CypA) and micro-RNA miR-122. This encouraged the search for inhibitors against those 

molecules. The CypA inhibitor, Alisporivir, showed a pan-genotypic action and a high 

resistance barrier. Nevertheless, it is currently on clinical hold due to the emergence of several 

cases of acute pancreatitis. Small molecules that would inhibit HCV uptake and entry into 

cells by targeting receptors and/or coreceptors (e.g. ITX-5061 and Erlotinib) are also in 

clinical trials [185]. Numerous side effects would be expected for this class of antivirals, 

taking into consideration that those human factors might have many other functions and 

effects on various physiological processes.  

1.3.5.2.3. Type III interferon 

IFN-lambda (IFNλ) is currently examined in clinical trials for use as a treatment for 

HCV infection [217]. IFNλ is more specific in its actions compared to IFNα, owing to the 

limited distribution of its receptor on a specific set of cells, unlike IFNα that has a ubiquitous 

receptor distribution. Thus, it is expected to have fewer side effects, whereas studies have 

shown that efficacy would not be compromised. 
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1.4. Immunity against primary HCV infection 

1.4.1. Innate sensing of HCV 

RNA viruses are recognized by TLRs and/or nucleic acid-binding proteins [218, 219]. 

In hepatocytes, pathways downstream of TLR-3 and RIG-I are the two major signalling 

pathways triggered by foreign double-stranded RNA (dsRNA), including HCV RNA (which 

has secondary dsRNA structures and a dsRNA replication intermediate) [130, 220-222] 

culminating in the secretion of type I IFNs [223, 224] (Figure 9). This induces the expression 

of hundreds of interferon-stimulated genes (ISGs) in the infected cells and sends a danger 

signal to neighbouring uninfected cells inducing ISGs expression in them, as well. This creates 

a general antiviral state in the liver that limits HCV RNA replication and cell-to-cell spread 

[225, 226]. Upregulation of ISGs is detected in liver cells early after HCV infection 

irrespective of the final outcome of the infection, suggesting that most HCV isolates are 

resistant to the antiviral effects of this line of defence [227, 228]. 
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Figure 9: Sensing HCV in hepatocytes. 

Reproduced with the permission of Macmillan Ltd: Nature Medicine [229], author copyrights 

2013. 

Legend: Innate sensing of HCV in the infected hepatocyte occurs through the combined 

actions of PKR (1), RIG-I (2) and TLR3 (3). These proteins recognize specific features of 

HCV, including the dsRNA in the IRES, poly U/UC PAMP and dsRNA that accumulates with 

HCV replication. This recognition leads to downstream signaling that results in the induction 

of antiviral genes, IFN-β and other proinflammatory cytokines. The mechanisms activating 

IFN-λ during HCV infection are not fully characterized (4). AP-1, activator protein 1; 

CLDN1, claudin 1; IKKε, IkB kinase-e; LDLR, low-density lipoprotein receptor; OCLN; 

occludin; SR-BI, scavenger receptor class B member 1; TBK-1, TANK-binding kinase 1; 

TRAF3, TNF receptor–associated factor 3; GAG, glycosaminoglycans. 
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1.4.2. Innate immune response against HCV   

Natural killer cells are more abundant in the liver than the blood of healthy individuals, 

but their frequency is even higher in the liver and lower in the blood in chronic HCV patients 

[230]. One of the determinants of HCV outcome is the threshold of NK activation. This 

activation is governed by the combination of the alleles of the KIRs expressed on NKs and the 

HLA molecules expressed on other host cells, as well as their interactions [198]. NK cells 

from HCV infected patients show a higher level of activation markers as NKp30, NKp44, 

NKp46, NKG2C and NKG2D than healthy individuals. Hyperactivation of NKs was observed 

in HCV-infected patients irrespective of the outcome of the infection [231, 232]. 

Being the bridge between innate and adaptive immunity, DCs have an impact on the 

immune response against HCV. The frequencies of mDCs and pDCs were shown to correlate 

with the outcome of infection, where normal frequencies were associated with spontaneous 

resolution of HCV infection versus lower frequencies that were associated with chronic 

infection [233]. Sustained hyper-responsiveness of DCs was associated with resolution of 

HCV infection [234]. Nevertheless, the cross-talk between NKs and DCs remains intact even 

in patients who develop persistent HCV infection [235].  

1.4.3. Adaptive immunity against HCV 

Cell-mediated immunity is of special importance in immunity against non-cytopathic 

viruses like HCV [236]. Evidence for the importance of T-cell responses, is supported by the 

association of specific alleles of MHC class I and II with clearance of HCV infection [237]. 

This importance was confirmed by depletion studies in chimpanzees [238, 239], as well as 

temporal association of appearance of HCV-specific T-cell responses and HCV clearance, 

versus the absence of these responses in infections that progress to chronicity [239].  

Studies during the acute phase of HCV infection showed that chimpanzees and humans 

capable of resolving primary HCV infection mounted an early, robust, broad/multispecific and 

polyfunctional HCV-specific immune response for both CD8 and CD4 T cells (Figure 10) 

[240-246]. Development of chronic infection was consistently associated with the failure to 

initiate or sustain such a T-cell response [96, 246, 247]. The role of anti-HCV Abs in the 
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spontaneous clearance of HCV is less defined, since neutralizing Abs appeared after clearance 

of the virus in many studies [248, 249].  

1.4.3.1. Anti-HCV cell-mediated immunity 

1.4.3.1.1. Role of CD8 T cells in the clearance of primary acute HCV  

Early onset of CD8 T response against HCV is important for clearance of the virus. 

Evidently, the only chance for the immune system to overcome HCV is during the early phase 

of infection before it has the chance to establish infection and produce enough viral proteins 

that would antagonize and/or exhaust functions of the immune system, as well as generate a 

high number of viral mutants that would enable selection for resistant variants [244]. The 

magnitude of HCV-specific T-cell responses strongly correlated with resolution of infection 

[250]. Breadth of the CD8 T-cell response and the relative dominance of the targeted epitopes 

were both shown to be determinants of the outcome of HCV infection [240, 243]. 

The initial decrease in HCV titer in infected patients and chimpanzees coincided with 

the appearance of IFNγ-secreting HCV-specific T cells in the blood and liver [57]. However, 

individual cytokines/functions did not necessarily correlate with the outcomes of HCV 

infection. Flow cytometric analysis of multiple effector functions performed simultaneously 

identified the presence of a polyfunctional population of virus-specific CD8 T cells that 

correlated with spontaneous clearance of HCV [251]. The functions included secretion of 

effector cytokines as IFNγ and TNFα, and IL-2 that helps in amplifying the immune response, 

as well as the increased surface expression of CD107a. CD107a is a surrogate marker of 

cytotoxicity since it is a measure of degranulation capacity required for the release of the 

cytotoxic/cytolytic proteins, as perforin and granzymes [251]. Vigorous and multispecific 

proliferative responses were observed for spontaneous resolvers and were maintained after 

HCV clearance [252]. Differences in T-cell responses become increasingly apparent as the 

infection progresses. In patients who become chronically infected T-cells showed decreasing 

functions, less polyfunctionality and diminished proliferative capacity [253]. HCV clearance 

was associated with responses mainly directed against non-structural proteins [244, 254].  
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Genetic restriction was shown to have an impact on HCV-specific CD8 T-cell 

responses (e.g. HLA-B*27 demonstrated a strong association with viral clearance) [200]. 

MHC class I tetramer staining showed a strong correlation between infection outcome and the 

frequency of CD8 T cells targeting a specific HCV epitope. The detection of high frequencies 

of HCV-specific tetramer-positive cells in the blood and liver of humans and chimpanzees is 

temporally and kinetically associated with the control of viraemia [130]. In spontaneously 

resolved patients up to 8% of the total CD8 T cells in the blood targeted a single 

immunodominant HCV epitope [243] and even higher frequencies could be detected in the 

livers of HCV resolving chimpanzees [255]. These tetramer positive cells displayed markers 

of T-cell activation [246, 256]. Furthermore, multi-specificity of targeted epitopes is more 

pronounced in humans and chimpanzees able to clear the infection, with up to nine different 

epitopes recognized simultaneously by CD8 T cells [240, 243]. Unlike the observation that 

specific HCV regions were more immunodominant and correlated with spontaneous clearance 

of the infection [250], there was lack of consistency in the targeted epitopes among the 

different individuals who resolved infection, even those who shared HLA alleles [96, 257]. 

A distinct phenotype of CD8 T cells was associated with spontaneous clearance of 

HCV infection. HCV-specific CD8 memory T-cell population generated following clearance 

of a primary HCV infection were shown to be CD127hi and Bcl2hi indicating they are destined 

to become long-lived memory T cells [251]. It was demonstrated that early expression of 

CD127 predicted resolution of acute infection, while loss of this marker was associated with 

viral persistence [258, 259]. 

1.4.3.1.2. Role of CD4 T cells in the clearance of primary acute HCV 

Chimpanzee studies showed that CD8 T cells alone could not clear highly mutable 

viruses as HCV, indicating that help from CD4 T cells is essential. The loss of helper CD4 T 

cell responses during acute infection correlated with HCV persistence [238, 246]. Human 

studies confirmed the same findings, where an initially functional CD8 T-cell response would 

wane resulting viral recurrence upon the loss of CD4 T-helper response [243, 246, 247]. HLA 

class II restricted CD4 T-cell responses were shown to be of direct impact on the outcome of 

acute HCV infection [247, 260] and some HLA class II alleles were associated with resolution 
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while others were associated with chronicity [201-203]. In human IDU cohorts, the 

indispensable role for helper CD4 T cells was confirmed in HIV/HCV co-infected patients, as 

the reduction of CD4 T-cell count upon HIV infection was associated with a lower level of 

protection against HCV infection [118]. 

A successful helper T-cell response is characterized by being early, of high magnitude 

and multi-specific. In patients that proceed to chronicity either one or more of these were 

lacking [130]. Early CD4 responses were temporally and kinetically correlated with control of 

viremia. Patients who cleared HCV spontaneously demonstrated CD4 T cells with a high 

magnitude of IFN-γ production [243], whereas loss of IL-2-secreting CD4 T cells was 

associated with developing chronic HCV infection [261]. Broad CD4 T-cell proliferative 

responses of high magnitude were associated with spontaneous clearance of HCV. Those 

responses appeared early in patients who resolved the infection and were maintained [243, 

247]. On the contrary, proliferating CD4 T cells were mostly absent in chronic patients, and 

even if they could be detected early in the infection, they disappeared rapidly with viral 

persistence [262, 263].  

The frequency of HCV-specific CD4 T cells targeting a specific epitope is several 

folds higher in individuals who resolved infection versus those who became chronic. CD4 

helper T cells targeting several immunodominant epitopes were associated with spontaneous 

resolution, in a human study up to 14 epitopes were targeted mapping to the core and non-

structural regions [264]. The phenotype of HCV-specific CD4 T cells is also important, since 

there is an association between the prevalence of CD4 T-cells with a Th1 cytokine-profile and 

resolving acute HCV infection [244, 265]. The Th1 responses had to be maintained to achieve 

long-term control of the virus [247].  

In conclusion, an early functional CD4 T-cell helper response directed against multiple 

immunodominant epitopes predicts control of viremia, while in cases that develop chronic 

disease CD4 helper T-cells are either absent or functionally altered or target fewer epitopes 

[247, 263, 264, 266]. Contraction of the CD4 T-cell population and its failure in sustaining a 

robust CD8+ T-cell effector response is a hallmark of HCV persistence [130]. 
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Other CD4 T cell populations, specifically regulatory T cells (Tregs) and T-helper 17 

cells (Th17), were also shown to impact the outcome of primary HCV infection. The 

percentage of CD4+ CD25+ Tregs expressing the forkhead transcription factor 3 (FoxP3) was 

shown to be elevated and more suppressive in chronic versus spontaneously resolved HCV 

patients or healthy individuals [267, 268]. Decrease in IFNγ secretion from CD4 T cells and 

the simultaneous increase in IL-10 and TGFβ production was associated with the development 

of chronic infection [263]. Our group has recently shown that imbalance between Th17 and 

Tregs could be a cause for failure of CD4 T-cell help during acute HCV. Specifically, inability 

to expand IL-21 producing Th17 cells was a key determinant of developing a chronic disease 

course [269]. 

1.4.3.2. Humoral immunity during primary HCV infection 

Although, HCV RNA reaches high serum titres by week two post infection, anti-HCV 

antibody response (seroconversion) is usually not detected before week eight [224, 270]. Early 

studies showed that antibodies targeting the hypervariable region-1 (HVR1) of the E2 

glycoprotien of HCV are neutralizing in vitro and in vivo [271, 272], but select for mutations 

in the envelope region [273]. Chimpanzee studies showed that clearance was not associated 

with the generation of antibody responses [274, 275]. The presence of antibodies targeting 

HVR1 during acute infection was even associated with the development of chronic infection 

in one study [276]. In humans, Ab-responses are delayed, have a low titre and rapidly decline 

in individuals who clear HCV spontaneously [248, 249, 277]. One study showed that nAbs 

appeared in patients after HCV has already established a chronic infection and were unable to 

clear the virus and selected for escape mutants [278]. However, another study showed that 

early induction of nAbs was associated with spontaneous resolution of HCV primary infection 

[279]. Law et al. reported the identification of monoclonal nAbs that could protect against 

heterologous viral infection [280]. Broadly nAbs confer protection against most pathogens, 

including viruses. However, the most evident exception is HIV (a chronic virus with a high 

rate of sequence variation), where broadly nAbs do not necessarily correlate with the control 

of infection or protection against superinfection [281].  
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One of the major limitations for understanding humoral immunity against HCV is the 

lack of proper tools to measure the levels of nAbs precisely. The current method measures 

neutralization by the degree of neutralization of HCV pseudo-particles (HCVpp), which are 

retroviral particles pseudotyped with HCV E1-E2 envelope proteins. The sequences of the 

included envelope proteins were derived from reference sequences, and thus do not 

necessarily represent the autologous E1/E2 sequences circulating the patient [282]. A major 

advancement was the generation of an HCVpp library of 19 genetically-distinct genotype 1 

HCVpp. This library comprises the natural variability of genotype 1 E1/E2 sequences [283]. A 

recent study using this HCVpp library demonstrated that resolution of HCV infection was 

associated with a broad nAb response generated early during the infection [284]. 

Some major limitations exist for protective humoral immunity against HCV. First, the 

envelope proteins are not highly immunogenic, causing the Ab response to be slow and weak 

during primary infection [283]. Second, Abs mostly target the HVR of the envelope protein, 

which facilitates the selection of viral sequences that are highly resistant to Ab neutralization 

[285]. This selection was shown to take place as the CMI collapsed and the infection entered 

the chronic phase [286]. Third, the epitopes targeted by nAbs are shielded by heavy 

glycosylation and complexation with host lipoproteins [287].  

The role of antibodies in the resolution of HCV infection needs further investigation, 

since the results of in vivo studies performed to date are inconclusive. 
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Figure 10: Successful versus unsuccessful immune responses during acute HCV 

infection.  

Reproduced with the permission of Macmillan Ltd: Annual Reviews of Immunology [224], 

author copyrights 2007. 

Legend: (A) Early, robust, broad and sustained CD4 and CD8 T cell responses are able to 

control and clear HCV viraemia. (B) Weak CD4 and CD8 T cell responses from the 

beginningis associated with lack of control of viremia. Initial CD4 and CD8 T cell responses 

could be able to transiently control the viraemia, but as the CD4 T cell response contracts and 

functions wane the viraemia rebounds. The role of humoral immunity remains controversial 

and needs further investigation. 
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1.4.4. Failure of immune responses against HCV 

Failure of the HCV-specific immune response could be due to primary failure of 

components of the immune system from the beginning of infection or their exhaustion over 

time. Nevertheless, even a functional immune response could be subverted by different viral 

evasion strategies adopted by HCV.  

1.4.4.1. Primary failure of the HCV-specific immune response 

Several defects have been associated with failure to control primary HCV infection. 

Those defects were either in the cells/functions of innate or adaptive immunity or both.  

NK cells’ numbers and functions, especially cytotoxic activity, were shown to be lower 

in chronic hepatitis C patients as compared to healthy donors [288-290]. In chronic HCV 

patients a reduction in number of both mDCs and pDCs was observed [291-293]. Also, 

functions of mDC and pDC were impaired in chronic HCV-infection (e.g. Ag-presentation, 

TLR-sensing and allostimulatory functions) [294-296] [296, 297].  

Primary defects in adaptive immune cells’ frequency and/or functions were reported in 

chronically infected patients. CD4 T-cell responses are very weak or absent in individuals with 

chronic HCV [73], as indicated by decreased cytokine production (especially IL-2) [261]. CD8 

T cells in chronic patients were also reported to be anergic or of an arrested developmental 

phenotype [71, 298]. Other studies showed them to be impaired in cytotoxic function and 

proliferative capacity [256, 298], thus were described as being in a ‘stunned’ state [243, 246].  

One plausible cause of failure might be the increased exhaustion of adaptive immune 

cells. Progressive functional exhaustion and subsequent deletion of HCV-specific CD4 and 

CD8 T cells is a hallmark of HCV infection developing into persistent infection [298, 299]. 

HCV-specific CD8 T cells from chronic individuals showed high expression of PD-1 [300], 

and their functions were restored by its blockade [301]. Recently, it was proposed that PD-1 

and CTLA-4 contribute synergistically to CTL exhaustion [116]. The downregulation of T-cell 

responses follow a similar pattern in patients with HCV and LCMV-infected mice, where 

virus-specific T cells show increased expression of inhibitory molecules as PD-1, CTLA-4, T-

cell immunoglobulin and mucin domain 3 (Tim-3) and CD244 [116, 299, 302, 303], and some 
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of their corresponding ligands were shown to be upregulated in the liver and plasma [269, 

304]. Those exhausted T cells lost their functions sequentially; first IL-2 production, followed 

by cytotoxicity, then IFNγ and TNFα production [305]. This could be attributed to the 

persistence of the Ag, where it was shown in the LCMV model that prolonged exposure to 

viral antigens is the main cause for reduced frequency and impaired effector functions of 

virus-specific CD8 T cells [306, 307]. The defects in HCV-specific CD8 T cells in patients 

with persistent infection were shown to correlate with HCV titer having the original sequence 

of the targeted epitope [308]. Confirming this finding, HCV-specific CD8 T cells whose 

epitope has already mutated, did not show exhaustion in chronic patients and even displayed 

markers of long-lived memory cells (e.g. CD127), since they were not subjected to such 

pressure from their corresponding antigens [251, 309].  

Suppression of HCV-specific immunity can contribute to chronicity, where the 

percentage of CD4+ CD25+ FoxP3+ Tregs producing the anti-inflammatory cytokines IL-4 and 

IL-10 were higher in chronic patients versus spontaneously resolved HCV infected patients or 

healthy individuals [265, 267, 310, 311]. Moreover, Tregs derived from chronically infected 

patients were significantly more suppressive than those from spontaneously resolved ones 

[268]. Together, this causes a shift in the ratio between T-cell sustaining cytokines (e.g. IL-2) 

and suppressive cytokines (e.g. IL-10 and TGFβ), consequently dampening the HCV-specific 

effector T-cell response [267, 312, 313]. Our group has recently shown that failure of CD4 T-

cell help during acute HCV is partially attributed to the imbalance between Th17 and Tregs, 

where IL21-producing Th17 limited the exhaustion of HCV-specific T cells, while Galactin 9-

producing Tregs enhanced this exhaustion [269]. Importantly, the lack of generalized immune 

suppression in patients with chronic HCV infection argues in favour of an Ag-specific 

suppression [314]. 

Finally, the liver as an organ represents a tolerogenic environment [315]. Thus, 

primary contact of T cells with sinusoidal endothelial cells in the liver rather than lymph nodes 

typically results in tolerance [316, 317], and this abortive activation could be the reason why 

HCV-specific T cells with the highest avidity undergo functional silencing [318]. A study 

dissecting mechanisms of failure of intrahepatic CD8 T cells demonstrated impaired 
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production of IFNγ that was limited to HCV-specific cells, despite their accumulation in the 

liver and the presence of CD4 helper T cells [319]. 

1.4.4.2. Viral evasion strategies  

The majority of HCV infections lead to chronicity, even in people with an intact 

immune system [320]. This could be attributed to the inhibition of specific steps in the 

intracellular antiviral signalling pathways by HCV proteins. NS3/4A was shown to 

specifically disrupt viral sensing pathways at early steps, by splicing mitochondrial antiviral 

signaling protein (MAVS) and TIR domain-containing adapter inducing IFN-β (TRIF) 

downstream of the two major sensors of HCV-RNA, RIG-I and TLR3, respectively (Figure 

11-A). Other HCV-proteins (e.g. the core, E2 and NS5A) disrupt various early and late steps 

along the JAK-STAT signaling pathway which is induced by type I and III IFNs (Figure 11-B)  

[321-323].  
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Figure 11: HCV proteins subvert intracellular signaling. 

Reproduced with the permission of Macmillan Ltd: Nature Medicine [229], author copyrights 

2013. 

Legend: (A) Immune evasion by HCV in the hepatocyte occurs at several points during viral 

infection. HCV NS3-NS4A protease cleaves the signaling adaptors MAVS and TRIF to 

inactivate PKR (1), RIG-I (3) and TLR3 (4) signaling pathways to prevent induction of innate 

antiviral genes and IFN-β. HCV E2 and NS5A proteins inactivate PKR-dependent activation 

of the host translation factor eIF2α to reactivate protein translation during infection (2). (B) 

Upon binding of IFN-α to receptors in neighbouring cells, HCV proteins could prevent IFN 

actions by directly or indirectly blocking Jak-STAT signaling. Tyk2, tyrosine kinase 2; Jak1, 

Janus kinase 1.  
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Inhibition of functions of innate immune cells (NKs and DCs) by HCV proteins has 

also been reported. HCV recombinant E2 protein was reported to directly inhibit NK 

cytotoxicity and IFN-γ production [324, 325] (Figure 12). The hindrance of DC functions by 

uptake of HCV proteins has been demonstrated; where core and NS3 proteins inhibited DC 

differentiation and maturation, causing inhibition of in vivo induction of cellular immune 

responses [326-328]. The NS3/4A encoded serine protease alters the transfer of glycoproteins, 

suggesting interference with MHC-I presentation of viral epitopes, which could affect T-cell 

priming [329]. However, the in vivo importance for the majority of these findings has not been 

established, since these results were obtained in vitro using overexpression of the 

corresponding proteins [224]. 

Mutational escape within targeted epitopes is the most common strategy used by RNA 

viruses to evade the adaptive immune response. Mutations of HCV genome occur early and 

become fixed in the viral quasispecies [330, 331]. CD8 T cells exerting sub-optimal immune 

pressure on their corresponding viral epitopes select for resistant variants. Specific HLA 

alleles produce selective pressure on certain epitopes [332]. The rate of mutations in MHC I-

restricted epitopes was significantly higher (thirteen-fold more) compared to other regions 

outside T-cell epitopes, indicating that these mutations were in response to a CD8 T-cell 

pressure, generating epitope sequences that are less efficiently recognized by CD8 T cells and 

poorly induce new T-cell responses [330, 333, 334]. In some cases specific mutations even in 

one epitope were associated with HCV persistence [332]. Luckily, viral fitness limits the 

variability within some HCV immunological epitopes [335]. 
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Figure 12: Mechanisms of HCV-protein interference with the immune system. 

Reproduced with the permission of Macmillan Ltd: Nature Reviews in Immunology [270], 

author copyrights 2005. 

Legend: HCV-proteins interfere with the different steps of innate immunity (A) and adaptive 

immunity (B). The details are specified in the green boxes and the text. CXCR, CXC-

chemokine receptor; FOXP3, forkhead box P3 transcription factor; NKG2A, NK group 2 – 

member A; TGFβ, transforming growth factor beta  
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1.5. Protective immunity against HCV and vaccine trials 

1.5.1. Memory immune responses against HCV 

Different chimpanzee studies have demonstrated the generation of memory T cells 

following clearance of HCV infection. Memory T-cell responses were maintained in the blood 

of chimpanzees for several years after clearance of a primary HCV infection, whereas the 

antibody titres against HCV proteins were low or even undetectable. The frequency of HCV-

specific T cells was fixed for several years after the resolution of primary infection [239]. The 

hierarchy of CD4 T-cell responses was preserved during secondary infection years later [57]. 

Nevertheless, it has been shown that frequent exposure to very low doses of HCV 

(subinfectious doses) predisposes to Tregs expansion, leading to suppression of effector Tmem 

upon subsequent infection. In vitro depletion of Tregs restored HCV-specific T-cell effector 

responses [336]. 

Evidence from rechallenge studies suggest that this memory response might be 

protective against HCV upon re-exposure, since these studies showed that chimpanzees 

spontaneously clearing a primary infection had a higher level of protection than naïve ones 

when rechallenged with homologous but not heterologous viral sequences. This was 

accompanied by a shorter duration of viremia (~42 versus ~98 days) and lower viral loads (as 

low as 100-folds) in the cases that cleared the second infection [337, 338]. However, other 

studies did not observe protection even against homologous rechallenge [339]. A broad CD8 

T-cell response with high magnitude was associated with rapid control of the second HCV 

infection upon rechallenge, even with a poor antibody response, suggesting that CMI could be 

sufficient for protection from HCV persistence [239, 240]. Control of the reinfection was 

temporally and kinetically linked to the appearance of HCV-specific CD8 T cells with 

cytolytic activity in the liver and blood. This was associated with the expansion of memory T-

helper cells [90, 238]. IFN-γ producing CD4 and CD8 T cells were detected at a higher 

frequency and as early as day fourteen into the second infection compared to eight weeks into 

the primary infection [340-343]. A recent study demonstrated that control upon HCV 

challenge following vaccination was associated with CD127+ PD1lo CD8+ T cells that 

persisted at high levels for long times and were bifunctional (IFNγ+ TNFα+) [344]. Another 
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recent study showed that clearance of HCV reinfection upon heterologous rechallenge 

depends on the activation of both intrahepatic innate and adaptive immune responses (NKs 

and CD8 markers, respectively), as well as enhanced production of IFNs type I and type II, 

and elevated ISGs [338]. The protective role of memory T cells was confirmed by using 

antibody-mediated depletion of either CD4 or CD8 T cells. CD4 T-cell depletion was 

associated with low level viremia, but memory CD8 T cells partially controlled viremia [238], 

whereas memory CD8 T cell depletion led to a significant delay in control of viremia, and this 

control coincided with the re-detection of the cells [239].  

Together, these data demonstrate a protective role for memory T cells upon repeated 

HCV challenge in chimpanzees without correlating with the development of nAbs, and show 

that it mainly reduces the level of viremia and the duration of infection (protective immunity) 

rather than conferring sterilizing immunity [224, 238, 239, 338, 341]. 

Nevertheless, these findings need to be interpreted cautiously. Despite being the closest 

primate to humans, there are several discrepancies between chimpanzees and humans in some 

gene clusters, some of which are involved in the immune response [345]. It has indeed been 

shown that chimpanzees respond differently from humans to chronic HCV infection in terms 

of pathology, disease progression and kinetics of viral clearance. In addition, the conditions 

for chimpanzee experiments are much more controlled, where the chimpanzees are maintained 

in a restricted environment and the viral sequences used for the challenging are laboratory 

reference sequences representing a single clone from one genotype [346]. In addition, the 

number of chimpanzees available for the studies is very limited. Medical Research on 

chimpanzees is no longer possible except in very limited situations [347]. 

Human studies also demonstrated the presence of HCV-specific memory was also 

demonstrated in humans. A group of women infected with HCV from a common source were 

followed for several years after the initial infection. It was shown that spontaneous resolvers 

possessed HCV-specific CD4 and CD8 Tmem that could be detected in their peripheral blood 

20 years post-clearance of the virus, whereas antibodies were barely detectable [348]. 

Phenotypic characterization of HCV-specific T cells in spontaneously resolved cases showed 

they were expressing the lymphoid homing marker CCR7 and CD45RO, both characteristics 

of memory T cells [73]. Our group and others previously demonstrated that spontaneous 
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resolution from a primary HCV infection was associated with the generation of an HCV-

specific memory population with a CD127hi Bcl2hi profile [251, 258, 259]. The increased 

expression of both markers has been correlated with the generation of long-lived memory CD8 

T cells [37]. 

There is a lack of thorough studies dissecting the determinants of a protective immune 

response upon re-exposure to HCV. Nevertheless, some studies shed light on the rates of 

reinfection in populations at risk and on the possible role of a Tmem immune response in the 

protection against persistence upon HCV reinfection. Epidemiological studies in populations 

at high risk of getting infected with HCV, especially IDUs, observed that the incidence of 

reinfection in patients who have cleared a primary HCV infection is less than those observed 

for infection in naïve patients belonging to the same cohorts under the same risk factors [118, 

119, 349]. Unfortunately, there is a great discrepancy in the results of the epidemiological 

studies, since other studies showed that the incidence rates were not significantly different or 

were even higher in spontaneous resolvers of a previous HCV infection [350-352]. One of the 

major factors causing this discrepancy is the variation in the testing intervals for HCV-RNA to 

determine the frequency of occurrence of infection or reinfection. Other factors include 

differences in the characteristics of individual subjects, as age, ethnicity and risk behaviours 

[353]. Nevertheless, all studies that measured clearance rate in both groups showed that the 

rate of clearance of reinfection was higher than that for primary infection [118, 351, 354]. This 

could be due to the fact that individuals who spontaneously clear HCV acute infection 

generate a robust Tmem population and it was already demonstrated that resolution of 

reinfection correlated with T-cell responses [355, 356]. This provided proof-of-concept that 

the human immune system is capable of conferring protective immunity against HCV. 

What we know about the signature of a protective immune response is far less defined 

than our knowledge about successful responses against primary HCV infection, especially in 

terms of the phenotype and functionality of HCV-specific populations that might be protective 

upon HCV infection in humans. Some general features of the HCV protective response were 

drawn from the few cohorts that have been established in the last few years with the potential 

of having enough patients to study the characteristics of a protective immune response [357]. 

Albeit, it remains challenging to gather enough samples longitudinally from patients with 
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differential outcomes of reinfection to thoroughly dissect the correlates of protection. The 

most elaborate human study, to date, was performed by Osburn et al. [354]. Using enzyme-

linked immunospot (ELISPOT) technique this study showed that spontaneous clearance of 

reinfection is associated with broadened T-cell responses. It also showed the generation of 

cross-reactive humoral responses in patients who spontaneously resolved the second infection 

episode. However, phenotypic and polyfunctional characterisation was not performed. 

Another limitation to this study is that 10/11 subjects examined resolved the second infection, 

thus a group of chronic patients served as the control group. To date, there are no studies 

defining the exact correlates of protection against HCV infection.  

1.5.1. HCV vaccine trials 

HCV has many attributes that makes it a candidate for eradication through prophylactic 

vaccination; it is a blood-borne infection (much easier to control than pathogens transmitted 

by aerosol or food), it has no natural non-human reservoir, it can be cleared spontaneously by 

the immune system and people who clear a primary infection have a higher clearance rate (i.e. 

more protected) upon re-exposure [358].  

An effective HCV vaccine would have a great impact on reducing the future disease 

burden worldwide, since it would break the transmission cycle in endemic developing 

countries where public health efforts have failed over decades to reduce HCV transmission 

[359]. Also, new HCV treatments have a very high cost and lower efficacy against genotypes 

other than genotype 1, thus they are not expected to have an impact on the disease burden 

worldwide [360]. 

The plethora of data suggesting that CMI is the major arm clearing primary HCV 

infection led to the assumption that it should be the target for vaccine development. 

Nevertheless, the unclear role for Abs in resolution of primary infection does not rule out a 

possible contribution of humoral immunity in protective immunity.  

There are major challenges and biological barriers facing the development of HCV 

vaccines. The first is the genetic diversity of HCV sequences and its high ability to undergo 

mutations. A successful prophylactic vaccine would need to induce an effective immune 

response capable of surmounting this high mutational capacity. Second, the ability of HCV 
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proteins to distort the different arms of the immune system necessitates the design of an 

effective vaccine that generates memory immune cells capable of mounting a prompt recall 

response upon re-exposure in a fashion that outpaces the virus and prohibits it from producing 

enough viral proteins that are able to antagonise the immune system.     

All present vaccine trials could be considered empirical, since the exact correlates that 

need to be induced and subsequently measured to verify the efficacy of protection conferred 

by candidate vaccines remain unknown. Three major approaches have been adopted for 

vaccine design against HCV. The traditional approach uses recombinant envelope proteins to 

induce nAbs. It has gained more potential recently with the discovery of broadly nAbs 

generated in chronic patients against HCV. Vaccination with recombinant E1/E2 proteins was 

shown to induce cross-reactive nAbs that might contribute to protective immunity upon 

exposure to HCV [361-363]. The second approach uses virus-like particles (VLPs) that 

express HCV structural proteins to try to induce both humoral immunity and CMI, but it 

mainly induced CMI and did not provide protection upon homologous rechallenge except in 

two out of four chimpanzees [364]. The third and most promising approach is designing an 

HCV vaccine that would induce a potent T-cell immune response. Replication-defective 

recombinant viral vectors were used to deliver HCV Ags to induce T-cell responses [e.g. 

adenovirus (Ad), vaccinia virus (VV), modified vaccinia Ankara (MVA)]. HCV proteins could 

also be delivered using DNA vaccines, where recombinant plasmids expressing various 

proteins could be injected into the host. The two candidate vaccines that showed promising 

preliminary results and are at an advanced stage of development are the vaccines developed by 

Okairos (Rome, Italy) [acquired by Glaxo-Smith-Kline Inc.] using viral vectors for priming 

and viral vectors or DNA vaccines for boosting [365].  

The first vaccine uses heterologous prime/boost regimens with chimpanzee adenovirus 

Ad3Ch3 and a rare strain of human adenovirus (Ad6) expressing the entire non-structural 

region of genotype 1b BK strain (NS3-5B). It has already been tested in a phase I clinical trial 

in humans (ClinicalTrials.gov NCT01436357). Both vectors primed broad CD4 and CD8 T 

cell responses that were capable of responding to heterologous strains of HCV genotypes 1a 

and 3a. Polyfunctional HCV-specific T cells (IL-2+ IFNγ+ TNFα+) could be sustained for at 

least a year after boosting with the heterologous vector [366]. The second vaccine uses a 
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regimen of priming with Ad6 encoding NS3-5B of genotype 1b BK strain and boosting with 

NS3-5B-encoding plasmid DNA. A study in chimpanzees that received this vaccine then 

challenged with HCV demonstrated that control upon HCV challenge following vaccination 

was associated with CD127+ PD1lo CD8+ T cells that persisted at high levels for long times 

and were bifunctional (IFNγ+ TNFα+). Nevertheless, three out of five chimpanzees were not 

protected [344]. 

An important lesson learned from HIV vaccine trials is that the presence of a memory 

immune response did not necessarily correlate with the clinical protection upon reexposure 

[107, 108]. To date, the lack of a clear definition of the signatures that would constitute a 

protective immune response upon exposure to HIV hinders the rational design of an effective 

vaccine. The same limitation faces HCV vaccine trials, since  the correlates of protective 

immunity against HCV need to be clearly defined first, so that they could be monitored to 

verify the degree of protection conferred by vaccines in humans. 
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As with many chronic viral infections, the development of an effective prophylactic 

vaccine is hindered by the lack of knowledge about the determinants of a protective memory 

immune response in humans. HCV represents a unique model to study protective immunity in 

chronic viruses upon natural exposure, since ~30% of the patients are able to clear the primary 

infection spontaneously. The objective of this thesis is to study protective immunity against 

HCV in a cohort of IDUs who cleared a primary HCV infection and are continuously at risk of 

reinfection. We performed an exhaustive longitudinal analysis at time points before, during 

and after the HCV reinfection episode to dissect the general characteristics of HCV-specific T 

cells. 

The presence of HCV-specific memory T cells has already been demonstrated in both 

chimpanzees and humans [341, 348]. Evidence from rechallenge studies in chimpanzees 

suggest that this memory response might be protective against HCV upon re-exposure, since 

these studies showed that chimpanzees spontaneously clearing a primary infection had a 

higher level of protection than naïve ones when rechallenged with homologous viral 

sequences. This was accompanied by a shorter duration of viremia and lower viral loads in the 

cases that cleared the second infection [337, 338]. However, other studies did not observe 

protection even against homologous rechallenge [339]. A protective role for memory T cells 

was confirmed by using antibody-mediated depletion of either CD4 or CD8 T cells [238, 239]. 

In humans, the majority of studies in populations at risk of HCV infection and reinfection (e.g. 

IDUs) showed that the incidence of reinfection in patients who have cleared a primary HCV 

infection is less than those observed for infection in naïve patients belonging to the same 

cohorts under the same risk factors. All the studies that measured the clearance rate in both 

groups showed that the clearance of reinfection was higher than that for primary infection, 

supporting the notion that the memory immune response is protective in most cases [118, 351, 

354]. It is necessary to understand why individuals who spontaneously resolved a primary 

HCV infection would not be able to clear a second infection episode, versus others who 

successfully clear consecutive episodes of infection. To date, there is a lack of thorough 

studies dissecting the determinants of a protective immune response upon re-exposure to HCV 

or defining the correlates of protection against chronic viruses in humans.  
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Our hypothesis is that most subjects who spontaneously resolved a primary HCV 

infection would be protected against chronicity of infection upon re-exposure, thus achieving 

protective immunity rather than sterilizing immunity (i.e. the ability to clear HCV rapidly 

rather than not developing an infection at all). Protection against reinfection would likely be 

associated with enhanced breadth, frequency, polyfunctionality and functional avidity of 

HCV-specific CD4 and CD8 memory T cells. HCV-specific memory T cells associated with 

protection would likely be distinguished by a characteristic phenotype similar to that observed 

upon spontaneous resolution of primary HCV infection. The protective capacity of memory T 

cells upon reinfection will depend on possessing a T-cell repertoire characterized by high 

diversity of its clonotypic composition and flexibility enabling the generation of de novo T cell 

responses against different viral variants. The efficacy of this memory immune response 

would be –at least partially– dependent on the degree of homology of the sequences of the 

HCV-genome in the different episodes. On the other hand, subjects who fail to clear HCV 

reinfection (despite clearing a primary infection) would suffer from defects in the generation 

of an effective memory T-cell population capable of mounting a recall response upon 

reinfection, especially against different viral variants. 

We were able to recruit nine patients who resolved a primary HCV infection, but had a 

differential outcome of the second infection, and for whom longitudinal blood samples during 

the multiple episodes of HCV-infection were available. This represented a great advantage by 

allowing us to compare the different characteristics of the immune response under the same 

conditions. This rare cohort enabled us to perform an exhaustive longitudinal phenotypic and 

functional characterization of the HCV-specific memory immune responses, and also enabled 

us to analyse the dynamics of epitope-specific CD8 T-cell repertoire upon reinfection with 

different viral variants and correlate these dynamics with their avidity. More importantly, 

examining two groups of patients with differential outcomes of reinfection enabled us to 

determine which characteristics of the recall response were specifically associated with 

protection. Despite the limited number of patients (a challenge common when working with 

such cohorts), but still this study would provide primary insight for the first time into the 

characteristics of a protective immune response against HCV in a real-life infection setting. 

This would provide a road-map for the following steps needed to fully understand protective 

immunity against HCV at the cellular, molecular and clonotypic levels. 
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We had two specific aims for the project; the first aim was to define and dissect the 

general characteristics HCV-specific T cells that confer protective immunity upon reinfection. 

The second aim was to analyse the dynamics of the TCR repertoire of HCV-specific CD8 T-

cell in protected versus unprotected patients and in relation to infection with variant viral 

sequences.  

For the first specific aim we intended to define the correlation between protective 

immunity upon HCV reinfection and several characteristics of the adaptive immune 

response. These characteristics included; 1) the total magnitude and breadth of T-cell 

responses upon stimulation with peptide pools representing the entire HCV genome, 2) the 

proliferative capacity, functionality and polyfunctionality of CD4 and CD8 T-cells upon 

stimulation with immunodominant peptide pools and minimum peptides to which the patient 

possessed specific tetramer+ CD8+ T cells, 3) the frequency and phenotype of  tetramer+ 

CD8+ T cells and 4) the effect of variation in the viral sequences of the targeted epitopes on 

the generation of an effective recall response. 

For the second specific aim we intended to define the dynamics of the clonotypic 

composition of the TCR-repertoire of HCV-specific CD8 T cells associated with 

protective immunity upon HCV reinfection. We examined the correlation between 

protective immunity upon HCV reinfection and several characteristics of the TCR repertoire. 

These characteristics included; 1) the diversity of the repertoire composition, 2) role of 

specific clonotypes in protective immunity and 3) the recruitment of new clonotypes that were 

not mobilized during the primary infection. We also examined the dynamics of the CD8 T-cell 

repertoire and its functional avidity and polyfunctionality in response to different variants of 

targeted epitopes.  
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ABSTRACT 

Background & Aims: Vaccine development against hepatitis C virus (HCV) is hindered by 

our limited understanding of immune correlates of protection during real life exposures. Our 

aim was to define such correlates during HCV reinfection.  

Methods: We monitored the phenotypic and functional dynamics of HCV-specific T cell 

memory responses in HCV-resolved injection drug users (IDUs) during natural re-exposure 

and re-infection.  

Results: Individuals who spontaneously resolved two successive infections (n=5), 

demonstrated expansion of HCV-specific polyfunctional memory CD4 and CD8 T cells. We 

detected CD127hi HCV-specific memory CD8 T cells prior to reinfection regardless of the 

ability to clear the subsequent infections. Protection against viral persistence was associated 

with the expansion of a CD127neg, PD-1lo effector memory T cells at the peak of the response. 

In addition, we observed broadening of the T cell response suggesting generation of de novo T 

cell responses. Individuals who failed to clear their subsequent infection (n=4) demonstrated 

limited expansion of HCV-specific CD4 and CD8 memory T cells and variable levels of 

expression of the exhaustion marker PD-1 on HCV-specific CD8 T cells. Finally, viral 

sequencing of dominant HCV epitope regions from patients who developed viral persistence 

upon reinfection demonstrated variations in the infecting viral sequence that were not 

recognized by the pre-existing memory T cells.  

Conclusions: Our results suggest that protection from persistence upon HCV reinfection is 

dependent on the magnitude, breadth and quality of the HCV-specific memory T cell 

response. The sequence homology and cross recognition between the infecting viral strains 

remain critical determinants of protective memory.  

Keywords: hepatitis C virus; reinfection; protective immunity 
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INTRODUCTION 

Despite the recent introduction of potent antivirals against HCV, there is an urgent 

need for an effective prophylactic vaccine. A first step is defining correlates of protective 

immunity during real life exposure among high risk populations like IDUs1. CD4 and CD8 

HCV-specific T cell responses are induced during acute HCV and mediate spontaneous 

resolution. An effective response leading to viral clearance is typically of high magnitude, 

broad, polyfunctional (i.e. producing more than one cytokine or function) and sustained2. 

Individuals who spontaneously resolve acute HCV develop long-lived memory T cells3, 4. 

Chimpanzees who have resolved one HCV infection were protected from chronic infection 

upon re-exposure but protection was less efficient upon heterologous viral re-challenge 

(reviewed in 5). Accelerated viral clearance was associated with rapid recall of memory T cell 

responses4 and CD4 T cell help was critical to maintain an efficient memory T cell response6. 

In humans, high risk IDUs who have already resolved one HCV infection were less likely to 

be re-infected than HCV-naïve individuals1, 7. Osburn et al. demonstrated that reinfections 

were characterized by reduced peak and duration of viremia as compared to primary infection 

and associated with broadened cellular immune responses that facilitated viral clearance8. 

However, the detailed phenotype and function of HCV-specific T cells during reinfection in a 

real-life exposure setting remain poorly defined. 

Here, we examined longitudinally the breadth, phenotype and effector functions of the 

HCV-specific memory T cell response and variations in viral sequence during HCV 

reinfection in a group of IDUs who have previously resolved a primary HCV infection.  
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MATERIALS AND METHODS 

HCV RNA, Genotype and HCV-Antibody Testing  

Qualitative HCV-RNA was tested using COBAS Ampliprep/COBAS Amplicor HCV Test, version 2.0 

(Roche Molecular Systems, Branchburg, NJ) (). HCV genotyping was performed as 

previously described9. Anti-HCV antibodies were assessed by the AxSym HCV Assay (Abbott 

GMBH & CO, K.G.).  

 

Peptides and HLA Class I Tetramers 

Peptides were synthesized by Sheldon Biotechnology Centre, McGill University (Montreal, 

QC, Canada). MHC class I tetramers were synthesized by the National Immune Monitoring 

Laboratory (NIML), (Montréal, QC, Canada) or the NIH Tetramer Core Facility (Emory 

University, Atlanta, GA) and are as follows: HLA-A1 restricted HCV NS3 peptide amino 

acids (aa) 1436–1444 (ATDALMTGY) [A1/NS3-1436], HLA-A2 restricted HCV NS3 

peptide aa 1073–1081 (CINGVCWTV) [A2/NS3-1073], HLA-B27 restricted HCV peptide 

NS5B peptide aa 2841-2849 (ARMILMTHF) [B27/NS5B-2841].. 

 

Flow cytometry based assays 

All assays were performed on frozen PBMCs using a standard BD LSR II instrument with 

FACSDiva software version 6.1.3 (BD Biosciences). Data files were analyzed using FlowJo 

software version 9.5 for Mac (Tree Star, Inc., Ashland, OR). Tetramer staining coupled with 

phenotypic analysis, intracellular cytokine staining (ICS) and CD107a degranulation assay 

were performed as previously described10 in response to HCV peptide pools (1 µg/ml) or HCV 

minimum peptide (10 µg/ml). Polyfunctionality was assessed by exporting flow cytometry 

standard (FCS) data as Boolean gates using FlowJo and SPICE softwares11. 

Carboxyfluorescein succinimidyl ester (CFSE) 6 days proliferation assays were performed as 

previously described10 with or without HCV minimum peptide or peptide pool.  

 

HCV Epitope Sequencing  

HCV RNA was extracted from EDTA plasma using AxyPrep Body Fluid Viral DNA/RNA 

Miniprep Kit (Axygen, Union City, CA), reverse transcribed, PCR amplified, cloned and 
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sequenced as previously described10 at the Molecular Biology and Functional Genomics 

service of the Institut de Recherches Cliniques de Montréal (Montreal, QC). 
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RESULTS 

Identification of HCV reinfection cases 

This study was conducted among participants of the Montreal Acute Hep C IDU 

Cohort Study (HEPCO)12 and approved by the institutional ethics committee (Protocol 

SL05.014). Primary HCV infection was identified in cohort participants who were initially 

negative for both HCV RNA and anti-HCV antibodies for at least 6 months of follow-up, then 

had a positive HCV RNA and/or antibody test as previously described10, 13. Participants who 

have resolved their primary HCV infection or participants who tested HCV RNA negative and 

HCV antibody positive at recruitment were enrolled in the reinfection study and followed 

every 3 months. HCV reinfection was defined by an HCV-RNA positive test following two 

negative tests, at least 60 days apart. The day of the first positive RNA test was defined as day 

zero post detection of reinfection (p.ri.). This study includes nine cases of reinfection 

identified between 2009 and 2012 for whom clinical data documenting their primary infection 

and longitudinal blood samples during the reinfection episode were available. Samples before 

the reinfection episode were available for 6 patients. Samples from time points during or right 

after clearance of the primary infection were available for 4 patients. Five patients 

spontaneously resolved their second infection while four patients became chronically infected, 

referred to hereafter as the SR/SR group and the SR/CI group, respectively. Patients’ 

demographics, clinical characteristics and infection history are listed in Supplementary Table 

S1.  

 

Spontaneous resolution of HCV reinfection is associated with an increase in the 

magnitude and breadth of the HCV-specific T cells 

We examined the magnitude and breadth of the HCV-specific T cells using an IFNγ 

enzyme-linked immunospot (ELISPOT) assay against overlapping peptide pools representing 

the HCV genotype 1a H77 polyprotein. We chose this reference sequence for the preliminary 

screening since all second infections were of genotype 1 and subtype 1a is the most common 

subtype in our cohort. The genotype of the primary infecting HCV viral strain could not be 

determined in many subjects because of rapid viral clearance, low viral loads or unavailability 

of samples. Wherever samples were available, we monitored the ELISPOT response before 

and during the second infection in the SR/SR (Figure 1A) and SR/CI (Figure 1B) patients. The 
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magnitude of the HCV-specific T cell response during reinfection was higher in the SR/SR 

group as compared to the SR/CI group. The average frequency at the earliest time point tested 

following reinfection (Mean: 8 weeks) was 7440 spot forming cells (SFC)/million PBMCs in 

the SR/SR group versus 1760 SFC/million PBMCs in the SR/CI group. The response to pools 

representing the structural and non-structural regions of HCV was higher for the SR/SR group 

(Mean: 1470 and 5970 SFC/million PBMCs, respectively) as compared to the SR/CI group 

(Mean: 160 and 1600 SFC/million PBMCs) (Figure 1C). The breadth of the immune response, 

measured by the number of peptide pools targeted by the immune response, was also higher in 

the SR/SR group at the earliest time point during reinfection. An average of 10 (out of 11) 

peptide pools were targeted in the SR/SR group, versus 7 pools for the SR/CI group (Figures 

1A, 1B and data not shown).  

Expansion of the HCV-specific memory T cells was associated with viral clearance 

upon reinfection in the SR/SR group. One exception was patient SR/SR-3, who successfully 

cleared his reinfection within 4 weeks despite no change in the magnitude and breadth of the 

response against the HCV genotype 1a peptides (Supplementary Figure S1A). Since the 

infecting subtype could not be determined, we tested his response to a panel of peptides 

corresponding to genotype 1b J4 reference sequence and observed an increase in the overall 

frequency and breadth of HCV-specific T cell responses upon reinfection (Supplementary 

Figure S1B). We also retested patients where the reinfection subtype was undetermined using 

genotype 1b peptides (Supplementary Figure S1 C, D and E) and demonstrated that the 

response was slightly higher against the 1a peptide panel as compared to 1b at the same time 

points suggesting that they were probably infected with a genotype 1a virus. 

 

Spontaneous resolution of HCV reinfection is associated with enhanced proliferation of 

HCV-specific CD4 and CD8 T cells 

Next, we examined the proliferative capacity of HCV-specific CD4 and CD8 T cells in 

a CFSE dilution assay against peptide pools corresponding to the immunodominant regions of 

HCV (NS3 and NS5B) and/or the peptide pools showing the highest response in ELISPOT. 

Representative FACS data are presented in Supplementary Figure S2. Proliferation data for 

CD4 and CD8 T cells from two patients of each group are presented as stimulation index (SI) 

in Figure 2. Patient SR/SR-1 for whom samples prior to reinfection were available 
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demonstrated high proliferation of CD4 T cells against the peptide pools tested (NS3-1 and 

NS5B-1) at baseline (Figure 2A). This proliferative capacity increased 3 folds at 6 weeks p.ri. 

Similarly, patient SR/SR-4 demonstrated some CD4 T cell proliferation at week 6 p.ri. against 

several pools that increased 3-5 fold by 32 weeks p.ri. (Figure 2A). In contrast, we observed 

very limited increase in CD4 T cell proliferation for patient SR/CI-1 and the existing 

proliferative response became undetectable by week 57 p.ri and patient SR/CI-3 demonstrated 

very limited proliferation (Figure 2B).  

For CD8 T cell proliferation, patient SR/SR-1 demonstrated high proliferative response 

prior to reinfection that increased to an SI of 560 in response to NS3 pool 1 at 6 weeks p.ri. 

(Figure 2C). In patient SR/SR-4 very high levels of proliferation were observed at 6 weeks 

against all pools tested and although they partially declined at week 14, they recovered and 

were sustained at week 51 p.ri. (Figure 2C). In contrast, no CD8 proliferative responses were 

detected in the two SR/CI patients against the peptide pools tested (Figure 2D). In summary, 

spontaneous resolution of second HCV infection was associated with an increase in HCV-

specific CD4 and CD8 T cell proliferative responses. 

 

Spontaneous resolution of HCV reinfection is associated with enhanced cytokine 

production by HCV-specific T cells 

Polyfunctional CD8 T cells producing several effector cytokines and molecules are 

associated with spontaneous resolution of primary acute HCV10. We thus examined the 

polyfunctionality of HCV-specific T cells longitudinally during reinfection in two SR/SR and 

two SR/CI patients against peptide pools corresponding to the immunodominant regions of 

HCV and/or pools showing the highest response in ELISPOT. We assessed the production of 

the antiviral cytokines IFNγ, tumor necrosis factor alpha (TNFα) and the T cell growth factor 

IL-2 for CD4 and CD8 T cells. For CD8 T cells we also monitored the expression of the 

degranulation marker CD107a. Representative FACS plots are presented in Supplementary 

Figure S3.  

The production of the individual cytokines by CD4 T cells was higher in the two 

SR/SR patients (Figures 3A and 3B) when compared to the SR/CI patients (Figures 3C and 

3D). IFNγ was the major cytokine produced by CD3+CD4+ T cells from the SR/SR patients 
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reaching up to 3.33% followed by TNFα reaching up to 2.13% (Figures 3A and 3B). In 

contrast, production of individual cytokines was weak in the two patients from the SR/CI 

group reaching only 0.69% of CD3+CD4+ T cells (Figures 3C and 3D). When 

polyfunctionality was examined, we observed that 6-33% of the total cytokine producing cells 

in patient SR/SR-1 produced more than one function at different stages of reinfection as 

compared to 3-21% in patient SR/CI-2. Cytokines producing cells were strictly 

monofunctional, producing primarily IFNγ in patient SR/SR-4. In patient SR/CI-4, although 

50% of cytokine producing cells produced two cytokines at 23 weeks p.ri, the low frequency 

of cytokine producing cells may have biased the results. These results suggest an association 

between the level of individual cytokine production (IFNγ or TNFα) by HCV-specific CD4 T 

cells rather than polyfunctionality with the protection from chronicity upon reinfection. 

HCV-specific CD8 T cells from the SR/SR patients also expressed higher levels of the 

individual cytokines and CD107a as compared to SR/CI patients (Figure 4). IFNγ was the 

major cytokine produced by CD3+CD8+ T cells from the SR/SR patients reaching up to 5.22% 

followed by TNFα and the degranulation marker CD107a (Figures 4A and 4B). Individual 

cytokine production or CD107a expression was weak in the SR/CI group with a maximal 

production of 0.49% of CD3+CD8+ T cells (Figures 4C and 4D). Polyfunctionality was also 

higher in the SR/SR group, where we observed that ~6% of the total functional cells in the two 

SR/SR patients produced three functions at different stages of reinfection as compared to none 

in the two SR/CI patients. Furthermore, 15-52% of total cytokine/CD107a expressing cells 

expressed two functions in the SR/SR patients as compared to none in the SR/CI group 

(except the latest time point in patient SR/CI-4 where the overall frequency of functional cells 

was 0.2%) (Figure 4). In summary, the frequency of individual cytokine producing CD8 T 

cells was higher in the SR/SR group and within these functional cells the frequency of 

polyfunctional cells was higher. These results suggest an association between the level of 

individual cytokine production and polyfunctionality of HCV-specific CD8 T cells and 

protection from viral persistence upon reinfection. 

 

Spontaneous resolution of HCV reinfection is associated with higher polyfunctionality of 

HCV-specific CD8 T cells targeting minimal epitopes 
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 Next, we evaluated polyfunctionality of HCV-specific CD8 T cells in response to 

predicted minimal epitopes restricted by HLA-A2 and showing the highest response (NS5B-

2594 and NS3-1073) in two patients from the SR/SR and two patients from the SR/CI group. 

The production of individual cytokines and/or expression of CD107a was higher in the SR/SR 

group when the cells were stimulated with the minimum cognate peptide reaching 3.58% 

(mean 0.54%) of the total CD3+CD8+ T cells (Figures 5A and 5B). In contrast, individual 

cytokine production and/or CD107a expression in the SR/CI group never exceeded 0.22% 

(mean 0.06%) (Figures 5C and 5D). The frequency of CD3+CD8+ T cells expressing two or 

three functions was 14% and 7%, respectively of total CD3+CD8+ functional T cells in the 

SR/SR patients (Figures 5A and 5B) and almost none in the SR/CI patients (Figures 5C and 

5D). Similar to previous results using peptide pools, these data suggest an association between 

the level of individual cytokine production and polyfunctionality of HCV-specific CD8+ T 

cells targeting dominant epitopes with the protection from persistent viremia upon reinfection 

with HCV. 

 

Spontaneous Resolution of HCV reinfection is associated with expansion of CD127lo 

HCV tetramer+ CD8 T cells 

Next, we performed longitudinal phenotypic analysis of HCV-specific CD8 T cells to 

assess their frequency, differentiation and exhaustion status using the predicted MHC class I 

tetramers detailed in Supplementary Table S1. We monitored markers of T cell maturation and 

memory (CD27 and CD127) and T-cell activation/exhaustion (PD1, 2B4 and Tim3) on 

tetramer+ CD8 T cells. Representative FACS results for patient SR/SR-1, using the A2/NS3-

1073 tetramer are shown in Figure 6A and Supplementary Figure S4A, and for A2/NS5B-

2594 tetramer in Supplementary Figure S5. Representative data for patient SR/CI-1, using the 

A1/NS3-1436 tetramer, are shown in Figure 6B and Supplementary Figure S4B. Tetramer 

frequency data during reinfection in all subjects are represented in Figure 6C. We observed an 

average expansion of 42 folds at the peak of response (<6 weeks p.ri.) in patients of the SR/SR 

group (Figure 6C). The only exception was patient SR/SR-3, where the reinfecting HCV 

genotype was likely 1b rather than the 1a sequence used in the tetramer (Supplementary 

Figure S1A). Very limited expansion was observed in the tetramer+ population upon 

reinfection in all patients of the SR/CI group (Figure 6C).  
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The most distinctive phenotypic change was expression of CD127. In one SR/SR and 

two SR/CI patients where samples were available during the first infection, we observed that 

approximately half of the HCV tetramer+ CD8 T cells were CD127hi. As patients cleared their 

primary HCV infection, the majority of tetramer+ CD8 T cells became CD127hi as previously 

described10 and consistent with a memory T cell phenotype14. A similar phenotype was 

observed for the tested time points prior to reinfection. At the earliest time point tested during 

reinfection we observed peak expansion of tetramer+ cells in SR/SR patients and the majority 

of these expanded cells were CD127lo, consistent with an effector phenotype (Figures 6A and 

6D). In the SR/CI patients, tetramer+ cells did not expand or undergo significant changes in 

the CD127 expression (Figures 6B and 6D). There was no significant variation in the 

expression of the other markers examined (CD27, Tim3 or 2B4) at the different time points 

tested for the two groups of patients (Supplementary Figure S4). Finally, We observed higher 

expression of the activation marker PD1 on HCV tetramer+ CD8+ T cells in most patients 

(3/4) of the SR/CI group in comparison to SR/SR patients (Figures 6B and 6E). In summary, 

spontaneous resolution of a second HCV infection was associated with expansion of pre-

existing memory T cells into CD127lo effectors and lower levels of PD1. 

In patient SR/SR-1 who was positive to two tetramers A2/NS3-1073 and A2/NS5B-

2594, we observed different levels of expansion of CD8 T cells specific to the two tetramers. 

The frequency of the A2/NS5B-2594 tetramer+ T cells was at a much lower level than that for 

NS3-1073 prior to reinfection (0.082% and 0.458%, respectively) (Figure 5A and 

Supplementary Figure S5), yet the A2/NS5B-2594 tetramer+ population expanded 120 folds 

upon reinfection (Supplementary Figure S5) compared to 7 folds only for the A2/NS3-1073 

tetramer+ population (Figure 5A) (9.84% and 3.37%, respectively). This suggests a shift in the 

dominance of the epitopes targeted in this patient during reinfection.  

 

Heterogeneity in targeted epitopes and reduced recognition during reinfection in the 

SR/CI group 

Despite the limited expansion of HCV-tetramer+ CD8 T cells in patients of the SR/CI 

group upon reinfection, they proliferated in response to their cognate epitope in an in vitro 

CFSE proliferation assay (data not shown) suggesting that they are not inherently defective in 

proliferation. To determine whether this lack of expansion in the SR/CI patients is due to 
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reinfection with variant viral sequences that are not recognized by the pre-existing memory T 

cells, and to determine whether the change existed since the beginning or arose during 

reinfection, we sequenced the NS3-1436 and NS3-1073 epitopes targeted by the four patients 

at the earliest and the latest time points available during reinfection (Figure 7A). We detected 

a mismatch between the amino acid sequence of the reference peptide used in the tetramer and 

the autologous HLA-A1 restricted NS3-1436 epitope in patients SR/CI-1 and SR/CI-3 at the 

early and late time points. This 1444 Y → F substitution was previously shown to be recognized 

less efficiently by specific T cells15. An amino acid substitution 1077V → A was observed in 

the NS3-1073 for patients SR/CI-2 and SR/CI-4 at the early time point. This variant was also 

previously suggested to be less efficient in inducing CD8 T cell expansion and IFNγ 

production16, 17. This variant remained fixed in patient SR/CI-4 at the late time point but 

underwent three additional changes in patient SR/CI-2: 1077V → A; 1081V → I and 1078 W→ L 

substitution.  

To determine how well the pre-existing memory T cells recognized the reference 

versus the autologous sequences, we tested their functional avidity by measuring dose-

dependent production of IFNγ in response to stimulation by the different epitope variants 

during the reinfection episode in SR/SR and SR/CI patients. We observed higher functional 

avidity of HCV-specific T cells from SR/SR patients in response to the NS3-1073 reference 

epitope sequence when compared to SR/CI patients (Figure 7B). Patient SR/SR-4 had higher 

functional avidity than patient SR/SR-1 in response to the reference sequence and the response 

was >10-folds than patient SR/CI-2. Patient SR/CI-4 poorly recognized all variants. 

Interestingly, Patient SR/SR-4 also responded to the intermediate variant sequence of the NS3-

1073 epitope indicating better cross-recognition of this variant. The reference sequence of the 

NS3-1436 was also better recognized than the autologous variant by patients SR/CI-1 and 

SR/CI-4. Altogether, these results suggest that variations in the targeted epitope could be a 

possible mechanism underlying the functional differences or lack of recognition in HCV-

specific CD8 T cells observed between the two groups of patients. 
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DISCUSSION 

We have performed an exhaustive phenotypic and functional characterization of the 

virus-specific T cell response during HCV reinfection. Although all nine patients in this study 

had successfully eliminated an earlier HCV infection, only five of them were able to 

spontaneously resolve their subsequent infection. Spontaneous resolution of reinfection was 

associated with an increase in both the magnitude and breadth of the total HCV-specific T cell 

response suggesting generation of de novo T cells responses. In addition, we observed 

expansion of HCV-specific memory T cells and the transient appearance of CD127low 

population indicative of an effector T cell phenotype. Patients who failed to clear their 

subsequent infection showed very limited expansion of HCV-specific T cells. Variations in the 

autologous sequence of the targeted epitopes were detected in all patients of this group and not 

recognized by the pre-existing memory T cells.  

Protection from viral persistence upon HCV reinfection was associated with an 

increase in the magnitude and breadth of the HCV-specific T-cell response as observed by 

ELISPOT assays and tetramers consistent with the observations of Osburn et al. 8. For the 

SR/SR group the increase in the magnitude and the de novo responses mostly targeted the non-

structural proteins underscoring the immune dominance of this region18, 19. Furthermore, in 

patient SR/SR-1, we observed a shift in dominance between the two epitopes targeted. Further 

research with additional patients is required to elucidate whether shifting dominance may 

occur upon reinfection with variant viral strains or may reflect differential expansion capacity 

of memory T cells. 

Proliferation of CD4 and CD8 T cells is predictive of the outcome of primary HCV 

infection20, 21. We demonstrate that protective immunity upon reinfection was associated with 

higher proliferative capacity for both CD4 and CD8 T cells when stimulated with peptide 

pools representing immunodominant regions. Nevertheless, proliferation assays using cognate 

epitopes demonstrated that HCV tetramer+ memory CD8 T cells in the SR/CI unprotected 

group proliferated to similar levels as those of the SR/SR protected group (data not shown). 

This suggests they are not inherently defective, and despite being present at low frequency, 

they could expand if stimulated with the right peptide or antigen. 

Spontaneous resolution of primary acute HCV and response to vaccination were 

associated with generation of polyfunctional HCV-specific CD127+ CD8 T cells10, 22. Here, 
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we demonstrate that polyfunctionality is also an important determinant of viral clearance upon 

reinfection. Furthermore, we extend this polyfunctionality to CD8 T cells targeting entire 

regions of HCV, as well as, minimal epitopes. Data from the HIV model suggest that such 

polyfunctional T cells are cells of the highest functional avidity23. It is also tempting to 

speculate that repeated reinfections with the same viral variant would selectively expand and 

enrich such cells. On the other hand, rechallenge with a slightly different antigenic variant 

may favor expansion of T cells carrying a flexible T cell receptor that can recognize these new 

variants. Flexibility in the T cell repertoire correlated with control of viral escape mutants 

during HCV and HIV infections24-26 and would require further investigation in the reinfection 

setting. 

Our results suggest that pre-existing variations in the viral sequence of the epitopes 

targeted by the memory immune response could be a possible reason for persistence upon 

reinfection. We demonstrated higher functional avidity in response to the reference sequence 

of the epitope in the SR/SR group. In addition, three SR/CI patients had higher response to the 

reference sequence than the autologous sequence. No mutations were observed during the 

course of the reinfection, except for the NS3-1073 epitope in patient SR/CI-2 where the 

epitope underwent three changes during the reinfection episode, suggesting that it may have 

been under immune selection pressure. The fact that this intermediate variant was recognized 

by patient SR/SR-4 suggests that this variant can be recognized by some individuals. 

However, those changes in the targeted epitopes do not explain the general decrease in the 

frequency of the immune response observed in ELISPOT analysis. Thus, the association 

between the magnitude of the T cells and the degree of homology in the entire HCV genome 

between the infecting viruses in both episodes of infection remains to be assessed.  

The capacity to detect HCV reinfection is dependent on the testing interval, so we 

cannot rule out that we have missed shorter low level infections that may have contributed to 

exhaustion of HCV-specific T cells or expansion of HCV-specific regulatory T cells (Tregs) 

that may suppresses T cell responses against subsequent primary acute infection27. Since the 

patients studied here have all cleared a previous primary acute HCV infection with systemic 

viremia and that the memory T cells responded efficiently to in vitro stimulation with their 

cognate peptides, it is unlikely that inhibition by Tregs was a major player. These issues need 

to be addressed by closer follow-up intervals and improved patient questionnaires that can 
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identify high risk exposures, with tools to detect low level viremia or potential subclinical 

infections. Similarly, the contribution of other CD4 T cell subsets like Th17 cells in the 

maintenance of memory CD8 T cells, as well as the cross regulation between Tregs and Th17 

will require additional investigations13. 

Osbourn et al. demonstrated that spontaneous resolution upon HCV reinfection 

correlates with generation of neutralizing antibodies. We attempted to examine the 

neutralizing capacity of longitudinal plasma samples against a panel of cell-cultured HCV 

(HCVcc) representing the most common HCV genotypes in Canada (Genotypes 1a, 1b and 

3a). However, no distinct difference could be detected between the SR/SR and SR/CI group 

which may be due to the low number of patients in each group (data not shown).  

In conclusion, we demonstrate that protection against HCV persistence upon re-

exposure is possible. Although we could not assess whether there was sterilizing immunity or 

long-term protection in our cohort, our results and results from other groups suggest that 

protection from viral persistence is higher upon subsequent exposure than primary infection. 

We also demonstrate that changes in the breadth of the immune response and immune 

dominance are possible, suggesting generation of de novo T cell responses and offering hope 

for vaccine development. Immunization and boosting with different HCV genotypes may 

afford a broader and more effective protection.  
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Figure 1: Higher magnitude and breadth of the HCV-specific T cell response in the 

SR/SR as compared to SR/CI patients. PBMCs from the indicated time points were tested in 

an IFNγ ELISPOT assay against overlapping peptide pools representing the HCV (H77) 

polyprotein. The frequencies of IFNγ spot forming cells (SFC) per million PBMCs from four 

SR/SR patients (A) and four SR/CI patients (B) are shown. The dashed lines delineate the 

different infection episodes. (C) Frequency of cells targeting the structural versus the non-

structural proteins at the earliest time point (mean 8 weeks) during reinfection in the SR/SR 

(open symbols) and the SR/CI (solid symbols) patients. 
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         Figure 2 
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Figure 2: Higher proliferative capacity of HCV-specific CD4 and CD8 T cells from 

SR/SR patients as compared to SR/CI patients. Proliferation of HCV-specific T cells in a 6-

day CFSE proliferation assay against overlapping peptide pools spanning the HCV proteins 

indicated. Representative proliferation data for CD4 T cells from two SR/SR (A) and two 

SR/CI (B) patients. Representative proliferation data for CD8 T cells from two SR/SR (C) and 

two SR/CI (D) patients. Proliferating cells were identified as percent viable CFSElo, CD4+ or 

CD8+, CD3+ T cells and presented as stimulation index (SI). SI is calculated by dividing the 

percentage of proliferating cells in the stimulated sample by the percentage of proliferating 

cells in the non-stimulated control under the same conditions. 
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         Figure 3 
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Figure 3: Higher production of cytokines by HCV-specific CD4 T cells from SR/SR 

patients as compared to SR/CI patients during reinfection. PBMCs were stimulated with 

overlapping peptide pools representing HCV (NS3 and NS5B) and pools showing the highest 

response in the IFNγ ELISPOT then ICS was performed to measure the production of IFNγ, 

IL-2 and TNFα. Representative results from two SR/SR patients (A, B) and two SR/CI 

patients (C and D), gated on CD4+ CD3+ viable T lymphocytes. Peptide pools are indicated 

between brackets and represent the following regions: NS3-1 (NS3 aa: 1016-1341), NS5B-1 

(NS5B; aa: 2416-2720) and NS5B-2 (NS5B; aa: 2710-3014). For polyfunctionality, orange 

represents triple functional cells, green represents double functional and yellow represents 

monofunctional cells of any combination.  
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         Figure 4 
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Figure 4: Higher polyfunctionality of HCV-specific CD8 T cells from SR/SR patients in 

comparison to SR/CI patients during reinfection. PBMCs were stimulated overnight with 

overlapping peptide pools representing HCV (NS3 and NS5B) and HCV pools showing the 

highest response in the IFNγ ELISPOT. ICS was performed to measure the production of 

IFNγ, IL-2 and TNFα and expression of CD107a. Representative results from two SR/SR 

patients (A, B) and two SR/CI patients (C and D), gated on CD8+ CD3+ viable T 

lymphocytes. Peptide pools are indicated between brackets and represent the following 

regions: NS3-1 (NS3 aa: 1016-1341), NS5A-2 (NS5A; aa: 2192-2426) and NS5B-1 (NS5B; 

aa: 2416-2720). For polyfunctionality, orange represents triple functional cells, green 

represents double functional and yellow represents monofunctional cells of any combination.  
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         Figure 5 
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Figure 5: Higher polyfunctionality of HCV-specific CD8 T cells targeting minimal 

epitopes in SR/SR patients in comparison to SR/CI patients during reinfection.  PBMCs 

from the indicated time points were stimulated overnight with the minimum cognate peptide 

and ICS/CD107a staining was performed. Representative results from two SR/SR patients (A 

B) and two SR/CI patients (C and D), gated on viable CD3+CD8+ T lymphocytes. Peptides 

used are: 1073 = A2 restricted NS3-1073 and 2594 = A2 restricted NS5B-2594. 
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Figure 6 
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Figure 6: Expansion of HCV-specific tetramer+ CD8 T cells upon reinfection and 

generation of a CD127lo effector T cell population in SR/SR patients. HCV tetramer 

staining and phenotyping were performed directly ex vivo on PBMCs from the indicated time 

points. Representative dot plots for longitudinal tetramer staining (upper panels) and 

phenotyping (lower panels) for (A) patient SR/SR-1 with A2/NS3-1073 tetramer and (B) 

patient SR/CI-1 with A1/NS3-1436 tetramer. Top panels are gated on viable CD3+ T 

lymphocytes. Lower panels are gated on viable CD3+CD8+ T lymphocytes. Tetramer 

frequency is represented as percent Tetramer+ CD8+ CD3+ T cells. In lower panels, black 

dots represent the tetramer+ HCV-specific CD8+ T cells overlaid on grey contour plots of 

CD8+ CD3+ T cells. Numbers in each quadrant represent percent expression on tetramer+ 

CD8+ CD3+ T cells. The dashed lines delineate the different infection episodes. (C-E) 

Tetramer expansion and phenotyping data from all SR/SR and SR/CI patients; (C) Frequency 

of HCV tetramer+ CD8+ CD3+ T cells, (D) Frequency of CD127+ tetramer+ CD8+CD3+ T 

cells, (E) Frequency of PD1+ tetramer+ CD8+CD3+ T cells. 
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         Figure 7 
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Figure 7: Sequence variation in targeted epitope and reduced recognition by CD8 T cells 

in SR/CI patients. (A) Sequences of the epitopes targeted by tetramer+ CD8 T cells in SR/CI 

patients at early and late time points during reinfection. (B) Responses of total PBMCs 

collected during reinfection in a dose-response IFN-γ ELISPOT assay to the reference 

sequences versus variant autologous sequences for two SR/SR patients in response to the NS3-

1073 epitope (left panels), two SR/CI patients in response to the NS3-1073 epitope (middle 

panels) and two SR/CI patients in response to the NS3-1436 epitope (right panels). 
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Supplementary Table S1: Patients’ characteristics and demographics 

 

Patient 
code 

Status at start of 
follow-up 

Age at 
reinfection 

(years) 

 
Gender 

 

Duration  
of 

injection  
(years) 

 

No of 
Injections 

during past 
montha 

 

Serum ALT 
during early 
reinfectionb 

(U/L) 

HCV Genotype 
(First infection/ 

Second infection) 

HLA 
Class I 

Reactive 
Tetramers 

     
  

   

SR/SR-1 HCV Resolver 53 M 13.4 
 

> 30 

 
 
 

3090 
 

ND/1 A2, B58 A2/NS3-1073 
A2/NS5B-2594 

          

SR/SR-2 HCV Resolver 43 M 15.4 
 

< 30 
 

25 ND/1 
A24/A26, 
B27/B49 

B27/NS5B-2841 

          

SR/SR-3 HCV Naïve 42 M 14.4 
 

> 30 
 

23 1a/1 
A23/A32 
B27/B44 

B27/NS5B-2841 
          

SR/SR-4 Early reinfection 36 F 12.3 
 

< 30 
 

15 ND/1 
A2/A24 
B7/B39 

A2/NS3-1073 
          

SR/SR-5 Early reinfection 44 M 31.5 
 

> 30 
 

183 ND/1a 
A2/A23 
B18/B49 

None 
          
          

SR/CI-1 HCV Naive 28 M 6.1 
 

> 30 
 

88 ND/1a 
A1 /A3      

B44/B49 
A1/NS3-1436 

          

SR/CI-2 Acute primary HCV 29 M 1.1 
 

< 30 
 

17 1a/1a A2,    
B39/B44 

A2/NS3-1073 
          

SR/CI-3 HCV Resolver 30 F 4.1 
 

< 30 
 

42 ND/1a 
A1/A29 
B35/B44 A1/NS3-1436 

          

SR/CI-4 Early reinfection 33 M 3 
 

> 30 
 

20 ND/1b A2,      
B44/B51 

A2/NS3-1073 

          
 

ND = Not determined; SR: Spontaneous Resolution; CI: Chronic Infection 
a A strong and independent predictor of HCV incidence in this cohort (Bruneau J et al, Addiction. 2012 Jul;107(7):1318-27) 
b at < 4 wks 
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    Supplementary Figure S1 
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Supplementary Figure S1: Lack of expansion of HCV-specific T cells in patient SR/SR-3 

upon reinfection, is due to being infected by a different HCV subtype. Results from 

longitudinal ELISPOT assays for patient SR/SR-3 where PBMCs were stimulated with 

overlapping peptide pools representing the entire HCV genome for (A) genotype 1a and (B) 

genotype 1b. The dashed lines delineate the different infection episodes. Responses to 

genotype 1b peptide pools during the reinfection episode for patients with genotype 1 and an 

unknown subtype SR/SR-1 (C), SR/SR-4 (D) and SR/CI-4 (E). BDL = Below detection level. 

The genotype of the infecting virus during primary infection was 1a for patient SR/SR-3, but 

unknown for the other three patients. The reinfecting virus was genotype 1 for the three SR/SR 

patients, but the subtype was not defined. For patient SR/CI-4 the reinfecting virus was 

genotype 1b.   
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    Supplementary Figure S2 
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Supplementary Figure S2: Higher proliferative capacity for HCV-specific CD4 and CD8 

T cells in SR/SR patients in comparison to SR/CI patients. Proliferation of HCV-specific 

CD4 and CD8 T cells was assessed in a 6-day CFSE proliferation assay against a panel of 

overlapping peptide pools representing the immunodominant regions of HCV (NS3 and 

NS5B) and HCV regions showing the highest response in the IFNγ ELISPOT assay. 

Representative dot plots showing the proliferation indicated by the percentage of CFSElo cells 

from patient SR/SR-4 (A) non-stimulated versus (B) stimulated with peptide pool NS3-1 (NS3 

aa: 1016-1341) and patient SR/CI-3 (C) non-stimulated versus (D) stimulated with peptide 

pool P7/NS2 (P7/NS2 aa: 743-1026). The cells were gated on viable CD3+ then CD4+ or 

CD8+ T lymphocytes. The percentage of proliferating cells is shown on the left of the 

histograms (upper panels) and on the dot plots (lower panels). 
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Supplementary Figure S3 
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Supplementary Figure S3: Higher production of cytokines/CD107a expression by HCV-

specific CD8 T cells in patients from SR/SR group in comparison to patients from SR/CI 

group.  (A) Gating strategy. Representative dot plots from (B) patient SR/SR-4 and (C) 

patient SR/CI-2 showing the production of cytokines (IFNγ, IL-2 and TNFα) and the 

expression of CD107a in response to stimulation with peptide pools representing NS5B-1 and 

NS3-1, respectively, gated on viable CD8+ CD3+ T lymphocytes.  
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    Supplementary Figure S4 
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Supplementary Figure S4: No significant changes in CD27 or the exhaustion markers 

Tim3 or CD244 (2B4) in either of the 2 groups of patients. Representative dot plots for 

phenotyping of (A) patient SR/SR-1 with A2/NS3-1073 tetramer and (B) patient SR/CI-1 with 

A1/NS3-1436 tetramer, showing the expression of CD27, Tim3 and 2B4 on tetramer+ cells. 

The black dots represent the tetramer+ HCV-specific CD8+ T cells overlaid on the grey 

contour plots representing total CD3+ CD8+ T cells in the same patient. Percentages of 

expression on tetramer+ cells are shown in each quadrant. 
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    Supplementary Figure S5 
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Supplementary Figure S5: Shift in immunological dominance of the targeted epitope 

between the primary infection and the reinfection episode in patient SR/SR-1. Dot plots 

for longitudinal tetramer staining (upper panel) and phenotyping (lower panel) from patient 

SR/SR-1 with A2/NS5B-2594 tetramer gated on viable CD3+ T lymphocytes. The A2/NS5B-

2594 tetramer+ population expanded higher frequencies than the A2/NS3-1073 tetramer+ cells 

that were present at a higher frequency post the primary infection (Figure 5A and 5C). 
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DETATILED MATERIALS AND METHODS 

IFNγ  ELISPOT assay 

HCV-specific T cell responses were measured using an IFNγ ELISPOT assay as previously 

described1 and an input of 2 × 105 PBMCs /well against 10 pools of overlapping peptides 

spanning the entire HCV polyprotein. Peptides were corresponding to the HCV genotype 1a 

(H77) and genotype 1b (J4) sequences (BEI Resources, Manassas, VA). Specific Spot forming 

cells (SFC) were calculated as “mean number of spots in test wells − mean number of spots in 

negative control wells” and normalized to SFC/106 PBMCs. A response was scored positive if 

greater than 50 SFC/106 PBMCs. 

 

Flow cytometry Antibodies 

Directly conjugated antibodies against the following molecules were used: CD3-Alexa Fluor® 

700 or –FITC (clone UCHT1), CD4-Pacific BlueTM or –PE or –FITC (clone RPA-T4), CD8-

Alexa Fluor® 700 or –Pacific BlueTM (clone RPA-T8), CD8-APC-H7 (clone SK1), CD27-

APC-H7 (clone M-T271), CD279/PD-1-APC (clone MIH4), CD244/2B4-FITC (clone 2-69), 

IFNγ-APC (clone B27), IL-2-PE (MQ1-17H12), TNFα-Alexa Fluor® 700 (clone MAb11) and 

CD107a/LAMP-1-PE-CyTM 5 (clone H4A3) all from BD Biosciences, San Diego, CA; CD3-

ECD (clone UCHT1) and CD8-ECD (clone SFCI21Thy2D3) from Beckman Coulter, 

Marseille, France; CD127/IL-7Ra-eFluor®450 (clone eBioRDR5) from eBioscience, San 

Diego, CA; Tim3-PerCP (clone 344823) from R&D Systems Inc., San Diego, CA). Live cells 

were identified using Aqua Live/Dead fixable dead cell Stain Kit (Life Technologies, 

Burlington, ON). Fluorescence minus one (FMO) control stains were used to determine 

background levels of staining. Multiparameter flow cytometry was performed using a standard 

BD LSR II instrument equipped with blue (488 nm), red (633 nm), and violet (405 nm) lasers 

(BD Biosciences,) using FACSDiva software version 6.1.3 (BD Biosciences). Data files were 

analyzed using FlowJo software version 9.4.11 for Mac (Tree Star, Inc., Ashland, OR).  

 

Phenotypic and functional analysis of HCV-specific T cells 

All assays were performed on archived frozen PBMCs. Tetramer staining for CD8-specific T 

cells was performed as previously described2 using the listed panel of tetramers. Intracellular 
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cytokine staining (ICS) and CD107a degranulation assay were performed as previously 

described2 in response to HCV peptide pool (1 µg/ml) or HCV minimum peptide (10 µg/ml) 

or SEB (200 ng/ml) as a positive control. Polyfunctionality was assessed by exporting flow 

cytometry standard (FCS) data as Boolean gates using FlowJo (version 9.5) and SPICE 

software3. Carboxyfluorescein succinimidyl ester (CFSE) proliferation assays were performed 

as previously described2 in a 6 day proliferation assay with or without HCV minimum-peptide 

or peptide pool (final concentration 1 µg/ml). Recombinant human IL-2 (20 IU/ml) (NIH 

AIDS Research and Reference Reagent Program, ATCC, Manassas, VA) was added 3 days 

post stimulation. 

 

Functional avidity assays 

Functional avidity of epitope specific CD8 T cells was measured as the dose-dependent 

production of IFNγ in response to stimulation by the reference and variant epitope sequences 

in an IFN-γ ELISPOT assay, as previously described 4. 

 

Statistical Analysis 

Statistical analysis for ELISPOT results was performed with GraphPad Prism 5 using one-

tailed Mann-Whitney test at a confidence interval of 90%.  
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ABSTRACT 

We have previously demonstrated that protection upon HCV reinfection correlates 

with increased breadth of the immune response and shifting epitope dominance (observed in 

one patient), suggesting the generation of de novo T-cell responses. Protection was also 

associated with HCV-specific T cells possessing higher polyfunctionality and functional 

avidity in response to reference epitopes and higher flexibility in response to epitope variants 

than T cells in the non-protected group. Here, we performed longitudinal analysis of the HCV-

specific T cell repertoire during HCV reinfection in the same two groups of patients; protected 

patients, who spontaneously resolved two consecutive infections (SR/SR group, n=3) and non-

protected patients, who resolved primary infection but became persistently infected upon 

reinfection (SR/CI group, n=2). Our results demonstrate that effector CD8 T-cell clonotypes 

associated with protection upon reinfection were recruited from the pre-existing memory 

population, but with a change in dominance and hierarchy of the clonotypes. The TCR 

repertoire was narrow in SR/SR patients pre-reinfection, with increased focusing upon 

reinfection. These results suggest that effector HCV-specific CD8 T-cell clonotypes associated 

with protection upon reinfection are recruited from the memory population, with focusing of 

the repertoire on specific clonotypes that exhibit superior functional avidity and 

polyfunctionality. 
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INTRODUCTION 

Definition of the correlates of protective immunity is crucial for designing prophylactic 

vaccines against chronic viruses such as HIV and HCV. We have previously demonstrated that 

protection from chronicity upon reinfection with HCV correlated with expansion of HCV-

specific polyfunctional effector T cells and increased breadth of T-cell responses, suggesting 

the generation of de novo T cell responses. In contrast, viral persistence was associated with 

limited expansion of virus-specific T cells and infection with variant viral strains, which were 

not recognized by the pre-existing virus-specific memory T cells 1. 

In this previous study we showed higher levels of functionality and polyfunctionality in 

protected (SR/SR) patients when compared to non-protected (SR/CI) patients in response to 

cognate minimal epitope 1. Autologous HCV-epitopes sequenced during reinfection were 

different from the reference epitopes in all SR/CI patients.  Dose-responses demonstrated 2 to 

10-folds higher avidity of HCV-specific T cells in SR/SR patients to the reference sequence 

when compared to SR/CI patients, and one SR/SR patient had a good response to one of the 

epitope variants, suggesting higher flexibility of the TCR-repertoire. SR/CI patients had very 

low/no avidity for the autologous epitope sequence of the reinfecting virus 1. 

The adaptive immune system generates a large number of T-cell clonotypes, each 

expressing a unique T-cell receptor (TCR). The TCR is formed of a heterodimer of the α and 

β chains. The variable region of both chains is generated by somatic gene recombination 

encoded by the variable (V), junction (J) and diversity (D) gene segments. Hypervariable 

complementarity-determining regions (CDRs) are encoded within the V gene segments. CDR3 

of the β-chain is formed by combinatorial and junctional variation, and has a major role in 

determining the specificity of the TCR2. The interplay between the TCR-repertoire and chronic 

viruses has been previously studied for different viral infections. For HIV, specific clonotypes 

dominated the response against an HIV-epitope in patients who controlled viral replication. 

These specific clonotypes showed higher avidity and polyfunctionality, and both 

characteristics were interrelated 3, 4. Certain clonotypes were observed in several controllers, 

thus termed “public” 5, 6, whereas other studies did not observe preferential use of particular 

clonotypes 7, 8. Mutations occurred in targeted epitopes to avoid recognition by these highly 
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effective clonotypes, driving expansion of alternative clonotypes with dual reactivity against 

both the original and mutated epitopes 9. For HCV, rechallenging chimpanzees with HCV 

following clearance of a primary infection demonstrated that resolution temporally coincided 

with the expansion of the dominant clonotype that was associated with the clearance of the 

primary infection 10. Higher diversity within the CDR3 region of TCR correlated with viral 

clearance and better control of the evolution of escape mutations within the targeted epitope, 

with temporary narrowing of the repertoire at the peak of the recall response 11.  

Here, we examined dynamics of the TCR repertoire relative to changes in HCV sequences 

during reinfection. Our objectives were to distinguish the role of pre-existing memory versus 

de novo T-cell responses in protection and to determine the importance of flexibility and 

diversity in the T-cell repertoire in controlling infection with variant HCV strains. Our results 

suggest that HCV-specific tetramer+ CD8+ T-cell clonotypes mobilized during the reinfection 

episode were exclusively recruited from the pre-existing memory population and that 

protective immunity in SR/SR patients is associated with a narrower TCR-repertoire that 

becomes more focused upon reinfection. 
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MATERILAS AND METHODS  

Study population and identification of HCV reinfection cases 

This study was conducted among participants of the Montreal Acute Hep C IDU 

Cohort Study (HEPCO)12 and approved by the institutional ethics committee (Protocol 

SL05.014). Primary HCV infection was identified in cohort participants who were initially 

negative for both HCV RNA and anti-HCV antibodies for at least 6 months of follow-up, then 

had a positive HCV RNA and/or antibody test as previously described13, 14. Participants who 

have resolved their primary HCV infection or participants who tested HCV RNA negative and 

HCV antibody positive at recruitment were enrolled in the reinfection study and followed 

every 3 months. HCV reinfection was defined by an HCV-RNA positive test following two 

negative tests, at least 60 days apart. The day of the first positive RNA test was defined as day 

zero post detection of reinfection (p.ri.). Nine cases of reinfection identified between 2009 and 

2012. This study includes five patients for whom samples before the reinfection episode were 

available. Samples from time points during or right after clearance of the primary infection 

were available for three patients. These five patients belonged to two groups; three patients 

spontaneously resolved their second infection while two patients became chronically infected, 

referred to hereafter as the SR/SR group and the SR/CI group, respectively. Patients’ 

demographics, clinical characteristics and infection history are listed in Table 1.  

 

HLA Class I Tetramers 

MHC class I tetramers were synthesized by the National Immune Monitoring Laboratory 

(NIML), (Montréal, QC, Canada) or the NIH Tetramer Core Facility (Emory University, 

Atlanta, GA) and are as follows: HLA-A1 restricted HCV NS3 peptide amino acids (aa) 

1436–1444 (ATDALMTGY) [A1/NS3-1436], HLA-A2 restricted HCV NS3 peptide aa 1073–

1081 (CINGVCWTV) [A2/NS3-1073], HLA-B27 restricted HCV peptide NS5B peptide aa 

2841-2849 (ARMILMTHF) [B27/NS5B-2841].  

 

Flow cytometry Antibodies 

Directly conjugated antibodies against the following molecules were used: CD3–FITC (clone 

UCHT1), CD8–Pacific BlueTM (clone RPA-T8) and CD45RO–Alexa Fluor® 700 (clone 
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UCHL1) from BD Biosciences, San Diego, CA; CD127/IL-7Ra–Alexa Fluor® 647 (clone 

HIL-7R-M21) from eBioscience, San Diego, CA. Live cells were identified using Aqua 

Live/Dead fixable dead cell Stain Kit (Life Technologies, Burlington, ON). Multiparameter 

flow cytometry and sorting was performed using a BD Aria II u instrument equipped with blue 

(488 nm), red (633 nm), and violet (405 nm) lasers (BD Biosciences,) using FACSDiva 

software version 6.1.3 (BD Biosciences). Data files were analyzed using FlowJo software 

version 9.4.11 for Mac (Tree Star, Inc., Ashland, OR).  

 

Purification and sorting of tetramer+ CD8+ T cells 

Frozen PBMCs were thawed and the CD8+ T cells were purified using the negative selection 

MACS CD8+ T cell Isolation Kit (Miltenyi Biotec Inc, Auburn, CA). Tetramer staining for 

CD8-specific T cells was performed as previously described13 using the listed panel of 

tetramers. Surface staining for CD3, CD8, CD45RO and CD127 was performed as previously 

described13 using the listed panel of antibodies. 

 

Sequencing the Vβ-chain of the TCR 

Genomic DNA was extracted from the sorted cells and the variable β-chain (Vβ) of TCR was 

sequenced using the high-throughput sequencing technology provided by Adaptive 

Biotechnology (Seattle, USA). The obtained data were analyzed using ImmunoSEQTM 

software. Clonotypes with a percentage of less than 0.01% of the total repertoire were 

excluded from the analysis.  
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RESULTS  

Clonotypes expanding at the peak of reinfection are recruited from the pre-existing 

memory population rather than being de novo responses 

We performed longitudinal analysis of the HCV-epitope-specific T-cell repertoire 

during HCV reinfection in five patients with different outcomes of the reinfection episode; 

three patients who resolved two successive HCV infections (SR/SR group), and two patients 

who became persistently infected upon reinfection (SR/CI group) (Table 1). Epitope-specific 

CD8 T cells identified by MHC class I tetramer (as detailed in Table 1) were sorted at various 

time points; pre-reinfection, at the peak of reinfection and late/post the reinfection episode. 

The gating strategy used for sorting is explained in Supplementary Figure 1. The TCRBV 

gene and TCRBJ gene usage, as well as the CDR3 chain amino acid sequence for all Vβ 

chains for the different T-cell clonotypes were analysed (Supplementary Tables S1 to S5). 

This analysis led to several observations about the TCR-repertoire of epitope-specific CD8 T 

cell populations.  

We and others have reported that reinfection was associated with a significant increase 

in the breadth of T-cell responses suggesting the generation of de novo T-cell responses 1, 15. 

This raised the possibility that within the epitope-specific CD8 T-cell population, the effector 

cells appearing at the peak of the immune response during reinfection in the SR/SR group 

could be due to the recruitment of new clonotypes from the naïve T-cell pool. We 

distinguished the effector versus memory HCV-specific T cells according to the expression of 

the IL7-receptor α chain (CD127), and analyzed the repertoire of HCV-specific T-cell 

populations at the peak of immune response against reinfection to determine whether effector 

T cells were recruited from the memory pool or generated de novo. 

Our longitudinal analysis of the Vβ-chain of TCR did show a conserved pattern of Vβ 

usage in all of the tested patients, where the dominant and sub-dominant clonotypes forming 

the population at the peak of immune response during reinfection were recruited from the 

memory population generated following the clearance of the primary infection, with lack of 

appearance of new clonotypes (Figure 1 and Supplementary Tables S1 to S5). Nevertheless, 

the frequency of the different clonotypes changed upon reinfection causing a change in the 
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hierarchy of the utilized clonotypes. These results suggest that the effector CD8 T cells were 

effector memory cells (TEM) recruited from the central memory pool rather than being 

recruited from the naïve repertoire. 

 

Protective immunity in SR/SR patients is associated with a narrower TCR-repertoire 

that becomes more focused upon reinfection 

The interplay between the TCR-repertoire of epitope-specific CD8 T cells and chronic 

viruses has been studied in the context of the LCMV model, as well as HIV and HCV 

infections. The results from these studies were controversial concerning the diversity of the 

repertoire and its correlation with control of infection and reinfection, where some studies 

showed control was associated with a more diverse TCR-repertoire11, while other studies 

demonstrated it was associated with a more focused repertoire16, 17. 

Our analysis revealed that the clonotype-composition of the repertoire in the tested 

SR/SR patients was less diverse than that observed for SR/CI patients at pre-reinfection, where 

75-83% of the repertoire was attributed to 14-23 TCR-clonotypes, and it became more focused 

at the peak of the immune response during reinfection for patients SR/SR-1 and SR/SR-2 

(92% and 96% of the repertoire was attributed to 15 and 2 TCR-clonotypes, respectively) 

(Figure 2A, 2B and 2C). In those two patients, the repertoire retained a more focused status 

post reinfection when compared to the pre-reinfection time point, with 77% and 93% of the 

repertoire attributed to 16 and 4 clonotypes, respectively (Figure 2A and 2B). Patient SR/SR-3 

showed no focusing of the repertoire upon reinfection (Figure 2C), and this comes in 

accordance with our previous results, where there was no expansion of the tetramer+ 

population in this patient upon reinfection, and ELISPOT data suggested the patient was 

reinfected with a different HCV subtype 1. In contrast, the repertoire in the tested SR/CI 

patients was more diverse; where the dominant clonotypes (present at ≥1%) represented 37% 

and 55% of the repertoire and were attributed to 18 and 23 TCR-clonotypes, respectively. At 

the peak of the immune response during reinfection the repertoire was still more diverse than 

in the SR/SR patients (the dominant category represented 28-64% of the repertoire) (Figure 

3A and 3B). The remaining ~40-60% of the repertoire was represented by 130-300 clonotypes, 

whereas in the SR/SR patient the number of minor clonotypes never exceeded 116 unique 
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clonotypes (except at the time point post infection for patient SR/SR-1, where the sample was 

a leukaphoresis sample, and it had ~10-40 fold the number of sequences available for other 

time points in the same patient and other patients (indicated by an asterisk in the top row of 

Figure 2A)). Late during reinfection, we did not observe increased focusing of the repertoire in 

SR/CI patients, as compared to the pre-reinfection time point.  

A narrower repertoire that becomes more focused upon reinfection in the protected 

group was further supported by the observation that the top three clonotypes and the top two 

clonotypes in patients SR/SR-1 and SR/SR-2 represented 28% and 59% of the repertoire pre-

reinfection, respectively (Figure 2A and 2B, the dissected pie-charts in the lower rows). Upon 

reinfection they became more dominant, representing 51% and 96% of the repertoire, 

respectively. Post reinfection they were more dominat when compared to the pre-reinfection 

time point, forming 39% and 90% of the repertoire, respectively. On the other hand, the top 

three clonotypes in the tested SR/CI patients never represented more than 27% of the 

repertoire, and were sometimes as low as 9% (Figure 3A and 3B, the dissected pie-charts in 

the lower rows).  

Similarly, the Jβ usage was less diverse for SR/SR patients in comparison to SR/CI 

patients; where the top three TCRBJ alleles utilized at the different time points had an average 

of 81% in the former group versus 55% in the latter (Figure 4). The top Jβ-gene allele in the 

SR/SR group was TCRBJ 2.7, and it accounted for 43-97% of the total usage within the TCRβ 

chains in all clonotypes, versus 23-28% for the top Jβ-gene allele in SR/CI patients.  

Distinct clonotypes mobilized against the same epitope in different patients 

A study in HIV patients with a similar HLA allele background showed that infection 

controllers targeted an immunodominant epitope with T-cell clonotypes distinct from those 

observed in progressors. These clonotypes were characterized by superior control of viral-

replication in vitro and enhanced cross-reactivity to different variants of the epitope 8. Some of 

these clonotypes were recurrently observed in several patients of the controllers’ group (6/19) 
5. Whether protective immunity upon HCV reinfection in a human cohort would be associated 

with specific clonotypes dominating the TCR-repertoire that are distinct from clonotypes 

observed in the non-protected group is still an area that needs extensive studying. 
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Our analysis demonstrate that the dominant and subdominant Vβ-CDR3-Jβ detected in 

the tested patients showed no overlap, where no clonotypes were found to be common 

between patients targeting the same epitope, whether they belonged to different groups 

(SR/SR-1 and SR/CI-2 recognizing the HLA-A2 restricted NS3-1073 epitope) (Supplementary 

Tables S1 and S4) or even when they belonged to the same group (SR/SR-2 and SR/SR-3 

recognizing the HLA-B27 restricted NS5B-2841 epitope) (Supplementary Tables S2 and S3). 

Sequencing the Vβ-chain from more patients is needed, to verify whether some clonotypes are 

recurrent in the repertoire of different patients from the same group and thus represent “public 

clonotypes” associated with the outcome. Also, it would allow us to identify whether distinct 

clonotypes are found in the SR/SR repertoire versus the SR/CI repertoire. 
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DISCUSSION 

Defining the correlates of protective immunity at the clonotypic level is essential for 

the fine-tuning of the design of prophylactic vaccines against chronic viruses with highly 

variable sequences such as HIV and HCV. This study represents an initial insight into the 

dynamics of the virus-specific CD8 T-cell repertoire during HCV reinfection episodes in a 

real-life setting. Our results suggest that the effector HCV-specific CD8 T-cell clonotypes 

associated with protection upon reinfection were recruited from the memory population, rather 

than being de novo responses. The repertoire was narrower in the protected patients in 

comparison to un-protected patients, and it became more focused upon reinfection. As we 

previously demonstrated, these HCV-specific CD8 T-cells were associated with higher 

functional avidity and polyfunctional potential than those from un-protected patients 1.  

Our longitudinal analysis of the Vβ-chain of the TCR showed a conserved pattern of 

Vβ usage, where the dominant and sub-dominant clonotypes forming the effector population 

at the peak of immune response during reinfection were recruited from the pre-existing 

memory population generated following the clearance of the primary infection, without the 

appearance of new clonotypes. It has been demonstrated before in the LCMV model that the 

TCR repertoire of the primary epitope-specific CD8 T-cell response was conserved in the 

memory pool and the secondary effector recall response, where there was identity between the 

clonotypes that formed 60-100% of the primary effector, memory and recall responses 18, 19. 

Rapid resolution of HCV infection upon rechallenging chimpanzees also coincided with the 

expansion of T-cell clonotypes that dominated the memory CD8 T-cell pool. These specific 

TCR clonotypes were tracked through the different HCV challenges 10, 11. 

With regards to the diversity of the repertoire, data from the LCMV mouse model and 

the HCV chimpanzee model suggested that repeated reinfections would selectively expand 

and enrich cells of higher functional avidity already recruited during the primary infection 

provided that the targeted epitope remain unchanged11, 18. Indeed, our longitudinal analysis of 

the TCR-repertoire during HCV reinfection demonstrates that the repertoire composition in 

the tested SR/SR (protected) patients was narrower and less diverse than the repertoire in the 

SR/CI (unprotected) patients at the time point pre-reinfection and it became more focused at 

the peak of the immune response during reinfection, and retained a highly focused 



 

 131 

composition post reinfection. In contrast, the repertoire in the tested SR/CI patients was more 

diverse, even at the peak of immune response during reinfection. It has been demonstrated 

before in the LCMV mouse model that the repertoire of an epitope-specific CD8 T-cell 

population was highly focused, where 70% of the response against LCMV was due to three 

clonotypes 18. In the cytochrome-c antigen system there was narrowing of the T-cell repertoire 

upon second exposure relative to the primary repertoire, suggesting selection of the clonotypes 

with highest affinity 20. Analysis of the TCR repertoire of epitope-specific CD8 T cells in HIV 

patients also demonstrated narrower and more focused TCR-repertoires of high-avidity 

populations in patients who were able to control HIV-1 infection compared to progressors 21. 

On the other hand, a previous study of an HCV-epitope (NS3-1406) suggested that higher 

diversity of the repertoire would be more advantageous, otherwise the virus would undergo 

mutation of the epitope to exploit gaps present in the repertoire 22. A chimpanzee rechallenge 

study suggested a similar conclusion, since the majority of HCV-epitopes that escaped 

immune recognition upon reinfection were targeted by a CD8 T-cell repertoire with reduced 

CDR3 amino acid diversity. This suggested that it is more advantageous to generate and 

maintain a diverse TCR repertoire against individual epitopes, since limited TCR diversity 

would facilitate CTL escape mutations in HCV infected chimpanzees 11. Unfortunately, there 

are no previous studies analyzing the TCR-repertoire for HCV-specific T-cells in humans, and 

results from chimpanzee studies should be taken cautiously, since it was shown that some 

TCRBV genes in the chimpanzee have been lost in humans. This could be a probable cause of 

discrepancy of findings between chimpanzee and human studies for responses against the 

same HCV-epitopes 23. Another important factor that might cause discrepancy is that the 

chimpanzees in these studies were rechallenged with a specific and homologous viral 

sequence and therefore exposed to a less diverse viral infection, which is completely different 

from natural human infections where the viral sequences circulating within an individual 

patient and infecting other humans are a mosaic of highly diverse “quasispecies” 24.  

Particular clonotypes were found to be preferentially selected in several HIV-infected 

individuals who controlled viral-replication. These public clonotypes exhibiting higher avidity 

imposed selective pressure causing early mutation in the epitope that enables the virus to 

escape their recognition 5, 9. However, recent data demonstrated that even variant epitopes 



 

 132 

could be recognized by highly efficient T-cell clonotypes expressing particular TCRs that are 

more flexible and thus recognize multiple epitope variants and possess higher functional 

avidity 5, 25. Our longitudinal analysis of the dominant and subdominant Vβ-CDR3-Jβ 

clonotypes in the tested patients showed no overlap, where no clonotypes were found to be 

common between patients with the same HLA background and targeting the same epitope, 

even when they belonged to the same group (patients SR/SR-2 and SR/SR-3). It is very early 

to draw a definitive conclusion about whether or not specific clonotypes could correlate with 

protection, taking into consideration the limited number of patients included in this study. In 

HIV studies, up to 19 patients needed to be recruited to show that some public clonotypes 

were present in 6 patients 5.  

We previously demonstrated that protected patients (the SR/SR group) showed higher 

avidity of HCV-specific T cells to the reference sequence of the targeted epitopes. 

Unprotected (SR/CI) patients had moderate/low avidity for the reference epitope sequence, but 

no avidity for the autologous epitope sequence of the reinfecting virus 1 which could be 

attributed to “original antigenic sin” 26. One SR/SR patient had a moderate response to one of 

the variant epitopes, suggesting higher flexibility of the TCR-repertoire. Flexibility in the T 

cell repertoire correlated with better control of viral escape mutants in both the HCV and HIV 

field 5, 8, 9, 11 and it would be interesting to validate such results in a reinfection model. We also 

observed in our previous study that polyfunctionality upon stimulation with minimum peptides 

correlated with avidity, where patients with highest avidity had the highest functionality and 

polyfunctionality, and vice versa 1. This has already been shown within the context of HIV 

infection, where superior functional avidity of epitope-specific CD8 T cells was interlinked 

with their high polyfunctional capacity 3.  

These results for the TCR-repertoire from peripheral blood mononuclear cells 

(PBMCs) are expected to reflect what is happening in the liver, since chimpanzees studies 

showed that the peripheral epitope-specific CD8 T-cell repertoire reflected the intra-hepatic 

response, where identical clonotypes were present in both the liver and the peripheral 

circulation, differing only in having a higher magnitude in the liver 10. 

In conclusion, our results show that epitope-specific CD8 T-cell clonotypes expanding 

at the peak of reinfection episodes are recruited from the memory pool, rather than being de 
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novo clonotypes mobilized from the naïve pool. The repertoire is narrower in the protected 

patients in comparison to unprotected patients, and it becomes more focused upon reinfection, 

suggesting that distinct TCRs would provide superior control of HCV-infection due to having 

higher functional avidity and polyfunctionality. These results argue in favour of designing 

vaccines that focus on immunodominant epitopes that induce distinct public clonotypes 

possessing superior functional avidity and polyfunctionality. One major constraint of vaccine 

development for HIV and HCV is the highly heterologous nature of these viruses. It is 

possible that a vaccination regimen rechallenging humans with different antigenic variants of 

the epitope may favour “stretching” of the repertoire by mobilizing T-cell clonotypes bearing 

flexible TCRs that can recognize different variants of the epitope. Analysis of the T-cell 

repertoire for more patients and for populations targeting other HCV-epitopes would be 

needed to confirm these results and to verify the presence of public clonotypes conferring 

protection against HCV persistence. Generating cell-lines from individual clonotypes would 

enable testing their individual avidity, functionality and antiviral efficacy. 
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Table 1: Patients’ demographics and sequencing results for the epitopes during reinfection 

 

Patient 
code 

Status at start 
of follow-up 

Age at 
reinfection 

(years) 

 
Gender 

 

HCV 
Genotype 

(First 
infection/ 

reinfection) 

HLA 
Class I 

Tetramers 

 

Autologous epitope sequence during reinfection 
compared to reference sequence* 

 
 

Early 
 

Late 
       

  

SR/SR-1 HCV Resolver 53 M ND/1 A2, B58 
A2/NS3-1073 

A2/NS5B-2594 
  

         

SR/SR-2 HCV Resolver 43 M ND/1 A24/A26, 
B27/B49 

B27/NS5B-2841   

         

SR/SR-3 HCV Naïve 42 M 1a/1 
A23/A32 
B27/B44 

B27/NS5B-2841 
  

         
         
         

         

SR/CI-2 Acute primary  
HCV 

29 M 1a/1a A2,    
B39/B44 

A2/NS3-1073 

 

CINGVCWTV 

----A---- (10/10) 

 

CINGVCWTV 

------L—I (8/8) 

SR/CI-3 HCV Resolver 30 F ND/1a A1/A29 
B35/B44 

A1/NS3-1436 

 

ATDALMTGY 

--------F (4/4) ** 

 

ATDALMTGY 

--------F (11/11) 

 
         

 

ND = Not determined; SR: Spontaneous Resolution; CI: Chronic Infection 

* Dashes indicate identity with the reference sequence of the peptide used in the tetramer 

** No. of positive clones/Total no. of clones 
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Figure 1 
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Figure 1: HCV-specific tetramer+ CD8 T-cell clonotypes mobilized during the 

reinfection episode were exclusively recruited from the pre-existing memory 

population. The top ten dominant clonotypes (frequency ≥1%) isolated directly ex vivo 

from (A) three SR/SR patients and (B) two SR/CI patients followed-up longitudinally 

during primary HCV infection (patient SR/SR-3) and reinfection episode at pre-

reinfection, peak expansion and post reinfection (all five patients). The numbers between 

brackets beside the patient’s number indicates the epitope for which the T-cell population 

is specific. 
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                 Figure 2 
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Figure 2: Narrowly focused epitope-specific CD8 T cell repertoire in SR/SR patients. Distribution 

of the different categories of clonotypes forming the epitope-specific CD8 T cell repertoire for three 

SR/SR patients at pre-reinfection, peak and post reinfection episode (A) patient SR/SR-1 (B) SR/SR-2 

and (C) SR/SR-3. For patient SR/SR-3 there was follow-up during primary HCV infection, as well. 

The pie charts in the upper rows show the percentage of each category with respect to the total 

repertoire (dominant, sub-dominant, low-abundance and lowest abundance clonotypes in blue, red, 

green and violet, respectively). The percentages are represented by black numbers inside the pie. The 

numbers between brackets around the pie charts represent the number of unique clonotypes forming 

each category (indicated in the corresponding color). The sliced pie charts in blue at the lower rows 

represent the dissection of the individual clonotypes forming the dominant category, with the frequency 

of the most dominant 3 clonotypes written in white inside the corresponding slice. 
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                 Figure 3 
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Figure 3: More diverse epitope-specific CD8 T cell repertoire in SR/CI patients. Pie charts 

showing the distribution of the different categories of clonotypes forming the epitope-specific CD8 T 

cell repertoire for two SR/CI patients pre-, at the peak and late during the reinfection episode (A) 

patient SR/CI-2 and (B) SR/CI-3. The pie charts in the upper rows show the percentage of each 

category (dominant, sub-dominant, low-abundant and lowest abundant clonotypes in blue, red, green 

and violet, respectively) with respect to the total clonotypes. The percentages are represented by black 

numbers inside the pie. The numbers between brackets around the pie charts represent the number of 

unique clonotypes forming each category (indicated in the corresponding color). The sliced pie charts 

in blue at the lower rows represent the dissection of the individual clonotypes forming the dominant 

category, with the frequency of the most dominant 3 clonotypes written in white inside the 

corresponding slice. 
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                 Figure 4 
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Figure 4: Less diverse TRBV-J usage for epitope-specific CD8 T cell repertoire in SR/SR patients 

as compared to SR/CI patients. Shown are the percentages of specific J-chain usage for unique 

clonotypes for (A) three SR/SR patients and (B) two SR/CI patients pre-, at the peak and post/late the 

reinfection episode. 
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Supplementary Table 1: Clonotype usage in epitope-specific CD8 T cells for patient SR/SR-1 

during an HCV reinfection episode. TRBV and TRBJ usage, CDR3 amino acid sequence, clonotype 

frequency for the dominant clonotypes (clonotypes present at frequency ≥1%) and the count of 

TCRβ sequences corresponding to the percentages. The epitope-specific CD8 T cells were isolated 

directly ex vivo from patient SR/SR-1 at time points (A) pre-reinfection, (B) peak reinfection CD127- 

cells, (C) peak reinfection CD127+ cells and (D) post reinfection, and were analyzed for the TCR-

repertoire of epitope-specific CD8 T cells. 

 

(A)  Patient SR/SR-1 at pre-reinfection (Wk -55) 
          

TRBV CDR3 TRBJ Freq. (%) Count 

06-01 CASSDPLAGGNEQYF 02-07 11.68 7771 

20 CSAWTGSATEAFF 01-01 8.55 5686 

06-01 CASSEVVTAFSYEQYF 02-07 7 4656 

07-09 CASISSNQPQHF 01-05 4.56 3036 

04-02 CASSQLLAGGSYEQYF 02-07 4 2662 

24 CATSDAPGTGIPYEQYF 02-07 3.78 2517 

07-08 CASSLASLGLALSSYEQYF 02-07 3.71 2469 

27-01 CASSLGTQTYEQYF 02-07 3.16 2099 

03 CASSQDLGLLRDTGELFF 02-02 2.99 1986 

27-01 CASSPGTSDPANYGYTF 01-02 2.69 1788 

12 CASSLSGTGELFF 02-02 2.66 1769 

20 CSAPGPGVSVEKLFF 01-04 2.5 1660 

28-01 CASSSGQGNIQYF 02-04 2.05 1366 

03 CASSQEPSGSWGEQYF 02-07 2.04 1360 

04-01 CASSQAAGVGYPTEAFF 01-01 2.03 1350 

10-03 CAISRDSIQFGNTIYF 01-03 1.99 1322 

04-03 CASSQEQGAPGELFF 02-02 1.77 1174 

14-01 CASSRGPDTEAFF 01-01 1.59 1055 

12 CASSFGDQQYF 02-07 1.4 933 

24 CATSDQSREQYF 02-07 1.34 890 

06 CASSYLFGDANTGELFF 02-02 1.31 872 

07-03 CASSLTCDRTHSVYGYTF 01-02 1.16 769 

30-01 CAWRLGSGEKLFF 01-04 1.12 743 
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(B)  Patient SR/SR-1 at peak reinfection - CD127- Tet+ Cells (Wk 3) 
          

TRBV CDR3 TRBJ Freq. (%) Count 

20 CSAWTGSATEAFF 01-01 33.37 67293 

27-01 CASSLGTQTYEQYF 02-07 10.12 20402 

24 CATSDAPGTGIPYEQYF 02-07 8.19 16511 

27-01 CASSPGTSDPANYGYTF 01-02 7.54 15209 

06-01 CASSDPLAGGNEQYF 02-07 5.8 11692 

07-09 CASISSNQPQHF 01-05 5.16 10411 

28-01 CASSSGQGNIQYF 02-04 3.57 7208 

04-02 CASSQLLAGGSYEQYF 02-07 3.57 7197 

14-01 CASSRGPDTEAFF 01-01 3.16 6376 

unresolved CASSLSGTGELFF 02-02 2.45 4947 

28-01 CASSSGQGNIQYF 02-04 2.37 4785 

03 CASSQDLGLLRDTGELFF 02-02 2.02 4069 

20 CSAQTGRDTEAFF 01-01 1.94 3909 

05-06 CASSQGGDRGDPGDGYTF 01-02 1.23 2488 

07-08 CASSLASLGLALSSYEQYF 02-07 1.09 2193 
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(C)  Patient SR/SR-1 at peak reinfection - CD127+ Tet+ Cells (Wk 3) 
        

TRBV CDR3 TRBJ Freq. (%) Count 
20 CSAWTGSATEAFF 01-01 25.68 57007 

06-01 CASSDPLAGGNEQYF 02-07 14.86 32989 

04 CATSDAPGTGIPYEQYF 02-07 9.26 20554 

27-01 CASSPGTSDPANYGYTF 01-02 7.86 17448 

04-02 CASSQLLAGGSYEQYF 02-07 4.54 10070 

27-01 CASSLGTQTYEQYF 02-07 3.28 7280 

12 CASSLSGTGELFF 02-02 3.27 7249 

06-01 CASSEVVTAFSYEQYF 02-07 2.63 5831 

03 CASSQDLGLLRDTGELFF 02-02 2.53 5614 

07-09 CASISSNQPQHF 01-05 2.2 4875 

03 CASSQEPSGSWGEQYF 02-07 1.86 4133 

07-08 CASSLASLGLALSSYEQYF 02-07 1.26 2787 

14-01 CASSRGPDTEAFF 01-01 1.14 2540 

28-01 CASSSGQGNIQYF 02-04 1.07 2366 
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(D)  Patient SR/SR-1 at post reinfection (Wk 24) 
        

TRBV CDR3 TRBJ Freq. (%) Count 
20 CSAWTGSATEAFF 01-01 15.62 78987 

06-01 CASSDPLAGGNEQYF 02-07 13.45 68019 

24 CATSDAPGTGIPYEQYF 02-07 10.14 51281 

27-01 CASSPGTSDPANYGYTF 01-02 7.25 36680 

27-01 CASSLGTQTYEQYF 02-07 5.25 26560 

04-02 CASSQLLAGGSYEQYF 02-07 4.98 25169 

07-09 CASISSNQPQHF 01-05 3.56 17975 

12 CASSLSGTGELFF 02-02 2.94 14843 

06-01 CASSEVVTAFSYEQYF 02-07 2.28 11524 

07-08 CASSLASLGLALSSYEQYF 02-07 2.19 11083 

28-01 CASSSGQGNIQYF 02-04 1.89 9543 

03 CASSQDLGLLRDTGELFF 02-02 1.74 8775 

14-01 CASSRGPDTEAFF 01-01 1.69 8569 

04-01 CASSQAAGVGYPTEAFF 01-01 1.62 8186 

03 CASSQEPSGSWGEQYF 02-07 1.51 7629 

05-06 CASSQGGDRGDPGDGYTF 01-02 1.15 5800 
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Supplementary Table 2: Clonotype usage in epitope-specific CD8 T cells for patient SR/SR-2 

during an HCV reinfection episode. TRBV and TRBJ usage, CDR3 amino acid sequence, clonotype 

frequency for the dominant clonotypes (clonotypes present at frequency ≥1%) and the count of 

TCRβ sequences corresponding to the percentages. The epitope-specific CD8 T cells were isolated 

directly ex vivo from patient SR/SR-2 at time points (A) pre-reinfection, (B) peak reinfection and (C) 

post reinfection, and were analyzed for the TCR-repertoire of epitope-specific CD8 T cells. 

 

(A)  Patient SR/SR-2 at pre-reinfection (Wk -46) 
     

TRBV CDR3 TRBJ Freq. (%) Count 

11-02 CASSFDSGAYEQYF 02-07 35.97 13631 

19-01 CASSTKQGWYEQYF 02-07 23.46 8889 

10-02 CASSDAYNEKLFF 01-04 2.9 1098 

19-01 CASSTKQGWYEQYF 02-07 2.81 1065 

04-01 CASSPLVQGGLQPQHF 01-05 1.9 720 

02-01 CASSEGTTNTGELFF 02-02 1.52 575 

07-03 CASSWDSGAEAFF 01-01 1.45 549 

05-06 CASSLKAVVTGELFF 02-02 1.44 544 

04-01 CASSFDGGNQPQHF 01-05 1.3 493 

06 CASSIDKLNTEAFF 01-01 1.22 464 

04-01 CASSFDFQGSYEQYF 02-07 1.16 439 

04-01 CASSQVHLGQSTLNTEAFF 01-01 1.12 425 

06 CASALRGANVLTF 02-06 1.07 404 

27-01 CASSPYGGSNTGELFF 02-02 1.05 397 

     

     

(B)  Patient SR/SR-2 at peak reinfection (Wk 4) 
          

TRBV CDR3 TRBJ Freq. (%) Count 

19-01 CASSTKQGWYEQYF 02-07 81.88 68836 

11-02 CASSFDSGAYEQYF 02-07 13.7 11514 
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(C)  Patient SR/SR-2 at post reinfection (Wk 12) 
          

TRBV CDR3 TRBJ Freq. (%) Count 

19-01 CASSTKQGWYEQYF 02-07 66.44 40660 

11-02 CASSFDSGAYEQYF 02-07 24.29 14863 

04-01 CASSFDGGNQPQHF 01-05 1.07 656 

10-02 CASSDAYNEKLFF 01-04 1.02 625 
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Supplementary Table 3: Clonotype usage in epitope-specific CD8 T cells for patient SR/SR-3 

during an HCV reinfection episode. TRBV and TRBJ usage, CDR3 amino acid sequence, clonotype 

frequency for the dominant clonotypes (clonotypes present at frequency ≥1%) and the count of 

TCRβ sequences corresponding to the percentages. The epitope-specific CD8 T cells were isolated 

directly ex vivo from patient SR/SR-3 at time points at (A) primary infection CD127- cells, (B) primary 

infection CD127+ cells (C) pre-reinfection, (D) peak reinfection and (E) post reinfection, and were 

analyzed for the TCR-repertoire of epitope-specific CD8 T cells. 
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(A)  Patient SR/SR-3 at primary infection - CD127- Tet+ Cells  
(Wk -53) 

          

TRBV CDR3 TRBJ Freq. (%) Count 

13-01 CASRLGASSYNEQFF 02-01 9.83 17131 

06 CASSYGQAYQPQHF 01-05 9.56 16650 

06 CASSYSNLPVFSPNQPQHF 01-05 6.58 11465 

19-01 CASSIVGHMNTEAFF 01-01 6.06 10549 

27-01 CASSLYGGSNTGELFF 02-02 5.62 9791 

02-01 CASSEGSHSNQPQHF 01-05 5.15 8966 

20 CSASITGTEQYF 02-07 4.51 7852 

19-01 CASSIVGHLNTEAFF 01-01 3.87 6737 

04-03 CASSRARGSTEVREQFF 02-01 3.8 6619 

12-05 CASGYAGANVLTF 02-06 3.47 6042 

05-01 CASSFDRGGYEQYF 02-07 2.56 4451 

04-01 CASSFDGQGYEQYF 02-07 2.2 3833 

18-01 CASSPATGTEAFF 01-01 2.18 3799 

05-06 CASSLNLGAGNNEQFF 02-01 2.1 3657 

29-01 CSVGGTGTYGYTF 01-02 2 3486 

28-01 CASSLKGQVGEQYF 02-07 1.77 3079 

09-01 CASSVSPDNTDTQYF 02-03 1.48 2571 

28-01 CASSLEGSAGELFF 02-02 1.42 2469 

10-03 CAISESGQALITYEQYF 02-07 1.42 2468 

05-01 CASSPGTTNTGELFF 02-02 1.33 2323 

11-02 CASSLASNEQFF 02-01 1.33 2312 

04-01 CASSHDTGGYEQYF 02-07 1.26 2202 

11-02 CASSFLGGLDEQFF 02-01 1.21 2113 

04-03 CASSFDRGGYEQYF 02-07 1.21 2110 

05-01 CASSLDASSASYEQYF 02-07 1.13 1974 

06-05 CASSSGLALVFEQFF 02-01 1.1 1910 

04-01 CASSFSSGGYEQYF 02-07 1.04 1813 
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(B)  Patient SR/SR-3 at primary infection - CD127+ Tet+ Cells  
(Wk -53) 

          

TRBV CDR3 TRBJ Freq. (%) Count 

06 CASSYGQAYQPQHF 01-05 13.78 16767 

06 CASSYSNLPVFSPNQPQHF 01-05 9.21 11203 

20 CSASITGTEQYF 02-07 7.78 9466 

19-01 CASSIVGHLNTEAFF 01-01 5.46 6638 

02-01 CASSEGSHSNQPQHF 01-05 5.08 6184 

13-01 CASRLGASSYNEQFF 02-01 3.3 4013 

04-01 CASTAGSNTGELFF 02-02 2.7 3288 

29-01 CSVGGTGTYGYTF 01-02 2.64 3210 

05-06 CASSLNLGAGNNEQFF 02-01 2.49 3030 

11-02 CASSFLGGLDEQFF 02-01 2.4 2922 

28-01 CASSLEGSAGELFF 02-02 2.2 2678 

05-01 CASSFDRGGYEQYF 02-07 2.08 2531 

11-02 CASSLAVSSEQFF 02-01 2.07 2524 

19-01 CASSIVGHMNTEAFF 01-01 2.07 2516 

05-06 CASSLGLPGLAGAYEQYF 02-07 2.03 2475 

04-01 CASSFDTGGYEQYF 02-07 1.93 2345 

06 CASSWTAIEQYF 02-07 1.77 2159 

18-01 CASSPATGTEAFF 01-01 1.77 2148 

05-01 CASSPGTTNTGELFF 02-02 1.7 2074 

06-05 CASSSGLALVFEQFF 02-01 1.61 1953 

11-02 CASSLASNEQFF 02-01 1.55 1890 

27-01 CASSLYGGSNTGELFF 02-02 1.47 1792 

12-05 CASGYAGANVLTF 02-06 1.35 1644 

10-03 CAISESGQALITYEQYF 02-07 1.25 1519 

04-03 CASSRARGSTEVREQFF 02-01 1.17 1427 

04-03 CASSFDRGGYEQYF 02-07 1.08 1316 
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(C)  Patient SR/SR-3 at pre-reinfection (Wk -34) 
          

TRBV CDR3 TRBJ Freq. (%) Count 

05-01 CASSLDASSASYEQYF 02-07 25.51 23533 

05-01 CASREDGGGYEQYF 02-07 7.03 6486 

06 CASSYGQAYQPQHF 01-05 6.96 6418 

06 CASSYSNLPVFSPNQPQHF 01-05 6.07 5597 

20 CSASITGTEQYF 02-07 5.55 5122 

19-01 CASSIVGHLNTEAFF 01-01 4.23 3898 

02-01 CASSEGSHSNQPQHF 01-05 3.56 3279 

19-01 CASSIVGHMNTEAFF 01-01 3.25 3002 

13-01 CASRLGASSYNEQFF 02-01 2.86 2637 

05-06 CASSLNLGAGNNEQFF 02-01 2.69 2478 

28-01 CASSLEGSAGELFF 02-02 2.61 2411 

27-01 CASSLYGGSNTGELFF 02-02 1.62 1496 

29-01 CSVGGTGTYGYTF 01-02 1.51 1391 

27-01 CASSLYRVGYNEQFF 02-01 1.48 1366 

11-02 CASSFLGGLDEQFF 02-01 1.44 1328 

05-01 CASSPGTTNTGELFF 02-02 1.36 1251 

05-01 CASSFDRGGYEQYF 02-07 1.32 1218 

05-06 CASSLGLPGLAGAYEQYF 02-07 1.21 1113 

10-02 CASCDNTGYEQYF 02-07 1.06 974 

11-02 CASSLAVSSEQFF 02-01 1.03 953 

04-01 CASSFDGQGYEQYF 02-07 1.03 952 
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(D)  Patient SR/SR-3 at peak reinfection (Wk 4) 
          

TRBV CDR3 TRBJ Freq. (%) Count 

05-01 CASSLDASSASYEQYF 02-07 9.43 7774 

06 CASSYSNLPVFSPNQPQHF 01-05 8.81 7265 

20 CSASITGTEQYF 02-07 8.08 6662 

27-01 CASSLYGGSNTGELFF 02-02 7.46 6150 

04-01 CASSFDGQGYEQYF 02-07 5.63 4644 

28-01 CASSLKGQVGEQYF 02-07 4.77 3931 

13-01 CASRLGASSYNEQFF 02-01 3.7 3049 

05-01 CASSFDRGGYEQYF 02-07 3.56 2933 

19-01 CASSIVGHLNTEAFF 01-01 3.49 2878 

05-01 CASREDGGGYEQYF 02-07 3.44 2840 

28-01 CASSLEGSAGELFF 02-02 3.16 2606 

02-01 CASSEGSHSNQPQHF 01-05 2.88 2373 

04-03 CASSRARGSTEVREQFF 02-01 2.31 1905 

27-01 CASSLYRVGYNEQFF 02-01 2.07 1711 

29-01 CSVGGTGTYGYTF 01-02 1.86 1533 

11-02 CASSLAVSSEQFF 02-01 1.83 1513 

11-02 CASSLASNEQFF 02-01 1.81 1494 

04-03 CASSQSSMQDPYGYTF 01-02 1.55 1278 

06 CASSYGQAYQPQHF 01-05 1.5 1235 

04-03 CASSFDRGGYEQYF 02-07 1.39 1144 

06 CASSWTAIEQYF 02-07 1.19 982 

19-01 CASSIVGHMNTEAFF 01-01 1.1 909 

02-01 CASNFDKGGYEQYF 02-07 1.07 885 

09-01 CASSVSPDNTDTQYF 02-03 1.06 871 

29-01 CSVAHTGTEQYF 02-07 1.03 847 
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(E)  Patient SR/SR-3 at post reinfection (Wk 12) 
          

TRBV CDR3 TRBJ Freq. (%) Count 

27-01 CASSLYGGSNTGELFF 02-02 9.75 7078 

20 CSASITGTEQYF 02-07 9.04 6562 

04-01 CASSFDGQGYEQYF 02-07 8.87 6438 

V06 CASSYSNLPVFSPNQPQHF 01-05 7.31 5309 

28-01 CASSLKGQVGEQYF 02-07 6.71 4870 

05-01 CASSLDASSASYEQYF 02-07 6.56 4762 

13-01 CASRLGASSYNEQFF 02-01 4.86 3525 

05-01 CASSFDRGGYEQYF 02-07 3.85 2792 

05-01 CASREDGGGYEQYF 02-07 3.51 2546 

28-01 CASSLEGSAGELFF 02-02 2.87 2085 

19-01 CASSIVGHLNTEAFF 01-01 2.5 1813 

04-03 CASSQSSMQDPYGYTF 01-02 2.41 1750 

27-01 CASSLYRVGYNEQFF 02-01 2.29 1663 

11-02 CASSLASNEQFF 02-01 2.22 1614 

09-01 CASSVSPDNTDTQYF 02-03 2.01 1461 

06 CASSYGQAYQPQHF 01-05 1.89 1374 

11-02 CASSLAVSSEQFF 02-01 1.72 1252 

29-01 CSVGGTGTYGYTF 01-02 1.47 1068 

19-01 CASSIVGHMNTEAFF 01-01 1.26 917 
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Supplementary Table 4: Clonotype usage in epitope-specific CD8 T cells for patient SR/CI-2 

during an HCV reinfection episode. TRBV and TRBJ usage, CDR3 amino acid sequence, clonotype 

frequency for the dominant clonotypes (clonotypes present at frequency ≥1%) and the count of 

TCRβ sequences corresponding to the percentages. The epitope-specific CD8 T cells were isolated 

directly ex vivo from patient SR/CI-2 at time points (A) pre-reinfection, (B) peak reinfection and (C) 

late during reinfection, and were analyzed for the TCR-repertoire of epitope-specific CD8 T cells. 

 

(A) Patient SR/CI-2 at pre-reinfection (Wk -20) 
          

TRBV CDR3 TRBJ Freq. (%) Count 

06 CASTSQSELFF 01-04 6.91 21786 

03 CASSRFLGSGGAAEQFF 02-01 4.22 13302 

07-09 CASLEEDTGELFF 02-02 4.13 13023 

05-06 CASGTGANEKLFF 01-04 2.85 8983 

06-05 CASIRLAGEHNEQFF 02-01 2.77 8742 

04-03 CASSQDPLAGGGGEQFF 02-01 1.71 5397 

02-01 CASSDGQTEKLFF 01-04 1.62 5105 

24 CANRDRGRDEQFF 02-01 1.54 4860 

07-06 CASSLEVAGGNEQFF 02-01 1.38 4360 

06-05 CASVGGNYGYTF 01-02 1.36 4282 

06-06 CASSYSAGTLDYGYTF 01-02 1.32 4149 

04-02 CASSQQGEKLFF 01-04 1.24 3912 

02-01 CASSQGQTNEKLFF 01-04 1.14 3605 

05-06 CASSTGGGTEAFF 01-01 1.11 3505 

06-01 CASSELGTGDYEQYF 02-07 1.06 3341 

05-04 CASSLPQGRYMNTEAFF 01-01 1.04 3286 

02-01 CASRDVVGRLSSYNEQFF 02-01 1.02 3201 

06-06 CASTRDTEAFF 01-01 1 3168 
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(B)  Patient SR/CI-2 at peak reinfection (Wk 10) 
          

TRBV CDR3 TRBJ Freq. (%) Count 
06 CASTSQSELFF 01-04 6.47 30139 

03 CASSRFLGSGGAAEQFF 02-01 5.44 25332 

06-05 CASIRLAGEHNEQFF 02-01 2.86 13300 

07-09 CASLEEDTGELFF 02-02 2.68 12479 

04-03 CASSQDPLAGGGGEQFF 02-01 1.91 8907 

04-02 CASSPEQGPLEAFF 01-01 1.42 6618 

24 CANRDRGRDEQFF 02-01 1.31 6083 

06 CASSPWAVGAMNTEAFF 01-01 1.31 6082 

06-01 CASSELGTGDYEQYF 02-07 1.3 6074 

05-06 CASGTGANEKLFF 01-04 1.28 5974 

02-01 CASSDGQTEKLFF 01-04 1.25 5833 

02-01 CASRDVVGRLSSYNEQFF 02-01 1.11 5152 

     

     

     

(C)  Patient SR/CI-2 at late reinfection (Wk 66) 
          

TRBV CDR3 TRBJ Freq. (%) Count 

04-01 CASSQGLPNEKLFF 01-04 3.18 8151 

02-01 CASSQGQTNEKLFF 01-04 2.68 6872 

05-04 CASSLEQGAVDGNTIYF 01-03 2.63 6745 

06-05 CASIRLAGEHNEQFF 02-01 2.18 5584 

04-03 CASSQDPLAGGGGEQFF 02-01 2.15 5520 

07-06 CASSLEVAGGNEQFF 02-01 1.99 5100 

03 CASSRFLGSGGAAEQFF 02-01 1.7 4353 

02-01 CASSQGQTNEKLFF 01-04 1.62 4155 

05-06 CASSLRSDTEAFF 01-01 1.38 3530 

21-01 CASSKQTGTGETKNIQYF 02-04 1.37 3514 

19-01 CASSTPPGVNSNQPQHF 01-05 1.29 3313 

02-01 CASRDVVGRLSSYNEQFF 02-01 1.22 3123 

19-01 CASGWPGGLNSNQPQHF 01-05 1.09 2798 

06-06 CASSSAPEGLSYEQYF 02-07 1 2567 
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Table 5: Clonotype usage in epitope-specific CD8 T cells for patient SR/CI-3 during an HCV 

reinfection episode. TRBV and TRBJ usage, CDR3 amino acid sequence, clonotype frequency for the 

dominant clonotypes (clonotypes present at frequency ≥1%) and the count of TCRβ sequences 

corresponding to the percentages. The epitope-specific CD8 T cells were isolated directly ex vivo from 

patient SR/CI-3 at time points (A) pre-reinfection, (B) peak reinfection and (C) late during reinfection, 

and were analyzed for the TCR-repertoire of epitope-specific CD8 T cells. 

     

(A)  Patient SR/CI-3 at pre-reinfection (Wk -37) 
          

TRBV CDR3 TRBJ Freq. (%) Count 

10-03 CAISESTAGSQPQHF 01-05 10.65 4989 

07-09 CAGNNRDSSTDTQYF 02-03 5.34 2501 

10-03 CAITDGASGANEQFF 02-01 4.83 2263 

11-02 CASSLILAGGSYNEQFF 02-01 3.53 1656 

10-03 CAISESPQSYEQYF 02-07 2.3 1077 

20 CSARPIDSSNQPQHF 01-05 2.25 1056 

02-01 CASSEGEINNQPQHF 01-05 2.23 1047 

05-01 CASRGDTFYEQYF 02-07 2.17 1019 

07-03 CASSLVGSGDTQYF 02-03 2.17 1016 

12 CASSIAGPPYNEQFF 02-01 1.83 856 

24 CATSDASLSSYNEQFF 02-01 1.77 831 

28-01 CASRTPGHLYEQYF 02-07 1.75 818 

02-01 CASSEIGQLETQYF 02-05 1.66 780 

05-01 CASSWWETSHEQFF 02-01 1.51 706 

09-01 CASSPASSSFYEQYF 02-07 1.46 685 

19-01 CASSIRDIGNQPQHF 01-05 1.37 644 

27-01 CASSLRTAGYNEQFF 02-01 1.35 635 

02-01 CASSGTRQISGTEAFF 01-01 1.35 633 

21-01 CASSTGLAAQETQYF 02-05 1.32 620 

16-01 CASSQSDLTAKQPQHF 01-05 1.29 603 

05-01 CASSPWTSGGAYNEQFF 02-01 1.2 561 

06 CASRSLLGTRVETEAFF 01-01 1.14 535 

05-01 CASSLWGADGYTF 01-02 1 468 
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(B)  Patient SR/CI-3 at Peak reinfection (Wk 5) 
          

TRBV CDR3 TRBJ Freq. (%) Count 

02-01 CASSGTRQISGTEAFF 01-01 11.76 4708 

10-03 CAISESTAGSQPQHF 01-05 10.46 4187 

27-01 CASIEQGGDFTDTQYF 02-03 4.84 1938 

06-01 CASSETGQTYEQYF 02-07 4.42 1771 

07-09 CAGNNRDSSTDTQYF 02-03 3.85 1541 

19-01 CASSIRDIGNQPQHF 01-05 3.42 1369 

10-03 CAITDGASGANEQFF 02-01 2.95 1182 

07-03 CASSLVGSGDTQYF 02-03 2.71 1086 

04-01 CASSQEGSDNQPQHF 01-05 2.44 975 

11-02 CASSLILAGGSYNEQFF 02-01 2.33 933 

09-01 CASSGGLINTGELFF 02-02 2.29 915 

12 CASSIAGPPYNEQFF 02-01 1.92 770 

20 CSAREIASSNQPQHF 01-05 1.76 703 

06 CASRSLLGTRVETEAFF 01-01 1.59 635 

09-01 CASSPASSSFYEQYF 02-07 1.58 631 

06 CASSPTGPFYGYTF 01-02 1.37 547 

16-01 CASSQSDLTAKQPQHF 01-05 1.19 478 

10-03 CAISESAVGYNEQFF 02-01 1.19 477 

24 CATSDASLSSYNEQFF 02-01 1.14 458 

05-01 CASSPWTSGGAYNEQFF 02-01 1.11 445 
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(C)  Patient SR/CI-3 at late reinfection (Wk 41) 
          

TRBV CDR3 TRBJ Freq. (%) Count 

20 CSARPIDSSNQPQHF 01-05 6 1737 

10-03 CAISESTAGSQPQHF 01-05 5.73 1658 

02-01 CASSGTRQISGTEAFF 01-01 4.69 1356 

11-02 CASSLILAGGSYNEQFF 02-01 3.91 1130 

02-01 CASSEIGQLETQYF 02-05 3.85 1114 

07-03 CASSLVGSGDTQYF 02-03 3.36 972 

09-01 CASSSAVIVPGELFF 02-02 3.19 923 

27-01 CASIEQGGDFTDTQYF 02-03 2.53 732 

09-01 CASSGGLINTGELFF 02-02 2.34 677 

19-01 CASSIRDIGNQPQHF 01-05 2.31 668 

07-09 CAGNNRDSSTDTQYF 02-03 2.27 656 

12 CASSIAGPPYNEQFF 02-01 2.03 588 

10-03 CAITDGASGANEQFF 02-01 1.87 541 

10-03 CAISESPQSYEQYF 02-07 1.76 508 

02-01 CASSDPLGQGFSYEQYF 02-07 1.56 452 

20 CSAREIASSNQPQHF 01-05 1.52 439 

05-01 CASSLWGADGYTF 01-02 1.49 430 

05-01 CASRGDTFYEQYF 02-07 1.43 415 

09-01 CASSPASSSFYEQYF 02-07 1.35 390 

10-03 CAISESAVGYNEQFF 02-01 1.14 330 

06-01 CASSDTGTHIYEQYF 02-07 1.11 322 

07-03 CASSSAPGQLETQYF 02-05 1.07 309 

04-01 CASSQEGSDNQPQHF 01-05 1.03 299 
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Supplementary Figure 1 
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Supplementary Figure 1: The gating strategy used for the sorting of different epitope-specific 

tetramer+ CD8+ T-cell populations, as well as naïve CD8+ T cells to be used as a control. 
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Supplementary Figure 2 
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Supplementary Figure 2: Verification of the purity of sorted T-cell populations. Dot plots showing 

the post-sorting purity of the sorted (A) epitope-specific tetramer+ CD8+ T-cell population and (B) 

naïve CD8+ T cells. 
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CHAPTER 5: 
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The objective of this study was to define the general characteristics of the adaptive 

immune responses associated with protection upon reinfection with HCV. HCV represents a 

unique model that enables studying the correlates of immune protection against chronic 

viruses, since ~30% of infected patients are able to resolve primary HCV infection 

spontaneously. It has been shown before that humans and chimpanzees who cleared primary 

HCV infection or who received trial-vaccines generated long-lived memory T-cells. 

Nevertheless, their protective potential upon re-exposure to HCV was not consistent in all the 

studies conducted, where some subjects who successfully cleared a primary HCV-infection 

developed chronic infection when re-exposed to HCV, especially upon reinfection with 

heterologous viral sequences [338, 339, 350, 351]. More important, immunological 

characteristics and signatures associated with protection upon reinfection remain largely 

undefined. These correlates of protective immunity represent the most crucial factors to be 

considered and modeled in vaccine design. Even in chimpanzees and humans clearing the 

reinfecting virus, this occurred after a brief infection period, indicating the absence of 

sterilizing immunity that was observed for other viruses where the immune response 

neutralizes the pathogen before establishing an infection. Thus, it is suggested that for 

complex chronic viruses such as HCV and HIV it is rather protective immunity that could be 

achieved through vaccination to prevent the establishment of persistent infection upon 

exposure. 

We recruited a group of IDUs who resolved a primary HCV infection and were still at 

risk of being reinfected with HCV due to sharing needles with HCV-positive individuals. 

Several subjects among them got reinfected and longitudinal blood samples during the 

reinfection episode were available for nine patients who had a differential outcome of the 

second infection. This represented a great advantage by allowing us to compare the different 

characteristics of the immune response in patients who resolved the second infection (SR/SR 

group, n= 5) versus a group of patients who became persistently infected upon reinfection 

under the same conditions (SR/CI group, n= 4) (Manuscript 1 – Supplementary Table S1). 

This rare cohort of patients and the available longitudinal samples allowed us to address 

several issues pertaining to protective immunity against chronic viruses in a human setting. 

Specifically, it enabled us to perform an exhaustive longitudinal phenotypic and functional 
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characterization of the HCV-specific memory immune responses for both CD4 and CD8 T 

cells, as well as for epitope specific CD8 T cells during the reinfection episode. This unique 

group of patients also enabled us to longitudinally analyse the repertoire of epitope-specific 

CD8 T cells and define its dynamics upon reinfection with different viral variants and the 

correlation with the avidity and polyfunctionality of these populations, and how these factors 

are associated with protection. This also allowed us to verify the role of pre-existing memory 

versus de novo T cell responses.  

Our results demonstrate that protection from viral-persistence upon reinfection with 

HCV was associated with higher magnitude and breadth of the cell-mediated immune 

response, higher functionality/polyfunctionality and proliferative capacity of HCV-specific 

CD4 and CD8 T cells, and expansion of polyfunctional epitope-specific CD8 TEM cells. We 

also show that for epitope-specific CD8 T cells, a more focused TCR-repertoire composed of 

distinct clonotypes with higher functional avidity was associated with protection. 

5.1. Correlation between total magnitude and breadth of T-cell 

responses and protective immunity upon HCV reinfection 

Previous studies from our laboratory, as well as other groups have demonstrated an 

association between the magnitude and breadth of the immune response and spontaneous 

resolution of primary HCV infection [243, 250]. It was even shown that there was an 

association between the overall magnitude of response to certain immunodominant non-

structural regions of the HCV genome and spontaneous resolution [250]. Another study in an 

IDU cohort also demonstrated that CD4 T-cell responses predominantly targeting non-

structural proteins were associated with resolved HCV infection [254]. 

We monitored the overall magnitude and breadth of the HCV-specific T-cell responses 

in incident cases of reinfection before and during the second infection using an 

IFNγ−ELISPOT assay. Our results showed that the overall magnitude and breadth were higher 

in the SR/SR group as compared to the SR/CI group (Manuscript 1 - Figure 1). The average 

total frequency of IFNγ−producing HCV-specific T-cells at the earliest time point tested 

following reinfection was 5-folds higher in the SR/SR group as compared to the SR/CI group. 
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The responses to pools representing the structural and non-structural region of HCV were 

higher for the SR/SR group than the SR/CI group (11-folds and 4-folds, respectively).  

The breadth of the immune response, measured by the number of peptide pools 

targeted by the immune response, was also higher in the SR/SR group at the earliest time point 

during reinfection. An average of 10 out of 11 peptide pools were targeted in the SR/SR group 

(representing 9 out of the 10 HCV regions) versus 7 pools for the SR/CI group (Manuscript 1 

– Figure 1). In patients for whom samples prior to reinfection were available, a higher increase 

in the magnitude and breadth of the immune response to HCV-peptides was observed in the 

SR/SR patients, when compared to their levels prior to reinfection. The de novo responses 

were almost all within the non-structural region (data not shown).  

In summary, protection from viral persistence upon HCV reinfection was associated 

with a higher magnitude and breadth of the total HCV-specific T-cell response as measured by 

ELISPOT assay. In the SR/SR group, viral clearance upon reinfection was associated with 

expansion of the HCV-specific memory T cells, in particular cells targeting the non-structural 

proteins, where the increase in the magnitude and the de novo responses were more evident in 

response to peptide pools of the non-structural region underscoring the immune dominance of 

this region as previously reported during acute HCV infection [96, 250]. 

These results suggest that broadening of the HCV-immune response (with the potential 

generation of de novo responses) is associated with protection from chronicity upon 

reinfection. This is consistent with the observations of Osburn et al., where they observed the 

generation of de novo T-cell responses in patients resolving an HCV reinfection episode, as 

suggested by the increase in the number of new T-cell responses in comparison to a group of 

chronically-infected patients [354].  

5.2. Correlation between T-cell proliferative capacity and 

protective immunity 

It has been previously shown that the proliferative capacity of CD4 and CD8 T cells is 

predictive of the outcome of primary HCV infection [243, 246]. Examining the proliferative 

capacity of HCV-specific CD4 and CD8 T cells against a panel of peptide pools corresponding 
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to the immunodominant regions of HCV demonstrated higher proliferative capacity in SR/SR 

patients for both CD4 and CD8 T cells (Manuscript 1 - Figure 2). The proliferative capacity of 

CD4 T cell increased 3-5 folds from the baseline levels at 6-32 weeks post reinfection (p.ri) in 

SR/SR patients. In contrast, we observed very limited increase in CD4 T cell proliferation for 

SR/CI patients and proliferation gradually became undetectable, even if they had a detectable 

IFNγ-response to the same peptide pool as measured by ELISPOT. The difference in the 

proliferative response between the two groups was even more striking for CD8 T-cell 

proliferation. SR/SR patients demonstrated high proliferative responses prior to reinfection 

that increased at the peak of reinfection to reach very high levels (up to 560-fold of the non-

stimulated negative control) and were sustained after viral clearance. In contrast, no CD8 

proliferative responses were detected in the SR/CI patients against the peptide pools tested.  

In summary, our results demonstrate that protective immunity upon reinfection was 

associated with higher proliferative capacity for both CD4 and CD8 T cells when stimulated 

with peptide pools representing immunodominant non-structural regions. This is in accordance 

with a chimpanzee vaccine study demonstrating that increase in peripheral and intra-hepatic T-

cell proliferative responses coincided with the decline in the HCV-RNA titers [364]. Another 

chimpanzee rechallenge study confirmed the same finding, where vigorous proliferation of 

CD4 T cells correlated with clearance of the reinfecting virus. It is noteworthy that this 

vigorous proliferation of CD4 T cells was accompanied by increased frequency, as well as 

phenotypic and functional changes of tetramer+ CD8+ T cells [341]. 

This comes in the same line of evidence for the importance of the role of CD4 T cells 

with helper functions in supporting an effective CD8 T cell recall response upon HCV 

reinfection. CD4-depletion studies in chimpanzees demonstrated their indispensable role for 

supporting CD8 T-cell functionality [238]. In human IDU cohorts, this indispensable role for 

helper CD4 T cells was confirmed, as the reduction of CD4 T-cell count upon HIV infection 

led to loss of protection against HCV reinfection [118]. The underlying cause(s) of CD4 T-cell 

failure is an important factor for loss of protective immunity that necessitates further 

investigation. 
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5.3. Functionality of HCV-specific T-cells is associated with 

protective immunity 

Our group and others have demonstrated that CD8 T cells simultaneously producing 

several effector cytokines and effector molecules (i.e. polyfunctional CD8 T cells) are 

associated with spontaneous resolution of primary HCV infection [251, 367]. This has also 

been demonstrated for other viruses, as HIV, where control of viral replication was associated 

with the generation of virus-specific polyfunctional T-cells [88].  

Whether polyfunctional CD4 and CD8 T cells were also critical for spontaneous 

clearance upon reinfection was an important factor that had not been previously studied for 

chronic viruses in a human setting. We tested the production of the antiviral cytokines IFNγ 

and TNFα, T-cell growth factor IL-2 and the expression of the degranulation marker CD107a, 

in response to stimulation with peptide pools corresponding to the immunodominant regions 

of HCV. We measured the frequency of cells producing individual or multiple cytokines and 

analyzed the frequency of CD4 or CD8 T cells producing different combinations of the tested 

cytokines  at time points before, during and after the reinfection episode (Manuscript 1 – 

Figures 3 and 4).  

For CD4 T cells, the production of the individual cytokines tested was higher in the 

SR/SR patients with IFNγ as the major cytokine produced by CD3+CD4+ T cells followed by 

TNFα (Manuscript 1 – Figure 3). In contrast, individual cytokine production was weak in the 

SR/CI patients. The frequency of polyfunctional cells was low for CD4 T cells in all patients. 

Nevertheless, when calculated as a percentage of the total cytokine producing cells, we 

observed that 3-6% of CD4 T cells produced more than one function at baseline in SR/SR 

patients, reaching 33% at the peak of the reinfection episode. In contrast, cytokine-producing 

CD4 T cells were strictly monofunctional in SR/CI patients during the reinfection episode, and 

bifunctional populations appeared to be biased by the low frequency of cytokine producing 

cells.   

For HCV-specific CD8 T cells, SR/SR patients also demonstrated higher levels of 

production of the individual cytokines/functions tested as compared to SR/CI patients 

(Manuscript 1 – Figure 4). IFNγ was the major cytokine produced by CD3+CD8+ T cells from 
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the SR/SR group followed by TNFα and the degranulation marker CD107a. Polyfunctionality 

was also higher in the SR/SR group, where the frequency of bifunctional and triple functional 

cells was 7 and 16 fold higher in the SR/SR group as compared to the SR/CI group. When 

results were examined as a percentage of total cytokine producing cells, ~6% of the total 

cytokine producing cells produced three functions simultaneously at the different stages of 

reinfection and 15-52% were bifunctional in the SR/SR patients, as compared to none in the 

SR/CI group (Manuscript 1 – Figure 4, pie charts).  

Analyzing the polyfunctionality of CD8+ cells in response to their cognate minimal 

epitope showed a higher level of production of the individual cytokines in patients from the 

SR/SR group when compared to patients from the SR/CI group (Manuscript 1 - Figure 5). The 

production of individual cytokines/expression of CD107a was 9-folds higher and the total 

frequency of functional cells was 14-folds higher in SR/SR patients. The percentages of 

bifunctional and triple-functional cells within the total CD3+CD8+ functional T cells in the 

SR/SR patients was 14% and 7%, respectively. In contrast, cytokine-producing cells were 

strictly monofunctional in SR/CI patients. These data suggest an association between the level 

of individual cytokine production and polyfunctionality of HCV-specific CD8+ T cells 

targeting dominant epitopes with the protection from persistent viremia upon reinfection with 

HCV. 

In summary, the frequency of individual cytokine producing CD8 and CD4 T cells was 

higher in the SR/SR group and within these functional cells the frequency of polyfunctional 

cells was higher. These results suggest an association between the level of individual cytokine 

production and polyfunctionality of HCV-specific CD8 T cells and protection from viral 

persistence upon reinfection. 

Data from chimpanzee and vaccination studies have also confirmed these findings 

[258, 344]. Where it has been recently shown that protection upon rechallenging chimpanzees 

that were previously vaccinated was associated with the generation of a population of 

bifunctional CD8 T cells (IFNγ+TNFα+) [344]. Here, we confirm in a human cohort that 

polyfunctionality is an important determinant of viral clearance upon reinfection. Furthermore, 

we extend this polyfunctionality analysis to both CD4 and CD8 T cells targeting entire regions 

of HCV, as well as minimal epitopes.  
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The induction of such polyfunctional CD4 and CD8 T cells against HCV 

immunodominant regions would be very important for successful vaccination. Nevertheless, 

several points remain to be elucidated; specifically, which combination(s) of 

cytokines/functions would be the ones consistently correlated with protection? What are the 

molecular mechanisms underlying the generation of such polyfunctional cells? And what is 

the contribution of innate immunity to the fine-tuning of these responses? In parallel, it would 

also be important to define the mechanisms of failure to develop such polyfunctional potential 

by HCV-specific T cells in SR/CI patients despite their ability to resolve their primary HCV 

infection.  

5.4. Frequency and Phenotype of epitope-specific CD8 T-cells 

associated with protective immunity 

The frequency and phenotype of epitope-specific CD8 T cells are among the important 

factors that were demonstrated to correlate directly with clearance of viral infection and the 

generation of a long-lived memory population [251]. These virus-specific memory populations 

are suggested to confer protection upon reinfection [341]. 

We used MHC class I tetramers and a nine color antibody panel to detect markers of T-

cell maturation and memory (CD27 and CD127), T-cell activation/exhaustion (PD1, 2B4 

[CD244] and Tim3) on viable CD3+ CD8+ Tetramer+ cells (Manuscript 1 – Figure 6 and 

Supplementary Figures S4 and S5). This longitudinal phenotypic analysis of HCV-specific 

CD8 T cells showed an average expansion of 42 folds in the frequency of tetramer+ CD8+ T 

cells at the peak of response upon reinfection in SR/SR patients, in contrast to a very limited 

expansion in all SR/CI patients.  

The most distinctive phenotypic changes were in the expression of CD127. For 

patients where samples were available during the first infection, we observed that 

approximately half of the HCV tetramer+ CD8 T cells were CD127+ and as the patients 

cleared their primary infection the majority of tetramer+ CD8 T cells became CD127hi. At the 

first time point following incidence of reinfection we observed that the majority of expanded 

cells were CD127lo, consistent with an effector phenotype. In the SR/CI group, there was no 

significant change in the expression of CD127 in these individuals. This CD127+ CD8+ 
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tetramer+ T population accounted for the polyfunctional population that was observed in 

response to the cognate minimal peptide. Another important feature observed was the 

consistently higher expression of the activation marker PD1 on HCV tetramer+ CD8+ T cells 

in most patients (3/4) of the SR/CI group in comparison to SR/SR patients. Nevertheless, 

proliferation assays using minimum peptides demonstrated that HCV tetramer+ memory CD8 

T cells in the SR/CI unprotected group proliferated at a similar level to those of the protected 

group (data not shown). This suggests they are not inherently defective, and despite being 

present at low frequency, they could expand if rechallenged with their cognate peptide with its 

original amino acid sequence. 

Taken together, these results suggest that protective immunity is associated with the 

generation of long-lived memory CD127hi CD8 T-cell population that gives rise to an effector 

memory population upon reinfection. Nevertheless, a similar CD127hi CD8 T-cell population 

was generated following resolution of the primary infection in the SR/CI group, but did not 

generate an effector recall response during the reinfection episode. Whether variation in the 

amino acid sequence of targeted epitopes could be the sole reason that accounts for this failure 

would need further investigation to rule out the possibility of other causes within the signalling 

pathways and transcriptome of virus-specific memory T-cells. 

Our results are concordant with similar observations in chimpanzees that were 

protected against HCV persistence upon rechallenge after vaccination with an HCV vaccine 

expressing the NS3-5. The vaccine-induced T-cells appeared early and were maintained at 

high frequencies for a long time after HCV challenge. These T-cells displayed high levels of 

CD127 and were bifunctional (IFNγ+TNFα+). PD1 expression was lower than the mock-

vaccinated group and seemed to be associated with control viremia [344]. This was also 

previously described by Shin et al. [258] and is consistent with a memory T cell phenotype 

[37]. 

The association between the frequency, phenotype and polyfunctionality of certain 

epitope-specific CD8 T cells and the resolution of primary HCV infection was previously 

demonstrated [251], and as we show here protective immunity upon reinfection argues for the 

induction of such immunodominant epitope-specific responses through vaccination. Vaccine 

design would have to take into consideration the induction of memory immune responses 
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against immunodominant epitopes associated with the most prevalent HLA alleles in humans 

to assert the highest probability of protection on the population level. Vaccination strategies 

should also take into account the different variants of the epitopes to be included in the 

vaccine to insure an adequate recall response to the different common HCV strains humans are 

exposed to.  

5.5. Effect of viral-epitope variation on protection upon HCV 

reinfection 

HCV is one of the viruses with the highest mutation rates. It replicates rapidly with a 

half-life of ~3 hours producing an average of 1012 viruses/day/patient. With a low fidelity 

RdRp that lacks a proof-reading function, it has a high mutation rate of 1/1000 bases per year. 

Continuous mutation during infection is partially driven by the immune pressure exerted by 

the specific T-cells and antibodies (reviewed in [368]). Importantly, higher mutation rate was 

observed in the epitope-regions targeted by virus-specific T-cells versus other regions outside 

the epitope-regions, where the rate of mutation in the former was 13-folds higher than that in 

the latter [369]. 

We aimed at determining whether the lack of expansion of HCV-tetramer+ CD8 T 

cells in patients of the SR/CI group upon reinfection is due to infection with variant viral 

sequences that are not recognized by the pre-existing memory immune response. For this, we 

sequenced the region of targeted HCV-epitopes from all four SR/CI patients at early and late 

time points during reinfection (Manuscript 1 – Figure 7A). We consistently detected a 

mismatch between the amino acid sequence of the reference peptide used in the tetramer and 

the autologous epitopes in all patients. The 1444 Y→F substitution observed in the NS3-1436 

epitope was previously reported [251, 309, 370], and shown to result-in reduced cytokine 

production, but did not compromise recognition by the T-cell receptor (TCR) [96, 309]. On 

the other hand, the 1077V→A substitution observed in the NS3-1073 epitope was suggested to 

affect the recognition by TCR and to be less efficient in the induction of IFNγ production 

[334, 335, 370]. Surprisingly, this variant underwent three changes in patient SR/CI-2 during 

the reinfection episode despite the lack of expansion in the tetramer+ population and the lack 

of specific functionality in response to the minimum peptide (i.e. in the absence of immune 
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pressure). Specifically, the 1077V→A reverted to the reference sequence and two amino acid 

substitutions occurred (1081V→I suggested to affect the HLA-A2 binding of the epitope and 
1078 W→L). 

Our results suggest that variations in the amino acid viral sequence of the epitopes 

targeted by the memory immune response could be a possible mechanism underling the 

functional differences or lack of recognition in HCV-specific CD8 T cells observed between 

the two groups of patients. It could also be a possible reason for the phenotypic differences 

observed between the SR/SR group and SR/CI group. However, those changes in the targeted 

epitopes do not explain the general decrease in the frequency of the HCV-specific immune 

response observed in ELISPOT analysis for the SR/CI group. Thus, the association between 

the total magnitude of the memory immune response and the degree of homology in the entire 

HCV sequences between the infecting viruses in both episodes of infection remains to be 

assessed.  

These results highlight the major impact of HCV variability on the protective capacity 

of the immune system upon reinfection, and argue in favour of the hypothesis that protection 

has a rather narrow spectrum that is effective mainly against closely-related viral sequences. 

This would translate to the necessity to design vaccination regimens that include various forms 

of immunodominant epitopes to circumvent the high variability of viral sequences, which is a 

hallmark of HCV. 

5.6. Avidity of HCV-specific T cells and protective immunity 

Functional avidity is a measure of the sensitivity of specific TCR to the p-MHC 

complex, where T-cell clonotypes with higher affinity/avidity would recognize p-MHC at 

lower concentrations and respond more rapidly with higher functionality. Studies analyzing 

the TCR-repertoire of epitope-specific CD8 T cells in HIV patients revealed that patients who 

were able to control HIV-1 infection (controllers) had CD8 T-cells with higher avidity and 

functionality compared to patients where the infection progressed to AIDS (progressors) [88, 

371]. Further investigation showed that functional avidity was a major determinant of the 

polyfunctionality and HIV-suppressive capacity [89].  
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We measured the dose-dependent production of IFNγ in response to stimulation by the 

different epitope sequences in an ELISPOT assay. Results of these dose-response experiments 

showed higher avidity of HCV-specific T cells in SR/SR patients to the reference sequence 

when compared to SR/CI patients (Manuscript 1 – Figure 7B). The results of functional 

avidity were similar to the results of functionality and polyfunctionality; where patient SR/SR-

4 who had higher functional avidity than patient SR/SR-1, showed a higher frequency of 

functional cells for the epitope-specific CD8 T cells. A similar pattern was observed for SR/CI 

patients, where patient SR/CI-2 who had a relatively higher functionality when compared to 

SR/CI-2 upon stimulation with the minimum peptide, showed a higher avidity in response to 

the reference-sequence of the epitope. Both SR/CI patients had higher avidity for the reference 

epitope sequence than the autologous epitope sequence of the reinfecting virus. We also 

observed that patient SR/SR-4 had a good response to one of the mutated epitopes, despite not 

being infected with this amino acid sequence of the epitope in either episodes of infection. 

Together with the polyfunctionality data observed upon stimulation with minimum 

peptides we could observe the obvious correlation, where the patient with the highest avidity 

(SR/SR-4) had the highest functionality and polyfunctionality upon stimulation by the 

reference sequence of the cognate peptide. This has already been shown within the context of 

HIV infection, where superior functional avidity of epitope-specific CD8 T cells was 

interlinked with their high polyfunctional capacity [88]. It has also been demonstrated in the 

cytochrome-c protein mouse-model that there was a link between kinetics of the CD4 T-cell 

repertoire and the affinity of pMHC-TCR interactions [372]. Thus it was necessary to analyze 

the repertoire of TCRs for epitope-specific CD8 T cells to verify whether it was a decisive 

factor in the outcome of HCV reinfection and the establishment of protective immunity, 

especially against different viral variants. 

The fact that all four SR/CI patients had higher avidity for the reference epitope 

sequence than the autologous epitope sequence of the reinfecting virus could be attributed to 

“original antigenic sin” (Manuscript 1 – Figure 7B). This hypothesis postulates that once a 

naïve T cell targeting a specific epitope expands and develops into memory, it becomes 

incapable of recognizing new variants of the same epitope, which facilitates viral persistence 
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upon generation of escape mutations in targeted epitopes or upon reinfection with an 

unrecognizable viral variant [373]. 

Patient SR/SR-4 had a moderate response to one of the mutated epitopes, indicating the 

possibility of higher flexibility of the TCR-repertoire. A study in HIV patients with similar 

HLA allele backgrounds showed that infection controllers possessed TCR clonotypes 

characterized by enhanced cross-reactivity to different variants of the epitope [374]. HIV 

controllers possessed alternative clonotypes that were mobilized and dominated the response 

to recognize the mutant form of the epitope. Those newly mobilized clonotypes were shown to 

recognize both forms of the epitope with similar affinity thus provided high flexibility within 

the epitope-specific CD8 T-cell repertoire [375, 376]. Indeed, flexibility in the T cell 

repertoire correlated with better control of viral escape mutants in both the HCV and HIV field 

[94, 374-376] and it would be interesting to validate such results in a reinfection model. 

5.7. Memory versus de novo CD8 T-clonotypes in protective 

immune responses 

It has been reported before that reinfection was associated with a significant increase in 

the breadth of T-cell responses suggesting the generation of de novo T-cell responses [354], a 

finding that we observed with our ELISpot results, as well. This raised the possibility that 

within the epitope-specific CD8 T-cell population, the effector cells appearing at the peak of 

immune response during reinfection could be due to the recruitment of new clonotypes from 

the naïve T-cell pool. Our phenotyping panel was designed to examine the memory and 

exhaustion status of the epitope-specific CD8 T-cell population, but we still needed to confirm 

whether the CD127lo Teff cells appearing at the peak of response to the reinfection episode 

were recruited from the naïve repertoire or if they were TEM recruited from the TCM pool. 

Clonotypic analysis of TCR could help us verify whether the source of the effector T cells 

(CD127lo) is expansion of pre-existing memory or generation of de novo T cell responses 

[377]. Taking into consideration data from the HIV and HCV models it was tempting to 

speculate that repeated reinfections would selectively expand and enrich such cells of higher 
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functional avidity already recruited during the primary infection provided that the targeted 

epitope remain unchanged [94, 374-376]. 

We performed longitudinal analysis of the HCV-epitope-specific T-cell repertoire 

during HCV reinfection in five patients with different outcomes of the reinfection episode; 

three patients who resolved two successive HCV infections (SR/SR group), and two patients 

who became persistently infected upon reinfection (SR/CI group) (Manuscript 2 - Table 1). 

Epitope-specific CD8 T cells identified by MHC class I tetramer (as detailed in the table) were 

sorted at various time points; pre-, at the peak and late/post the reinfection episode. The gating 

strategy used for sorting is explained in Supplementary Figure 1 of Manuscript 2. The TCRBV 

gene and TCRBJ gene usage, as well as the CDR3 chain amino acid sequence for all Vβ 

chains for the different T-cell clonotypes were analysed (Manuscript 2 - Supplementary Tables 

S1 and S2).  

Our longitudinal analysis of the Vβ-chain of TCR did show a conserved pattern of Vβ 

usage in all of the tested patients, where the dominant and sub-dominant clonotypes forming 

the population at the peak of immune response during reinfection were recruited from the 

memory population generated following the clearance of the primary infection, with lack of 

appearance of new clonotypes (Figure 1 and Supplementary Tables S1 and S2). Nevertheless, 

the frequency of the different clonotypes changed upon reinfection causing a change in the 

hierarchy of the utilized clonotypes. These results suggest that the effector CD8 T cells were 

TEM recruited from the TCM pool rather than being recruited from the naïve repertoire. 

It has been demonstrated before in the LCMV model that the TCR repertoire of the 

primary epitope-specific CD8 T-cell response was conserved in the memory pool and the 

secondary effector recall response, where there was identity between the clonotypes that 

formed 60-100% of the primary effector, memory and recall responses [378, 379]. Rapid 

resolution of HCV infection upon rechallenging chimpanzees also coincided with the 

expansion of T-cell clonotypes that dominated the memory CD8 T-cell pool. These specific 

TCR clonotypes were tracked through the two consecutive HCV challenges [90, 94]. 

The increase in the breadth of the T-cell responses in SR/SR patients and the narrow 

TCR-repertoire (that becomes more focused upon reinfection) are seemingly contradictory. 
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Nevertheless, a possible explanation is that the immune system generates a broader response 

(i.e. targeting more epitopes) to insure more effective attack on the different viral regions, but 

without compromising the focusing of the TCR-repertoire of epitope-specific T cells on the 

fittest clonotypes that would possess higher functional avidity and better cross-reactivity.  

5.8. Diversity of the repertoire of HCV-specific CD8 T cells and 

protective immunity 

Studies on the interplay between the TCR-repertoire of epitope-specific CD8 T cells 

and chronic viruses (LCMV model, as well as HIV and HCV infections) had controversial 

results concerning the diversity of the repertoire and its correlation with control of infection 

and reinfection, where some studies showed that control was associated with a more diverse 

TCR-repertoire, while other studies demonstrated it was associated with a more focused 

repertoire [94, 371, 378]. 

Our analysis revealed that the repertoire-composition in the tested SR/SR patients was 

less diverse than that observed for SR/CI patients at all the time points tested (pre-, peak and 

post reinfection); where 75-83% of the repertoire was attributed to 14-23 TCR-clonotypes, and 

it became more focused at the peak of the immune response during reinfection for patients 

SR/SR-1 and SR/SR-2 (92% and 96% of the repertoire was attributed to 15 and 2 TCR-

clonotypes, respectively) (Manuscript 2 - Figure 2A, 2B and 2C). In those two patients, the 

repertoire retained a more focused status post reinfection when compared to the pre-

reinfection time point, with 77% and 93% of the repertoire attributed to 16 and 4 clonotypes, 

respectively (Manuscript 2 - Figure 2A and 2B). Patient SR/SR-3 showed no focusing of the 

repertoire upon reinfection (Manuscript 2 - Figure 2C), and this comes in accordance with our 

previous results, where there was no expansion of the tetramer+ population in this patient 

upon reinfection, and ELISPOT data suggested the patient was reinfected with a different 

HCV subtype [380]. In contrast, the repertoire in the tested SR/CI patients was more diverse; 

where the dominant clonotypes (present at >1%) represented 37% and 55% of the repertoire 

and were attributed to 18 and 23 TCR-clonotypes, respectively. At the peak of the immune 

response during reinfection the repertoire was still more diverse than in the SR/SR patients 
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(the dominant category represented 28-64% of the repertoire) (Manuscript 2 - Figure 3A and 

3B). The remaining ~40-60% of the repertoire was represented by >130-300 clonotypes, 

whereas in the SR/SR patient the number of minor clonotypes never exceeded 116 unique 

clonotypes (except at the time point post infection for patient SR/SR-1, where the sample was 

a leukaphoresis sample, and it had ~10-40 fold the number of sequences available for other 

time points in the same patient and other patients (Manuscript 2 - Figure 2A)). Post 

reinfection, we did not observe increased focusing of the repertoire in SR/CI patients, as 

compared to the pre-reinfection time point.  

A narrower repertoire that becomes more focused upon reinfection in the protected 

(SR/SR) group was further supported by the observation that the top three clonotypes and the 

top two clonotypes in patients SR/SR-1 and SR/SR-2 represented 28% and 59% of the 

repertoire pre-reinfection, respectively (Manuscript 2 - Figure 2A and 2B, the dissected pie-

charts in the lower lines). Upon reinfection they became more dominant, representing 51% 

and 96% of the repertoire, respectively. Post reinfection they were more dominat when 

compared to the pre-reinfection time point, forming 39% and 90% of the repertoire, 

respectively. On the other hand, the top three clones in the tested SR/CI patients never 

represented more than 27% of the repertoire, and were sometimes as low as 9% (Manuscript 2 

- Figure 3A and 3B, the dissected pie-charts in the lower lines). 

It has been demonstrated before in the LCMV mouse model that the repertoire of an 

epitope-specific CD8 T-cell population was highly focused, where 70% of the response 

against LCMV was due to three clonotypes [378]. In the cytochrome-c antigen system there 

was narrowing of the repertoire upon second exposure relative to the primary repertoire, 

suggesting selection of the clonotypes with highest affinity [372]. Analysis of the TCR 

repertoire of epitope-specific CD8 T cells in HIV patients also demonstrated narrower and 

more focused TCR-repertoires of high-avidity populations in patients who were able to control 

HIV-1 infection compared to progressors [371]. On the other hand, a previous study of an 

HCV-epitope (NS3-1406) suggested that higher diversity of the repertoire would be more 

advantageous, otherwise the virus would undergo mutation of the epitope to exploit gaps 

present in the repertoire [93]. A chimpanzee rechallenge study suggested a similar conclusion, 
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since the majority of HCV-epitopes that escaped immune recognition upon reinfection were 

targeted by a CD8 T-cell repertoire with reduced CDR3 amino acid diversity. This suggested 

that it is more advantageous to generate and maintain a diverse TCR repertoire against 

individual epitopes. In contrast, limited TCR diversity facilitated CTL escape mutations in 

HCV infected chimpanzees [94]. Interestingly, an earlier study showed that despite some 

TCRBV sequences being identical in chimapnzees and humans, other TCRBV genes in the 

chimpanzee have been lost in humans. This could be a probable cause of discrepancy of 

findings between chimpanzee and human studies for the different HCV-epitopes [381]. 

Another important factor that might cause discrepancy in the results from chimpanzee studies 

is that the animals were rechallenged with the same viral sequence and therefore exposed to 

less diversity on the virus side, which is completely different from natural human infections 

where individuals are usually infected with a mixture of quasispecies.  

5.9. Role of specific CD8 T-clonotypes in protective immunity 

A study of epitope-specific CD8 T-cell repertoire in HIV patients suggested the 

preferential recruitment of particular clonotypes endowed with superior functionality [87]. 

Another study in HIV patients with a similar HLA-allele background showed that infection 

controllers targeted an immunodominant epitope with TCR clonotypes distinct from those 

observed in progressors. These clonotypes were characterized by superior control of viral-

replication in vitro and enhanced cross-reactivity to different variants of the epitope [374]. 

Whether protective immunity upon HCV reinfection in a human cohort would be associated 

with specific clonotypes dominating the TCR-repertoire that are distinct from the clonotypes 

observed in the non-protected group is still an area that needs extensive studying. Also, 

particular clonotypes were preferentially selected in several HIV-infected individuals who 

controlled viral-replication. These public clonotypes exhibiting superior avidity imposed 

selective pressure causing early mutation in the epitope that enables the virus to escape their 

recognition [375, 376]. However, the variant epitopes were recognized by specific T-cell 

clonotypes that were moblilized by the immune system. These newly mobilized clonotypes 

were more flexible (i.e. recognize multiple epitope variants) and still possessed high functional 

avidity [375, 382].  
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The longitudinal sequencing of the Vβ-chain of the TCR showed that the dominant and 

subdominant Vβ-CDR3-Jβ  detected in the tested patients showed no overlap, where no 

clonotypes were found to be common between patients targeting the same epitope, whether 

they belonged to different groups (SR/SR-1 and SR/CI-2 recognizing the HLA-A2 restricted 

NS3-1073 epitope) or even when they belonged to the same group (SR/SR-2 and SR/SR-3 

recognizing the HLA-B27 restricted NS5B-2841 epitope) (Supplementary Tables S1 and S2). 

Sequencing the Vβ-chain from more patients and T cells targeting other HCV-epitopes is 

needed, to verify whether some clonotypes are recurrent in the repertoire of different patients 

from the same group and thus represent “public clonotypes” associated with the outcome. 

Also, it would confirm whether distinct clonotypes are found in the SR/SR repertoire versus 

the SR/CI repertoire. 

It is noteworthy that all of these results for the TCR-repertoire from peripheral blood 

mononuclear cells (PBMCs) is expected to reflect what is happening in the liver, since 

rechallenge studies in chimpanzees showed that the peripheral epitope-specific CD8 T-cell 

repertoire reflected the intra-hepatic response, where identical clonotypes were present in both 

the liver and the peripheral circulation which differed only in the magnitude (where it was 10-

folds higher in the liver) [90]. 

Collectively, the results from the studies presented in this thesis led us to propose a 

hypothetical model for the correlates of protection against chronicity upon HCV reinfection 

(Figure 13). 
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Figure 13: Hypothetical model for protective and non-protective immunity upon HCV 

reinfection. 

Reproduced with the permission of Frontiers scholarly communications: Frontiers in 

Immunology [10], author copyrights 2014. 
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Legend: Individuals who spontaneously clear primary HCV infection develop long-lived 

virus-specific memory CD4 and CD8 T cells. Such memory T cell populations are maintained 

by the action of homeostatic cytokines like IL-7, IL-15, and IL-21. Upon HCV reinfection, 

some individuals will be protected against viral persistence while others will be unprotected. 

(A) Spontaneous resolution of primary and secondary HCV infections (SR/SR). The 

protected individuals will be able to spontaneously clear the second infection with a shorter 

period of viremia, as well as reduced peak viremia. Viral clearance will be accompanied by an 

accelerated memory T cell recall response detectable in both liver and blood characterized by 

the increased breadth magnitude and functionality/polyfunctionality, together with the 

expansion of HCV-specific CD8 T cells. The exact characteristics of a protective response are 

yet to be defined in terms of breadth and quality. (B) Spontaneous resolution of primary 

HCV infection followed by chronic infection upon reinfection (SR/CI).  In unprotected 

individuals, reinfection will be associated with a weak or late recall response and incomplete T 

cell-mediated control of viremia. The underlying causes of failure to resolve the reinfection 

despite the ability to spontaneously resolve a prior infection maybe low levels of homeostatic 

cytokines affecting the maintenance of memory T populations, reduced breadth, or quality of 

the recall response upon reinfection and increased frequency of Tregs leading to dampening of 

the immune response, viral persistence, and rapid exhaustion of HCV-specific T cells. 

 Neutralizing antibodies, host genetics, and homology between the infecting viral sequences at 

different episodes might also be determinants of protection upon reinfection. 
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5.10. Shifting epitope dominance upon HCV reinfection 

For patient SR/SR-1 who was responsive to two tetramers A2/NS3-1073 and 

A2/NS5B-2594, we observed different levels of expansion of CD8+ T cells specific to the two 

tetramers. The frequency of NS5B-2594 tetramer+ population increased by 120 folds upon 

reinfection compared to 7 folds only for the NS3-1073 tetramer+ population (Manuscript 1 – 

Figure 6A and Supplementary Figure S5). This occurred despite the fact that the frequency of 

the tetramer+ cells for the NS5B-2594 was at a much lower level than that for NS3-1073 at the 

time point before reinfection. This suggests that a shift in the dominance of the targeted 

epitopes occurred upon reinfection. 

This comes in contrast with previous results from rechallenge studies in chimpanzees 

that showed hierarchy preservation of the frequency of epitope-specific CD4 T cells targeting 

different epitopes [57]. On the other hand, monitoring the kinetics of three immunodominant 

epitopes during primary, memory and recall responses in the LCMV model demonstrated 

changes in the epitope-specific T-cell hierarchies [379].   

Nevertheless, we need to examine more patients with multiple tetramer+ populations 

recognizing different epitopes to verify this assumption, especially patients for whom 

longitudinal samples from the first episode of infection are available. Also, further 

investigation is needed to verify whether the change in the hierarchy of these two epitopes is 

due to differences in the kinetics of epitope processing/presentation or whether it could be 

attributed to the differential expression kinetics of the two protein regions they are included in 

(NS3 region versus the NS5B), or both factors. 

5.11. Correlation between specific HLA-alleles and protective 

immunity 

Patient SR/SR-3 successfully cleared his reinfection despite the decline in magnitude 

and breadth of the immune response against the genotype 1a reference peptide panel upon 

reinfection (Manuscript 1 - Supplementary Figure S1). Being reinfected with HCV of an 

unknown subtype, we tested his response to a panel of peptides corresponding to genotype 1b 

reference sequence, and we observed an increase in the overall frequency and breadth of 
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HCV-specific T cell responses upon reinfection. This represents an interesting case for further 

study to clarify the mechanisms that enabled this patient to achieve protection against a second 

infection by HCV even of a different subtype. It is noteworthy that this patient has an HLA 

allele B*27, which has been previously associated with higher ability to spontaneously clear 

HCV and control HIV infection [200, 383, 384]. These results suggest that patients bearing 

this HLA allele might also have superior protection from HCV-persistence upon reexposure. 

Also, some HLA class II alleles demonstrated a strong association with primary HCV 

clearance, whereas others were associated with HCV persistence [201-203]. It would be 

interesting to study these correlations in a reinfection setting. 

5.12. Conclusions, limitations and future studies 

5.12.1. General conclusions 

The rational design of prophylactic vaccines against chronic viral infections 

necessitates the clear definition and dissection of the correlates of protective immunity, so that 

they could be monitored during new vaccine trials to verify the degree of protection conferred 

by these new vaccines. However, several challenges impede the definition of the 

characteristics of protective immunity for chronic viruses, because in the majority of cases the 

virus is never eliminated from the body of the host after the primary infection and for viruses 

where some patients clear the virus spontaneously (e.g. HCV), it has been very challenging to 

study immune responses in a human reinfection setting. Marginalized populations (as IDUs) 

represent the major population at risk, with many challenges related to recruitment of patients 

belonging to these groups. And within these cohorts, it is still more challenging to be able to 

recruit patients who cleared a primary infection and are at risk of getting reinfected. We were 

able to recruit patients who resolved a primary HCV infection, but had a differential outcome 

of the second infection, and for whom longitudinal blood samples during the multiple episodes 

of HCV-infection were available. This rare cohort enabled us to perform an exhaustive 

longitudinal phenotypic and functional characterization of the HCV-specific memory immune 

responses upon reinfection.  
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A general conclusion from our study is that no sterilizing immunity was observed upon 

reinfection with HCV in patients who previously resolved a primary infection. This comes in 

accordance with several rechallenge studies conducted in chimpanzee and epidemiological 

studies in IDU-cohorts who cleared a primary HCV infection and were still at risk due to 

continuous exposure to HCV [118, 119, 349]. Our results and results from other groups 

suggest that protection from viral persistence is higher upon subsequent exposure than 

resolution of primary infection, offering hope for vaccine development [118, 351, 354]. 

Spontaneous resolution of reinfection was associated with an increase in both the magnitude 

and breadth of total HCV-specific T-cell responses in 4/5 protected patients. In addition, we 

observed expansion of HCV-specific memory T cells and the transient appearance of CD127lo 

population indicative of an effector T cell phenotype in 3/4 protected patients who recognized 

specific tetramer. On the other hand, all patients who failed to clear their second infection 

episode (4/4) showed very limited expansion of HCV-specific T cells, although they did 

exhibit HCV-specific T cells with a memory phenotype prior to reinfection. Variations in the 

amino acid sequences of the epitopes targeted by the HCV-specific CD8 memory T cells were 

detected in all patients of the non-protected group suggesting a role of variation in viral 

sequence in the failure of recall response. HCV-specific CD4 and CD8 T cells showed higher 

functionality/polyfunctionalty and proliferative capacity in the protected group. Analysis of 

the TCR-repertoire of epitope-specific CD8 T cells demonstrated that a more focused 

repertoire of distinct clonotypes was associated with protection. These T-cell populations 

showed higher functional avidity and polyfunctionality compared to their counterparts in non-

protected patients. 

The fact that protection was associated with expansion and broadening in the responses 

for both CD4 and CD8 T cells upon reinfection, in contrast to non-protected patients who had 

defective responses for both populations, argues in favour of the assumption that failure to 

generate a polyfunctional and broad CD8 recall response upon reinfection is –at least 

partially– a result of CD4 failure. Nevertheless, it is imperative to study other possible causes 

associated with defects within the signaling and transcriptome networks for the failure of 

memory CD8 T cells, as well as the inherent causes of failure of memory CD4 T cells to 

provide the necessary help. 
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Overall, our results suggest that memory T-cell populations formed following the 

spontaneous resolution of a primary HCV infection are not all created equal; but rather 

represent a broad spectrum of cells with different capacities ranging from high-quality 

memory (capable of resolving future episodes of infection, sometimes of a different 

genotype/subtype) to low-quality memory (that fails to mount a strong recall response even 

against closely similar variants). This is supported by similar findings in chimpanzee 

rechallenge studies [338-340]. What remains crucial to be elucidated, are the factors that 

contribute to the formation of such high-quality protective memory, and how to tailor vaccines 

that would induce such a response. 

Our results also demonstrated that avidity, diversity and specific clonotypic-

composition of the virus-specific T-cell repertoire are important determinants of protective 

immunity. Our data, together with data from the HIV model suggest that T-cell populations 

with highest polyfunctionality are the same with highest avidity. It is also tempting to 

speculate that repeated infections would selectively expand and enrich such cells of higher 

functional avidity provided that the targeted epitope remain unchanged. Indeed, protection 

upon reinfection was associated with a more focused TCR repertoire, in contrast to previous 

findings in chimpanzee studies that associated protection upon HCV reinfection with a more 

diverse repertoire. Nevertheless, these studies also showed that protection was associated with 

the expansion of the same TCR-clonotypes that were tracked during the primary HCV 

challenge [90, 94]. Flexibility in the T-cell repertoire correlated with better control of viral 

escape mutants in both HCV and HIV infections [94, 374-376], and HIV controllers mobilized 

alternative cross-reactive clonotypes capable of recognizing the mutant form of the epitope to 

dominate the response. Thus, exposure to different forms of the epitope could help higher 

clonal turnover, and those newly mobilized clonotypes were shown to recognize both forms of 

the epitope with similar affinity thus provided high flexibility within the epitope-specific CD8 

T-cell repertoire [375, 376]. These findings can be applicable to many other chronic viral 

infections, especially those with high variability like HCV. And it is important to verify these 

findings in the reinfection setting, and extend those findings to other immunodominant HCV-

epitopes. 
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5.12.2. Limitations 

Despite being the first study to dissect the general characteristics of protective 

immunity against HCV in a natural reinfection human setting, we are aware of some 

limitations that represent a challenge for studies with such cohorts in general. These include 

the limited number of patients and lack of specific time points for some patients (especially 

during the primary infection episode), the inability to specify the exact start-date of the 

infection/reinfection episode and the possibility of missing brief infection episodes. We tried 

to overcome these cohort-related limitations by narrowing the testing intervals for HCV-RNA 

in our patients, but this does not completely rule out the occurrence of brief episodes of HCV 

that are missed due to rapid clearance and/or low levels of viremia. Nevertheless, the testing 

intervals chosen represent the ideal compromise between the probability of not missing on any 

of the infection episodes and the cost/space, as well as other logistic limitations related to 

sample acquisition and preservation. These issues are recognized by researchers in the field 

and were previously addressed for such rare cohorts in general [357]. Besides, some technical 

caveats exist, where the number of epitopes that could be tested for a patient of a certain HLA-

background is limited by the number of tetramers available for such an allele. We have tested 

the MHC class I tetramers available for the corresponding HLA alleles in each patient. 

5.12.3. Probable causes of failure of protective immunity   

These two studies provide an important insight for the first time into the general 

characteristics associated with protective immunity against HCV in a natural infection setting 

in humans. Nevertheless, more patients need to be examined to confirm the preliminary 

conclusions we drew from these studies and several important issues remain to be resolved to 

have a more complete picture about the causes of failure of the memory immune response in 

providing protection upon reinfection in the SR/CI group. Understanding these factors would 

be pivotal for successful vaccine design.  

5.12.3.1. Defects in signaling pathways and transcription of HCV-specific T cells 

Transcriptional control of memory CD8 T cell differentiation has been shown to 

include different transcription factors biasing the formation of effector T-cell populations 
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towards specific subsets (reviewed in [385]). Examining the transcriptome profile of HCV 

tetramer+ CD8 T cells at different time points during the reinfection episode would enable 

defining the molecular defects associated with failure in establishing protective immuity.   

 5.12.3.2. Suppression by Tregs  

The role of other CD4 T-cell subsets in the establishment/failure of protective 

immunity needs to be defined. Tregs could be beneficial or detrimental during HCV infection, 

by either limiting immunopathology in the liver and preventing the apoptosis of highly 

activated CD8 T cells [363] or suppressing protective T-cell responses [386]. Acute resolving 

HCV is characterized by a strong Th1/Th17 response with specific expansion of IL-21 

producing CD4 T cells that correlated with the frequency of HCV-specific CD8 T cells [269]. 

5.12.3.3. Absence of neutralizing Antibodies 

The role of humoral immunity in spontaneous resolution of primary HCV infection and 

during reinfection episodes remains controversial [248, 249, 279, 338, 341, 354]. Its role 

during reinfection is even less defined. Examining the neutralizing capacity of longitudinal 

plasma samples using custom HCVpp with the variant E1/E2 sequences would enable the 

definition of the contribution of humoral responses to protective immunity. 

5.12.3.4. Lack of particular T-cell clonotypes  

It has been shown before within the context of HIV infection that certain epitope-

specific clonotypes possess a higher avidity and flexibility in response to different variants of 

the epitope [89, 376]. Analyzing the TCR-repertoire from additional patients to verify whether 

specific clonotypes correlate with protection in response to the different variants of the 

epitope. This will also determine whether there is recurrent usage of specific TCR-clonotypes 

(public clonotypes) in protected patients. 
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5.13. Significance of the study 

The importance of this study is that it provides a first insight into the general 

characteristics of the adaptive immune response associated with resolution of reinfection by a 

chronic virus in a human cohort. This signature of a protective immune response necessitates a 

deeper insight into the transcriptome and signalling correlates that ensure the generation of 

efficient memory populations capable of mounting a recall response that clears the reinfecting 

virus. In parallel, it is important to define the underlying causes of failure to mount such a 

response in patients who failed to clear HCV during the reinfection episode despite 

spontaneously resolving the primary infection. On another level, a more complete insight into 

the clonotypic requirements of epitope-specific CD8 T cells associated with protective 

immunity against different viral variants could be achieved by analyzing the TCR-repertoire in 

more patients and for various immunodominant epitopes. This would enable the identification 

of specific public clonotypes with optimum avidity and flexibility that confers such protection. 

Despite the limited number of patients included in this study (which is a common 

limitation for such cohorts), we were able to draw some conclusions about the general 

signatures of the protective immune responses against HCV during reinfection episodes. Our 

results suggest that it would be very important for next-generation vaccine design to focus on 

epitopes that have the ability to generate responses inducing specific public clonotypes against 

immunodominant epitopes that possess superior functional avidity and polyfunctionality. 

Combining several immunodominant epitopes that would induce the generation high-avidity 

public clonotypes and that escape at a high fitness price would maximize the chances of a 

vaccine to eliminate the virus rapidly. This would inhibit the virus from establishing a 

foothold in the patient and acquiring the ability to manipulate the patient’s immune response. 

This combination has to take into consideration the coverage of the most common HLA alleles 

in human populations to ensure a minimum response in patients with different genetic 

backgrounds. It is also essential to elucidate the kinetics associated with responses to different 

epitopes; both the kinetics of processing/presentation and the differential expression kinetics 

of the immunodominant protein regions that contains them. This could be a critical point for 

the choice of epitopes/proteins to be included in a vaccine and the precise design of 
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vaccination regimens that would ensure broad responses without having a specific response 

hamper the following responses or overshadowing the preceding responses to other 

epitopes/regions. 

One major constraint of vaccine development for HIV and HCV is the heterologous 

nature of the sequences of these viruses where they circulate as quasispecies even within the 

same individual. This might be overcome by designing prime/boost vaccination regimens that 

would “stretch” the flexibility of the repertoire of epitope-specific T cells to the optimum, thus 

preparing the immune system for the expected challenge against the different possible variants 

of the same epitope. It is possible that rechallenge with a slightly different antigenic variant 

might favour expansion of T cells carrying a flexible T cell receptor that caould recognize 

these new variants. Thus, immunization and boosting with the different forms of the 

immunogen commonly observed in the population might afford a broader and more effective 

protection.  

Accordingly, a successful prophylactic vaccine must have a dual capacity; the capacity 

to induce an effective immune response capable of surmounting the high mutational rate of 

HCV, and the capacity to generate high-quality memory immune cells capable of mounting a 

prompt recall response that outpaces HCV and prohibits it from producing enough viral 

proteins able to distort/antagonise the different arms of immune system.  

The definition of the correlates of protective immunity would enable the tailored 

design of a vaccine containing the optimum HCV epitopes/regions and the adjuvants that 

would ensure induction of adaptive responses that establish memory T cell populations with 

the phenotype, functionality and repertoire that would confer protective immunity upon 

exposure to different HCV variants. Moreover, this definition would enable the testing of the 

right determinants that could predict whether the vaccine in question would be protective upon 

viral exposure. All present vaccine trials could be considered empirical, since they do not 

measure defined correlates for the efficacy of protection. With the recent advances in 

immunological and molecular biology techniques, it is inevitable to revise our strategies for 

vaccine design based on lessons learned from successful vaccines on how to trigger an 
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efficient memory CMI and based on the correlates of protective immunity in the setting of a 

natural human reinfection defined in this thesis and its future continuation studies. 
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This study represents an initial effort to unravel the correlates of protective immunity 

and the characteristics that are associated with clearance of reinfection by a chronic virus. It 

enabled us to draw conclusions about the general determinants of protective immunity against 

HCV. Nevertheless, we still need to examine more patients to confirm the preliminary 

findings of this study. We also need to have a deeper insight into the underlying causes for 

failure of CD8 T cells recall responses in the non-protected group (transcriptome and 

individual-clonotype level), as well as a broader overview for the accompanying factors that 

could enhance/curtail such protection (roles for innate immunity, different CD4 T-cell subsets 

and nAbs). Another interesting group to be studied in parallel are patients who cleared a 

primary infection, but did not contract a second infection (exposed non-reinfected group) who 

could be privileged with a superior protection to that of the SR/SR group. 

Several gaps in our knowledge about protective immunity against chronic viral 

infections remain to be elucidated. First, we need to define the genomic signatures and 

molecular mechanism(s) underlying the enhanced/failed recall response upon re-exposure, and 

verify whether the mechanisms identified in mouse-models are valid in the more complex 

setting of human chronic viral infections such as HCV. Second, we need to define the role of 

each of the different subsets of CD4 T-cells in sustaining a protective memory immune 

response. Third, we must verify whether neutralizing Abs play a role in protective immunity 

against HCV. Fourth, we have to study the impact of the heterogeneity of the entire HCV-

genome sequence on the protective capacity of the memory immune response. Fifth, we need 

to monitor the specific contribution of individual TCR-clonotypes to protective immunity. 

Finally, we should verify whether there are differential elements affecting the migration of 

HCV-specific cells to the liver between the protected group and the un-protected group.    

Further studies are needed to enable answering these important questions, which would 

be crucial for the rational design of next-generation vaccines with the ability to fine-tune the 

early adaptive immune response to ensure the generation of memory T cells with optimal 

qualities that would confer protection upon exposure to chronic viruses. 
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6.1. Transcriptome analysis to dissect underlying causes of failure 

of protective immunity 

Transcriptional control of memory CD8 T cell differentiation has been shown to 

include an intricate interplay between different pairs of transcription factors. The balance 

between T-bet/EOMES and BLIMP1/Bcl-6 (among others) was shown to have a decisive role 

in the formation of short-lived terminally differentiated T cells versus long-lived memory T 

cells. Besides, the balance between different STATs (especially STAT3 and STAT4) is 

suggested to have a pivotal role in the differentiation of T cells and even biasing the formation 

of effector T-cell populations towards specific subsets (reviewed in [385]). A recent study also 

observed molecular and transcriptional profiles for exhausted CD4 T-cells that were distinct 

from those in their CD8 counterparts, and under the mixed control of both distinct and shared 

transcription factors [387]. 

Whether there are differential microenvironmental factors deriving the generation of 

high-quality versus low-quality memory through specific transcriptional and molecular 

mechanisms during the primary infection, thus favouring a specific fate in protected (SR/SR) 

versus non-protected (SR/CI) patients is important to be verified. The definition of these 

factors would be important to enable the adjustment of optimal conditions for generation of 

protective immunity using vaccination. 

We will examine the transcriptome profile of sorted HCV tetramer+ CD8 T cells at the 

baseline, peak and post infection and reinfection episodes. Upregulated genes will be validated 

by real-time PCR. Gene set enrichment analysis (GSEA) will be used for identification of 

significantly modulated pathways [388]. GSEA has already been successfully used to define 

important immune pathways during HIV infection and Yellow Fever (YF) vaccination studies 

[112, 389]. The profiles could be compared between the SR/SR group and the SR/CI group, 

and a control group of SR patients could be included, as well. 
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6.2. Defining the role of different CD4 T-cell subsets in protective 

immunity against HCV 

The help of CD4 T cells is essential to maintain efficient memory CD8 T cells [390, 

391] and prevent their exhaustion [43, 392, 393]. We have already studied the role of helper 

CD4 T cells during the multiple episodes of HCV infection. Nevertheless, the role of other 

CD4 T-cell subsets in the human reinfection setting needs to be defined. 

It has been previously shown that T-cell responses were differentially suppressed in 

patients infected with different strains of HCV, suggesting that T-cell responses are 

suppressed in a strain-specific fashion. Thus, even patients capable of clearing a primary 

infection, could develop persistent infection if reinfected by a heterologous strain of the virus, 

suggesting a role for virus-specific Tregs [394]. Tregs could be beneficial or detrimental 

during HCV infection, by either limiting immunopathology in the liver or suppressing 

protective T-cell responses [386]. Frequencies of CD25+ CD4+ T cells were higher in 

chronically infected patients, and exerted suppression on HCV-specific CD4 and CD8 T cells 

[267, 311]. Nevertheless, some studies suggested an immunomodulatory role preventing the 

apoptosis of highly activated CD8 T cells [363]. This is supported by a chimpanzee study 

showing that the frequency of Foxp3+ CD4+ CD25+ Tregs and the degree of suppression 

were similar in animals that spontaneously resolved and those that were persistently infected 

[395]. 

Our laboratory has already optimized the techniques for detection and measurement of 

the frequency and functions of different CD4 T-cell subsets. We were able to dissect the 

functions and ratio between two important CD4 T-cell subsets during acute primary HCV 

infection; Th17 and Tregs.  We demonstrated that acute resolving HCV is characterized by a 

strong Th1/Th17 response with specific expansion of IL-21 producing CD4 T cells and 

increased IL-21 levels in plasma, which correlated with the frequency of HCV-specific CD8 T 

cells. In contrast, viral persistence was associated with lower frequencies of IL-21 producing 

CD4 T cells, reduced proliferation and increased exhaustion of HCV-specific CD8 T cells. 

Furthermore, progression to chronic infection was accompanied by expansion of a specific 
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subset of highly suppressive CD39-expressing Tregs and a reversal in the Treg/Th17 ratio. 

However, the dynamics of Th17 cells and IL-21 and the plasticity of different CD4 T-cell 

subsets during the memory phase and reinfection episodes and their role in protective 

immunity remain to be elucidated and is one of our perspectives (Figure 14). 
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Figure 14: Plasticity of CD4 T-cell subsets in the context of viral infections. 

Reproduced with the permission of Macmillan Ltd: Nature Reviews in Immunology [396], 

author copyrights 2012. 

Legend: Following recognition of a specific antigen, naïve CD4 T cells become polarized into 

distinct effector T-cell subsets that differentially orchestrate the immune responses. The 

differentiation of polarized effector T cells is controlled by unique sets of transcription factors, 

the expression of which is determined by multiple signals during activation. Considerable 

plasticity exists within T-cell subsets in vivo, especially during responses to pathogens. 

Successful clearance of viruses in particular often depends on complex CD4 T-cell responses 

that encompass multiple T-cell subsets. Together, these subsets are capable of mediating direct 

antiviral functions, providing help for B cells and mediating cytotoxic killing of virus-infected 

cells. BCL-6, B cell lymphoma 6; EOMES, eomesodermin, FASL, FAS ligand; FOXP3, 

forkhead box P3; GATA3, GATA-binding protein 3; RORγt, retinoic acid receptor-related 

orphan receptor-γt; TCR, T cell receptor; TGFβ, transforming growth factor-β; TNF, tumour 

necrosis factor. 
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6.3. Defining the role of neutralizing antibodies in protective 

immunity against HCV 

The role of humoral immunity in spontaneous resolution of primary HCV infection 

remains controversial [248, 249, 279]. Even the recently described broadly-neutralizing 

antibodies against HCV are generated months to years into the chronic infection [248]. The 

role of humoral immunity during reinfection episodes is far less defined. A rechallenge study 

in chimpanzees showed that HCV-envelope antibodies remained undetectable regardless of 

the outcome of the reinfection episode [341]. Another study also showed that chimpanzees 

that previously cleared a primary HCV infection were able to clear HCV upon rechallenge 

without any evidence of neutralizing antibodies [338]. On the other hand, Osbourn et al. 

demonstrated in a human cohort that spontaneous resolution upon HCV reinfection correlates 

with generation of nAbs that were cross-reactive when tested against heterologous HCVpp. 

Unfortunately, this was in a group of reinfected patients that all resolved the reinfection, not 

allowing comparison with a control group of non-resolvers [354].  

We attempted to examine the neutralizing capacity of longitudinal plasma samples 

collected at different time points post reinfection (p.ri) against a panel of cell cultured HCV 

(HCVcc) representing the most common HCV genotypes in Canada (Genotypes 1a, 1b and 

3a). However, no distinct difference could be detected between the SR/SR and SR/CI group 

which may be due to the low number of patients in each group (data not shown). Further 

investigation of the role of nAbs in a larger cohort using custom HCVpp with the autologous 

E1/E2 viral sequences isolated during the various episodes of infection will be conducted and 

are expected to be more reflective of the real infection setting. 

6.4. Sequencing the HCV genome during the different episodes of 

infection 

It has already been shown in an HCV-cohort undergoing IFN-therapy that diversity in 

the whole viral genome sequence correlated with the response to treatment, and these 

correlations were still valid even when all T-cell epitope regions were excluded from the 
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analysis. This suggests that these variations could not be solely attributed to differential 

immune selection [211]. It has also been demonstrated in chimpanzees that the ability to clear 

consecutive homologous rechallenges was associated with fixed polyprotein sequences. In 

contrast, persistent infection was associated with numerous changes in the sequences of 

reinfecting virus [339].  

We have demonstrated that the changes in the sequences of the targeted epitopes in the 

unprotected group of patients (SR/CI) could be a probable cause of failure of the epitope-

specific CD8 T-cell recall response. Nevertheless, it does not explain the diminished 

proliferative capacity and functionality in response to peptide pools. It also does not explain 

the failure in expansion in the general magnitude and breadth of the general immune response 

measured by ELISPOT. We will use deep sequencing techniques to sequence entire regions of 

the HCV genome during reinfection episodes, especially the immunodominant non-structural 

regions. 

6.5. Dissecting the qualities of individual clonotypes associated 

with protection  

It has been shown before within the context of HIV infection that certain epitope-

specific clonotypes possess a higher avidity and flexibility in response to different variants of 

the epitope [89, 376]. The interplay between the virus and the immune system induces the 

mobilization of CD8 T-cell clonotypes with slightly lower avidity, but higher flexibility to 

cope with changes in the targeted epitope. Unfortunately, not all patients possess these 

clonotypes and are therefore unable to keep the mutated virus under check [375, 376]. 

We will generate cell-lines from individual epitope-specific clonotypes by sorting 

single tetramer+ CD8+ T cells and then expanding them [89]. We will test the avidity and 

polyfunctionality of the individual clonotypes against the different variants of the epitope, and 

verify the association between their avidity, functionality and flexibility. 

This would enable us to identify the presence of specific clonotypes correlating with 

protection and clonotypes having higher flexibility in response to different variants of an 

epitope. It would also help us extend previous findings in cytochrome-c mouse model and 
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HIV about the link between the kinetics of the TCR-repertoire and the affinity of the pMHC-

TCR binding [89, 372, 376]. 

6.6. Determining whether specific public clonotypes associate with 

protection 

Analysis of the TCR repertoire of epitope-specific CD8 T cells in HIV controllers 

compared to progressors showed that their repertoires included public TCR sequences shared 

between different patients among the controllers’ cohorts [371, 375]. 

We will perform clonotypic analysis of tetramer+ CD8+ T-cell populations targeting 

specific immunodominant epitopes from more patients to verify the recurrent usage of specific 

TCR-clonotypes in protected patients that could represent public protective clonotypes. 

6.7. Concluding remarks 

Successful control and eradication of smallpox, polio and yellow fever viruses causing 

infections with high rates of morbidity and mortality was achieved through the discovery of 

vaccines that provide protection upon exposure. Millions of humans are at risk of being 

infected with chronic viruses as HCV, HIV, HSV and CMV due to the lack of prophylactic 

vaccines against them. The main hindrance preventing the development of such vaccines is the 

lack of definition of the characteristics of a protective memory immune response against 

chronic viruses. 

The work presented in this thesis provides a significant advancement in the 

understanding of the protective immune response as it provides a primary insight towards 

dissecting the correlates of the adaptive immune response associated with the protection. 

These results would have an important significance for the development of vaccines against 

HCV and other similar chronic viruses. 

  



 
 

211 



 
 

212 

 

  



 
 

213 

 

 

 

 

 

 

 

 

 

APPENDECIES



 
 

214 

  



 
 

215 

APPENDIX I: The candidate’s contribution to the articles 

Author’s contribution to the first manuscript “Signatures of Protective Memory Immune 

Responses during HCV Reinfection” 

Mohamed S. Abdel-Hakeem (MSA) participated in the design of the study. Experiments were 

planned under the supervision and guidance of the research supervisor Naglaa Shoukry (NS). 

MSA generated all the data represented in the figures, performed all the analysis and prepared 

all the figures/tables. MSA contributed with NS to the writing of the article. Nathalie Bédard 

shared in the optimization of experiments and preliminary tetramer screening for the patients. 

Donald Murphy performed HCV genotyping assays and viral quantification. Julie Bruneau 

recruited and provided clinical follow-up for study participants, as well as participated and 

gave opinion for the study design, data analysis and writing the manuscript. NS supervised the 

whole study including design, data analysis and writing the manuscript. The data and results 

presented in this article were all generated during the Ph.D. studies of the candidate (MSA). 

This article is in revisions at Gastroeneterology. 

 

Author’s contribution to the second manuscript “Dynamics of Virus-Specific CD8 T-cell 

Repertoire during HCV Reinfection” 

Mohamed S. Abdel-Hakeem (MSA) participated in the design of the study. Experiments were 

planned under the supervision and guidance of the research supervisor Naglaa Shoukry (NS). 

MSA generated all the data represented in the figures, performed all the analysis and prepared 

all the figures/tables. MSA contributed with NS to the writing of the article. Julie Bruneau 

recruited and provided clinical follow-up for study participants, as well as participated and 

gave opinion for the study design, data analysis and writing the manuscript. Hugo Soudeyns 

provided support in the study design, data analysis and writing the manuscript. NS supervised 

the whole study including design, data analysis and writing the manuscript. The data and 

results presented in this article were all generated during the Ph.D. studies of the candidate 

(MSA). This article is to be submitted to the journal Blood. 
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APPENDIX II: Review article 

Author’s contribution to the review article “Protective Immunity against Hepatitis C; 

many Shades of Gray” 

Mohamed S. Abdel-Hakeem (MSA) participated in the design of the general structure of the 

review article under the supervision of the research supervisor Naglaa Shoukry (NS). MSA 

contributed with NS to the writing of the article. MSA prepared all the figures. 
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The majority of individuals who become acutely infected with hepatitis C virus (HCV)
develop chronic infection and suffer from progressive liver damage while approximately
25% are able to eliminate the virus spontaneously. Despite the recent introduction of new
direct-acting antivirals, there is still no vaccine for HCV. As a result, new infections and rein-
fections will remain a problem in developing countries and among high risk populations
like injection drug users who have limited access to treatment and who continue to be
exposed to the virus. The outcome of acute HCV is determined by the interplay between
the host genetics, the virus, and the virus-specific immune response. Studies in humans
and chimpanzees have demonstrated the essential role of HCV-specific CD4 and CD8 T
cell responses in protection against viral persistence. Recent data suggest that antibody
responses play a more important role than what was previously thought. Individuals who
spontaneously resolve acute HCV infection develop long-lived memoryT cells and are less
likely to become persistently infected upon reexposure. New studies examining high risk
cohorts are identifying correlates of protection during real life exposures and reinfections.
In this review, we discuss correlates of protective immunity during acute HCV and upon
reexposure. We draw parallels between HCV and the current knowledge about protective
memory in other models of chronic viral infections. Finally, we discuss some of the yet
unresolved questions about key correlates of protection and their relevance for vaccine
development against HCV.

Keywords: hepatitis C, acute infection, HCV reinfection, innate immunity, adaptive immunity, NK cells, T cells,
antibodies

INTRODUCTION
Hepatitis C virus (HCV), a member of the family Flaviviridae, is a
non-cytopathic hepatotropic virus transmitted primarily through
contaminated blood (1). The World Health Organization (WHO)
estimates that there are 185 million individuals infected with HCV
worldwide (2, 3). The prevalence is higher in developing countries,
the highest being in Egypt where it is estimated that 15–20% are
seropositive for HCV (4, 5). These numbers are probably an under-
estimate, since many HCV-infected individuals have not been
tested and thus remain undiagnosed.

The acute phase of hepatitis C is empirically defined as the first
6 months following infection. Approximately, 20–30% of infected
individuals are able to clear the virus spontaneously without any
therapeutic intervention during this phase while 70–80% become
persistently infected (1). As the virus continues to replicate in the
liver of chronically infected individuals, they develop a variety of
liver diseases over a period of 5–30 years including hepatic fibro-
sis, end-stage cirrhosis, and hepatocellular carcinoma (HCC) (6).
Such patients represent 25% of the cirrhosis and HCC cases world-
wide (7), making hepatitis C the most common indication for liver
transplantation in North America (8, 9).

Despite the progress in understanding immunity against HCV
infection and its pathogenesis and, the development of highly

effective direct-acting antivirals (DAAs), a prophylactic anti-HCV
vaccine is still lacking. In absence of such a vaccine, two mil-
lion new HCV infections are estimated to occur every year (10).
Such cases are highly prevalent among marginalized populations
like injection drug users (IDUs), men who have sex with men
(MSM), and individuals living in developing countries with lim-
ited access to screening and treatment (11, 12). Vaccine develop-
ment against HCV is hampered by our limited knowledge of what
constitutes an effective and protective immune response against
HCV, as well as protection in real life exposure settings. Many
shades of gray remain and constitute active areas of the current
research on hepatitis C. In the following pages, we will attempt to
review the correlates of protection against HCV and identify these
outstanding questions and the ongoing efforts to address them.

THE VIRUS
The HCV genome consists of an uncapped positive single-
stranded RNA (+ssRNA) of approximately 9.6 kb-pairs (13). The
genome represents an uninterrupted open reading frame (ORF)
encoding a polyprotein precursor of approximately 3000 amino
acids (13). The viral genome includes 50 and 30 untranslated
regions (UTRs) that contain secondary RNA structures essential
for viral replication. The 50 UTR harbors an internal ribosome
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entry site (IRES) where protein translation is initiated. The HCV
polyprotein is processed co- and post-translationally by a combi-
nation of cellular and viral proteases into three structural proteins
(Core, E1, and E2) and seven non-structural (NS) proteins (P7,
NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (Figure 1). Core is the
building unit of the viral nucleocapsid. The envelope glycoproteins
E1 and E2 interact with the viral receptors on permissive cells and
mediate viral entry. E2 also contains hypervariable regions (HVR)
that are targeted by neutralizing antibodies (nAbs). P7 acts as a
viroporin or ion channel. NS2 possesses an autoprotease activity
necessary for the polyprotein cleavage between NS2 and NS3. NS3
acts as serine protease in combination with NS4A that acts as a
cofactor to catalyze the processing of the HCV polyprotein. NS3
also harbors RNA helicase/NTPase activity that unwinds RNA–
RNA substrates and is essential for viral replication [reviewed in
Ref. (14, 15)]. The functions of NS4B and NS5A are poorly char-
acterized. However, studies show that NS4B induces the formation
of a membranous web compartment where viral replication takes
place (16), and cell-culture adaptive mutations mapped to the
NS5A enhance RNA replication suggesting its importance for viral
replication (17, 18). NS5A was also shown to harbor a region
that may determine response to alpha interferon (IFN-a) ther-
apy known as interferon sensitivity determining region (ISDR)
(19). NS5B is the viral RNA-dependent RNA-polymerase (RdRp)
responsible for HCV–RNA replication (14). As with other RNA
viruses, the HCV RdRp enzyme lacks proof-reading activity and
is highly error prone, leading to the emergence of different viral
populations circulating in the blood of an individual patient as a
mosaic of highly related sequences termed “quasispecies” (14).

Hepatitis C virus is classified into seven genotypes (1–7) and
up to 67 different subtypes based on the nucleotide sequences
of the Core/E1 and NS5B regions (20). The different genotypes
show marked differences in geographic distribution, response to
therapy, and pathogenesis (15).

VIRAL REPLICATION AND LIFE CYCLE
Hepatitis C virus replicates primarily in human hepatocytes. The
first described receptors for HCV were CD81 (21) and scav-
enger receptor class B type I (SR-BI) (22). The LDL receptor and
glycosaminoglycans (GAG) mediate initial binding to suscepti-
ble cells prior to interaction with CD81 and SR-BI (15). Tight
junction proteins claudin-1 (CLDN1) and occludin (OCLN) act
as receptors/co-receptors for HCV at cell junctions (23, 24). It
was recently reported that the cholesterol absorption receptor
Niemann–Pick C1-like 1 (NPC1L1) is an essential entry factor
(25) and that the epidermal growth factor receptor (EGFR) and
ephrin receptor type A2 are also required for HCV entry and pos-
sibly modulate the interaction between CD81 and CLDN1 (26).
Human CD81 and OCLN are the minimally required receptors to
render mouse hepatocytes susceptible to HCV entry (24). Binding
of HCV to its receptors is followed by fusion of the viral enve-
lope with the cellular membrane by clathrin-mediated endocytosis
then fusion with the endosomal membrane and the viral genome
is released into the cytosol (27). Cap-independent IRES-mediated
translation of the HCV ORF generates a large polyprotein that is
subsequently processed into mature structural and NS proteins
(Figure 1). Junctions between structural proteins are processed by
host signal peptidases from the endoplasmic reticulum. The viral
NS proteins are processed by the NS2/3 autoprotease (14) and the
NS3/4A serine protease (28). Replication takes place within ER
derived structures known as the membranous web and is mediated
by NS5B through a negative strand intermediate in a replica-
tion complex. Viral assembly occurs within lipid raft like struc-
tures. HCV nucleocapsid is built from units of the core protein
with RNA, surrounded by a membrane derived from the human
cell with embedded heterodimers of the envelope glycoproteins
E1 and E2 [reviewed in Ref. (15)]. The virions associate with
low-density and very-low-density lipoproteins (LDL and VLDL)
forming lipoviroparticles (LVPs) that are pleomorphic (29).

FIGURE 1 | HCV genome and polyprotein. The HCV genome is
composed of an open reading frame (ORF) flanked by 5’ and 3’
untranslated regions (UTRs). IRES-mediated translation of the ORF leads
to the formation of a polyprotein that is processed into 10 viral proteins.
Cleavage of the core protein from E1 involves cellular signal peptidases,

which also cleave E1, E2, and p7 from the polyprotein (pink arrows). The
NS2–NS3 protease auto-cleaves itself (green arrow). The NS3 protease
located in the first one-third of NS3, assisted by its membrane-bound
cofactor, NS4A, cleaves the remaining proteins NS3, NS4A, NS4B, NS5A,
and NS5B (violet arrows).
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MODELS FOR STUDYING HCV INFECTION AND IMMUNITY
IN VITRO MODELS
Hepatitis C virus replicates poorly in tissue culture. Earlier surro-
gate models to study HCV protein functions, virus–host interac-
tion, and viral entry included vaccinia virus (VV) vectors express-
ing HCV proteins, direct transfection of HCV RNA, subgenomic,
and full length replicons and viral pseudoparticles carrying HCV
envelop glycoproteins on a capsid backbone of vesicular stom-
atitis virus or lentiviruses (HCVpp). It was not until 2005 that
the first in vitro replicating strain was isolated from a Japanese
patient with fulminant hepatitis termed JFH-1 virus, a genotype
2a isolate (30–32). Even with the development of this system, very
few cell lines are permissive for its replication, often involving
adaptive mutations within the viral genome and/or impairment
in some of the cellular antiviral mechanisms [reviewed in Ref. (15,
33)]. These models have been instrumental in studying the innate
antiviral response against HCV on a cellular level and identifica-
tion of many of the underlying viral evasion mechanisms. The
development of new cell lines or methods that allow HCV replica-
tion in primary human or mouse hepatocytes is an area of intense
research.

IN VIVO MODELS
Humans and chimpanzees are the only two species that are sus-
ceptible to HCV infection. The chimpanzee model has been
instrumental in the early studies of immunity against HCV where
timing of the infection and infecting viral strains were known
and it was possible to examine intrahepatic immune responses.
Research on chimpanzees is now restricted (34) and the search
for an alternate animal model is ongoing. Although considerable
progress has occurred in developing humanized mice susceptible
to HCV infection, these mice are generated on immune deficient
backgrounds that preclude studying adaptive immune responses.
Cotransplantation of human CD34+ human hematopoietic stem
cells and hepatocyte progenitors in mice with inducible liver dam-
age demonstrated good engraftment of human leukocytes and
hepatocytes. These mice became infected with HCV and demon-
strated some HCV-specific immune responses and liver fibrosis
(35). These data are preliminary and the model remains techni-
cally challenging. It will likely be a few more years before we have
a suitable alternative to the chimpanzee model for studying HCV-
specific immunity and preclinical testing of vaccine candidates
[reviewed in Ref. (36)].

Due to the asymptomatic nature of HCV, a limited number of
individuals present to the clinic with acute symptomatic infection.
In that situation, it is usually difficult to determine the exact date of
infection or exposure and the infecting viral strain(s). Most of our
early knowledge about acute HCV came from studies of experi-
mental infection of chimpanzees, or individuals infected following
high risk exposures like needle stick injuries in health care workers,
blood transfusions, as well as the few cases presenting with symp-
tomatic acute HCV. Recent studies relied upon monitoring high
risk individuals, in particular IDUs who currently represent the
main population of novel HCV infection in developed countries.
It is noteworthy that in these situations the definition of acute
HCV can vary from one cohort to another and is dependent on
the follow-up interval, where the date of infection is estimated at

best. It is also ethically impossible to obtain liver biopsies during
acute infection and our knowledge of acute intrahepatic responses
is derived from the chimpanzee model.

CLINICAL COURSE OF HCV INFECTION
Hepatitis C virus RNA can be detected in the peripheral blood of
infected individuals within one week following infection. Despite
this high level of viral replication, HCV-specific immune responses
remain undetectable in most infected individuals for several weeks
suggesting that the virus outpaces the immune system and impairs
its responses (37). Nevertheless, interferon stimulated genes (ISGs)
are detected early in the liver and some mediators of innate
immunity like natural killer (NK) cells are activated and can
be detected in peripheral blood (discussed below). At approxi-
mately 4–8 weeks, HCV-specific CD4 and CD8 T cells become
detectable in the liver and peripheral blood and are often but not
always associated with an increase in liver transaminases in the
blood (38, 39). Most individuals who are able to spontaneously
clear HCV do so within the first 6 months and a smaller pro-
portion may clear their infection within 12 months. The outcome
of HCV infection is determined by a “ménage-à-trois” between
host genetics, the virus and HCV-specific immunity. Other host
factors that influence the outcome of infection include ethnicity,
female sex, and accompanying co-morbidities (e.g., co-infection
with human immunodeficiency virus (HIV), alcohol abuse, renal
disease, obesity, or liver fibrosis) (40).

GENETIC FACTORS THAT INFLUENCE THE OUTCOME OF
ACUTE PRIMARY HCV
Several genetic factors, mostly in genes related to innate and adap-
tive immune functions, influence the outcome of acute HCV infec-
tion. Individuals homozygous for the killer inhibitory receptor
(KIR) gene KIR2DL3 and its ligand HLA-C1 alleles are more likely
to clear HCV infection than individuals with other KIR2DL:HLA-
C combinations (41). KIRs interact with their cognate MHC class
I ligands and regulate the activation and function of NK cells.
KIR2DL3 has a lower affinity for HLA-C1 than other KIR2DL
alleles, so HLA-C1-mediated inhibition of NK cells is thought to
be weaker in individuals homozygous for KIR2DL3 and HLA-
C1 thus enhancing their capacity to inhibit HCV replication or
kill virally infected hepatocytes (42). The same KIR/HLA-C com-
bination was consistently more frequent in IDUs with high risk
exposure to HCV who remain seronegative/aviremic as compared
to those with chronic infection (43).

Genome-wide association studies (GWAS) demonstrated a cor-
relation between several single-nucleotide polymorphisms (SNPs)
near the IL28B (IFNl3) gene locus and the spontaneous reso-
lution of infection, as well as response to IFN therapy (44–47).
Although several SNPs were identified, the rs12979860 SNP has
become the most relevant (48). The favorable allele was iden-
tified as CC and the non-favorable allele CT or TT for het-
erozygous or homozygous individuals, respectively. These alleles
were found to be unequally distributed among individuals of dif-
ferent ethnicities (Asians, Caucasians, and African Americans)
and correlated with their differential response to IFN therapy
(44, 47). Recent data have reported a novel transiently induced
region that carries a dinucleotide variant ss469415590 (TT or
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DG), which is in high linkage disequilibrium with rs12979860.
This resulted in a frameshift variant that created a novel gene,
designated IFNL4, encoding the interferon-l4 protein (49). This
mutation was also associated with higher levels of induction of
IL28B and interferon gamma-induced protein 10 (IP-10) thus
providing a potential mechanism for its enhanced role in viral
clearance (50).

It is not yet clear how polymorphism in the IL28B and/or IFNL4
gene influences immune responses and the capacity to sponta-
neously eliminate HCV. Given that the IL28B and IL29 (IFNl1)
genes are in opposite orientation, this SNP is up stream of the
two genes and may influence expression of both. The responder
genotype was linked to higher expression of the IL28A/B as mea-
sured by qRT-PCR in PBMCs or protein levels in plasma and
lower HCV viral load, but results were not consistent among dif-
ferent studies (45, 51, 52). IL-29 was upregulated during acute
and chronic HCV and its expression correlated with induction
of ISGs but not acute infection outcome (52, 53). The non-
favorable IL28B genotype was associated with higher expres-
sion of ISGs in the liver (54–56), considered a predictor of
non-response to IFN therapy. Interestingly, ISGs were differ-
entially expressed in liver versus macrophages, where the non-
responder genotype was associated with lower ISG expression in
macrophages (56).

It was also suggested that IL28B polymorphism may influence
NK cell function or the cross-talk between innate and adaptive
immunity. Dring et al. have demonstrated that KIR2DS3 syn-
ergizes with IL28B to predict chronic evolution of HCV (57).
Suppiah et al. have demonstrated that polymorphism in IL28B,
HLA-C, and KIRs additively and interactively predict response to
therapy in chronic HCV infection (58). However, functional data
supporting this possibility are still lacking.

A more recent GWAS study demonstrated that in addition
to IL28B, another SNP near the gene for the HLA class II mol-
ecule DQB1*03:01, was independently associated with sponta-
neous resolution of HCV infection (59). Indeed, several HLA
HLA class I and class II alleles were previously associated with
the outcome of HCV [reviewed in Ref. (60)]. The HLA class
I alleles HLA-A*03, HLA-B*27, and HLA*B57 were associated
with spontaneous clearance [reviewed in Ref. (60)]. Interest-
ingly, the HLA-B*27 and -B*57 alleles are also associated with
better viral control in HIV infected individuals (61). The HLA
class II alleles HLA-DRb1*0101, -DRB1*0401, -DRB1*1101, and
DQB1*0301 were strongly associated with HCV clearance,whereas
HLA-DRb1*0701 was associated with HCV persistence (62–64). It
is suggested that such HLA class I and II alleles favor the generation
of immune responses targeting conserved epitopes or epitopes that
are less likely to mutate because of the high fitness cost associated
with such mutations and viral replication (65).

Other genetic factors that were associated with spontaneous
clearance of HCV include: ISGs, toll-like receptors (TLRs),
chemokines, cytokines, and their receptors [reviewed in Ref. (60)],
as well as tapasin associated with peptide loading on MHC class I
(66). Finally, HCV was also shown to exploit “holes” in the T cell
repertoire to facilitate its escape from detection by virus-specific
CD8 T cells (67).

INNATE IMMUNE RESPONSES DURING ACUTE PRIMARY
HCV
VIRAL SENSING AND INTRACELLULAR INNATE IMMUNITY
Foreign RNA molecules are recognized by pattern recognition
receptors (PRRs) including TLRs and/or intracellular nucleic acid-
binding proteins (68, 69). In hepatocytes, TLR3, protein-kinase R
(PKR), and retinoic-acid-inducible gene I (RIG-I) are the main
PRRs recognizing HCV upon entry and replication. PKR and
RIG-I activation signals are relayed via the mitochondrial antiviral
signaling protein (MAVS), while TLR3 signals are relayed via the
TIR domain-containing adapter inducing IFN-b (TRIF) [reviewed
in Ref. (70)]. Downstream of these adaptor proteins signaling cas-
cades are activated culminating in the secretion of type I IFNs
(70). Binding of auto- and paracrine type I IFNs to their receptors
activates signaling along the JAK–STAT signaling pathway. This
induces the expression of hundreds of ISGs in the infected cells
and neighboring cells (71) and creates a general antiviral state in
the liver that limits HCV RNA replication and cell-to-cell spread
(72). ISGs expressed in response to HCV infection include several
proteins with known antiviral effects, as well as some others that
were shown to promote HCV replication in vitro, as ISG15 and
USP18 (73, 74).

Upregulation of ISGs is detected in the liver early after HCV
infection irrespective of the outcome, suggesting that most HCV
isolates are resistant to the antiviral effects of this early innate
response (75–78). Nevertheless, the pro- and anti-viral roles of
the different ISGs would suggest differential induction of specific
ISGs in patients with different outcomes of HCV infection. Recent
work on primary hepatocytes infected with HCV demonstrated
that type III IFNs (IFNls) could be the earliest responders and
that they lead to induction of ISGs shared with type I IFNs, as
well as other distinct ISGs (79, 80). Preliminary studies suggest
that although similar ISGs are induced by type I and type III IFNs,
they may signal through two distinct pathways (81), have differ-
ent kinetics (82) maybe cell type specific (56) and/or IFNl allele
dependent (83).

Infected hepatocytes are not the only source of type I and type
III IFNs but liver resident Kupffer cells (84), BDCA3+ myeloid
dendritic cells (mDCs) (85), and plasmacytoid DCs (pDCs) (86,
87) can detect HCV RNA and produce type I and type III IFNs,
thus contributing to the intrahepatic antiviral state and inducing
inflammatory cytokines and chemokines like IP-10 that recruit
virus-specific T cells to the liver.

Despite the rapid viral sensing and induction of antiviral
responses, HCV is able to persist as it has devised several mech-
anisms to evade recognition and inhibit IFN-signaling pathways.
NS3/4A was shown to use its serine protease activity to act as the
viral “Swiss army knife” to disrupt viral sensing pathways at early
steps by splicing MAVS and TRIF downstream of the major sen-
sors of HCV–RNA [reviewed in Ref. (70)]. Other HCV proteins as
core, E2, and NS5A interfere with various early and late steps along
the JAK–STAT signaling pathway that is induced by type I and III
IFNs further contributing to inhibiting the IFN response (88–90).
However, ISGs remain highly expressed in individuals who develop
chronic infection and their level of expression correlates inversely
with the response to IFN based therapies (91). This suggests that
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sustained viral replication and induction of ISGs induce a state of
tolerance within hepatocytes that become refractory to external
IFN stimulation.

NATURAL KILLER CELLS
Natural killer cells are one of the earliest lines of innate immune
defense. They exert their function by killing virally infected cells
via secretion of cytotoxic molecules like granzymes and perforin or
through tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL)-mediated killing. They also secrete cytokines that
can regulate innate and adaptive immunity like IFNg, TNFa, IL-
10, and IL-21. NK activity is governed by the balance between
activating and inhibitory signals. One of the major determinants
of such activity is the strength of the interaction between the
inhibitory KIRs expressed on NK cells and their MHC class I lig-
ands expressed on target cells (92). NK cells are highly enriched
in the liver and are expected to play a major role in controlling
hepatotropic infections (93, 94). NK cells were activated early in
healthcare workers following accidental percutaneous exposure
to HCV and may have contributed to protection from infection
in 11/12 individuals in this group who remained aviremic (95).
NK cells were also activated in high risk IDUs and expression of
the NK cells activating receptor NKp30 correlated with protec-
tion from HCV infection (96). Hyperactivation of NK cells was
observed during acute HCV infection irrespective of the outcome
(97–99). Increased IFNg production was enriched in KIR2DL3
expressing NK cells as suggested by genetic studies demonstrating
that this allele was associated with spontaneous resolution of HCV
potentially due to less NK cell inhibition (98). Reduced expres-
sion of NKp30 could predict the outcome of acute HCV (97).
Notably, NK cells from HCV acutely infected individuals and dur-
ing chronic infection were biased toward cytotoxicity rather than
cytokine production (99, 100) and NK cell degranulation, a sur-
rogate marker of cytotoxicity, correlated with the magnitude of
HCV-specific T cells (99). This suggests that NK cell cytotoxic
activity may kill infected hepatocytes and facilitate the transfer of
HCV antigens to the draining lymph nodes as they are picked up
and presented by DCs.

During chronic HCV infection, intrahepatic NK cells are gener-
ally highly activated and this activation correlates with the degree
of liver inflammation (101, 102). Peripheral NK cells express vari-
able levels of the NK activation markers NKp30, NKp44, NKp46,
NKG2C, and NKG2D and increased expression of the inhibitory
receptor NKG2A as compared to healthy individuals [reviewed
in Ref. (103–105)]. NK cell numbers and functions, especially
cytotoxic activity, were shown to be lower in chronic hepati-
tis C patients as compared to healthy donors but results varied
from one study to another probably reflecting various experimen-
tal designs and patient cohorts (106–109). Recombinant HCV
E2 protein was reported to directly bind CD81 on the surface
of NK cells and inhibit its functions (110, 111). HCV-infected
hepatocyte cell lines but not purified virions reproduced a similar
phenomenon (112, 113).

Recent data from the lymphocytic choriomeningitis virus
(LCMV) model has demonstrated that NK cells may act as rheo-
stat to control CD4-mediated help for CD8 T cell functions during
chronic infection (114). Similarly, in the hepatitis B virus (HBV)

model, it was shown that NK cells can selectively eliminate acti-
vated T cells expressing the TNF-related apoptosis-inducing ligand
death receptor 2 (TRAIL-R2) and thus, negatively regulate antivi-
ral immunity (115). NK cells also interact with DCs and this
cognate interaction regulates both innate and adaptive immu-
nity. NK cells produce IFNg and TNFa that induce maturation
of DCs and enhance their capacity to prime virus-specific T cells.
In return, DCs produce IL-12 and IL-15 that enhance activation of
NK cells (116). It would be interesting to examine if such cross talk
exists during acute HCV infection and cross-regulates adaptive
immunity.

DENDRITIC CELLS
Dendritic cells are one of the major antigen-presenting cells
(APCs) in the body. They bridge innate and adaptive immu-
nity and may impact priming of HCV-specific immune responses.
DCs rapidly differentiate into mature DCs in response to vari-
ous “danger” signals like activation through pathogen associated
molecular patterns (PAMPs) in particular TLR ligands, interac-
tion with innate lymphocytes (NK and NKT cells), cytokines, and
inflammatory mediators (117). There are two main subsets of DCs,
mDCs representing the majority of DCs and mostly associated
with antigen processing and presentation and pDCs that can sense
viral infections and are the main producers of type I and type
III IFNs. pDCs can detect HCV RNA in a TLR-7 specific manner
when presented as part of an infected cell (86). This activation can
be mediated by transfer of exosomes containing HCV–RNA from
infected cells to pDCs (87). As such, DCs are considered a main
orchestrator of the HCV innate and adaptive immune response.

The role and function of DCs during acute and chronic HCV
infection remain highly controversial. The frequencies of mDCs
and pDCs were shown to correlate with the outcome of infection,
where reduced frequencies were associated with chronic infection
(118–121). Our group has recently demonstrated that sustained
hyperresponsiveness of DCs was associated with resolution of
HCV infection suggesting better priming of HCV-specific T cells
(122). Various groups have reported that DCs are defective in
chronic HCV, in particular, in response to TLR ligands (123–126),
may be infected (123–126), and may induce proliferation of Tregs
(127) while others have demonstrated that they are functional
(118, 120, 128, 129). How do DCs influence priming of HCV-
specific immune responses? Is it through a direct effect on antigen
presentation or through better NK–DC interaction? Are DCs pre-
senting HCV antigens more tolerogenic or targets for elimination
by NK cells? These remain as some of the gray areas in the HCV
field.

ADAPTIVE IMMUNE RESPONSES DURING ACUTE PRIMARY
HCV
The importance of cell-mediated immunity in HCV clearance is
demonstrated by the correlation between specific HLA class I and
class II alleles and spontaneous resolution and underscored by
depletion studies in the chimpanzee model showing that both
CD4 and CD8 T cells are required for viral clearance and that
they have complementary rather than exclusive roles. The role of
nAbs is slowly being unraveled. In the following sections, we will
summarize the current state of knowledge on this topic.
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ONSET OF ADAPTIVE IMMUNE RESPONSES
HCV-specific CD8 and CD4 T cell responses appear late around
6–8 weeks following primary HCV infection despite high levels of
viral replication. This delay in the onset of virus-specific T cells
could be attributed to the tolerogenic nature of the liver environ-
ment and the time required for viral antigens to reach the draining
lymph nodes to be presented by professional APCs (38, 94). It
might also be indicative of the capacity of the virus to evade the
innate immune system, interfere with maturation of DCs or impair
their capacity for antigen processing and presentation. Onset of
HCV-specific CD8 T cells in blood and/or liver and the detection
of IFNg, CD3, CD4, and CD8 transcripts in the liver are kinetically
linked to decline in viral loads (76, 77).

CD8 T CELL RESPONSES DURING ACUTE PRIMARY HCV
The breadth of the CD8 T cell response is a key determinant of
spontaneous resolution. Up to nine different epitopes were rec-
ognized simultaneously in chimpanzees and humans with acute
resolving HCV while much fewer epitopes were recognized in
individuals developing chronic infection (130, 131). Responses
targeting the NS proteins were immunodominant and correlated
with spontaneous clearance (132), but the individual epitopes tar-
geted were different, even among individuals with shared HLA
alleles (133, 134).

Escape mutations within targeted CD8 T cell epitopes are
associated with viral persistence and represent a major immune
evasion mechanism used by the virus. They typically occur early
and become fixed in the viral quasispecies (135–137). Mutated epi-
topes are mostly associated with loss of binding to the restricting
MHC and are thus not recognized or poorly induce a new T cell
response (135, 136). Escape mutations are also dependent on the
interplay between the virus and host genetics. The host HLA alleles
enforce selective pressure on their cognate epitopes. This is evident
as these mutations revert to their wild type sequences when trans-
mitted to an individual not carrying the same HLA allele and where
the epitope is no longer under selection pressure (138). Host HLA
may also induce selection pressure on a population level resulting
in viral adaptation within a specific genetically related population
(139). Finally, viral fitness limits the variability within some epi-
topes (140, 141). Certain HLA-alleles like HLA*B27 are considered
protective as they prime responses to highly constrained epitopes
that are less likely to mutate because of the high fitness cost (65,
142, 143).

The epitope-specific CD8 T cell receptor (TCR) repertoire may
also limit escape mutations. One study in the chimpanzee model
suggested that generation and maintenance of a repertoire with
higher diversity was associated with resolution of HCV infection
and limited the emergence of escape mutations in the targeted
epitopes (144). Another study correlated a specific mutation in an
MHC class I restricted epitope (NS31406) to the scarcity of spe-
cific TCRs that could recognize the mutant, thus exploiting this
“hole” in the T cell repertoire (67). Several studies in HIV cohorts
demonstrated an association between the ability to control HIV
replication and progressing to AIDS with the presence of specific
CD8 T cell clonotypes that possessed superior functional avidity,
as well as cross-reactivity to the different variants of the targeted
epitope (145). Additional studies examining the dynamics of the

TCR repertoire, functionality, and escape mutations during acute
and chronic HCV in relation to changes in viral quasispecies would
be of interest.

The magnitude of responding CD8 T cells also correlates with
spontaneous resolution. Studies using MHC class I tetramers
demonstrated that T cells specific for one single epitope can reach
up to 8% of CD8 T cells in spontaneous resolvers (131, 146). The
frequency of HCV-tetramer positive population was several folds
higher in the liver than in peripheral blood of chimpanzees during
acute resolving HCV with elevated expression of CD69, a marker
of T cell activation (147).

The use of MHC class I tetramers allowed direct ex vivo phe-
notypic characterization of the HCV-specific CD8 T cells. Early
expression of the IL-7 receptor alpha (CD127) on virus-specific
CD8 T cells emerged as a major predictor of spontaneous resolu-
tion while its loss was associated with viral persistence (148, 149).
CD8 memory T cell populations generated following clearance of
primary HCV infection were CD127hi and Bcl-2hi (146). This is
consistent with data from the LCMV model showing that CD127
is a marker of cells destined to become long-lived memory T cells
(150). On the other hand, HCV-specific CD8 T cells express vari-
able levels of PD-1 during acute infection suggesting that PD-1
acts more as an activation rather than an exhaustion marker (151–
153). Other exhaustion markers like the T cell immunoglobulin
and mucin domain 3 (Tim-3), cytotoxic T lymphocyte associated
antigen-4 (CTLA-4), CD160, KLRG-1, and 2B4 are differentially
expressed during acute and chronic HCV suggesting a spectrum of
exhaustion that correlated with function and persistent infection
(154, 155). The Tim-3 ligand galectin-9 (Gal-9) was upregulated in
the plasma during acute infections progressing to chronicity (155,
156) and in the liver of chronic individuals (156), thus contribut-
ing to T cell exhaustion. Blockade of PD-1, Tim-3, and CTLA-4
separately or in combination rescued HCV-specific CD8 T cells
from exhaustion suggesting that they act synergistically (157–159).
In vitro supplementation of IL-21, a mediator of CD4 T cell help,
also rescued HCV-specific T cells from Tim-3/Gal-9-mediated
apoptosis (155).

HCV-specific CD8 T cells become difficult to detect in the
peripheral blood of individual who develop chronic infection
but are readily detectable in the liver and continue to express
a highly activated and exhausted phenotype (160, 161). HCV-
specific intrahepatic CD8 T cells from chronic HCV patients
expressed TIM-3, PD-1, and 2B4, while CD8 T cells from patients
who had cleared the virus following IFN therapy (i.e., in absence
of active viral replication) and T cells specific for cytomegalovirus
lacked TIM-3 and expressed higher levels of LAG-3; these cells
also exhibited different memory phenotypes and proliferative
responses (162).

HCV-specific T cells in the peripheral blood might be slightly
impaired in their proliferative and cytokine producing capacity
when they first appear in blood suggesting a “stunned” phenotype
(163). Analysis of multiple effector functions simultaneously iden-
tified the presence of a polyfunctional population of virus-specific
CD8 T cells that correlated with spontaneous clearance of HCV
(146), similar to what was observed during control of HIV infec-
tion (164) and in the LCMV model (165). The functions analyzed
included secretion of the effector cytokines IFNg, the T cell growth
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factor IL-2 and the degranulation marker CD107a, a surrogate
marker of cytotoxicity (146). Assays on sorted cells demonstrated
that polyfunctionality was localized within the CD127+ HCV-
tetramer reactive CD8 T cells providing further evidence to the
importance of this T cell subset in mediating viral clearance (146).

Differences in CD8 T cell functions become increasingly appar-
ent as the infection progresses and are associated with loss of helper
CD4 response, as well (discussed below). In patients who become
chronically infected T cells show progressive loss of function,
reduced polyfunctionality and diminished proliferative capacity
(146, 166). CD8 T cells detected in chronic HCV patients were
arrested in an early maturation stage, impaired in cytokine pro-
duction, cytotoxicity, and/or proliferative capacity (167–169). The
loss in function also correlates with the degree of exhaustion as
described above and were reversible in vitro upon blockade of the
PD-1, CTLA-4, and/or Tim-3 pathways (170). However, in vivo
blockade of the PD-1 pathway in chronically infected humans and
chimpanzees had limited efficacy suggesting that a threshold of
functional HCV-specific T cells is required for such immunother-
apeutic strategies to work (171, 172). Functional exhaustion could
be attributed to the persistence of the antigen, where it was shown
in the LCMV model that prolonged exposure to viral antigens is
the main cause for reduced frequency and impaired effector func-
tions of virus-specific CD8 T cells (173, 174). Confirming this
hypothesis are data demonstrating that HCV-specific CD8 T cells
detected in chronic patients where the respective cognate epitope
was mutated (i.e., no longer stimulated by the cognate epitope)
were functional and expressed lower levels of PD-1 and increased
CD127, a marker of long-lived memory cells and a predictor
of spontaneous resolution (175–177). Similarly, early therapeu-
tic intervention and sustained virologic response to IFN therapy
rescued CD127+ long-lived memory T cells (146, 176).

In summary, spontaneous resolution of acute HCV correlates
with early emergence of CD127+ HCV-specific CD8 T cells. The
response is also broad, of high frequency and polyfunctional in
nature. Several factors contribute to failure of this response in indi-
viduals who become persistently infected. First, escape mutations
in targeted epitopes facilitate viral evasion of the immune system.
Second, loss of CD4 help or a switch to an immunoregulatory
profile further compromises the antiviral capacity of virus-specific
CD8 T cells (discussed below). Third, continued viral replication
contributes to exhaustion of HCV-specific T cells through persis-
tent antigenic stimulation leading to progressive loss of function
and diminished survival of virus-specific CD8 T cells. Fourth,
exhaustion is exacerbated by increased expression of the ligands
to the inhibitory receptors like Gal-9.

CD4 T CELL RESPONSES DURING ACUTE PRIMARY HCV
The importance of CD4 T cells in clearance of primary acute HCV
was first demonstrated by the correlation between CD4 prolifera-
tive responses targeting the HCV NS proteins and viral clearance
(178, 179), whereas the loss of such responses was associated with
viral recurrence (37, 131, 180). The breadth and vigor of the CD4
response also correlated with spontaneous resolution (179, 180).
CD4 T cell responses targeting up to 14 different epitopes were
detected in individuals with acute resolving HCV (181) and some
of these epitopes were identified as promiscuous epitopes that

can be presented by multiple HLA-DR alleles (182, 183). Unlike
CD8 epitopes, escape mutations were uncommon in MHC class
II restricted CD4 T cell epitopes suggesting that this is an unlikely
mechanism of CD4 T cell failure (184, 185).

Despite the development of MHC class II tetramers and multi-
mers, direct ex vivo detection and characterization of HCV-specific
CD4 T cells has been limited due to the low frequency of tetramer
reactive T cells, very often requiring enrichment. In addition, the
restricted number of epitopes and tetramers that are available
limited such analysis. Direct ex vivo studies have demonstrated
that HCV-specific CD4 T cells are detectable by tetramers mostly
during the acute phase. The frequency declines and they remain
detectable in humans who resolve the infection during the memory
phase but require enrichment where they were shown to express
markers of central memory T cells (CCR7+CD45RA�CD27+)
(186, 187). Nevertheless, HCV-specific CD4 T cells were detectable
directly ex vivo by MHC class II tetramers in one chimpanzee at
7 years post resolution of acute primary HCV (152). The use of
tetramers also revealed that broad virus-specific CD4 T cells were
present early in most individuals acutely infected with HCV irre-
spective of the outcome, but rapidly lost the proliferative capacity
and cytokine production, specifically IL2, and disappeared from
the periphery with the establishment of chronic infection (188,
189). This challenged the prevailing hypothesis that HCV persis-
tence is the result of a failure to prime virus-specific CD4 T cells
and suggested that it is rather T cell exhaustion and the failure to
sustain such CD4 T cell responses that leads to chronicity. Indeed,
in vitro blockade of the PD-1, IL-10, and TGF-b pathways rescued
the proliferative and cytokine producing capacity of CD4 T cells
from individuals with chronic HCV (190).

The importance of CD4 T cell help in maintaining a func-
tional CD8 T cell response during HCV infection was clearly
demonstrated by CD4 depletion studies in chimpanzees, where the
frequency of virus-specific CD8 T cells and their cytokine produc-
ing capacity gradually declined resulting in accumulation of escape
mutations in the targeted CD8 epitopes (191). So how do HCV-
specific T cells provide help for CD8 T cells? Our group recently
demonstrated that expansion of CD161hiCCR6+CD26+CD4+

Th17 T cells correlated with spontaneous resolution of HCV.
These cells produced large amounts of IL-17A and IL-21 and
this correlated with the increased plasma concentration of these
two cytokines and spontaneous resolution of HCV (155). Specifi-
cally, increased plasma levels of IL-21 during the late acute phase
correlated with the frequency of virus-specific CD8 T cells and
rescued them from Tim-3/Gal-9-mediated apoptosis (155). This
underscored the role of IL-21 as a major helper cytokine similar
to previous observations on the LCMV model and HIV (192).
Other sources of IL-21 like NK cells and follicular helper T cells
(Tfh) remain unstudied and may play an active role in mediating
CD4 help.

Virus-specific Th17 and regulatory T cells (Tregs) were detected
during acute and chronic HCV (193–195) and Th17-like CD4 T
cells were enriched in the livers of individuals with chronic HCV
(196). The preferential expansion of Tregs with viral persistence
may represent another level of inhibition of HCV-specific CD4
and CD8 T cells. CD39+CTLA4+ Tregs were expanded during
acute HCV infections progressing to chronicity with a shift in the
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Th17/Treg balance (155). Such Tregs can be a source of Gal-9 fur-
ther contributing to the inhibition/exhaustion of CD4 and CD8 T
cells expressing Tim-3 (155). Tregs are also expanded in chronic
HCV but it is not yet clear if expansion of Tregs is a cause or an
effect of HCV persistence as a feedback mechanism to limit virus
induced immunopathology and inflammation. A recent report
suggested that subinfectious exposures to HCV in the chimpanzee
model may predispose to the development of Tregs that can later
suppress HCV-specific responses upon subsequent infection (197)
suggesting that elevated Tregs can be a cause of persistence. Finally,
the flexibility and reversible nature among the different T-helper
subsets is a domain of intense research (198) and whether HCV-
specific CD4 T cells are endowed with such plasticity and the
pathways involved remain to be seen.

In summary, broad HCV-specific CD4 T cell responses are
primed during most acute HCV infections. However, contraction
of this CD4 T cell population and its failure in sustaining a robust
CD8 T cell effector response is a hallmark of HCV persistence.
Early induction of IL-21 producing Th17 cells is critical to mediate
help and limit exhaustion of virus-specific CD8 T cells. However,
CD4 T cell exhaustion, leads to sequential loss of IL-2 produc-
tion, proliferative capacity, and IFNg production in addition to an
imbalance in the Th17/Treg ratio. Tregs may contribute to exhaus-
tion and inhibition of CD4 and CD8 T cells through production
of the Tim-3 ligand Gal-9 and the regulatory cytokines IL-10 and
TGF-b.

HUMORAL RESPONSES DURING ACUTE PRIMARY HCV
Although, HCV RNA reaches high serum titers by week 2 post
infection, anti-HCV antibody response (seroconversion) is usu-
ally not detected before week 8 (199, 200). Early studies showed
that antibodies (Abs) targeting the HVR-1 region of the E2 gly-
coprotein of HCV are neutralizing in vitro and in vivo (201, 202),
but select for mutations in the envelope region (203). Chimpanzee
studies showed that generation of Ab responses was not necessarily
associated with viral clearance (204, 205). In humans,Ab responses
were delayed, were of low titers and declined rapidly in individuals
who cleared HCV spontaneously (206–208). One study showed
that nAbs appeared in patients after HCV has already established
chronic infection and were unable to clear the virus and selected
for escape mutants (209). However, another study showed that
early induction of nAbs was associated with spontaneous reso-
lution of HCV primary infection (210). Broadly nAbs that could
protect against heterologous HCV infection were recently reported
(211, 212). Similar broadly nAbs confer protection against most
pathogens, yet, they did not necessarily correlate with the control
of infection or protection against superinfection in some chronic
viral infections like HIV (213).

One of the major limitations for understanding humoral
immunity against HCV is the lack of proper tools to measure
precisely the levels of nAbs. The current method measures neu-
tralization of HCVpp or infectious virions carrying HCV E1–E2
envelope glycoproteins corresponding to a limited number of
HCV genotypes reference sequences, and thus do not necessarily
represent the autologous E1/E2 sequences circulating in the patient
(214, 215). An HCVpp library comprised of 19 genetically-distinct
sequences that represent the natural variability of genotype 1

E1/E2 was recently used to demonstrate the evolution of the HVR-
1 sequences in response to nAbs (216). A recent study using this
HCVpp library demonstrated that resolution of HCV infection
was associated with a broad nAb response generated early during
the infection (217).

Another antiviral role for anti-HCV Abs could be through
induction of antibody-dependent cellular cytotoxicity (ADCC).
ADCC is a mechanism whereby the variable region of Abs binds
to infected cells while the constant region (Fc) is recognized by Fc
receptors expressed by various innate immune cells including NK
cells. Binding to the FcgR3a (CD16) triggers cytokine production
and degranulation of NK cells, resulting in lysis of the targeted cell.
Several studies suggest that ADCC plays a role in controlling viral
replication during HIV infection (218, 219) and may have con-
tributed to the success of the HIV RV144 vaccine trial performed
in Thailand (220). So far, only one study has demonstrated the
presence of ADCC-inducing antibodies specific for the E2 envelop
protein in several HCV patients during acute and chronic HCV
infection, as well as after spontaneous clearance (221). Further
studies will be required to confirm these results and determine if
ADCC-inducing antibodies play a role in the spontaneous clear-
ance of HCV infection and in the protection against HCV infection
and reinfection.

Some major challenges exist for generating protective humoral
immunity against HCV. First, the envelope proteins are not highly
immunogenic, causing the Ab response to be slow and weak during
primary infection (216). Second, Abs mostly target the HVR of E2,
a region with high mutation rates, which facilitates the selection of
viral sequences that are highly resistant to Ab neutralization (222).
This selection was shown to take place as the cellular immunity
collapsed and the infection progressed to chronicity (223). Third,
the epitopes targeted by nAbs are shielded by heavy glycosyla-
tion and complexation with host lipoproteins, which limits their
efficacy in vivo (224).

In summary, recent data suggest that nAbs are induced earlier
than what was previously thought and may play an active role in
spontaneous resolution but these results remain inconclusive and
further investigation using autologous E1/E2 sequences is required
to understand this role. The recent elucidation of the crystal struc-
tures of E2 (225) and E2 bound to the broadly nAb AR3C (226), as
well as structural mutational studies should provide better insights
into how E1/E2 interact with their receptors and nAbs. In addi-
tion, the role of CD4 T cells, in particular Tfh cells, in providing
help for antibody production by B cells remains undefined.

SUMMARY OF ACUTE PHASE IMMUNE RESPONSES AND
MECHANISMS OF IMMUNE EVASION
Hepatitis C virus infection of hepatocytes activates innate immune
sensing mechanisms like TLRs, RIG-I, and PKR that activate sig-
naling cascades resulting in production of type I and type III IFNs
and induction of several antiviral ISGs in infected hepatocytes.
HCV can also be transferred to DCs or Kupffer cells via exosomes
leading to activation of innate pathways and additional secretion
of IFNs. Intrahepatic NK cells are activated by IFNs and recognize
and kill HCV-infected hepatocytes generating apoptotic bodies
containing HCV antigens. These apoptotic bodies are taken up
by APCs like Kupffer cells and DCs that process and present HCV
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antigens as peptides bound to MHC class I and II and prime HCV-
specific CD8 and CD4 responses, respectively. Infected hepatocytes
also present processed HCV antigens in the context of MHC class
I and prime virus-specific CD8 T cells that contribute to killing
and generation of additional apoptotic bodies containing viral
antigens. The transfer of HCV antigens from the liver to drain-
ing lymph nodes via migratory DCs is thought to be critical for
priming of efficient immune responses. Several populations of
HCV-specific CD4 helper T cells are primed including Th1 cells
that provide help for CD8-mediated killing of infected hepatocytes
via production of IFNg and TNFa, Th17 cells that produce IL-21
that limits exhaustion of HCV-specific CD8 T cells and rescues
them from apoptosis and Th2 cells that provide help for antibody
producing B cells and generation of nAbs via IL-4 and IL-6. The
role of Tfh cells and their support for development of nAbs remain
undefined during acute HCV, as well as the potential contribution
of ADCC to viral control. Similarly, cross-talk between NK cells
and DCs and how this interaction influences priming of virus-
specific T cells and regulates their function are unknown. HCV
can evade innate immunity by interfering with the IFN-signaling
pathway, inhibiting NK cells’ functions (even transiently), escape
mutations of targeted CD8 T cell epitopes, or exhaustion of virus-
specific CD4 and CD8 T cells through upregulation of exhaustion
molecules like PD-1, Tim-3, CTLA-4, and others. Tregs are also
induced and they can dampen HCV-specific responses directly
through secretion of the immunoregulatory cytokines IL-10 and
TGF-b or production of Gal-9 that can induce apoptosis of Tim-3+

virus-specific Th1, Th17, and CD8 T cells (Figure 2).

PROTECTIVE IMMUNITY AGAINST HCV
HCV-specific memory CD4 and CD8 T cells were detectable in the
peripheral blood of humans who have spontaneously resolved pri-
mary acute HCV for up to 20 years following viral clearance while
antibody responses waned (227). Similarly, memory CD4 and CD8
T cells were detectable in the peripheral blood and liver of HCV-
resolved chimpanzees at 7 years following resolution of primary
infection (147). Virus-specific CD4 and CD8 T cells were also
detectable in individuals with potential occupational, household
contact, or high risk behavior like injection drug use, in absence
of detectable antibody responses or history of infection suggest-
ing subclinical exposure, and priming of HCV-specific memory T
cells (228–231).

The frequency of HCV-specific memory T cells was stable for
several years after the resolution of primary infection in chim-
panzees (147). Rechallenge studies demonstrated no sterilizing
immunity but were characterized by a shorter duration of viremia
and lower viral loads and were associated with protection from
virus persistence in most (147, 232–235), but not all studies (236).
Expansion of HCV-specific memory CD4 and CD8 T cells in
peripheral blood and the liver was associated with rapid control of
HCV infection upon rechallenge. IFNg producing CD4 and CD8
T cells were detected at a higher frequency and much earlier during
secondary infection as compared to primary infection in the same
chimpanzees (147, 191, 232–235). The hierarchy of CD4 helper T
cell epitopes was preserved during secondary infection years later
(182). Control of viral replication in animals challenged with HCV
following experimental vaccination was associated with priming

of CD127+ PD-1lo CD8+ T cells that persisted at high levels for
prolonged periods and were bifunctional, producing both IFNg

and TNFa (237). Another study demonstrated that clearance of
HCV reinfection upon heterologous rechallenge involved the acti-
vation of both innate and adaptive immune responses. Higher
intrahepatic gene expression of CD56, CD8, type I and II IFN, and
ISGs were observed in one out of two chimpanzees who were able
to clear the rechallenge virus (238). This response correlated with
expansion of HCV-specific CD4 and CD8 T cells in the peripheral
blood in absence of nAbs (238).

The protective role of memory CD4 and CD8 T cells was con-
firmed using antibody-mediated depletion. CD4 T cell depletion
was associated with low level viremia. Although memory CD8
T cells initially provided some control for viral replication, they
rapidly waned in absence of CD4 T cell help leading to accumula-
tion of escape mutations in targeted epitopes and viral persistence
after more than 1 year of follow-up (191). In contrast, memory
CD8 T cell depletion led to a significant delay in control of viremia,
and this control coincided with the recovery of HCV-specific T
cells in blood and liver (147). Altogether, these data demonstrate
a protective role for memory T cells upon reexposure to HCV but
the role of nAbs was not sufficiently analyzed due to lack of the
proper tools and the generally weak anti-HCV antibody response
induced in chimpanzees.

As described above, HCV-specific memory CD4 and CD8 T
were detectable 20 years post-clearance of the virus, whereas anti-
bodies were barely detectable (227). Phenotypic characterization
of HCV-specific CD4 T cells in spontaneously resolved cases
showed they were CCR7+, CD45RA�, and CD27+, characteristic
of central memory T cells (186). Spontaneous resolution from a
primary HCV infection was associated with the generation of poly-
functional HCV-specific memory population expressing CD127hi

Bcl-2hi profile (146, 148, 149) consistent with a profile of long-lived
memory CD8 T cells (150). It is not clear how HCV-specific mem-
ory CD4 and CD8 T cells are maintained for prolonged periods.
Apart from their intrinsic long-lived properties and transcriptional
profile, memory T cells can be maintained through homeostatic
proliferation in response to the g-chain cytokines IL-7, IL-15, and
IL-21 (239, 240). They may also be maintained through periodic
restimulation with cross-reactive viral or self-antigens. Finally, it
is possible that minor quantities of HCV RNA are maintained for
a prolonged period following viral clearance and contribute to
periodic restimulation of such memory T cells (241, 242).

The protective role of HCV-specific immunological memory
is difficult to address in humans. Nevertheless, epidemiological
studies demonstrated that high risk IDUs who have spontaneously
resolved one HCV infection were less likely to be reinfected than
HCV-naïve individuals despite repeated high risk exposures (243–
246), but the reported rate of incidence of reinfections was variable
because of the different HCV RNA testing interval where rein-
fections of shorter duration or accelerated viral clearance may
have been missed (247). Other factors include differences in the
characteristics of individual subjects, as age, ethnicity, and risk
behaviors (247). Nevertheless, the rate of spontaneous clearance
of reinfection was higher than that for primary infection (243, 245,
248). This provided preliminary evidence of protective immunity
against HCV. Osburn et al. monitored a group of high risk IDUs at
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FIGURE 2 | Summary of innate and adaptive immunity during primary
HCV infection. (1) HCV entry and replication inside hepatocytes induces the
production type I and type III IFNs that are also secreted by pDCs and
create an antiviral state in infected hepatocytes and neighboring cells and
stimulate NK cells that kill infected hepatocytes. (2) Liver resident and
migratory APCs (Kupffer cells and DCs) uptake apoptotic bodies from
destroyed HCV-infected hepatocytes and present HCV-derived epitopes to
both CD4 and CD8 T cells in the context of MHC class II and MHC class I,
respectively. (3) The cross-talk between DCs and NKs regulates the function
of both cells enhancing antigen presentation and priming, as well as
NK-mediated killing. (4) CD4 helper T cells support responses of CD8 T cells
and B cells through production of Th1 and Th2 cytokine, respectively. (5)
Whether Abs produced from B cells during primary infection have an
essential role in viral clearance by directly neutralizing the virus or by
mediating ADCC is not fully understood, and the role of Tfh cells in this
process is still unknown. (6) CD8 T cells eliminate HCV-infected cells
through direct cytotoxic mechanisms (cytolytic granules, as perforin and

granzyme) or non-cytolytic mechanisms through secretion of the antiviral
cytokines IFNg and TNFa. (7) CD8 T cell functions are sustained and
enhanced by IL-21 mainly produced by Th17 cells. IL-21 is also essential to
rescue virus-specific T cells from exhaustion caused by persistent exposure
to HCV antigens. Reduced IL-21 production or Th17 cell numbers results in
an increased exhaustion status and expression of exhaustion markers like
PD-1, Tim-3, CTLA-4, and others. (8) Regulatory T cells might be a cause in
the failure of the primary immune response by secreting the regulatory
cytokines TGFb, IL-10, or secretion of Gal-9 that enhances apoptosis of
Tim-3+ CD4 and CD8 T cells. ADCC, antibody-dependent cellular
cytotoxicity; APC, antigen-presenting cell; CTLA-4, cytotoxic T lymphocyte
antigen-4; DC, dendritic cell; FcR, receptor for the constant fragment of the
antibody; Gal-9, galactin-9; Gz, granzyme; HCV, hepatitis C virus; IFN,
interferon; IL, interleukin; NK, natural killer; PD-1, Programed death-1; pDC,
plasmacytoid DC; Tfh, T follicular helper cells; TGF, transforming growth
factor; Th17, T-helper 17 cell; Tim-3, T cell immunoglobulin and mucin domain
3; TNF, tumor necrosis factor; Treg, regulatory T cell.

monthly intervals and observed a rate of reinfection at almost 50%
(11/22). Spontaneous clearance of reinfection was associated with
broadened T cell responses and generation of cross-reactive Ab
responses (248). However, phenotypic and polyfunctional char-
acterization of HCV-specific memory CD4 and CD8 T cells was

not performed. In this study, 10/11 subjects examined resolved
the second infection, thus a control group of unprotected patients
that would enable the definition of the exact correlates of protec-
tion was lacking. Preliminary work from our group suggests that
protection from HCV persistence upon reinfection is variable and
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associated with expansion of HCV-specific memory CD8 T cells
that are polyfunctional in nature with expansion of a CD127lo

population consistent with effector memory T cells (249).
Early treatment of HCV could rescue long-lived HCV-specific

memory CD4 and CD8 T cells (146, 176, 189) but the protective
role of natural T cell memory generated after viral clearance versus
treatment induced memory generated after therapeutic-mediated
clearance remains to be evaluated. An equally protective memory
immune response would argue in favor of early treatment of high
risk individuals as this will provide them with long-term protec-
tion if they are reexposed. Comparison of the capacity of the new
DAAs and/or IFN free regimens to rescue such protective memory
responses should also be evaluated.

In summary, long-lived T cell memory responses are generated
following spontaneous HCV clearance and data from chimpanzees
and limited human studies suggest that they can provide some pro-
tection. However, the signatures of a protective immune response
upon reexposure are far less defined, especially in terms of the
phenotype and functionality of HCV-specific protective mem-
ory immune responses. We propose a model inferred from our
current knowledge of protective immunity during acute primary
HCV infection (Figure 3). We hypothesize that protection upon
reexposure is associated with the maintenance of higher frequency,
breadth, and polyfunctionality of HCV-specific memory CD4 and
CD8 T cells. Such long-lived memory T cells are likely main-
tained through homeostatic proliferation in response to g-chain
cytokines. Upon reexposure, these memory T cells expand rapidly
and eliminate the infecting virus. Similar to murine models of
viral infections, repeated exposure will select for the virus-specific
memory T cells with the highest proliferative capacity and func-
tional avidity (250). It is likely that such long-lived memory T cells
will acquire a genomic signature that will facilitate their capac-
ity to expand rapidly and effectively upon reexposure. Individuals
who cannot maintain such long-lived, broad, and polyfunctional
memory T cells because of reduced homeostatic cytokine or pro-
liferation or predisposition to generation of Tregs and increased
T cell exhaustion are less likely to be protected upon reexpo-
sure. Host genetics, nAbs and homology between the infecting
viral strains during primary and secondary infection can tip
the balance toward viral clearance or persistence of the second
infection.

Protective immunity in the context of real life exposure remains
the most understudied area of HCV due to the limited number
of organized high risk cohorts suitable for such studies and the
need for follow-up at close intervals to detect multiple infection
episodes (247). Concerted efforts to study such response on a
large scale in matched cohorts with different ethnic backgrounds
are underway and should yield important knowledge in the future
(251, 252). In addition, the organization and characterization of
such cohorts provides the perfect setup to evaluate vaccine can-
didates. Use of novel genomic and proteomic tools should yield
better insights about the pathways involved in protective immu-
nity. Comparative analysis of virus-specific cellular and humoral
responses in relation to variations in the infecting viral strain
is essential to understand the interplay between the virus and
immune system and cross-protective immunity.

IMPLICATIONS FOR VACCINE DEVELOPMENT
The need of a prophylactic HCV vaccine to prevent viral transmis-
sion remains an urgent need to reduce the future disease burden
worldwide (11). The plethora of data suggesting that cellular
immunity is the major arm mediating spontaneous clearance dur-
ing primary HCV infection led to the assumption that it should be
the target for vaccine development. Nevertheless, the recent data
on the role of nAbs in resolution of primary infection suggest a
possible contribution of humoral immunity in both primary HCV
clearance and prophylaxis.

There are two challenges facing the development of HCV vac-
cines. First, the genetic diversity of HCV sequences and its high
rate of mutability. Second, the ability of HCV proteins to dis-
rupt and evade the different arms of the immune system. This
necessitates the design of an effective vaccine that generates mem-
ory immune cells capable of mounting a prompt recall response
upon reexposure to diverse HCV strains in a fashion that out-
paces the virus and prohibits it from crippling the immune
system.

Three major approaches have been adopted for vaccine design
against HCV. The traditional approach uses recombinant envelope
proteins to induce nAbs. It has gained more potential recently
with the discovery of broadly nAbs. Vaccination with recombi-
nant E1/E2 proteins was shown to induce cross-reactive nAbs that
might contribute to protective immunity upon exposure to HCV
(253–255). The second approach uses virus-like particles (VLPs)
that express HCV structural proteins to induce both humoral and
cellular immunity, but it failed to induce humoral responses when
tested in chimpanzees. Furthermore, upon homologous rechal-
lenge 2/4 vaccinated chimpanzees demonstrated sporadic very low
levels of viremia during 1 year of follow-up (256). The third and
most promising approach is designing an HCV vaccine that would
induce a potent T cell immune response. Replication-defective
recombinant viral vectors [e.g., adenovirus (Ad), vaccinia virus
(VV), modified vaccinia Ankara (MVA)] were used to deliver HCV
antigens to prime T cell responses. Another promising vector that
was successful in the simian immunodeficiency virus (SIV) model,
but has not yet been tested in HCV is cytomegalovirus (257). HCV
proteins could also be delivered using DNA vaccines, where recom-
binant plasmids expressing various proteins could be injected into
the host [reviewed in Ref. (11)].

A combination of viral vector prime and DNA or recombi-
nant protein boost is preferred to prevent neutralization of the
subsequent boosts by vector-specific antibodies that could have
been generated during priming. Two candidate vaccines using
this strategy showed promising preliminary results and are at an
advanced stage of development. The first vaccine uses heterolo-
gous prime/boost regimens with chimpanzee adenovirus Ad3Ch3
and a rare strain of human adenovirus (Ad6) expressing the entire
NS region of genotype 1b BK strain (NS3-5B). This vaccine was
tested in a phase I clinical trial in humans (ClinicalTrials.gov
NCT01436357). Both vectors primed broad CD4 and CD8 T cell
responses that were capable of responding to heterologous strains
of HCV genotypes 1a and 3a. Polyfunctional HCV-specific T cells
(IL-2+ IFNg+ TNFa+) could be sustained for at least a year
after boosting with the heterologous vector (258). This vaccine
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FIGURE 3 | Hypothetical model for protective and non-protective
immunity upon HCV reinfection. Individuals who spontaneously clear
primary HCV infection develop long-lived virus-specific memory CD4 and
CD8 T cells. Such memory T cell populations are maintained by the action of
homeostatic cytokines like IL-7, IL-15, and IL-21. Upon HCV reinfection,
some individuals will be protected against viral persistence while others will
be unprotected. (A) The protected individuals will be able to spontaneously
clear the second infection with a shorter period of viremia and reduced peak
viremia. Viral clearance will be accompanied by an accelerated memory T
cell recall response detectable in both liver and blood. The exact
characteristics of a protective response are yet to be defined in terms of

breadth and quality. (B) In unprotected individuals, reinfection will be
associated with a weak or late recall response and incomplete T
cell-mediated control of viremia. The underlying causes of failure to resolve
the reinfection despite the ability to spontaneously resolve a prior infection
maybe low levels of homeostatic cytokines affecting the maintenance of
memory T populations, reduced breadth, or quality of the recall response
upon reinfection and increased frequency of Tregs leading to dampening of
the immune response, viral persistence, and rapid exhaustion of
HCV-specific T cells. Neutralizing antibodies, host genetics, and homology
between the infecting viral sequences at different episodes may play a role
in protection upon reinfection.

is currently in a phase II trial in high risk IDUs. The second vac-
cine uses a regimen of priming with Ad6 encoding NS3-5B of
genotype 1b BK strain and boosting with NS3-5B-encoding plas-
mid DNA. A study in chimpanzees that received this vaccine then
challenged with HCV demonstrated that control upon HCV chal-
lenge following vaccination was associated with CD127+ PD-1lo

CD8 T cells that persisted at high levels for prolonged period and
were bifunctional (IFNg+ TNFa+). Nevertheless, three out of five
chimpanzees were not protected suggesting that a more efficient
immune response may be required (237, 259).

Correlates of protective immunity against HCV need to be
clearly defined so that they could be monitored following vac-
cination to predict the degree of protection that may be con-
ferred. This should involve characterization of the genomic and
proteomic pathways involved and identification of biomarkers
that can be used as benchmarks to monitor vaccine success in
a non-invasive way. Strategies targeting both cellular and humoral
immunity are likely to be more successful (260). The use of
immune modulators like PD-1 blockers, TLR agonists, or mod-
ulators of biological pathways like transcription factors involved
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in memory T cell generation may be useful as vaccine adjuvants
to enhance immunogenicity and favor the development of the
desirable immune response (250).

FUTURE RESEARCH DIRECTIONS
There is a general misconception that this is the end of HCV and
that the new treatments will completely eliminate HCV within the
next few years. Unfortunately, this is highly unlikely since the new
DAAs remain expensive and are associated with a fair number of
side effects. Moreover, their use in special populations like indi-
viduals with advanced liver disease or HIV coinfection remains
experimental and limited at this point. Most importantly, many of
the individuals infected with HCV have not been tested and con-
tinue to infect others. Future research should focus on the many
shades of gray that still cloud our understanding of what consti-
tutes a long-term protective immune response and the interaction
between the virus and the host. This requires the use of orga-
nized and well characterized cohorts and standardized methods
to evaluate immunity on a large scale with sufficient statistical
power. Areas of interest involve better understanding of the role of
genetic predictors of HCV outcome like IL28B and IFNL4 in viral
clearance and long-term protection; understanding the nature of
CD4 T cell help for both CD8 T cells and antibody producing B
cells; elucidation of the role of neutralizing and non-nAbs during
primary and secondary HCV infections; development of better
small animal models for preclinical testing of vaccines and the
use of novel genomics and proteomics tools to identify implicated
pathways and non-invasive markers of efficient immune response.
Collaboration with other fields, including research on vaccines for
other viruses like yellow fever virus and HIV, as well as work with
more physiologically relevant in vitro models like primary hepa-
tocytes should provide a clearer image of the protective immunity
against HCV and better success for ongoing and future vaccine
development strategies.

ACKNOWLEDGMENTS
We thank Thomas Fabre for help with preparation of the
figures. Our research is supported by grants from the Cana-
dian Institutes for Health Research (CIHR) (HEO-115696 and
MOP-133680), the Canadian Liver Foundation (CLF), Alberta
Innovates-Health Solutions, Fonds de recherche du Québec –
Santé (FRQS) AIDS and Infectious Disease Network (Réseau
SIDA-MI), and the National Institute on Drug Abuse (NIDA)
funded International Collaboration of Incident HIV and Hepatitis
C in Injecting Cohorts (InC3) study (R01DA031056). Mohamed
S. Abdel-Hakeem received doctoral fellowships from the National
CIHR Training Program on Hepatitis C (NCRTP-Hep C) and
CIHR. Naglaa H. Shoukry is a chercheur boursier – senior of the
FRQS.

REFERENCES
1. Hoofnagle JH. Course and outcome of hepatitis C. Hepatology (2002)

36:S21–9. doi:10.1053/jhep.2002.36227
2. Mohd Hanafiah K, Groeger J, Flaxman AD, Wiersma ST. Global epidemiology

of hepatitis C virus infection: new estimates of age-specific antibody to HCV
seroprevalence. Hepatology (2013) 57:1333–42. doi:10.1002/hep.26141

3. Thomas DL. Global control of hepatitis C: where challenge meets opportunity.
Nat Med (2013) 19:850–8. doi:10.1038/nm.3184

4. Frank C, Mohamed MK, Strickland GT, Lavanchy D, Arthur RR, Magder
LS, et al. The role of parenteral antischistosomal therapy in the spread of
hepatitis C virus in Egypt. Lancet (2000) 355:887–91. doi:10.1016/S0140-
6736(99)06527-7

5. Shepard CW, Finelli L,Alter MJ. Global epidemiology of hepatitis C virus infec-
tion. Lancet Infect Dis (2005) 5:558–67. doi:10.1016/S1473-3099(05)70216-4

6. Heathcote EJ. Prevention of hepatitis C virus-related hepatocellular carcinoma.
Gastroenterology (2004) 127:S294–302. doi:10.1053/j.gastro.2004.09.044

7. Perz JF, Alter MJ. The coming wave of HCV-related liver disease: dilemmas and
challenges. J Hepatol (2006) 44:441–3. doi:10.1016/j.jhep.2005.12.007

8. Charlton M. Natural history of hepatitis C and outcomes following liver
transplantation. Clin Liver Dis (2003) 7:585–602. doi:10.1016/S1089-3261(03)
00046-1

9. Brown RS. Hepatitis C and liver transplantation. Nature (2005) 436:973–8.
doi:10.1038/nature04083

10. Hauri AM, Armstrong GL, Hutin YJ. The global burden of disease attributable
to contaminated injections given in health care settings. Int J STD AIDS (2004)
15:7–16. doi:10.1258/095646204322637182

11. Liang TJ. Current progress in development of hepatitis C virus vaccines. Nat
Med (2013) 19:869–78. doi:10.1038/nm.3183

12. Hagan H, Neurer J, Jordan AE, Des Jarlais DC, Wu J, Dombrowski K, et al.
Hepatitis C virus infection among HIV-positive men who have sex with men:
protocol for a systematic review and meta-analysis. Syst Rev (2014) 3:31.
doi:10.1186/2046-4053-3-31

13. Choo QL, Kuo G, Weiner AJ, Overby LR, Bradley DW, Houghton M. Isolation
of a cDNA clone derived from a blood-borne non-A, non-B viral hepatitis
genome. Science (1989) 244:359–62. doi:10.1126/science.2523562

14. Moradpour D, Penin F, Rice CM. Replication of hepatitis C virus. Nat Rev
Microbiol (2007) 5:453–63. doi:10.1038/nrmicro1645

15. Scheel TK, Rice CM. Understanding the hepatitis C virus life cycle paves
the way for highly effective therapies. Nat Med (2013) 19:837–49. doi:10.1038/
nm.3248

16. Egger D, Wolk B, Gosert R, Bianchi L, Blum HE, Moradpour D, et al. Expres-
sion of hepatitis C virus proteins induces distinct membrane alterations
including a candidate viral replication complex. J Virol (2002) 76:5974–84.
doi:10.1128/JVI.76.12.5974-5984.2002

17. Blight KJ, Kolykhalov AA, Rice CM. Efficient initiation of HCV RNA replication
in cell culture. Science (2000) 290:1972–4. doi:10.1126/science.290.5498.1972

18. Krieger N, Lohmann V, Bartenschlager R. Enhancement of hepatitis C virus
RNA replication by cell culture-adaptive mutations. J Virol (2001) 75:4614–24.
doi:10.1128/JVI.75.10.4614-4624.2001

19. Enomoto N, Sakuma I, Asahina Y, Kurosaki M, Murakami T, Yamamoto C,
et al. Comparison of full-length sequences of interferon-sensitive and resis-
tant hepatitis C virus 1b. Sensitivity to interferon is conferred by amino
acid substitutions in the NS5A region. J Clin Invest (1995) 96:224–30.
doi:10.1172/jci118025

20. Smith DB, Bukh J, Kuiken C, Muerhoff AS, Rice CM, Stapleton JT, et al.
Expanded classification of hepatitis C virus into 7 genotypes and 67 subtypes:
updated criteria and genotype assignment Web resource. Hepatology (2014)
59:318–27. doi:10.1002/hep.26744

21. Pileri P, Uematsu Y, Campagnoli S, Galli G, Falugi F, Petracca R, et al. Binding
of hepatitis C virus to CD81. Science (1998) 282:938–41. doi:10.1126/science.
282.5390.938

22. Scarselli E, Ansuini H, Cerino R, Roccasecca RM, Acali S, Filocamo G, et al.
The human scavenger receptor class B type I is a novel candidate receptor for
the hepatitis C virus. EMBO J (2002) 21:5017–25. doi:10.1093/emboj/cdf529

23. Evans MJ,Von Hahn T, Tscherne DM, Syder AJ, Panis M, Wolk B, et al. Claudin-
1 is a hepatitis C virus co-receptor required for a late step in entry. Nature
(2007) 446:801–5. doi:10.1038/nature05654

24. Ploss A, Evans MJ, Gaysinskaya VA, Panis M, You H, De Jong YP, et al. Human
occludin is a hepatitis C virus entry factor required for infection of mouse cells.
Nature (2009) 457:882–6. doi:10.1038/nature07684

25. Sainz B Jr, Barretto N, Martin DN, Hiraga N, Imamura M, Hussain S,
et al. Identification of the Niemann-Pick C1-like 1 cholesterol absorption
receptor as a new hepatitis C virus entry factor. Nat Med (2012) 18:281–5.
doi:10.1038/nm.2581

26. Lupberger J, Zeisel MB, Xiao F, Thumann C, Fofana I, Zona L, et al. EGFR
and EphA2 are host factors for hepatitis C virus entry and possible targets for
antiviral therapy. Nat Med (2011) 17:589–95. doi:10.1038/nm.2341

www.frontiersin.org June 2014 | Volume 5 | Article 274 | 13

http://dx.doi.org/10.1053/jhep.2002.36227
http://dx.doi.org/10.1002/hep.26141
http://dx.doi.org/10.1038/nm.3184
http://dx.doi.org/10.1016/S0140-6736(99)06527-7
http://dx.doi.org/10.1016/S0140-6736(99)06527-7
http://dx.doi.org/10.1016/S1473-3099(05)70216-4
http://dx.doi.org/10.1053/j.gastro.2004.09.044
http://dx.doi.org/10.1016/j.jhep.2005.12.007
http://dx.doi.org/10.1016/S1089-3261(03)00046-1
http://dx.doi.org/10.1016/S1089-3261(03)00046-1
http://dx.doi.org/10.1038/nature04083
http://dx.doi.org/10.1258/095646204322637182
http://dx.doi.org/10.1038/nm.3183
http://dx.doi.org/10.1186/2046-4053-3-31
http://dx.doi.org/10.1126/science.2523562
http://dx.doi.org/10.1038/nrmicro1645
http://dx.doi.org/10.1038/nm.3248
http://dx.doi.org/10.1038/nm.3248
http://dx.doi.org/10.1128/JVI.76.12.5974-5984.2002
http://dx.doi.org/10.1126/science.290.5498.1972
http://dx.doi.org/10.1128/JVI.75.10.4614-4624.2001
http://dx.doi.org/10.1172/jci118025
http://dx.doi.org/10.1002/hep.26744
http://dx.doi.org/10.1126/science.282.5390.938
http://dx.doi.org/10.1126/science.282.5390.938
http://dx.doi.org/10.1093/emboj/cdf529
http://dx.doi.org/10.1038/nature05654
http://dx.doi.org/10.1038/nature07684
http://dx.doi.org/10.1038/nm.2581
http://dx.doi.org/10.1038/nm.2341
http://www.frontiersin.org
http://www.frontiersin.org/T_Cell_Biology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abdel-Hakeem and Shoukry Protective immunity against hepatitis C

27. Dubuisson J, Helle F, Cocquerel L. Early steps of the hepatitis C virus life cycle.
Cell Microbiol (2008) 10:821–7. doi:10.1111/j.1462-5822.2007.01107.x

28. Bartenschlager R, Ahlborn-Laake L, Mous J, Jacobsen H. Kinetic and struc-
tural analyses of hepatitis C virus polyprotein processing. J Virol (1994) 68:
5045–55.

29. Merz A, Long G, Hiet MS, Brugger B, Chlanda P, Andre P, et al. Biochemical
and morphological properties of hepatitis C virus particles and determination
of their lipidome. J Biol Chem (2011) 286:3018–32. doi:10.1074/jbc.M110.
175018

30. Lindenbach BD, Evans MJ, Syder AJ, Wolk B, Tellinghuisen TL, Liu CC,
et al. Complete replication of hepatitis C virus in cell culture. Science (2005)
309:623–6. doi:10.1126/science.1114016

31. Wakita T, Pietschmann T, Kato T, Date T, Miyamoto M, Zhao Z, et al. Produc-
tion of infectious hepatitis C virus in tissue culture from a cloned viral genome.
Nat Med (2005) 11:791–6. doi:10.1038/nm0805-905b

32. Zhong J, Gastaminza P, Cheng G, Kapadia S, Kato T, Burton DR, et al. Robust
hepatitis C virus infection in vitro. Proc Natl Acad Sci U S A (2005) 102:9294–9.
doi:10.1073/pnas.0503596102

33. Tellinghuisen TL, Evans MJ, Von Hahn T, You S, Rice CM. Studying hepati-
tis C virus: making the best of a bad virus. J Virol (2007) 81:8853–67.
doi:10.1128/jvi.00753-07

34. IOM. Chimpanzees in Biomedical and Behavioral Research: Assessing the Neces-
sity. Washington DC: National Academies Press (2011).

35. Washburn ML, Bility MT, Zhang L, Kovalev GI, Buntzman A, Frelinger
JA, et al. A humanized mouse model to study hepatitis C virus infection,
immune response, and liver disease. Gastroenterology (2011) 140:1334–44.
doi:10.1053/j.gastro.2011.01.001

36. Billerbeck E, De Jong Y, Dorner M, De La Fuente C, Ploss A. Animal models for
hepatitis C. Curr Top Microbiol Immunol (2013) 369:49–86. doi:10.1007/978-
3-642-27340-7_3

37. Thimme R, Oldach D, Chang KM, Steiger C, Ray SC, Chisari FV. Determinants
of viral clearance and persistence during acute hepatitis C virus infection. J Exp
Med (2001) 194:1395–406. doi:10.1084/jem.194.10.1395

38. Bowen DG, Walker CM. Adaptive immune responses in acute and
chronic hepatitis C virus infection. Nature (2005) 436:946–52. doi:10.1038/
nature04079

39. Park SH, Rehermann B. Immune responses to HCV and other hepatitis viruses.
Immunity (2014) 40:13–24. doi:10.1016/j.immuni.2013.12.010

40. Feld JJ, Hoofnagle JH. Mechanism of action of interferon and ribavirin in
treatment of hepatitis C. Nature (2005) 436:967. doi:10.1038/nature04082

41. Khakoo SI, Thio CL, Martin MP, Brooks CR, Gao X, Astemborski J, et al. HLA
and NK cell inhibitory receptor genes in resolving hepatitis C virus infection.
Science (2004) 305:872–4. doi:10.1126/science.1097670

42. Parham P. Immunology. NK cells lose their inhibition. Science (2004)
305:786–7. doi:10.1126/science.1102025

43. Knapp S, Warshow U, Hegazy D, Brackenbury L, Guha IN, Fowell A, et al. Con-
sistent beneficial effects of killer cell immunoglobulin-like receptor 2DL3 and
group 1 human leukocyte antigen-C following exposure to hepatitis C virus.
Hepatology (2010) 51:1168–75. doi:10.1002/hep.23477

44. Ge D, Fellay J, Thompson AJ, Simon JS, Shianna KV, Urban TJ, et al. Genetic
variation in IL28B predicts hepatitis C treatment-induced viral clearance.
Nature (2009) 461:399–401. doi:10.1038/nature08309

45. Suppiah V, Moldovan M, Ahlenstiel G, Berg T, Weltman M, Abate ML, et al.
IL28B is associated with response to chronic hepatitis C interferon-alpha and
ribavirin therapy. Nat Genet (2009) 41:1100–4. doi:10.1038/ng.447

46. Tanaka Y, Nishida N, Sugiyama M, Kurosaki M, Matsuura K, Sakamoto
N, et al. Genome-wide association of IL28B with response to pegylated
interferon-alpha and ribavirin therapy for chronic hepatitis C. Nat Genet
(2009) 41:1105–9. doi:10.1038/ng.449

47. Thomas DL, Thio CL, Martin MP, Qi Y, Ge D, O’huigin C, et al. Genetic vari-
ation in IL28B and spontaneous clearance of hepatitis C virus. Nature (2009)
461:798–801. doi:10.1038/nature08463

48. Afdhal NH, Mchutchison JG, Zeuzem S, Mangia A, Pawlotsky JM, Murray JS,
et al. Hepatitis C pharmacogenetics: state of the art in 2010. Hepatology (2011)
53:336–45. doi:10.1002/hep.24052

49. Prokunina-Olsson L, Muchmore B, Tang W, Pfeiffer RM, Park H, Dickensheets
H, et al. A variant upstream of IFNL3 (IL28B) creating a new interferon gene
IFNL4 is associated with impaired clearance of hepatitis C virus. Nat Genet
(2013) 45:164–71. doi:10.1038/ng.2521

50. Bibert S, Roger T, Calandra T, Bochud M, Cerny A, Semmo N, et al.
IL28B expression depends on a novel TT/-G polymorphism which improves
HCV clearance prediction. J Exp Med (2013) 210:1109–16. doi:10.1084/jem.
20130012

51. Dill MT, Duong FH, Vogt JE, Bibert S, Bochud PY, Terracciano L, et al.
Interferon-induced gene expression is a stronger predictor of treatment
response than IL28B genotype in patients with hepatitis C. Gastroenterology
(2011) 140:1021–31. doi:10.1053/j.gastro.2010.11.039

52. Langhans B, Kupfer B, Braunschweiger I, Arndt S, Schulte W, Nischalke
HD, et al. Interferon-lambda serum levels in hepatitis C. J Hepatol (2011)
54:859–65. doi:10.1016/j.jhep.2010.08.020

53. Park H, Serti E, Eke O, Muchmore B, Prokunina-Olsson L, Capone S, et al. IL-
29 is the dominant type III interferon produced by hepatocytes during acute
hepatitis C virus infection. Hepatology (2012) 56:2060–70. doi:10.1002/hep.
25897

54. Honda M, Sakai A, Yamashita T, Nakamoto Y, Mizukoshi E, Sakai Y, et al.
Hepatic ISG expression is associated with genetic variation in interleukin 28B
and the outcome of IFN therapy for chronic hepatitis C. Gastroenterology
(2010) 139:499–509. doi:10.1053/j.gastro.2010.04.049

55. Urban TJ, Thompson AJ, Bradrick SS, Fellay J, Schuppan D, Cronin KD,
et al. IL28B genotype is associated with differential expression of intrahepatic
interferon-stimulated genes in patients with chronic hepatitis C. Hepatology
(2010) 52:1888–96. doi:10.1002/hep.23912

56. McGilvray I, Feld JJ, Chen L, Pattullo V, Guindi M, Fischer S, et al. Hepatic
cell-type specific gene expression better predicts HCV treatment outcome than
IL28B genotype. Gastroenterology (2012) 142:1122–31.e1. doi:10.1053/j.gastro.
2012.01.028

57. Dring MM, Morrison MH, Mcsharry BP, Guinan KJ, Hagan R, O’farrelly C,
et al. Innate immune genes synergize to predict increased risk of chronic dis-
ease in hepatitis C virus infection. Proc Natl Acad Sci U S A (2011) 108:5736–41.
doi:10.1073/pnas.1016358108

58. Suppiah V, Gaudieri S, Armstrong NJ, O’connor KS, Berg T, Weltman M, et al.
IL28B, HLA-C, and KIR variants additively predict response to therapy in
chronic hepatitis C virus infection in a European Cohort: a cross-sectional
study. PLoS Med (2011) 8:e1001092. doi:10.1371/journal.pmed.1001092

59. Duggal P, Thio CL, Wojcik GL, Goedert JJ, Mangia A, Latanich R, et al.
Genome-wide association study of spontaneous resolution of hepatitis C virus
infection: data from multiple cohorts. Ann Intern Med (2013) 158:235–45.
doi:10.7326/0003-4819-158-4-201302190-00003

60. Rauch A, Gaudieri S, Thio C, Bochud PY. Host genetic determinants of
spontaneous hepatitis C clearance. Pharmacogenomics (2009) 10:1819–37.
doi:10.2217/pgs.09.121

61. Carrington M, Walker BD. Immunogenetics of spontaneous control of HIV.
Annu Rev Med (2012) 63:131–45. doi:10.1146/annurev-med-062909-130018

62. Alric L, Fort M, Izopet J, Vinel JP, Charlet JP, Selves J, et al. Genes of the major
histocompatibility complex class II influence the outcome of hepatitis C virus
infection. Gastroenterology (1997) 113:1675–81. doi:10.1053/gast.1997.v113.
pm9352872

63. Thursz M, Yallop R, Goldin R, Trepo C, Thomas HC. Influence of MHC class
II genotype on outcome of infection with hepatitis C virus. The HENCORE
group. Hepatitis C European Network for Cooperative Research. Lancet (1999)
354:2119–24. doi:10.1016/S0140-6736(99)91443-5

64. Fanning LJ, Levis J, Kenny-Walsh E, Whelton M, O’sullivan K, Shanahan F.
HLA class II genes determine the natural variance of hepatitis C viral load.
Hepatology (2001) 33:224–30. doi:10.1053/jhep.2001.20642

65. Dazert E, Neumann-Haefelin C, Bressanelli S, Fitzmaurice K, Kort J, Timm J,
et al. Loss of viral fitness and cross-recognition by CD8+ T cells limit HCV
escape from a protective HLA-B27-restricted human immune response. J Clin
Invest (2009) 119:376–86. doi:10.1172/JCI36587

66. Ashraf S, Nitschke K, Warshow UM, Brooks CR, Kim AY, Lauer GM, et al. Syn-
ergism of tapasin and human leukocyte antigens in resolving hepatitis C virus
infection. Hepatology (2013) 58:881–9. doi:10.1002/hep.26415

67. Wolfl M,Rutebemberwa A,Mosbruger T,Mao Q,Li HM,Netski D,et al. Hepati-
tis C virus immune escape via exploitation of a hole in the T cell repertoire.
J Immunol (2008) 181:6435–46. doi:10.4049/jimmunol.181.9.6435

68. Cook DN, Pisetsky DS, Schwartz DA. Toll-like receptors in the pathogenesis of
human disease. Nat Immunol (2004) 5:975–9. doi:10.1038/ni1116

69. Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune
responses. Nat Immunol (2004) 5:987–95. doi:10.1038/ni1112

Frontiers in Immunology | T Cell Biology June 2014 | Volume 5 | Article 274 | 14

http://dx.doi.org/10.1111/j.1462-5822.2007.01107.x
http://dx.doi.org/10.1074/jbc.M110.175018
http://dx.doi.org/10.1074/jbc.M110.175018
http://dx.doi.org/10.1126/science.1114016
http://dx.doi.org/10.1038/nm0805-905b
http://dx.doi.org/10.1073/pnas.0503596102
http://dx.doi.org/10.1128/jvi.00753-07
http://dx.doi.org/10.1053/j.gastro.2011.01.001
http://dx.doi.org/10.1007/978-3-642-27340-7_3
http://dx.doi.org/10.1007/978-3-642-27340-7_3
http://dx.doi.org/10.1084/jem.194.10.1395
http://dx.doi.org/10.1038/nature04079
http://dx.doi.org/10.1038/nature04079
http://dx.doi.org/10.1016/j.immuni.2013.12.010
http://dx.doi.org/10.1038/nature04082
http://dx.doi.org/10.1126/science.1097670
http://dx.doi.org/10.1126/science.1102025
http://dx.doi.org/10.1002/hep.23477
http://dx.doi.org/10.1038/nature08309
http://dx.doi.org/10.1038/ng.447
http://dx.doi.org/10.1038/ng.449
http://dx.doi.org/10.1038/nature08463
http://dx.doi.org/10.1002/hep.24052
http://dx.doi.org/10.1038/ng.2521
http://dx.doi.org/10.1084/jem.20130012
http://dx.doi.org/10.1084/jem.20130012
http://dx.doi.org/10.1053/j.gastro.2010.11.039
http://dx.doi.org/10.1016/j.jhep.2010.08.020
http://dx.doi.org/10.1002/hep.25897
http://dx.doi.org/10.1002/hep.25897
http://dx.doi.org/10.1053/j.gastro.2010.04.049
http://dx.doi.org/10.1002/hep.23912
http://dx.doi.org/10.1053/j.gastro.2012.01.028
http://dx.doi.org/10.1053/j.gastro.2012.01.028
http://dx.doi.org/10.1073/pnas.1016358108
http://dx.doi.org/10.1371/journal.pmed.1001092
http://dx.doi.org/10.7326/0003-4819-158-4-201302190-00003
http://dx.doi.org/10.2217/pgs.09.121
http://dx.doi.org/10.1146/annurev-med-062909-130018
http://dx.doi.org/10.1053/gast.1997.v113.pm9352872
http://dx.doi.org/10.1053/gast.1997.v113.pm9352872
http://dx.doi.org/10.1016/S0140-6736(99)91443-5
http://dx.doi.org/10.1053/jhep.2001.20642
http://dx.doi.org/10.1172/JCI36587
http://dx.doi.org/10.1002/hep.26415
http://dx.doi.org/10.4049/jimmunol.181.9.6435
http://dx.doi.org/10.1038/ni1116
http://dx.doi.org/10.1038/ni1112
http://www.frontiersin.org/T_Cell_Biology
http://www.frontiersin.org/T_Cell_Biology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abdel-Hakeem and Shoukry Protective immunity against hepatitis C

70. Horner SM, Gale M Jr. Regulation of hepatic innate immunity by hepatitis C
virus. Nat Med (2013) 19:879–88. doi:10.1038/nm.3253

71. Wieland S, Makowska Z, Campana B, Calabrese D, Dill MT, Chung J, et al.
Simultaneous detection of hepatitis C virus and interferon stimulated gene
expression in infected human liver. Hepatology (2014) 59:2121–30. doi:10.
1002/hep.26770

72. Gale M Jr, Foy EM. Evasion of intracellular host defence by hepatitis C virus.
Nature (2005) 436:939–45. doi:10.1038/nature04078

73. Randall G, Chen L, Panis M, Fischer AK, Lindenbach BD, Sun J, et al. Silenc-
ing of USP18 potentiates the antiviral activity of interferon against hepatitis
C virus infection. Gastroenterology (2006) 131:1584–91. doi:10.1053/j.gastro.
2006.08.043

74. Chen L, Sun J, Meng L, Heathcote J, Edwards AM, Mcgilvray ID. ISG15, a
ubiquitin-like interferon-stimulated gene, promotes hepatitis C virus produc-
tion in vitro: implications for chronic infection and response to treatment.
J Gen Virol (2010) 91:382–8. doi:10.1099/vir.0.015388-0

75. Bigger CB, Brasky KM, Lanford RE. DNA microarray analysis of chim-
panzee liver during acute resolving hepatitis C virus infection. J Virol (2001)
75:7059–66. doi:10.1128/JVI.75.15.7059-7066.2001

76. Su AI, Pezacki JP, Wodicka L, Brideau AD, Supekova L, Thimme R, et al.
Genomic analysis of the host response to hepatitis C virus infection. Proc Natl
Acad Sci U S A (2002) 99:15669–74. doi:10.1073/pnas.202608199

77. Thimme R, Bukh J, Spangenberg HC, Wieland S, Pemberton J, Steiger C,
et al. Viral and immunological determinants of hepatitis C virus clearance,
persistence, and disease. Proc Natl Acad Sci U S A (2002) 99:15661–8.
doi:10.1073/pnas.202608299

78. Bigger CB, Guerra B, Brasky KM, Hubbard G, Beard MR, Luxon BA, et al.
Intrahepatic gene expression during chronic hepatitis C virus infection in
chimpanzees. J Virol (2004) 78:13779–92. doi:10.1128/jvi.78.24.13779-13792.
2004

79. Marukian S, Andrus L, Sheahan TP, Jones CT, Charles ED, Ploss A, et al. Hepati-
tis C virus induces interferon-lambda and interferon-stimulated genes in pri-
mary liver cultures. Hepatology (2011) 54:1913–23. doi:10.1002/hep.24580

80. Thomas E, Gonzalez VD, Li Q, Modi AA, Chen W, Noureddin M, et al. HCV
infection induces a unique hepatic innate immune response associated with
robust production of type III interferons. Gastroenterology (2012) 142:978–88.
doi:10.1053/j.gastro.2011.12.055

81. Marcello T, Grakoui A, Barba-Spaeth G, Machlin ES, Kotenko SV, Macdonald
MR, et al. Interferons alpha and lambda inhibit hepatitis C virus replication
with distinct signal transduction and gene regulation kinetics. Gastroenterology
(2006) 131:1887–98. doi:10.1053/j.gastro.2006.09.052

82. Olagnier D, Hiscott J. Type I and type III interferon-induced immune
response: it’s a matter of kinetics and magnitude. Hepatology (2014) 59:1225–8.
doi:10.1002/hep.26959

83. Sheahan T, Imanaka N, Marukian S, Dorner M, Liu P, Ploss A, et al. Inter-
feron lambda alleles predict innate antiviral immune responses and hepatitis
C virus permissiveness. Cell Host Microbe (2014) 15:190–202. doi:10.1016/j.
chom.2014.01.007

84. Lau DT, Negash A, Chen J, Crochet N, Sinha M, Zhang Y, et al. Innate immune
tolerance and the role of kupffer cells in differential responses to interferon ther-
apy among patients with HCV genotype 1 infection. Gastroenterology (2013)
144:402.e–13.e. doi:10.1053/j.gastro.2012.10.044

85. Zhang S, Kodys K, Li K, Szabo G. Human type 2 myeloid dendritic cells pro-
duce interferon-lambda and amplify interferon-alpha in response to hepatitis C
virus infection. Gastroenterology (2013) 144:414.e–25.e. doi:10.1053/j.gastro.
2012.10.034

86. Takahashi K, Asabe S, Wieland S, Garaigorta U, Gastaminza P, Isogawa M,
et al. Plasmacytoid dendritic cells sense hepatitis C virus-infected cells, produce
interferon, and inhibit infection. Proc Natl Acad Sci U S A (2010) 107:7431–6.
doi:10.1073/pnas.1002301107

87. Dreux M, Garaigorta U, Boyd B, Decembre E, Chung J, Whitten-Bauer C, et al.
Short-range exosomal transfer of viral RNA from infected cells to plasmacytoid
dendritic cells triggers innate immunity. Cell Host Microbe (2012) 12:558–70.
doi:10.1016/j.chom.2012.08.010

88. Taylor DR, Shi ST, Romano PR, Barber GN, Lai MM. Inhibition of the
interferon-inducible protein kinase PKR by HCV E2 protein. Science (1999)
285:107–10. doi:10.1126/science.285.5424.107

89. Taguchi T, Nagano-Fujii M, Akutsu M, Kadoya H, Ohgimoto S, Ishido S, et al.
Hepatitis C virus NS5A protein interacts with 2’,5’-oligoadenylate synthetase

and inhibits antiviral activity of IFN in an IFN sensitivity-determining region-
independent manner. J Gen Virol (2004) 85:959–69. doi:10.1099/vir.0.19513-0

90. Foy E, Li K, Sumpter R Jr, Loo YM, Johnson CL, Wang C, et al. Con-
trol of antiviral defenses through hepatitis C virus disruption of retinoic
acid-inducible gene-I signaling. Proc Natl Acad Sci U S A (2005) 102:2986–91.
doi:10.1073/pnas.0408707102

91. Chen L, Borozan I, Feld J, Sun J, Tannis LL, Coltescu C, et al. Hepatic
gene expression discriminates responders and nonresponders in treatment
of chronic hepatitis C viral infection. Gastroenterology (2005) 128:1437.
doi:10.1053/j.gastro.2005.01.059

92. Jost S, Altfeld M. Control of human viral infections by natural killer
cells. Annu Rev Immunol (2013) 31:163–94. doi:10.1146/annurev-immunol-
032712-100001

93. Doherty DG, O’Farrelly C. Innate and adaptive lymphoid cells in the human
liver. Immunol Rev (2000) 174:5–20. doi:10.1034/j.1600-0528.2002.017416.x

94. Crispe IN. The liver as a lymphoid organ. Annu Rev Immunol (2009) 27:147–63.
doi:10.1146/annurev.immunol.021908.132629

95. Werner JM, Heller T, Gordon AM, Sheets A, Sherker AH, Kessler E, et al.
Innate immune responses in hepatitis C virus exposed healthcare workers who
do not develop acute infection. Hepatology (2013) 58:1621–31. doi:10.1002/
hep.26353

96. Golden-Mason L, Cox AL, Randall JA, Cheng L, Rosen HR. Increased natural
killer cell cytotoxicity and NKp30 expression protects against hepatitis C virus
infection in high-risk individuals and inhibits replication in vitro. Hepatology
(2010) 52:1581–9. doi:10.1002/hep.23896

97. Alter G, Jost S, Rihn S, Reyor LL, Nolan BE, Ghebremichael M, et al. Reduced
frequencies of NKp30+NKp46+, CD161+, and NKG2D+ NK cells in acute
HCV infection may predict viral clearance. J Hepatol (2011) 55:278–88.
doi:10.1016/j.jhep.2010.11.030

98. Amadei B, Urbani S, Cazaly A, Fisicaro P, Zerbini A, Ahmed P, et al. Activation
of natural killer cells during acute infection with hepatitis C virus. Gastroen-
terology (2010) 138:1536–45. doi:10.1053/j.gastro.2010.01.006

99. Pelletier S, Drouin C, Bedard N, Khakoo SI, Bruneau J, Shoukry NH. Increased
degranulation of natural killer cells during acute HCV correlates with the
magnitude of virus-specific T cell responses. J Hepatol (2010) 53:805–16.
doi:10.1016/j.jhep.2010.05.013

100. Ahlenstiel G, Titerence RH, Koh C, Edlich B, Feld JJ, Rotman Y, et al. Nat-
ural killer cells are polarized toward cytotoxicity in chronic hepatitis C
in an interferon-alfa-dependent manner. Gastroenterology (2010) 138(325–
335):e321–2. doi:10.1053/j.gastro.2009.08.066

101. Bonorino P, Ramzan M, Camous X, Dufeu-Duchesne T, Thelu MA, Sturm
N, et al. Fine characterization of intrahepatic NK cells expressing natural
killer receptors in chronic hepatitis B and C. J Hepatol (2009) 51:458–67.
doi:10.1016/j.jhep.2009.05.030

102. Oliviero B, Varchetta S, Paudice E, Michelone G, Zaramella M, Mavilio D,
et al. Natural killer cell functional dichotomy in chronic hepatitis B and
chronic hepatitis C virus infections. Gastroenterology (2009) 137:1151–60.
doi:10.1053/j.gastro.2009.05.047

103. Shoukry NH, Pelletier S, Chang KM. A view to natural killer cells in hepatitis
C. Gastroenterology (2011) 141:1144–8. doi:10.1053/j.gastro.2011.08.025

104. Golden-Mason L, Rosen HR. Natural killer cells: multifaceted players with key
roles in hepatitis C immunity. Immunol Rev (2013) 255:68–81. doi:10.1111/
imr.12090

105. Rehermann B. Pathogenesis of chronic viral hepatitis: differential roles of T
cells and NK cells. Nat Med (2013) 19:859–68. doi:10.1038/nm.3251

106. Corado J, Toro F, Rivera H, Bianco NE, Deibis L, De Sanctis JB. Impairment of
natural killer (NK) cytotoxic activity in hepatitis C virus (HCV) infection. Clin
Exp Immunol (1997) 109:451–7. doi:10.1046/j.1365-2249.1997.4581355.x

107. Meier UC, Owen RE, Taylor E, Worth A, Naoumov N, Willberg C, et al.
Shared alterations in NK cell frequency, phenotype, and function in chronic
human immunodeficiency virus and hepatitis C virus infections. J Virol (2005)
79:12365–74. doi:10.1128/JVI.79.19.12365-12374.2005

108. Nattermann J, Feldmann G, Ahlenstiel G, Langhans B, Sauerbruch T, Spengler
U. Surface expression and cytolytic function of natural killer cell receptors is
altered in chronic hepatitis C. Gut (2006) 55:869–77. doi:10.1136/gut.2005.
076463

109. Lunemann S, Malone DF, Hengst J, Port K, Grabowski J, Deterding K, et al.
Compromised function of natural killer cells in acute and chronic viral hepati-
tis. J Infect Dis (2014) 209:1362–73. doi:10.1093/infdis/jit561

www.frontiersin.org June 2014 | Volume 5 | Article 274 | 15

http://dx.doi.org/10.1038/nm.3253
http://dx.doi.org/10.1002/hep.26770
http://dx.doi.org/10.1002/hep.26770
http://dx.doi.org/10.1038/nature04078
http://dx.doi.org/10.1053/j.gastro.2006.08.043
http://dx.doi.org/10.1053/j.gastro.2006.08.043
http://dx.doi.org/10.1099/vir.0.015388-0
http://dx.doi.org/10.1128/JVI.75.15.7059-7066.2001
http://dx.doi.org/10.1073/pnas.202608199
http://dx.doi.org/10.1073/pnas.202608299
http://dx.doi.org/10.1128/jvi.78.24.13779-13792.2004
http://dx.doi.org/10.1128/jvi.78.24.13779-13792.2004
http://dx.doi.org/10.1002/hep.24580
http://dx.doi.org/10.1053/j.gastro.2011.12.055
http://dx.doi.org/10.1053/j.gastro.2006.09.052
http://dx.doi.org/10.1002/hep.26959
http://dx.doi.org/10.1016/j.chom.2014.01.007
http://dx.doi.org/10.1016/j.chom.2014.01.007
http://dx.doi.org/10.1053/j.gastro.2012.10.044
http://dx.doi.org/10.1053/j.gastro.2012.10.034
http://dx.doi.org/10.1053/j.gastro.2012.10.034
http://dx.doi.org/10.1073/pnas.1002301107
http://dx.doi.org/10.1016/j.chom.2012.08.010
http://dx.doi.org/10.1126/science.285.5424.107
http://dx.doi.org/10.1099/vir.0.19513-0
http://dx.doi.org/10.1073/pnas.0408707102
http://dx.doi.org/10.1053/j.gastro.2005.01.059
http://dx.doi.org/10.1146/annurev-immunol-032712-100001
http://dx.doi.org/10.1146/annurev-immunol-032712-100001
http://dx.doi.org/10.1034/j.1600-0528.2002.017416.x
http://dx.doi.org/10.1146/annurev.immunol.021908.132629
http://dx.doi.org/10.1002/hep.26353
http://dx.doi.org/10.1002/hep.26353
http://dx.doi.org/10.1002/hep.23896
http://dx.doi.org/10.1016/j.jhep.2010.11.030
http://dx.doi.org/10.1053/j.gastro.2010.01.006
http://dx.doi.org/10.1016/j.jhep.2010.05.013
http://dx.doi.org/10.1053/j.gastro.2009.08.066
http://dx.doi.org/10.1016/j.jhep.2009.05.030
http://dx.doi.org/10.1053/j.gastro.2009.05.047
http://dx.doi.org/10.1053/j.gastro.2011.08.025
http://dx.doi.org/10.1111/imr.12090
http://dx.doi.org/10.1111/imr.12090
http://dx.doi.org/10.1038/nm.3251
http://dx.doi.org/10.1046/j.1365-2249.1997.4581355.x
http://dx.doi.org/10.1128/JVI.79.19.12365-12374.2005
http://dx.doi.org/10.1136/gut.2005.076463
http://dx.doi.org/10.1136/gut.2005.076463
http://dx.doi.org/10.1093/infdis/jit561
http://www.frontiersin.org
http://www.frontiersin.org/T_Cell_Biology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abdel-Hakeem and Shoukry Protective immunity against hepatitis C

110. Crotta S, Stilla A, Wack A, D’bndrea A, Nuti S, D’oro U, et al. Inhibition of
natural killer cells through engagement of CD81 by the major hepatitis C virus
envelope protein. J Exp Med (2002) 195:35–41. doi:10.1084/jem.20011124

111. Tseng CT, Klimpel GR. Binding of the hepatitis C virus envelope protein E2
to CD81 inhibits natural killer cell functions. J Exp Med (2002) 195:43–9.
doi:10.1084/jem.20011145

112. Yoon JC, Shiina M, Ahlenstiel G, Rehermann B. Natural killer cell function is
intact after direct exposure to infectious hepatitis C virions. Hepatology (2009)
49:12–21. doi:10.1002/hep.22624

113. Yoon JC, Lim JB, Park JH, Lee JM. Cell-to-cell contact with hepatitis C virus-
infected cells reduces functional capacity of natural killer cells. J Virol (2011)
85:12557–69. doi:10.1128/jvi.00838-11

114. Waggoner SN, Cornberg M, Selin LK, Welsh RM. Natural killer cells act as
rheostats modulating antiviral T cells. Nature (2012) 481:394–8. doi:10.1038/
nature10624

115. Peppa D, Gill US, Reynolds G, Easom NJ, Pallett LJ, Schurich A, et al.
Up-regulation of a death receptor renders antiviral T cells susceptible to
NK cell-mediated deletion. J Exp Med (2013) 210:99–114. doi:10.1084/jem.
20121172

116. Marcenaro E, Carlomagno S, Pesce S, Moretta A, Sivori S. NK/DC crosstalk in
anti-viral response. Adv Exp Med Biol (2012) 946:295–308. doi:10.1007/978-
1-4614-0106-3_17

117. Steinman RM, Banchereau J. Taking dendritic cells into medicine. Nature
(2007) 449:419–26. doi:10.1038/nature06175

118. Longman RS, Talal AH, Jacobson IM, Albert ML, Rice CM. Presence of func-
tional dendritic cells in patients chronically infected with hepatitis C virus.
Blood (2004) 103:1026–9. doi:10.1182/blood-2003-04-1339

119. Wertheimer AM, Bakke A, Rosen HR. Direct enumeration and functional
assessment of circulating dendritic cells in patients with liver disease. Hepatol-
ogy (2004) 40:335–45. doi:10.1002/hep.20306

120. Longman RS, Talal AH, Jacobson IM, Rice CM, Albert ML. Normal func-
tional capacity in circulating myeloid and plasmacytoid dendritic cells in
patients with chronic hepatitis C. J Infect Dis (2005) 192:497–503. doi:10.1086/
431523

121. Piccioli D, Tavarini S, Nuti S, Colombatto P, Brunetto M, Bonino F, et al. Com-
parable functions of plasmacytoid and monocyte-derived dendritic cells in
chronic hepatitis C patients and healthy donors. J Hepatol (2005) 42:61–7.
doi:10.1016/j.jhep.2004.09.014

122. Pelletier S, Bedard N, Said E, Ancuta P, Bruneau J, Shoukry NH. Sustained
hyperresponsiveness of dendritic cells is associated with spontaneous resolu-
tion of acute hepatitis C. J Virol (2013) 87:6769–81. doi:10.1128/jvi.02445-12

123. Bain C, Fatmi A, Zoulim F, Zarski JP, Trepo C, Inchauspe G. Impaired allostim-
ulatory function of dendritic cells in chronic hepatitis C infection. Gastroen-
terology (2001) 120:512–24. doi:10.1053/gast.2001.21212

124. Dolganiuc A, Kodys K, Kopasz A, Marshall C, Do T, Romics L Jr, et al. Hepati-
tis C virus core and nonstructural protein 3 proteins induce pro- and anti-
inflammatory cytokines and inhibit dendritic cell differentiation. J Immunol
(2003) 170:5615–24. doi:10.4049/jimmunol.170.11.5615

125. Sarobe P, Lasarte JJ, Zabaleta A, Arribillaga L, Arina A, Melero I, et al. Hepati-
tis C virus structural proteins impair dendritic cell maturation and inhibit
in vivo induction of cellular immune responses. J Virol (2003) 77:10862–71.
doi:10.1128/JVI.77.20.10862-10871.2003

126. Rodrigue-Gervais IG, Jouan L, Beaule G, Sauve D, Bruneau J, Willems B,
et al. Poly(I:C) and lipopolysaccharide innate sensing functions of circulating
human myeloid dendritic cells are affected in vivo in hepatitis C virus-infected
patients. J Virol (2007) 81:5537–46. doi:10.1128/JVI.01741-06

127. Dolganiuc A, Paek E, Kodys K, Thomas J, Szabo G. Myeloid dendritic cells
of patients with chronic HCV infection induce proliferation of regulatory
T lymphocytes. Gastroenterology (2008) 135:2119–27. doi:10.1053/j.gastro.
2008.07.082

128. Larsson M, Babcock E, Grakoui A, Shoukry N, Lauer G, Rice C, et al. Lack
of phenotypic and functional impairment in dendritic cells from chim-
panzees chronically infected with hepatitis C virus. J Virol (2004) 78:6151–61.
doi:10.1128/JVI.78.12.6151-6161.2004

129. Decalf J, Fernandes S, Longman R, Ahloulay M, Audat F, Lefrerre F, et al. Plas-
macytoid dendritic cells initiate a complex chemokine and cytokine network
and are a viable drug target in chronic HCV patients. J Exp Med (2007)
204:2423–37. doi:10.1084/jem.20070814

130. Cooper S, Erickson AL, Adams EJ, Kansopon J, Weiner AJ, Chien DY, et al.
Analysis of a successful immune response against hepatitis C virus. Immunity
(1999) 10:439–49. doi:10.1016/S1074-7613(00)80044-8

131. Lechner F, Wong DK, Dunbar PR, Chapman R, Chung RT, Dohrenwend P, et al.
Analysis of successful immune responses in persons infected with hepatitis C
virus. J Exp Med (2000) 191:1499–512. doi:10.1084/jem.191.9.1499

132. Smyk-Pearson S, Tester IA, Lezotte D, Sasaki AW, Lewinsohn DM, Rosen HR.
Differential antigenic hierarchy associated with spontaneous recovery from
hepatitis C virus infection: implications for vaccine design. J Infect Dis (2006)
194:454–63. doi:10.1086/505714

133. Lauer GM, Ouchi K, Chung RT, Nguyen TN, Day CL, Purkis DR, et al. Com-
prehensive analysis of CD8(+)-T-cell responses against hepatitis C virus reveals
multiple unpredicted specificities. J Virol (2002) 76:6104–13. doi:10.1128/JVI.
76.12.6104-6113.2002

134. Lauer GM, Barnes E, Lucas M, Timm J, Ouchi K, Kim AY, et al. High resolu-
tion analysis of cellular immune responses in resolved and persistent hepatitis
C virus infection. Gastroenterology (2004) 127:924–36. doi:10.1053/j.gastro.
2004.06.015

135. Erickson AL, Kimura Y, Igarashi S, Eichelberger J, Houghton M, Sidney J, et al.
The outcome of hepatitis C virus infection is predicted by escape mutations
in epitopes targeted by cytotoxic T lymphocytes. Immunity (2001) 15:883–95.
doi:10.1016/S1074-7613(01)00245-X

136. Bowen DG, Walker CM. Mutational escape from CD8+ T cell immunity:
HCV evolution, from chimpanzees to man. J Exp Med (2005) 201:1709–14.
doi:10.1084/jem.20050808

137. Cox AL, Mosbruger T, Mao Q, Liu Z, Wang XH, Yang HC, et al. Cellular
immune selection with hepatitis C virus persistence in humans. J Exp Med
(2005) 201:1741–52. doi:10.1084/jem.20050121

138. Timm J, Lauer GM, Kavanagh DG, Sheridan I, Kim AY, Lucas M, et al. CD8
epitope escape and reversion in acute HCV infection. J Exp Med (2004)
200:1593–604. doi:10.1084/jem.20041006

139. Gaudieri S, Rauch A, Park LP, Freitas E, Herrmann S, Jeffrey G, et al. Evidence of
viral adaptation to HLA class I-restricted immune pressure in chronic hepatitis
C virus infection. J Virol (2006) 80:11094–104. doi:10.1128/jvi.00912-06

140. Soderholm J, Ahlen G, Kaul A, Frelin L, Alheim M, Barnfield C, et al. Relation
between viral fitness and immune escape within the hepatitis C virus protease.
Gut (2006) 55:266–74. doi:10.1136/gut.2005.072231

141. Uebelhoer L, Han JH, Callendret B, Mateu G, Shoukry NH, Hanson HL, et al.
Stable cytotoxic T cell escape mutation in hepatitis C virus is linked to main-
tenance of viral fitness. PLoS Pathog (2008) 4:e1000143. doi:10.1371/journal.
ppat.1000143

142. Neumann-Haefelin C, Mckiernan S, Ward S, Viazov S, Spangenberg HC,
Killinger T, et al. Dominant influence of an HLA-B27 restricted CD8+ T
cell response in mediating HCV clearance and evolution. Hepatology (2006)
43:563–72. doi:10.1002/hep.21049

143. Neumann-Haefelin C, Oniangue-Ndza C, Kuntzen T, Schmidt J, Nitschke K,
Sidney J, et al. Human leukocyte antigen B27 selects for rare escape mutations
that significantly impair hepatitis C virus replication and require compensatory
mutations. Hepatology (2011) 54:1157–66. doi:10.1002/hep.24541

144. Meyer-Olson D, Shoukry NH, Brady KW, Kim H, Olson DP, Hartman K, et al.
Limited T cell receptor diversity of HCV-specific T cell responses is associated
with CTL escape. J Exp Med (2004) 200:307–19. doi:10.1084/jem.20040638

145. Appay V, Iglesias MC. Antigen sensitivity and T-cell receptor avidity as crit-
ical determinants of HIV control. Curr Opin HIV AIDS (2011) 6:157–62.
doi:10.1097/COH.0b013e3283453dfd

146. Badr G, Bedard N, Abdel-Hakeem MS, Trautmann L, Willems B, Villeneuve
JP, et al. Early interferon therapy for hepatitis C virus infection rescues poly-
functional, long-lived CD8+ memory T cells. J Virol (2008) 82:10017–31.
doi:10.1128/JVI.01083-08

147. Shoukry NH,Grakoui A,Houghton M,Chien DY,Ghrayeb J,Reimann KA,et al.
Memory CD8+ T cells are required for protection from persistent hepatitis C
virus infection. J Exp Med (2003) 197:1645–55. doi:10.1084/jem.20030239

148. Golden-Mason L, Burton JR Jr, Castelblanco N, Klarquist J, Benlloch S, Wang
C, et al. Loss of IL-7 receptor alpha-chain (CD127) expression in acute HCV
infection associated with viral persistence. Hepatology (2006) 44:1098–109.
doi:10.1002/hep.21365

149. Shin EC, Park SH, Nascimbeni M, Major M, Caggiari L, De Re V, et al. The fre-
quency of CD127+ HCV-specific T cells but not the expression of exhaustion

Frontiers in Immunology | T Cell Biology June 2014 | Volume 5 | Article 274 | 16

http://dx.doi.org/10.1084/jem.20011124
http://dx.doi.org/10.1084/jem.20011145
http://dx.doi.org/10.1002/hep.22624
http://dx.doi.org/10.1128/jvi.00838-11
http://dx.doi.org/10.1038/nature10624
http://dx.doi.org/10.1038/nature10624
http://dx.doi.org/10.1084/jem.20121172
http://dx.doi.org/10.1084/jem.20121172
http://dx.doi.org/10.1007/978-1-4614-0106-3_17
http://dx.doi.org/10.1007/978-1-4614-0106-3_17
http://dx.doi.org/10.1038/nature06175
http://dx.doi.org/10.1182/blood-2003-04-1339
http://dx.doi.org/10.1002/hep.20306
http://dx.doi.org/10.1086/431523
http://dx.doi.org/10.1086/431523
http://dx.doi.org/10.1016/j.jhep.2004.09.014
http://dx.doi.org/10.1128/jvi.02445-12
http://dx.doi.org/10.1053/gast.2001.21212
http://dx.doi.org/10.4049/jimmunol.170.11.5615
http://dx.doi.org/10.1128/JVI.77.20.10862-10871.2003
http://dx.doi.org/10.1128/JVI.01741-06
http://dx.doi.org/10.1053/j.gastro.2008.07.082
http://dx.doi.org/10.1053/j.gastro.2008.07.082
http://dx.doi.org/10.1128/JVI.78.12.6151-6161.2004
http://dx.doi.org/10.1084/jem.20070814
http://dx.doi.org/10.1016/S1074-7613(00)80044-8
http://dx.doi.org/10.1084/jem.191.9.1499
http://dx.doi.org/10.1086/505714
http://dx.doi.org/10.1128/JVI.76.12.6104-6113.2002
http://dx.doi.org/10.1128/JVI.76.12.6104-6113.2002
http://dx.doi.org/10.1053/j.gastro.2004.06.015
http://dx.doi.org/10.1053/j.gastro.2004.06.015
http://dx.doi.org/10.1016/S1074-7613(01)00245-X
http://dx.doi.org/10.1084/jem.20050808
http://dx.doi.org/10.1084/jem.20050121
http://dx.doi.org/10.1084/jem.20041006
http://dx.doi.org/10.1128/jvi.00912-06
http://dx.doi.org/10.1136/gut.2005.072231
http://dx.doi.org/10.1371/journal.ppat.1000143
http://dx.doi.org/10.1371/journal.ppat.1000143
http://dx.doi.org/10.1002/hep.21049
http://dx.doi.org/10.1002/hep.24541
http://dx.doi.org/10.1084/jem.20040638
http://dx.doi.org/10.1097/COH.0b013e3283453dfd
http://dx.doi.org/10.1128/JVI.01083-08
http://dx.doi.org/10.1084/jem.20030239
http://dx.doi.org/10.1002/hep.21365
http://www.frontiersin.org/T_Cell_Biology
http://www.frontiersin.org/T_Cell_Biology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abdel-Hakeem and Shoukry Protective immunity against hepatitis C

markers predict the outcome of acute hepatitis C virus infection. J Virol (2013)
87:4772–7. doi:10.1128/jvi.03122-12

150. Kaech SM, Tan JT, Wherry EJ, Konieczny BT, Surh CD, Ahmed R. Selec-
tive expression of the interleukin 7 receptor identifies effector CD8 T cells
that give rise to long-lived memory cells. Nat Immunol (2003) 4:1191–8.
doi:10.1038/ni1009

151. Urbani S, Amadei B, Tola D, Massari M, Schivazappa S, Missale G, et al. PD-
1 expression in acute hepatitis C virus (HCV) infection is associated with
HCV-specific CD8 exhaustion. J Virol (2006) 80:11398–403. doi:10.1128/JVI.
01177-06

152. Bowen DG, Shoukry NH, Grakoui A, Fuller MJ, Cawthon AG, Dong C, et al.
Variable patterns of programmed death-1 expression on fully functional mem-
ory T cells after spontaneous resolution of hepatitis C virus infection. J Virol
(2008) 82:5109–14. doi:10.1128/JVI.00060-08

153. Kasprowicz V, Schulze Zur Wiesch J, Kuntzen T, Nolan BE, Longworth S, Beri-
cal A, et al. High level of PD-1 expression on hepatitis C virus (HCV)-specific
CD8+ and CD4+ T cells during acute HCV infection, irrespective of clinical
outcome. J Virol (2008) 82:3154–60. doi:10.1128/JVI.02474-07

154. Bengsch B, Seigel B, Ruhl M, Timm J, Kuntz M, Blum HE, et al. Coexpression
of PD-1, 2B4, CD160 and KLRG1 on exhausted HCV-specific CD8+ T cells
is linked to antigen recognition and T cell differentiation. PLoS Pathog (2010)
6:e1000947. doi:10.1371/journal.ppat.1000947

155. Kared H, Fabre T, Bedard N, Bruneau J, Shoukry NH. Galectin-9 and IL-21
mediate cross-regulation between Th17 and Treg cells during acute hepatitis
C. PLoS Pathog (2013) 9:e1003422. doi:10.1371/journal.ppat.1003422

156. Mengshol JA, Golden-Mason L, Arikawa T, Smith M, Niki T, Mcwilliams R,
et al. A crucial role for Kupffer cell-derived galectin-9 in regulation of T cell
immunity in hepatitis C infection. PLoS One (2010) 5:e9504. doi:10.1371/
journal.pone.0009504

157. Penna A, Pilli M, Zerbini A, Orlandini A, Mezzadri S, Sacchelli L, et al. Dys-
function and functional restoration of HCV-specific CD8 responses in chronic
hepatitis C virus infection. Hepatology (2007) 45:588–601. doi:10.1002/hep.
21541

158. Nakamoto N, Cho H, Shaked A, Olthoff K,Valiga ME, Kaminski M, et al. Syner-
gistic reversal of intrahepatic HCV-specific CD8 T cell exhaustion by combined
PD-1/CTLA-4 blockade. PLoS Pathog (2009) 5:e1000313. doi:10.1371/journal.
ppat.1000313

159. McMahan RH, Golden-Mason L, Nishimura MI, Mcmahon BJ, Kemper M,
Allen TM, et al. Tim-3 expression on PD-1+ HCV-specific human CTLs is
associated with viral persistence, and its blockade restores hepatocyte-directed
in vitro cytotoxicity. J Clin Invest (2010) 120:4546–57. doi:10.1172/jci43127

160. He XS, Rehermann B, Lopez-Labrador FX, Boisvert J, Cheung R, Mumm J, et al.
Quantitative analysis of hepatitis C virus-specific CD8(+) T cells in peripheral
blood and liver using peptide-MHC tetramers. Proc Natl Acad Sci U S A (1999)
96:5692–7. doi:10.1073/pnas.96.10.5692

161. Radziewicz H, Ibegbu CC, Fernandez ML, Workowski KA, Obideen K, Wehbi
M, et al. Liver-infiltrating lymphocytes in chronic human hepatitis C virus
infection display an exhausted phenotype with high levels of PD-1 and low lev-
els of CD127 expression. J Virol (2007) 81:2545–53. doi:10.1128/JVI.02021-06

162. Kroy DC, Ciuffreda D, Cooperrider JH, Tomlinson M, Hauck GD, Aneja J,
et al. Liver environment and HCV replication affect human T-cell phenotype
and expression of inhibitory receptors. Gastroenterology (2014) 146:550–61.
doi:10.1053/j.gastro.2013.10.022

163. Lechner F, Gruener NH, Urbani S, Uggeri J, Santantonio T, Kammer AR,
et al. CD8+ T lymphocyte responses are induced during acute hepatitis C
virus infection but are not sustained. Eur J Immunol (2000) 30:2479–87.
doi:10.1002/1521-4141(200009)30:9<2479::AID-IMMU2479>3.0.CO;2-B

164. Almeida JR, Price DA, Papagno L, Arkoub ZA, Sauce D, Bornstein E, et al.
Superior control of HIV-1 replication by CD8+ T cells is reflected by their
avidity, polyfunctionality, and clonal turnover. J Exp Med (2007) 204:2473–85.
doi:10.1084/jem.20070784

165. Yi JS, Du M, Zajac AJ. A vital role for interleukin-21 in the control of a chronic
viral infection. Science (2009) 324:1572–6. doi:10.1126/science.1175194

166. Lauer GM. Immune responses to hepatitis C virus (HCV) infection and the
prospects for an effective HCV vaccine or immunotherapies. J Infect Dis (2013)
207(Suppl 1):S7–12. doi:10.1093/infdis/jis762

167. Gruener NH, Lechner F, Jung MC, Diepolder H, Gerlach T, Lauer G, et al.
Sustained dysfunction of antiviral CD8(+) T lymphocytes after infection with

hepatitis C virus. J Virol (2001) 75:5550–8. doi:10.1128/JVI.75.12.5550-5558.
2001

168. Appay V, Dunbar PR, Callan M, Klenerman P, Gillespie GM, Papagno L, et al.
Memory CD8+ T cells vary in differentiation phenotype in different persistent
virus infections. Nat Med (2002) 8:379–85. doi:10.1038/nm0402-379

169. Wedemeyer H, He XS, Nascimbeni M, Davis AR, Greenberg HB, Hoofnagle
JH, et al. Impaired effector function of hepatitis C virus-specific CD8+ T
cells in chronic hepatitis C virus infection. J Immunol (2002) 169:3447–58.
doi:10.4049/jimmunol.169.6.3447

170. Callendret B, Walker C. A siege of hepatitis: immune boost for viral hepatitis.
Nat Med (2011) 17:252–3. doi:10.1038/nm0311-252

171. Fuller MJ, Callendret B, Zhu B, Freeman GJ, Hasselschwert DL, Satterfield W,
et al. Immunotherapy of chronic hepatitis C virus infection with antibodies
against programmed cell death-1 (PD-1). Proc Natl Acad Sci U S A (2013)
110:15001–6. doi:10.1073/pnas.1312772110

172. Gardiner D, Lalezari J, Lawitz E, Dimicco M, Ghalib R, Reddy KR, et al. A
randomized, double-blind, placebo-controlled assessment of BMS-936558,
a fully human monoclonal antibody to programmed death-1 (PD-1), in
patients with chronic hepatitis C virus infection. PLoS One (2013) 8:e63818.
doi:10.1371/journal.pone.0063818

173. Bucks CM, Norton JA, Boesteanu AC, Mueller YM, Katsikis PD. Chronic anti-
gen stimulation alone is sufficient to drive CD8+ T cell exhaustion. J Immunol
(2009) 182:6697–708. doi:10.4049/jimmunol.0800997

174. Mueller SN, Ahmed R. High antigen levels are the cause of T cell exhaustion
during chronic viral infection. Proc Natl Acad Sci U S A (2009) 106:8623–8.
doi:10.1073/pnas.0809818106

175. Rutebemberwa A, Ray SC, Astemborski J, Levine J, Liu L, Dowd KA, et al.
High-programmed death-1 levels on hepatitis C virus-specific T cells during
acute infection are associated with viral persistence and require preservation
of cognate antigen during chronic infection. J Immunol (2008) 181:8215–25.
doi:10.4049/jimmunol.181.12.8215

176. Abdel-Hakeem MS, Bedard N, Badr G, Ostrowski M, Sekaly RP, Bruneau J, et al.
Comparison of immune restoration in early versus late alpha interferon therapy
against hepatitis C virus. J Virol (2010) 84:10429–35. doi:10.1128/JVI.01094-10

177. Kasprowicz V, Kang YH, Lucas M, Schulze Zur Wiesch J, Kuntzen T, Fleming V,
et al. Hepatitis C virus (HCV) sequence variation induces an HCV-specific T-
cell phenotype analogous to spontaneous resolution. J Virol (2010) 84:1656–63.
doi:10.1128/JVI.01499-09

178. Diepolder HM, Zachoval R, Hoffmann RM, Wierenga EA, Santantonio T,
Jung MC, et al. Possible mechanism involving T-lymphocyte response to non-
structural protein 3 in viral clearance in acute hepatitis C virus infection. Lancet
(1995) 346:1006–7. doi:10.1016/S0140-6736(95)91691-1

179. Missale G, Bertoni R, Lamonaca V, Valli A, Massari M, Mori C, et al. Different
clinical behaviors of acute hepatitis C virus infection are associated with differ-
ent vigor of the anti-viral cell-mediated immune response. J Clin Invest (1996)
98:706–14. doi:10.1172/JCI118842

180. Gerlach JT, Diepolder HM, Jung MC, Gruener NH, Schraut WW, Zachoval
R, et al. Recurrence of hepatitis C virus after loss of virus-specific CD4(+)
T-cell response in acute hepatitis C. Gastroenterology (1999) 117:933–41.
doi:10.1016/S0016-5085(99)70353-7

181. Day CL, Lauer GM, Robbins GK, Mcgovern B, Wurcel AG, Gandhi RT, et al.
Broad specificity of virus-specific CD4(+) T-helper-cell responses in resolved
hepatitis C virus infection. J Virol (2002) 76:12584–95. doi:10.1128/JVI.76.24.
12584-12595.2002

182. Shoukry NH, Sidney J, Sette A, Walker CM. Conserved hierarchy of helper T
cell responses in a chimpanzee during primary and secondary hepatitis C virus
infections. J Immunol (2004) 172:483–92. doi:10.4049/jimmunol.172.1.483

183. Schulze Zur Wiesch J, Lauer GM, Day CL, Kim AY, Ouchi K, Duncan JE, et al.
Broad repertoire of the CD4+ Th cell response in spontaneously controlled
hepatitis C virus infection includes dominant and highly promiscuous epi-
topes. J Immunol (2005) 175:3603–13. doi:10.4049/jimmunol.175.6.3603

184. Fleming VM, Harcourt G, Barnes E, Klenerman P. Virological footprint of
CD4+ T-cell responses during chronic hepatitis C virus infection. J Gen Virol
(2010) 91:1396–406. doi:10.1099/vir.0.017699-0

185. Fuller MJ, Shoukry NH, Gushima T, Bowen DG, Callendret B, Campbell KJ,
et al. Selection-driven immune escape is not a significant factor in the failure
of CD4 T cell responses in persistent hepatitis C virus infection. Hepatology
(2010) 51:378–87. doi:10.1002/hep.23319

www.frontiersin.org June 2014 | Volume 5 | Article 274 | 17

http://dx.doi.org/10.1128/jvi.03122-12
http://dx.doi.org/10.1038/ni1009
http://dx.doi.org/10.1128/JVI.01177-06
http://dx.doi.org/10.1128/JVI.01177-06
http://dx.doi.org/10.1128/JVI.00060-08
http://dx.doi.org/10.1128/JVI.02474-07
http://dx.doi.org/10.1371/journal.ppat.1000947
http://dx.doi.org/10.1371/journal.ppat.1003422
http://dx.doi.org/10.1371/journal.pone.0009504
http://dx.doi.org/10.1371/journal.pone.0009504
http://dx.doi.org/10.1002/hep.21541
http://dx.doi.org/10.1002/hep.21541
http://dx.doi.org/10.1371/journal.ppat.1000313
http://dx.doi.org/10.1371/journal.ppat.1000313
http://dx.doi.org/10.1172/jci43127
http://dx.doi.org/10.1073/pnas.96.10.5692
http://dx.doi.org/10.1128/JVI.02021-06
http://dx.doi.org/10.1053/j.gastro.2013.10.022
http://dx.doi.org/10.1084/jem.20070784
http://dx.doi.org/10.1126/science.1175194
http://dx.doi.org/10.1093/infdis/jis762
http://dx.doi.org/10.1128/JVI.75.12.5550-5558.2001
http://dx.doi.org/10.1128/JVI.75.12.5550-5558.2001
http://dx.doi.org/10.1038/nm0402-379
http://dx.doi.org/10.4049/jimmunol.169.6.3447
http://dx.doi.org/10.1038/nm0311-252
http://dx.doi.org/10.1073/pnas.1312772110
http://dx.doi.org/10.1371/journal.pone.0063818
http://dx.doi.org/10.4049/jimmunol.0800997
http://dx.doi.org/10.1073/pnas.0809818106
http://dx.doi.org/10.4049/jimmunol.181.12.8215
http://dx.doi.org/10.1128/JVI.01094-10
http://dx.doi.org/10.1128/JVI.01499-09
http://dx.doi.org/10.1016/S0140-6736(95)91691-1
http://dx.doi.org/10.1172/JCI118842
http://dx.doi.org/10.1016/S0016-5085(99)70353-7
http://dx.doi.org/10.1128/JVI.76.24.12584-12595.2002
http://dx.doi.org/10.1128/JVI.76.24.12584-12595.2002
http://dx.doi.org/10.4049/jimmunol.172.1.483
http://dx.doi.org/10.4049/jimmunol.175.6.3603
http://dx.doi.org/10.1099/vir.0.017699-0
http://dx.doi.org/10.1002/hep.23319
http://www.frontiersin.org
http://www.frontiersin.org/T_Cell_Biology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abdel-Hakeem and Shoukry Protective immunity against hepatitis C

186. Day CL, Seth NP, Lucas M, Appel H, Gauthier L, Lauer GM, et al. Ex vivo analy-
sis of human memory CD4 T cells specific for hepatitis C virus using MHC
class II tetramers. J Clin Invest (2003) 112:831–42. doi:10.1172/JCI18509

187. Lucas M, Ulsenheimer A, Pfafferot K, Heeg MH, Gaudieri S, Gruner N, et al.
Tracking virus-specific CD4+ T cells during and after acute hepatitis C virus
infection. PLoS One (2007) 2:e649. doi:10.1371/journal.pone.0000649

188. Semmo N, Day CL, Ward SM, Lucas M, Harcourt G, Loughry A, et al. Pref-
erential loss of IL-2-secreting CD4+ T helper cells in chronic HCV infection.
Hepatology (2005) 41:1019–28. doi:10.1002/hep.20669

189. Schulze Zur Wiesch J, Ciuffreda D, Lewis-Ximenez L, Kasprowicz V, Nolan
BE, Streeck H, et al. Broadly directed virus-specific CD4+ T cell responses are
primed during acute hepatitis C infection, but rapidly disappear from human
blood with viral persistence. J Exp Med (2012) 209:61–75. doi:10.1084/jem.
20100388

190. Raziorrouh B, Ulsenheimer A, Schraut W, Heeg M, Kurktschiev P, Zachoval R,
et al. Inhibitory molecules that regulate expansion and restoration of HCV-
specific CD4+ T cells in patients with chronic infection. Gastroenterology
(2011) 141:1422–31. doi:10.1053/j.gastro.2011.07.004

191. Grakoui A, Shoukry NH, Woollard DJ, Han JH, Hanson HL, Ghrayeb J, et al.
HCV persistence and immune evasion in the absence of memory T cell help.
Science (2003) 302:659–62. doi:10.1126/science.1088774

192. Johnson LD, Jameson SC. Immunology. A chronic need for IL-21. Science
(2009) 324:1525–6. doi:10.1126/science.1176487

193. Manigold T, Racanelli V. T-cell regulation by CD4 regulatory T cells during
hepatitis B and C virus infections: facts and controversies. Lancet Infect Dis
(2007) 7:804–13. doi:10.1016/S1473-3099(07)70289-X

194. Ebinuma H, Nakamoto N, Li Y, Price DA, Gostick E, Levine BL, et al. Identi-
fication and in vitro expansion of functional antigen-specific CD25+ FoxP3+
regulatory T cells in hepatitis C virus infection. J Virol (2008) 82:5043–53.
doi:10.1128/JVI.01548-07

195. Rowan AG, Fletcher JM, Ryan EJ, Moran B, Hegarty JE, O’farrelly C, et al.
Hepatitis C virus-specific Th17 cells are suppressed by virus-induced TGF-
beta. J Immunol (2008) 181:4485–94. doi:10.4049/jimmunol.181.7.4485

196. Foster RG, Golden-Mason L, Rutebemberwa A, Rosen HR. Interleukin (IL)-
17/IL-22-producing T cells enriched within the liver of patients with chronic
hepatitis C viral (HCV) infection. Dig Dis Sci (2012) 57:381–9. doi:10.1007/
s10620-011-1997-z

197. Park SH,Veerapu NS, Shin EC, Biancotto A, Mccoy JP, Capone S, et al. Subinfec-
tious hepatitis C virus exposures suppress T cell responses against subsequent
acute infection. Nat Med (2013) 19:1638–42. doi:10.1038/nm.3408

198. Yang XO, Nurieva R, Martinez GJ, Kang HS, Chung Y, Pappu BP, et al. Molecu-
lar antagonism and plasticity of regulatory and inflammatory T cell programs.
Immunity (2008) 29:44–56. doi:10.1016/j.immuni.2008.05.007

199. Rehermann B, Nascimbeni M. Immunology of hepatitis B virus and hepatitis
C virus infection. Nat Rev Immunol (2005) 5:215–29. doi:10.1038/nri1573

200. Dustin LB, Rice CM. Flying under the radar: the immunobiology of hepati-
tis C. Annu Rev Immunol (2007) 25:71–99. doi:10.1146/annurev.immunol.25.
022106.141602

201. Farci P, Shimoda A, Wong D, Cabezon T, De Gioannis D, Strazzera A, et al. Pre-
vention of hepatitis C virus infection in chimpanzees by hyperimmune serum
against the hypervariable region 1 of the envelope 2 protein. Proc Natl Acad Sci
U S A (1996) 93:15394–9. doi:10.1073/pnas.93.26.15394

202. Shimizu YK, Igarashi H, Kiyohara T, Cabezon T, Farci P, Purcell RH, et al. A
hyperimmune serum against a synthetic peptide corresponding to the hyper-
variable region 1 of hepatitis C virus can prevent viral infection in cell cultures.
Virology (1996) 223:409–12. doi:10.1006/viro.1996.0497

203. Farci P, Shimoda A, Coiana A, Diaz G, Peddis G, Melpolder JC, et al. The out-
come of acute hepatitis C predicted by the evolution of the viral quasispecies.
Science (2000) 288:339–44. doi:10.1126/science.288.5464.339

204. Bassett SE, Thomas DL, Brasky KM, Lanford RE. Viral persistence, antibody
to E1 and E2, and hypervariable region 1 sequence stability in hepatitis C
virus-inoculated chimpanzees. J Virol (1999) 73:1118–26.

205. Major ME, Mihalik K, Fernandez J, Seidman J, Kleiner D, Kolykhalov AA, et al.
Long-term follow-up of chimpanzees inoculated with the first infectious clone
for hepatitis C virus. J Virol (1999) 73:3317–25.

206. Logvinoff C, Major ME, Oldach D, Heyward S, Talal A, Balfe P, et al. Neutral-
izing antibody response during acute and chronic hepatitis C virus infection.
Proc Natl Acad Sci U S A (2004) 101:10149–54. doi:10.1073/pnas.0403519101

207. Netski DM, Mosbruger T, Depla E, Maertens G, Ray SC, Hamilton RG, et al.
Humoral immune response in acute hepatitis C virus infection. Clin Infect Dis
(2005) 41:667–75. doi:10.1086/432478

208. Semmo N, Lucas M, Krashias G, Lauer G, Chapel H, Klenerman P. Maintenance
of HCV-specific T-cell responses in antibody-deficient patients a decade after
early therapy. Blood (2006) 107:4570–1. doi:10.1182/blood-2005-11-4522

209. Von Hahn T, Yoon JC, Alter H, Rice CM, Rehermann B, Balfe P, et al. Hepatitis
C virus continuously escapes from neutralizing antibody and T-cell responses
during chronic infection in vivo. Gastroenterology (2007) 132:667–78. doi:10.
1053/j.gastro.2006.12.008

210. Pestka JM, Zeisel MB, Blaser E, Schurmann P, Bartosch B, Cosset FL, et al.
Rapid induction of virus-neutralizing antibodies and viral clearance in a single-
source outbreak of hepatitis C. Proc Natl Acad Sci U S A (2007) 104:6025–30.
doi:10.1073/pnas.0607026104

211. Law M, Maruyama T, Lewis J, Giang E, Tarr AW, Stamataki Z, et al. Broadly
neutralizing antibodies protect against hepatitis C virus quasispecies challenge.
Nat Med (2008) 14:25–7. doi:10.1038/nm1698

212. Giang E, Dorner M, Prentoe JC, Dreux M, Evans MJ, Bukh J, et al. Human
broadly neutralizing antibodies to the envelope glycoprotein complex of
hepatitis C virus. Proc Natl Acad Sci U S A (2012) 109:6205–10. doi:10.1073/
pnas.1114927109

213. Fauci AS, Folkers GK, Dieffenbach CW. HIV-AIDS: much accomplished, much
to do. Nat Immunol (2013) 14:1104–7. doi:10.1038/ni.2735

214. Bartosch B, Dubuisson J, Cosset FL. Infectious hepatitis C virus pseudo-
particles containing functional E1-E2 envelope protein complexes. J Exp Med
(2003) 197:633–42. doi:10.1084/jem.20021756

215. Hsu M, Zhang J, Flint M, Logvinoff C, Cheng-Mayer C, Rice CM, et al.
Hepatitis C virus glycoproteins mediate pH-dependent cell entry of pseudo-
typed retroviral particles. Proc Natl Acad Sci U S A (2003) 100:7271–6.
doi:10.1073/pnas.0832180100

216. Dowd KA, Netski DM, Wang XH, Cox AL, Ray SC. Selection pressure from
neutralizing antibodies drives sequence evolution during acute infection with
hepatitis C virus. Gastroenterology (2009) 136:2377–86. doi:10.1053/j.gastro.
2009.02.080

217. Osburn WO, Snider AE, Wells BL, Latanich R, Bailey JR, Thomas DL,
et al. Clearance of Hepatitis C infection is associated with early appearance
of broad neutralizing antibody responses. Hepatology (2014) 59:2140–51.
doi:10.1002/hep.27013

218. Baum LL. Role of humoral immunity in host defense against HIV. Curr
HIV/AIDS Rep (2010) 7:11–8. doi:10.1007/s11904-009-0036-6

219. Berger CT, Alter G. Natural killer cells in spontaneous control of HIV
infection. Curr Opin HIV AIDS (2011) 6:208–13. doi:10.1097/COH.
0b013e3283457798

220. Wren L, Kent SJ. HIV Vaccine efficacy trial: glimmers of hope and the potential
role of antibody-dependent cellular cytotoxicity. Hum Vaccin (2011) 7:466–73.
doi:10.4161/hv.7.4.14123

221. Nattermann J, Schneiders AM, Leifeld L, Langhans B, Schulz M, Inchauspe
G, et al. Serum antibodies against the hepatitis C virus E2 protein medi-
ate antibody-dependent cellular cytotoxicity (ADCC). J Hepatol (2005)
42:499–504. doi:10.1016/j.jhep.2004.12.018

222. Weiner AJ, Geysen HM, Christopherson C, Hall JE, Mason TJ, Saracco G, et al.
Evidence for immune selection of hepatitis C virus (HCV) putative envelope
glycoprotein variants: potential role in chronic HCV infections. Proc Natl Acad
Sci U S A (1992) 89:3468–72. doi:10.1073/pnas.89.8.3468

223. Liu L, Fisher BE, Dowd KA, Astemborski J, Cox AL, Ray SC. Acceleration of
hepatitis C virus envelope evolution in humans is consistent with progres-
sive humoral immune selection during the transition from acute to chronic
infection. J Virol (2010) 84:5067–77. doi:10.1128/JVI.02265-09

224. Helle F, Goffard A, Morel V, Duverlie G, Mckeating J, Keck ZY, et al. The
neutralizing activity of anti-hepatitis C virus antibodies is modulated by
specific glycans on the E2 envelope protein. J Virol (2007) 81:8101–11.
doi:10.1128/JVI.00127-07

225. Khan AG, Whidby J, Miller MT, Scarborough H, Zatorski AV, Cygan A, et al.
Structure of the core ectodomain of the hepatitis C virus envelope glycoprotein
2. Nature (2014) 509:381–4. doi:10.1038/nature13117

226. Kong L, Giang E, Nieusma T, Kadam RU, Cogburn KE, Hua Y, et al. Hepatitis
C virus E2 envelope glycoprotein core structure. Science (2013) 342:1090–4.
doi:10.1126/science.1243876

Frontiers in Immunology | T Cell Biology June 2014 | Volume 5 | Article 274 | 18

http://dx.doi.org/10.1172/JCI18509
http://dx.doi.org/10.1371/journal.pone.0000649
http://dx.doi.org/10.1002/hep.20669
http://dx.doi.org/10.1084/jem.20100388
http://dx.doi.org/10.1084/jem.20100388
http://dx.doi.org/10.1053/j.gastro.2011.07.004
http://dx.doi.org/10.1126/science.1088774
http://dx.doi.org/10.1126/science.1176487
http://dx.doi.org/10.1016/S1473-3099(07)70289-X
http://dx.doi.org/10.1128/JVI.01548-07
http://dx.doi.org/10.4049/jimmunol.181.7.4485
http://dx.doi.org/10.1007/s10620-011-1997-z
http://dx.doi.org/10.1007/s10620-011-1997-z
http://dx.doi.org/10.1038/nm.3408
http://dx.doi.org/10.1016/j.immuni.2008.05.007
http://dx.doi.org/10.1038/nri1573
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141602
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141602
http://dx.doi.org/10.1073/pnas.93.26.15394
http://dx.doi.org/10.1006/viro.1996.0497
http://dx.doi.org/10.1126/science.288.5464.339
http://dx.doi.org/10.1073/pnas.0403519101
http://dx.doi.org/10.1086/432478
http://dx.doi.org/10.1182/blood-2005-11-4522
http://dx.doi.org/10.1053/j.gastro.2006.12.008
http://dx.doi.org/10.1053/j.gastro.2006.12.008
http://dx.doi.org/10.1073/pnas.0607026104
http://dx.doi.org/10.1038/nm1698
http://dx.doi.org/10.1073/pnas.1114927109
http://dx.doi.org/10.1073/pnas.1114927109
http://dx.doi.org/10.1038/ni.2735
http://dx.doi.org/10.1084/jem.20021756
http://dx.doi.org/10.1073/pnas.0832180100
http://dx.doi.org/10.1053/j.gastro.2009.02.080
http://dx.doi.org/10.1053/j.gastro.2009.02.080
http://dx.doi.org/10.1002/hep.27013
http://dx.doi.org/10.1007/s11904-009-0036-6
http://dx.doi.org/10.1097/COH.0b013e3283457798
http://dx.doi.org/10.1097/COH.0b013e3283457798
http://dx.doi.org/10.4161/hv.7.4.14123
http://dx.doi.org/10.1016/j.jhep.2004.12.018
http://dx.doi.org/10.1073/pnas.89.8.3468
http://dx.doi.org/10.1128/JVI.02265-09
http://dx.doi.org/10.1128/JVI.00127-07
http://dx.doi.org/10.1038/nature13117
http://dx.doi.org/10.1126/science.1243876
http://www.frontiersin.org/T_Cell_Biology
http://www.frontiersin.org/T_Cell_Biology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abdel-Hakeem and Shoukry Protective immunity against hepatitis C

227. Takaki A, Wiese M, Maertens G, Depla E, Seifert U, Liebetrau A, et al. Cel-
lular immune responses persist and humoral responses decrease two decades
after recovery from a single-source outbreak of hepatitis C. Nat Med (2000)
6:578–82. doi:10.1038/75063

228. Koziel MJ, Wong DK, Dudley D, Houghton M, Walker BD. Hepatitis C virus-
specific cytolytic T lymphocyte and T helper cell responses in seronegative
persons. J Infect Dis (1997) 176:859–66. doi:10.1086/516546

229. Scognamiglio P, Accapezzato D, Casciaro MA, Cacciani A, Artini M, Bruno G,
et al. Presence of effector CD8+ T cells in hepatitis C virus-exposed healthy
seronegative donors. J Immunol (1999) 162:6681–9.

230. Mizukoshi E, Eisenbach C, Edlin BR, Newton KP, Raghuraman S, Weiler-
Normann C, et al. Hepatitis C virus (HCV)-specific immune responses of
long-term injection drug users frequently exposed to HCV. J Infect Dis (2008)
198:203–12. doi:10.1086/589510

231. Heller T,Werner JM, Rahman F, Mizukoshi E, Sobao Y, Gordon AM, et al. Occu-
pational exposure to hepatitis C virus: early T-cell responses in the absence of
seroconversion in a longitudinal cohort study. J Infect Dis (2013) 208:1020–5.
doi:10.1093/infdis/jit270

232. Bassett SE, Guerra B, Brasky K, Miskovsky E, Houghton M, Klimpel GR, et al.
Protective immune response to hepatitis C virus in chimpanzees rechallenged
following clearance of primary infection. Hepatology (2001) 33:1479–87.
doi:10.1053/jhep.2001.24371

233. Major ME, Mihalik K, Puig M, Rehermann B, Nascimbeni M, Rice CM,
et al. Previously infected and recovered chimpanzees exhibit rapid responses
that control hepatitis C virus replication upon rechallenge. J Virol (2002)
76:6586–95. doi:10.1128/JVI.76.13.6586-6595.2002

234. Nascimbeni M, Mizukoshi E, Bosmann M, Major ME, Mihalik K, Rice CM,
et al. Kinetics of CD4+ and CD8+ memory T-cell responses during hepati-
tis C virus rechallenge of previously recovered chimpanzees. J Virol (2003)
77:4781–93. doi:10.1128/JVI.77.8.4781-4793.2003

235. Lanford RE, Guerra B, Chavez D, Bigger C, Brasky KM, Wang XH, et al.
Cross-genotype immunity to hepatitis C virus. J Virol (2004) 78:1575–81.
doi:10.1128/JVI.78.3.1575-1581.2004

236. Bukh J, Thimme R, Meunier JC, Faulk K, Spangenberg HC, Chang KM, et al.
Previously infected chimpanzees are not consistently protected against reinfec-
tion or persistent infection after reexposure to the identical hepatitis C virus
strain. J Virol (2008) 82:8183–95. doi:10.1128/JVI.00142-08

237. Park SH, Shin EC, Capone S, Caggiari L, De Re V, Nicosia A, et al. Success-
ful vaccination induces multifunctional memory T-cell precursors associated
with early control of hepatitis C virus. Gastroenterology (2012) 143(1048–
1060):e1044. doi:10.1053/j.gastro.2012.06.005

238. Barth H, Rybczynska J, Patient R, Choi Y, Sapp RK, Baumert TF, et al.
Both innate and adaptive immunity mediate protective immunity against
hepatitis C virus infection in chimpanzees. Hepatology (2011) 54:1135–48.
doi:10.1002/hep.24489

239. Jameson SC, Masopust D. Diversity in T cell memory: an embarrassment of
riches. Immunity (2009) 31:859–71. doi:10.1016/j.immuni.2009.11.007

240. Rochman Y, Spolski R, Leonard WJ. New insights into the regulation of
T cells by gamma(c) family cytokines. Nat Rev Immunol (2009) 9:480–90.
doi:10.1038/nri2580

241. Pham TN, Macparland SA, Mulrooney PM, Cooksley H, Naoumov NV, Micha-
lak TI. Hepatitis C virus persistence after spontaneous or treatment-induced
resolution of hepatitis C. J Virol (2004) 78:5867–74. doi:10.1128/JVI.78.11.
5867-5874.2004

242. Veerapu NS, Raghuraman S, Liang TJ, Heller T, Rehermann B. Sporadic reap-
pearance of minute amounts of hepatitis C virus RNA after successful therapy
stimulates cellular immune responses. Gastroenterology (2011) 140:676.e–85.e.
doi:10.1053/j.gastro.2010.10.048

243. Mehta SH, Cox A, Hoover DR, Wang XH, Mao Q, Ray S, et al. Protection
against persistence of hepatitis C. Lancet (2002) 359:1478–83. doi:10.1016/
S0140-6736(02)08435-0

244. Grebely J, Conway B, Raffa JD, Lai C, Krajden M, Tyndall MW. Hepatitis
C virus reinfection in injection drug users. Hepatology (2006) 44:1139–45.
doi:10.1002/hep.21376

245. Aitken CK, Lewis J, Tracy SL, Spelman T, Bowden DS, Bharadwaj M, et al. High
incidence of hepatitis C virus reinfection in a cohort of injecting drug users.
Hepatology (2008) 48:1746–52. doi:10.1002/hep.22534

246. Van De Laar TJ, Molenkamp R, Van Den Berg C, Schinkel J, Beld MG, Prins
M, et al. Frequent HCV reinfection and superinfection in a cohort of injecting

drug users in Amsterdam. J Hepatol (2009) 51:667–74. doi:10.1016/j.jhep.2009.
05.027

247. Grebely J, Thomas DL, Dore GJ. HCV reinfection studies and the door to vac-
cine development. J Hepatol (2009) 51:628–31. doi:10.1016/j.jhep.2009.07.002

248. Osburn WO, Fisher BE, Dowd KA, Urban G, Liu L, Ray SC, et al. Spontaneous
control of primary hepatitis C virus infection and immunity against persistent
reinfection. Gastroenterology (2010) 138:315–24. doi:10.1053/j.gastro.2009.09.
017

249. Abdel-Hakeem MS, Bedard N, Bruneau J, Shoukry NH. Analysis of a protective
immune response during multiple episodes of HCV infection. Abstract Book
of the 19th International Symposium on Hepatitis C Virus and Related Viruses.
Venice (2012). p. 47. Abstract O.25.

250. Sallusto F, Lanzavecchia A, Araki K, Ahmed R. From vaccines to memory and
back. Immunity (2010) 33:451–63. doi:10.1016/j.immuni.2010.10.008

251. Grebely J, Prins M, Hellard M, Cox AL, Osburn WO, Lauer G, et al. Hepatitis
C virus clearance, reinfection, and persistence, with insights from studies of
injecting drug users: towards a vaccine. Lancet Infect Dis (2012) 12:408–14.
doi:10.1016/s1473-3099(12)70010-5

252. Grebely J, Morris MD, Rice TM, Bruneau J, Cox AL, Kim AY, et al. Cohort
profile: the International Collaboration of Incident HIV and Hepatitis C in
Injecting Cohorts (InC3) Study. Int J Epidemiol (2013) 42:1649–59. doi:10.
1093/ije/dys167

253. Meunier JC, Gottwein JM, Houghton M, Russell RS, Emerson SU, Bukh J,
et al. Vaccine-induced cross-genotype reactive neutralizing antibodies against
hepatitis C virus. J Infect Dis (2011) 204:1186–90. doi:10.1093/infdis/jir511

254. Stamataki Z, Coates S, Abrignani S, Houghton M, Mckeating JA. Immuniza-
tion of human volunteers with hepatitis C virus envelope glycoproteins elicits
antibodies that cross-neutralize heterologous virus strains. J Infect Dis (2011)
204:811–3. doi:10.1093/infdis/jir399

255. Law JL, Chen C, Wong J, Hockman D, Santer DM, Frey SE, et al. A hepatitis
C virus (HCV) vaccine comprising envelope glycoproteins gpE1/gpE2 derived
from a single isolate elicits broad cross-genotype neutralizing antibodies in
humans. PLoS One (2013) 8:e59776. doi:10.1371/journal.pone.0059776

256. Elmowalid GA, Qiao M, Jeong SH, Borg BB, Baumert TF, Sapp RK, et al. Immu-
nization with hepatitis C virus-like particles results in control of hepatitis C
virus infection in chimpanzees. Proc Natl Acad Sci U S A (2007) 104:8427–32.
doi:10.1073/pnas.0702162104

257. Hansen SG, Piatak M Jr, Ventura AB, Hughes CM, Gilbride RM, Ford JC,
et al. Immune clearance of highly pathogenic SIV infection. Nature (2013)
502:100–4. doi:10.1038/nature12519

258. Barnes E, Folgori A, Capone S, Swadling L, Aston S, Kurioka A, et al. Novel
adenovirus-based vaccines induce broad and sustained T cell responses to HCV
in man. Sci Transl Med (2012) 4:115ra111. doi:10.1126/scitranslmed.3003155

259. Folgori A, Capone S, Ruggeri L, Meola A, Sporeno E, Ercole BB, et al. A T-cell
HCV vaccine eliciting effective immunity against heterologous virus challenge
in chimpanzees. Nat Med (2006) 12:190–7. doi:10.1038/nm1353

260. Chmielewska AM, Naddeo M, Capone S,AmmendolaV, Hu K, Meredith L, et al.
Combined adenovirus vector and hepatitis C virus envelope protein prime-
boost regime elicits T cell and neutralizing antibody immune responses. J Virol
(2014) 88:5502–10. doi:10.1128/jvi.03574-13

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 11 April 2014; paper pending published: 08 May 2014; accepted: 27 May
2014; published online: 16 June 2014.
Citation: Abdel-Hakeem MS and Shoukry NH (2014) Protective immu-
nity against hepatitis C: many shades of gray. Front. Immunol. 5:274. doi:
10.3389/fimmu.2014.00274
This article was submitted to T Cell Biology, a section of the journal Frontiers in
Immunology.
Copyright © 2014 Abdel-Hakeem and Shoukry. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

www.frontiersin.org June 2014 | Volume 5 | Article 274 | 19

http://dx.doi.org/10.1038/75063
http://dx.doi.org/10.1086/516546
http://dx.doi.org/10.1086/589510
http://dx.doi.org/10.1093/infdis/jit270
http://dx.doi.org/10.1053/jhep.2001.24371
http://dx.doi.org/10.1128/JVI.76.13.6586-6595.2002
http://dx.doi.org/10.1128/JVI.77.8.4781-4793.2003
http://dx.doi.org/10.1128/JVI.78.3.1575-1581.2004
http://dx.doi.org/10.1128/JVI.00142-08
http://dx.doi.org/10.1053/j.gastro.2012.06.005
http://dx.doi.org/10.1002/hep.24489
http://dx.doi.org/10.1016/j.immuni.2009.11.007
http://dx.doi.org/10.1038/nri2580
http://dx.doi.org/10.1128/JVI.78.11.5867-5874.2004
http://dx.doi.org/10.1128/JVI.78.11.5867-5874.2004
http://dx.doi.org/10.1053/j.gastro.2010.10.048
http://dx.doi.org/10.1016/S0140-6736(02)08435-0
http://dx.doi.org/10.1016/S0140-6736(02)08435-0
http://dx.doi.org/10.1002/hep.21376
http://dx.doi.org/10.1002/hep.22534
http://dx.doi.org/10.1016/j.jhep.2009.05.027
http://dx.doi.org/10.1016/j.jhep.2009.05.027
http://dx.doi.org/10.1016/j.jhep.2009.07.002
http://dx.doi.org/10.1053/j.gastro.2009.09.017
http://dx.doi.org/10.1053/j.gastro.2009.09.017
http://dx.doi.org/10.1016/j.immuni.2010.10.008
http://dx.doi.org/10.1016/s1473-3099(12)70010-5
http://dx.doi.org/10.1093/ije/dys167
http://dx.doi.org/10.1093/ije/dys167
http://dx.doi.org/10.1093/infdis/jir511
http://dx.doi.org/10.1093/infdis/jir399
http://dx.doi.org/10.1371/journal.pone.0059776
http://dx.doi.org/10.1073/pnas.0702162104
http://dx.doi.org/10.1038/nature12519
http://dx.doi.org/10.1126/scitranslmed.3003155
http://dx.doi.org/10.1038/nm1353
http://dx.doi.org/10.1128/jvi.03574-13
http://dx.doi.org/10.3389/fimmu.2014.00274
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/T_Cell_Biology/archive


 
 

237 



 
 

238 



 
 

239 

Bibliography  

1. Medzhitov, R. and C. Janeway, Jr., Innate immune recognition: mechanisms and 
pathways. Immunol Rev, 2000. 173: p. 89-97. 

2. Cooper, M.A., T.A. Fehniger, and M.A. Caligiuri, The biology of human natural killer-
cell subsets. Trends Immunol, 2001. 22(11): p. 633-40. 

3. Munz, C., R.M. Steinman, and S. Fujii, Dendritic cell maturation by innate 
lymphocytes: coordinated stimulation of innate and adaptive immunity. J Exp Med, 
2005. 202(2): p. 203-7. 

4. Lanier, L.L., NK cell recognition. Annu Rev Immunol, 2005. 23: p. 225-74. 
5. McQueen, K.L. and P. Parham, Variable receptors controlling activation and 

inhibition of NK cells. Curr Opin Immunol, 2002. 14(5): p. 615-21. 
6. Janeway, C.A., Immunobiology; the immune system in health and disease. 6th ed. 

2005: Garland Science. 
7. Colonna, M., G. Trinchieri, and Y.J. Liu, Plasmacytoid dendritic cells in immunity. 

Nat Immunol, 2004. 5(12): p. 1219-26. 
8. Harty, J.T., A.R. Tvinnereim, and D.W. White, CD8+ T cell effector mechanisms in 

resistance to infection. Annu Rev Immunol, 2000. 18: p. 275-308. 
9. Lucey, D.R., M. Clerici, and G.M. Shearer, Type 1 and type 2 cytokine dysregulation 

in human infectious, neoplastic, and inflammatory diseases. Clin Microbiol Rev, 1996. 
9(4): p. 532-62. 

10. Abdel-Hakeem, M.S. and N.H. Shoukry, Protective immunity against hepatitis C; 
many shades of gray. Frontiers in Immunology, 2014. 5. 

11. Gourley, T.S., et al., Generation and maintenance of immunological memory. Semin 
Immunol, 2004. 16(5): p. 323-33. 

12. Akbar, A.N., P.C. Beverley, and M. Salmon, Will telomere erosion lead to a loss of T-
cell memory? Nat Rev Immunol, 2004. 4(9): p. 737-43. 

13. Beverley, P.C., Kinetics and clonality of immunological memory in humans. Semin 
Immunol, 2004. 16(5): p. 315-21. 

14. Doherty, P.C., Immune memory to virsuses., in ASM News1995. p. 68-71. 
15. Rogers, P.R., C. Dubey, and S.L. Swain, Qualitative changes accompany memory T 

cell generation: faster, more effective responses at lower doses of antigen. J Immunol, 
2000. 164(5): p. 2338-46. 

16. Moser, B. and P. Loetscher, Lymphocyte traffic control by chemokines. Nat Immunol, 
2001. 2(2): p. 123-8. 

17. Ehlers, S. and K.A. Smith, Differentiation of T cell lymphokine gene expression: the in 
vitro acquisition of T cell memory. J Exp Med, 1991. 173(1): p. 25-36. 

18. Wherry, E.J., et al., Viral persistence alters CD8 T-cell immunodominance and tissue 
distribution and results in distinct stages of functional impairment. J Virol, 2003. 
77(8): p. 4911-27. 

19. Kim, P.S. and R. Ahmed, Features of responding T cells in cancer and chronic 
infection. Curr Opin Immunol, 2010. 22(2): p. 223-30. 

20. McHeyzer-Williams, L.J., D.J. Driver, and M.G. McHeyzer-Williams, Germinal 
center reaction. Curr Opin Hematol, 2001. 8(1): p. 52-9. 



 
 

240 

21. Tarlinton, D.M. and K.G. Smith, Dissecting affinity maturation: a model explaining 
selection of antibody-forming cells and memory B cells in the germinal centre. 
Immunol Today, 2000. 21(9): p. 436-41. 

22. Kaech, S.M., E.J. Wherry, and R. Ahmed, Effector and memory T-cell differentiation: 
implications for vaccine development. Nat Rev Immunol, 2002. 2(4): p. 251-62. 

23. Grayson, J.M., et al., Gene expression in antigen-specific CD8+ T cells during viral 
infection. J Immunol, 2001. 166(2): p. 795-9. 

24. Pitcher, C.J., et al., Development and homeostasis of T cell memory in rhesus macaque. 
J Immunol, 2002. 168(1): p. 29-43. 

25. Wherry, E.J., et al., Lineage relationship and protective immunity of memory CD8 T 
cell subsets. Nat Immunol, 2003. 4(3): p. 225-34. 

26. Mercado, R., et al., Early programming of T cell populations responding to bacterial 
infection. J Immunol, 2000. 165(12): p. 6833-9. 

27. Kaech, S.M. and R. Ahmed, Memory CD8+ T cell differentiation: initial antigen 
encounter triggers a developmental program in naive cells. Nat Immunol, 2001. 2(5): 
p. 415-22. 

28. Chang, J.T., et al., Asymmetric T lymphocyte division in the initiation of adaptive 
immune responses. Science, 2007. 315(5819): p. 1687-91. 

29. Ahmed, R., et al., The precursors of memory: models and controversies. Nat Rev 
Immunol, 2009. 9(9): p. 662-8. 

30. Sprent, J. and C.D. Surh, T cell memory. Annu Rev Immunol, 2002. 20: p. 551-79. 
31. Di Rosa, F. and A. Santoni, Memory T-cell competition for bone marrow seeding. 

Immunology, 2003. 108(3): p. 296-304. 
32. Vezys, V., et al., Memory CD8 T-cell compartment grows in size with immunological 

experience. Nature, 2009. 457(7226): p. 196-9. 
33. Tan, J.T., et al., Interleukin (IL)-15 and IL-7 jointly regulate homeostatic proliferation 

of memory phenotype CD8+ cells but are not required for memory phenotype CD4+ 
cells. J Exp Med, 2002. 195(12): p. 1523-32. 

34. Kieper, W.C., et al., Overexpression of interleukin (IL)-7 leads to IL-15-independent 
generation of memory phenotype CD8+ T cells. J Exp Med, 2002. 195(12): p. 1533-9. 

35. Maraskovsky, E., et al., Bcl-2 can rescue T lymphocyte development in interleukin-7 
receptor-deficient mice but not in mutant rag-1-/- mice. Cell, 1997. 89(7): p. 1011-9. 

36. Hand, T.W., M. Morre, and S.M. Kaech, Expression of IL-7 receptor alpha is 
necessary but not sufficient for the formation of memory CD8 T cells during viral 
infection. Proc Natl Acad Sci U S A, 2007. 104(28): p. 11730-5. 

37. Kaech, S.M., et al., Selective expression of the interleukin 7 receptor identifies effector 
CD8 T cells that give rise to long-lived memory cells. Nat Immunol, 2003. 4(12): p. 
1191-8. Epub 2003 Nov 16. 

38. Surh, C.D. and J. Sprent, Regulation of naive and memory T-cell homeostasis. 
Microbes Infect, 2002. 4(1): p. 51-6. 

39. Kennedy, M.K., et al., Reversible defects in natural killer and memory CD8 T cell 
lineages in interleukin 15-deficient mice. J Exp Med, 2000. 191(5): p. 771-80. 

40. Lodolce, J.P., et al., IL-15 receptor maintains lymphoid homeostasis by supporting 
lymphocyte homing and proliferation. Immunity, 1998. 9(5): p. 669-76. 



 
 

241 

41. Becker, T.C., et al., Interleukin 15 is required for proliferative renewal of virus-
specific memory CD8 T cells. J Exp Med, 2002. 195(12): p. 1541-8. 

42. Tough, D.F. and J. Sprent, Turnover of naive- and memory-phenotype T cells. J Exp 
Med, 1994. 179(4): p. 1127-35. 

43. Johnson, L.D. and S.C. Jameson, Immunology. A chronic need for IL-21. Science, 
2009. 324(5934): p. 1525-6. 

44. Murali-Krishna, K., et al., Persistence of memory CD8 T cells in MHC class I-deficient 
mice [see comments]. Science, 1999. 286(5443): p. 1377-1381. 

45. Blattman, J.N., et al., Estimating the precursor frequency of naive antigen-specific 
CD8 T cells. J Exp Med, 2002. 195(5): p. 657-64. 

46. Panum, P., Beobachtungen uber das maserncontagium., in Medical Classics. 1936, 
The Williams and Wilkins: Baltimore. p. 829-840. 

47. Sawyer, W.A., et al., The Relationship of Yellow Fever of the Western Hemisphere to 
That of Africa and to Leptospiral Jaundice. J Exp Med, 1930. 51(3): p. 493-517. 

48. Paul, J.R., J.T. Riordan, and J.L. Melnick, Antibodies to three different antigenic types 
of poliomyelitis virus in sera from North Alaskan Eskimos. Am J Hyg, 1951. 54(2): p. 
275-85. 

49. Crotty, S., et al., Cutting edge: long-term B cell memory in humans after smallpox 
vaccination. J Immunol, 2003. 171(10): p. 4969-73. 

50. Hammarlund, E., et al., Duration of antiviral immunity after smallpox vaccination. Nat 
Med, 2003. 9(9): p. 1131-7. 

51. Mandel, T.E., et al., The follicular dendritic cell: long term antigen retention during 
immunity. Immunol Rev, 1980. 53: p. 29-59. 

52. Mandel, T.E., et al., Long-term antigen retention by dendritic cells in the popliteal 
lymph node of immunized mice. Immunology, 1981. 43(2): p. 353-62. 

53. Lam, K.P., R. Kuhn, and K. Rajewsky, In vivo ablation of surface immunoglobulin on 
mature B cells by inducible gene targeting results in rapid cell death. Cell, 1997. 
90(6): p. 1073-83. 

54. Weng, N.P., et al., Human naive and memory T lymphocytes differ in telomeric length 
and replicative potential. Proc Natl Acad Sci U S A, 1995. 92(24): p. 11091-4. 

55. Hayflick, L., The Limited in Vitro Lifetime of Human Diploid Cell Strains. Exp Cell 
Res, 1965. 37: p. 614-36. 

56. Macallan, D.C., et al., Rapid turnover of effector-memory CD4(+) T cells in healthy 
humans. J Exp Med, 2004. 200(2): p. 255-60. 

57. Shoukry, N.H., et al., Conserved Hierarchy of Helper T Cell Responses in a 
Chimpanzee during Primary and Secondary Hepatitis C Virus Infections J Immunol, 
2004. 172(1): p. 483-492. 

58. Yefenof, E., et al., In vitro activation of murine antigen-specific memory B cells by a 
T-dependent antigen. J Immunol, 1986. 137(1): p. 85-90. 

59. MacLennan, I.C., et al., The evolution of B-cell clones. Curr Top Microbiol Immunol, 
1990. 159: p. 37-63. 

60. Lanzavecchia, A. and F. Sallusto, Dynamics of T lymphocyte responses: intermediates, 
effectors, and memory cells. Science, 2000. 290(5489): p. 92-7. 

61. Masopust, D., et al., Preferential localization of effector memory cells in nonlymphoid 
tissue. Science, 2001. 291(5512): p. 2413-2417. 



 
 

242 

62. Picker, L.J., et al., Control of lymphocyte recirculation in man. II. Differential 
regulation of the cutaneous lymphocyte-associated antigen, a tissue-selective homing 
receptor for skin-homing T cells. J Immunol, 1993. 150(3): p. 1122-36. 

63. Vrisekoop, N., et al., Sparse production but preferential incorporation of recently 
produced naive T cells in the human peripheral pool. Proc Natl Acad Sci U S A, 2008. 
105(16): p. 6115-20. 

64. Belyakov, I.M., et al., Shared modes of protection against poxvirus infection by 
attenuated and conventional smallpox vaccine viruses. Proc Natl Acad Sci U S A, 
2003. 100(16): p. 9458-63. 

65. Jameson, S.C. and D. Masopust, Diversity in T cell memory: an embarrassment of 
riches. Immunity, 2009. 31(6): p. 859-71. 

66. Appay, V., D.C. Douek, and D.A. Price, CD8+ T cell efficacy in vaccination and 
disease. Nat Med, 2008. 14(6): p. 623-8. 

67. Esser, M.T., et al., Memory T cells and vaccines. Vaccine, 2003. 21(5-6): p. 419-30. 
68. von Andrian, U.H. and C.R. Mackay, T-cell function and migration. Two sides of the 

same coin. N Engl J Med, 2000. 343(14): p. 1020-34. 
69. Sallusto, F., et al., Two subsets of memory T lymphocytes with distinct homing 

potentials and effector functions. Nature, 1999. 401(6754): p. 708-12. 
70. Hamann, D., et al., Phenotypic and functional separation of memory and effector 

human CD8+ T cells. J Exp Med, 1997. 186(9): p. 1407-18. 
71. Appay, V., et al., Memory CD8+ T cells vary in differentiation phenotype in different 

persistent virus infections. Nat Med, 2002. 8(4): p. 379-85. 
72. Yue, F.Y., et al., HIV-1-specific memory CD4+ T cells are phenotypically less mature 

than cytomegalovirus-specific memory CD4+ T cells. J Immunol, 2004. 172(4): p. 
2476-86. 

73. Day, C.L., et al., Ex vivo analysis of human memory CD4 T cells specific for hepatitis 
C virus using MHC class II tetramers. J Clin Invest, 2003. 112(6): p. 831-42. 

74. Annels, N.E., et al., Changing patterns of dominant TCR usage with maturation of an 
EBV-specific cytotoxic T cell response. J Immunol, 2000. 165(9): p. 4831-41. 

75. Callan, M.F., et al., Large clonal expansions of CD8+ T cells in acute infectious 
mononucleosis. Nat Med, 1996. 2(8): p. 906-11. 

76. Callan, M.F., et al., CD8(+) T-cell selection, function, and death in the primary 
immune response in vivo. J Clin Invest, 2000. 106(10): p. 1251-61. 

77. Baron, V., et al., The repertoires of circulating human CD8(+) central and effector 
memory T cell subsets are largely distinct. Immunity, 2003. 18(2): p. 193-204. 

78. Turner, S.J., et al., Structural determinants of T-cell receptor bias in immunity. Nat 
Rev Immunol, 2006. 6(12): p. 883-94. 

79. Venturi, V., et al., The molecular basis for public T-cell responses? Nat Rev Immunol, 
2008. 8(3): p. 231-8. 

80. Venturi, V., et al., Sharing of T cell receptors in antigen-specific responses is driven by 
convergent recombination. Proc Natl Acad Sci U S A, 2006. 103(49): p. 18691-6. 

81. Kjer-Nielsen, L., et al., A structural basis for the selection of dominant alphabeta T 
cell receptors in antiviral immunity. Immunity, 2003. 18(1): p. 53-64. 

82. Bennett, M.S., et al., Epitope-dependent avidity thresholds for cytotoxic T-lymphocyte 
clearance of virus-infected cells. J Virol, 2007. 81(10): p. 4973-80. 



 
 

243 

83. Maini, M.K., et al., T-cell clonality in immune responses. Immunol Today, 1999. 
20(6): p. 262-6. 

84. Hislop, A.D., et al., Epitope-specific evolution of human CD8(+) T cell responses from 
primary to persistent phases of Epstein-Barr virus infection. J Exp Med, 2002. 195(7): 
p. 893-905. 

85. Davenport, M.P., et al., Clonal selection, clonal senescence, and clonal succession: the 
evolution of the T cell response to infection with a persistent virus. J Immunol, 2002. 
168(7): p. 3309-17. 

86. Welsh, R.M., K. Bahl, and X.Z. Wang, Apoptosis and loss of virus-specific CD8+ T-
cell memory. Curr Opin Immunol, 2004. 16(3): p. 271-6. 

87. Janbazian, L., et al., Clonotype and repertoire changes drive the functional 
improvement of HIV-specific CD8 T cell populations under conditions of limited 
antigenic stimulation. J Immunol, 2012. 188(3): p. 1156-67. 

88. Almeida, J.R., et al., Superior control of HIV-1 replication by CD8+ T cells is 
reflected by their avidity, polyfunctionality, and clonal turnover. J Exp Med, 2007. 
204(10): p. 2473-85. 

89. Almeida, J.R., et al., Antigen sensitivity is a major determinant of CD8+ T-cell 
polyfunctionality and HIV-suppressive activity. Blood, 2009. 113(25): p. 6351-60. 

90. Ramalingam, R.K., et al., Kinetic analysis by real-time PCR of hepatitis C virus 
(HCV)-specific T cells in peripheral blood and liver after challenge with HCV. J Virol, 
2008. 82(21): p. 10487-92. 

91. Huseby, E.S., et al., Interface-disrupting amino acids establish specificity between T 
cell receptors and complexes of major histocompatibility complex and peptide. Nat 
Immunol, 2006. 7(11): p. 1191-9. 

92. Turnbull, E.L., et al., HIV-1 epitope-specific CD8+ T cell responses strongly 
associated with delayed disease progression cross-recognize epitope variants 
efficiently. J Immunol, 2006. 176(10): p. 6130-46. 

93. Wolfl, M., et al., Hepatitis C virus immune escape via exploitation of a hole in the T 
cell repertoire. J Immunol, 2008. 181(9): p. 6435-46. 

94. Meyer-Olson, D., et al., Limited T cell receptor diversity of HCV-specific T cell 
responses is associated with CTL escape. J Exp Med, 2004. 200(3): p. 307-19. 

95. Siegrist, C.A., Vaccine Immunology, in Vaccines, S.A. Plotkin, Orenstein, W. A. and 
Offit, P. A., Editor. 2008, Elsevier. p. 1725. 

96. Lauer, G.M., et al., High resolution analysis of cellular immune responses in resolved 
and persistent hepatitis C virus infection. Gastroenterology, 2004. 127(3): p. 924-36. 

97. Hausdorff, W.P., et al., Which pneumococcal serogroups cause the most invasive 
disease: implications for conjugate vaccine formulation and use, part I. Clin Infect 
Dis, 2000. 30(1): p. 100-21. 

98. Bosch, F.X., et al., Prevalence of human papillomavirus in cervical cancer: a 
worldwide perspective. International biological study on cervical cancer (IBSCC) 
Study Group. J Natl Cancer Inst, 1995. 87(11): p. 796-802. 

99. Breese, J.S., Glass, R. I., Parashar, U. and Gentsch, J. G., Rotavirus, in The Vaccine 
Book, B.R.a.L. Bloom, P. H., Editor. 2003, Academic Press: Amsterdam. p. 225-243. 

100. Robbins, F.C., The history of polio vaccine development, in Vaccines, P.S.a.O. A., W. 
A., Editor. 2004, Elsevier: Philadelphia. p. 17-30. 



 
 

244 

101. Beverley, P.C., Immune memory: the basics and how to trigger an efficient long-term 
immune memory. J Comp Pathol, 2010. 142 Suppl 1: p. S91-5. 

102. Tchilian, E.Z., et al., Immunogenicity and protective efficacy of prime-boost regimens 
with recombinant (delta)ureC hly+ Mycobacterium bovis BCG and modified vaccinia 
virus ankara expressing M. tuberculosis antigen 85A against murine tuberculosis. 
Infect Immun, 2009. 77(2): p. 622-31. 

103. Lambert, P.H., M. Liu, and C.A. Siegrist, Can successful vaccines teach us how to 
induce efficient protective immune responses? Nat Med, 2005. 11(4 Suppl): p. S54-62. 

104. Zinkernagel, R.M., On differences between immunity and immunological memory. 
Curr Opin Immunol, 2002. 14(4): p. 523-36. 

105. Sekaly, R.P., The failed HIV Merck vaccine study: a step back or a launching point for 
future vaccine development? J Exp Med, 2008. 205(1): p. 7-12. 

106. Watkins, D.I., et al., Nonhuman primate models and the failure of the Merck HIV-1 
vaccine in humans. Nat Med, 2008. 14(6): p. 617-21. 

107. Buchbinder, S.P., et al., Efficacy assessment of a cell-mediated immunity HIV-1 
vaccine (the Step Study): a double-blind, randomised, placebo-controlled, test-of-
concept trial. Lancet, 2008. 372(9653): p. 1881-93. 

108. McElrath, M.J., et al., HIV-1 vaccine-induced immunity in the test-of-concept Step 
Study: a case-cohort analysis. Lancet, 2008. 372(9653): p. 1894-905. 

109. FDA Guidance for industry: for the evaluation of combination vaccines for 
presventable diseases: production, testing and clinical studies., 1997. p. 1-19. 

110. Amanna, I.J. and M.K. Slifka, Wanted, dead or alive: new viral vaccines. Antiviral 
Res, 2009. 84(2): p. 119-30. 

111. Barrett, A.D. and D.E. Teuwen, Yellow fever vaccine - how does it work and why do 
rare cases of serious adverse events take place? Curr Opin Immunol, 2009. 21(3): p. 
308-13. 

112. Gaucher, D., et al., Yellow fever vaccine induces integrated multilineage and 
polyfunctional immune responses. J Exp Med, 2008. 205(13): p. 3119-31. 

113. Querec, T., et al., Yellow fever vaccine YF-17D activates multiple dendritic cell subsets 
via TLR2, 7, 8, and 9 to stimulate polyvalent immunity. J Exp Med, 2006. 203(2): p. 
413-24. 

114. Forster, I. and K. Rajewsky, The bulk of the peripheral B-cell pool in mice is stable 
and not rapidly renewed from the bone marrow. Proc Natl Acad Sci U S A, 1990. 
87(12): p. 4781-4. 

115. Kipling, D. and H.J. Cooke, Hypervariable ultra-long telomeres in mice. Nature, 1990. 
347(6291): p. 400-2. 

116. Nakamoto, N., et al., Synergistic reversal of intrahepatic HCV-specific CD8 T cell 
exhaustion by combined PD-1/CTLA-4 blockade. PLoS Pathog, 2009. 5(2): p. 
e1000313. 

117. Hoofnagle, J.H., Course and outcome of hepatitis C. Hepatology, 2002. 36(5 Suppl 1): 
p. S21-9. 

118. Mehta, S.H., et al., Protection against persistence of hepatitis C. Lancet, 2002. 
359(9316): p. 1478-83. 

119. Grebely, J., et al., Hepatitis C virus reinfection in injection drug users. Hepatology, 
2006. 44(5): p. 1139-45. 



 
 

245 

120. Wieland, S.F. and F.V. Chisari, Stealth and cunning: hepatitis B and hepatitis C 
viruses. J Virol, 2005. 79(15): p. 9369-80. 

121. Choo, Q.L., et al., Isolation of a cDNA clone derived from a blood-borne non-A, non-B 
viral hepatitis genome. Science, 1989. 244(4902): p. 359-62. 

122. Kuo, G., et al., An assay for circulating antibodies to a major etiologic virus of human 
non-A, non-B hepatitis. Science, 1989. 244(4902): p. 362-4. 

123. Hepatitis C: Expansion of Testing Recommendations, 2012, 2012, Centers for Disease 
Control and Prevention. 

124. Global surveillance and control of hepatitis C. Report of a WHO Consultation 
organized in collaboration with the Viral Hepatitis Prevention Board, Antwerp, 
Belgium. J Viral Hepat, 1999. 6(1): p. 35-47. 

125. Frank, C., et al., The role of parenteral antischistosomal therapy in the spread of 
hepatitis C virus in Egypt. Lancet, 2000. 355(9207): p. 887-91. 

126. Shepard, C.W., L. Finelli, and M.J. Alter, Global epidemiology of hepatitis C virus 
infection. Lancet Infect Dis, 2005. 5(9): p. 558-67. 

127. Hauri, A.M., G.L. Armstrong, and Y.J. Hutin, The global burden of disease 
attributable to contaminated injections given in health care settings. Int J STD AIDS, 
2004. 15(1): p. 7-16. 

128. Remis, R., Estimating the number of persons infected with hepatitis C in Canada, 
2005. 

129. Wu, H.X., et al., Enhanced surveillance of newly acquired hepatitis C virus infection 
in Canada, 1998 to 2004. Scand J Infect Dis, 2006. 38(6-7): p. 482-9. 

130. Shoukry, N.H., A.G. Cawthon, and C.M. Walker, Cell-mediated immunity and the 
outcome of hepatitis C virus infection. Annu Rev Microbiol, 2004. 58: p. 391-424. 

131. Alter, M.J., Epidemiology of hepatitis C. Eur J Gastroenterol Hepatol, 1996. 8(4): p. 
319-23. 

132. Recommendations for prevention and control of hepatitis C virus (HCV) infection and 
HCV-related chronic diseases, 1998. p. 1-39. 

133. Niu, M.T., P.J. Coleman, and M.J. Alter, Multicenter study of hepatitis C virus 
infection in chronic hemodialysis patients and hemodialysis center staff members. Am 
J Kidney Dis, 1993. 22(4): p. 568-73. 

134. Roberts, E.A. and L. Yeung, Maternal-infant transmission of hepatitis C virus 
infection. Hepatology, 2002. 36(5 Suppl 1): p. S106-13. 

135. Cavalheiro, N.d.P., Sexual transmission of hepatitis C virus infection. Rev. Inst. Med. 
trop. S. Paulo, 2007. 49(5): p. 7. 

136. Alter, M.J., et al., Importance of heterosexual activity in the transmission of hepatitis B 
and non-A, non-B hepatitis. JAMA, 1989. 262(9): p. 1201-5. 

137. Gravitz, L., Introduction: a smouldering public-health crisis. Nature, 2011. 474(7350): 
p. S2-4. 

138. Rice, C.M.a.L., B. D., Flaviviridae: The viruses and their replication, in Fields 
Virology, D.M.a.H. Knipe, P.M., Editor. 2001, Lippincott-Raven, Philadelphia. p. 991-
1401. 

139. Han, J.H., et al., Characterization of the terminal regions of hepatitis C viral RNA: 
identification of conserved sequences in the 5' untranslated region and poly(A) tails at 
the 3' end. Proc Natl Acad Sci U S A, 1991. 88(5): p. 1711-5. 



 
 

246 

140. Suzuki, T., et al., Hepatitis C viral life cycle. Adv Drug Deliv Rev, 2007. 59(12): p. 
1200-12. 

141. Moradpour, D., F. Penin, and C.M. Rice, Replication of hepatitis C virus. Nat Rev 
Microbiol, 2007. 5(6): p. 453-63. 

142. Alexander, W.S., Suppressors of cytokine signalling (SOCS) in the immune system. Nat 
Rev Immunol, 2002. 2(6): p. 410-6. 

143. Op De Beeck, A., L. Cocquerel, and J. Dubuisson, Biogenesis of hepatitis C virus 
envelope glycoproteins. J Gen Virol, 2001. 82(Pt 11): p. 2589-95. 

144. Dubuisson, J., F. Helle, and L. Cocquerel, Early steps of the hepatitis C virus life cycle. 
Cell Microbiol, 2008. 10(4): p. 821-7. 

145. Lagging, L.M., et al., Functional role of hepatitis C virus chimeric glycoproteins in the 
infectivity of pseudotyped virus. J Virol, 1998. 72(5): p. 3539-46. 

146. Griffin, S.D., et al., The p7 protein of hepatitis C virus forms an ion channel that is 
blocked by the antiviral drug, Amantadine. FEBS Lett, 2003. 535(1-3): p. 34-8. 

147. Pavlovic, D., et al., The hepatitis C virus p7 protein forms an ion channel that is 
inhibited by long-alkyl-chain iminosugar derivatives. Proc Natl Acad Sci U S A, 2003. 
100(10): p. 6104-8. 

148. Kolykhalov, A.A., et al., Hepatitis C virus-encoded enzymatic activities and conserved 
RNA elements in the 3' nontranslated region are essential for virus replication in vivo. 
J Virol, 2000. 74(4): p. 2046-51. 

149. Grakoui, A., et al., A second hepatitis C virus-encoded proteinase. Proc Natl Acad Sci 
U S A, 1993. 90(22): p. 10583-7. 

150. Hijikata, M., et al., Two distinct proteinase activities required for the processing of a 
putative nonstructural precursor protein of hepatitis C virus. J Virol, 1993. 67(8): p. 
4665-75. 

151. Yao, N., et al., Molecular views of viral polyprotein processing revealed by the crystal 
structure of the hepatitis C virus bifunctional protease-helicase. Structure, 1999. 7(11): 
p. 1353-63. 

152. Kwong, A.D., J.L. Kim, and C. Lin, Structure and function of hepatitis C virus NS3 
helicase. Curr Top Microbiol Immunol, 2000. 242: p. 171-96. 

153. Bartenschlager, R., et al., Complex formation between the NS3 serine-type proteinase 
of the hepatitis C virus and NS4A and its importance for polyprotein maturation. J 
Virol, 1995. 69(12): p. 7519-28. 

154. Egger, D., et al., Expression of hepatitis C virus proteins induces distinct membrane 
alterations including a candidate viral replication complex. J Virol, 2002. 76(12): p. 
5974-84. 

155. Gao, L., et al., Interactions between viral nonstructural proteins and host protein 
hVAP-33 mediate the formation of hepatitis C virus RNA replication complex on lipid 
raft. J Virol, 2004. 78(7): p. 3480-8. 

156. Blight, K.J., A.A. Kolykhalov, and C.M. Rice, Efficient initiation of HCV RNA 
replication in cell culture. Science, 2000. 290(5498): p. 1972-4. 

157. Krieger, N., V. Lohmann, and R. Bartenschlager, Enhancement of hepatitis C virus 
RNA replication by cell culture-adaptive mutations. J Virol, 2001. 75(10): p. 4614-24. 

158. Lohmann, V., et al., Mutations in hepatitis C virus RNAs conferring cell culture 
adaptation. J Virol, 2001. 75(3): p. 1437-49. 



 
 

247 

159. Fukushi, S., et al., Complete 5' noncoding region is necessary for the efficient internal 
initiation of hepatitis C virus RNA. Biochem Biophys Res Commun, 1994. 199(2): p. 
425-32. 

160. Reynolds, J.E., et al., Internal initiation of translation of hepatitis C virus RNA: the 
ribosome entry site is at the authentic initiation codon. RNA, 1996. 2(9): p. 867-78. 

161. Wang, C., P. Sarnow, and A. Siddiqui, Translation of human hepatitis C virus RNA in 
cultured cells is mediated by an internal ribosome-binding mechanism. J Virol, 1993. 
67(6): p. 3338-44. 

162. Kolykhalov, A.A., S.M. Feinstone, and C.M. Rice, Identification of a highly conserved 
sequence element at the 3' terminus of hepatitis C virus genome RNA. J Virol, 1996. 
70(6): p. 3363-71. 

163. Tanaka, T., et al., Structure of the 3' terminus of the hepatitis C virus genome. J Virol, 
1996. 70(5): p. 3307-12. 

164. Saito, T., et al., Innate immunity induced by composition-dependent RIG-I recognition 
of hepatitis C virus RNA. Nature, 2008. 454(7203): p. 523-7. 

165. Ito, T. and M.M. Lai, An internal polypyrimidine-tract-binding protein-binding site in 
the hepatitis C virus RNA attenuates translation, which is relieved by the 3'-
untranslated sequence. Virology, 1999. 254(2): p. 288-96. 

166. Bukh, J., R.H. Miller, and R.H. Purcell, Genetic heterogeneity of hepatitis C virus: 
quasispecies and genotypes. Semin Liver Dis, 1995. 15(1): p. 41-63. 

167. Robertson, B., et al., Classification, nomenclature, and database development for 
hepatitis C virus (HCV) and related viruses: proposals for standardization. 
International Committee on Virus Taxonomy. Arch Virol, 1998. 143(12): p. 2493-503. 

168. Simmonds, P., Variability of hepatitis C virus. Hepatology, 1995. 21(2): p. 570-83. 
169. Simmonds, P., et al., A proposed system for the nomenclature of hepatitis C viral 

genotypes. Hepatology, 1994. 19(5): p. 1321-4. 
170. Chisari, F.V., Unscrambling hepatitis C virus-host interactions. Nature, 2005. 

436(7053): p. 930-2. 
171. Wakita, T., et al., Production of infectious hepatitis C virus in tissue culture from a 

cloned viral genome. Nat Med, 2005. 11(7): p. 791-6. 
172. Pileri, P., et al., Binding of hepatitis C virus to CD81. Science, 1998. 282(5390): p. 

938-941. 
173. Scarselli, E., et al., The human scavenger receptor class B type I is a novel candidate 

receptor for the hepatitis C virus. EMBO J, 2002. 21(19): p. 5017-25. 
174. Lupberger, J., et al., EGFR and EphA2 are host factors for hepatitis C virus entry and 

possible targets for antiviral therapy. Nat Med, 2011. 17(5): p. 589-95. 
175. Spahn, C.M., et al., Hepatitis C virus IRES RNA-induced changes in the conformation 

of the 40s ribosomal subunit. Science, 2001. 291(5510): p. 1959-62. 
176. Bartenschlager, R., et al., Kinetic and structural analyses of hepatitis C virus 

polyprotein processing. J Virol, 1994. 68(8): p. 5045-55. 
177. Mackenzie, J., Wrapping things up about virus RNA replication. Traffic, 2005. 6(11): 

p. 967-77. 
178. Salonen, A., T. Ahola, and L. Kaariainen, Viral RNA replication in association with 

cellular membranes. Curr Top Microbiol Immunol, 2005. 285: p. 139-73. 



 
 

248 

179. Aizaki, H., et al., Characterization of the hepatitis C virus RNA replication complex 
associated with lipid rafts. Virology, 2004. 324(2): p. 450-61. 

180. Waris, G., S. Sarker, and A. Siddiqui, Two-step affinity purification of the hepatitis C 
virus ribonucleoprotein complex. RNA, 2004. 10(2): p. 321-9. 

181. Baumert, T.F., et al., Hepatitis C virus structural proteins assemble into viruslike 
particles in insect cells. J Virol, 1998. 72(5): p. 3827-36. 

182. Klein, K.C., S.J. Polyak, and J.R. Lingappa, Unique features of hepatitis C virus 
capsid formation revealed by de novo cell-free assembly. J Virol, 2004. 78(17): p. 
9257-69. 

183. Shimizu, Y.K., et al., Hepatitis C virus: detection of intracellular virus particles by 
electron microscopy. Hepatology, 1996. 23(2): p. 205-9. 

184. Merz, A., et al., Biochemical and morphological properties of hepatitis C virus 
particles and determination of their lipidome. J Biol Chem, 2011. 286(4): p. 3018-32. 

185. Scheel, T.K. and C.M. Rice, Understanding the hepatitis C virus life cycle paves the 
way for highly effective therapies. Nat Med, 2013. 19(7): p. 837-49. 

186. Shivkumar, S., et al., Accuracy of rapid and point-of-care screening tests for hepatitis 
C: a systematic review and meta-analysis. Ann Intern Med, 2012. 157(8): p. 558-66. 

187. Alter, H.J., To C or not to C: these are the questions. Blood, 1995. 85(7): p. 1681-95. 
188. Kwiatkowski, C.F., K. Fortuin Corsi, and R.E. Booth, The association between 

knowledge of hepatitis C virus status and risk behaviors in injection drug users. 
Addiction, 2002. 97(10): p. 1289-94. 

189. Liang, T.J., et al., Pathogenesis, natural history, treatment, and prevention of hepatitis 
C. Ann Intern Med, 2000. 132(4): p. 296-305. 

190. Perz, J.F., et al., The contributions of hepatitis B virus and hepatitis C virus infections 
to cirrhosis and primary liver cancer worldwide. J Hepatol, 2006. 45(4): p. 529-38. 

191. Brown, R.S., Hepatitis C and liver transplantation. Nature, 2005. 436(7053): p. 973-8. 
192. Charlton, M., Natural history of hepatitis C and outcomes following liver 

transplantation. Clin Liver Dis, 2003. 7(3): p. 585-602. 
193. Feld, J.J. and J.H. Hoofnagle, Mechanism of action of interferon and ribavirin in 

treatment of hepatitis C. Nature, 2005. 436(7053): p. 967. 
194. Muir, A.J., J.D. Bornstein, and P.G. Killenberg, Peginterferon alfa-2b and ribavirin 

for the treatment of chronic hepatitis C in blacks and non-Hispanic whites. N Engl J 
Med, 2004. 350(22): p. 2265-71. 

195. Thomas, D.L., et al., Genetic variation in IL28B and spontaneous clearance of 
hepatitis C virus. Nature, 2009. 461(7265): p. 798-801. 

196. Ge, D., et al., Genetic variation in IL28B predicts hepatitis C treatment-induced viral 
clearance. Nature, 2009. 461(7262): p. 399-401. 

197. Duggal, P., et al., Genome-wide association study of spontaneous resolution of 
hepatitis C virus infection: data from multiple cohorts. Ann Intern Med, 2013. 158(4): 
p. 235-45. 

198. Khakoo, S.I., et al., HLA and NK cell inhibitory receptor genes in resolving hepatitis C 
virus infection. Science, 2004. 305(5685): p. 872-4. 

199. Winter, C.C., et al., Direct binding and functional transfer of NK cell inhibitory 
receptors reveal novel patterns of HLA-C allotype recognition. J Immunol, 1998. 
161(2): p. 571-7. 



 
 

249 

200. Neumann-Haefelin, C., et al., Dominant influence of an HLA-B27 restricted CD8+ T 
cell response in mediating HCV clearance and evolution. Hepatology, 2006. 43(3): p. 
563-72. 

201. Alric, L., et al., Genes of the major histocompatibility complex class II influence the 
outcome of hepatitis C virus infection. Gastroenterology, 1997. 113(5): p. 1675-81. 

202. Fanning, L.J., et al., HLA class II genes determine the natural variance of hepatitis C 
viral load. Hepatology, 2001. 33(1): p. 224-30. 

203. Thursz, M., et al., Influence of MHC class II genotype on outcome of infection with 
hepatitis C virus. The HENCORE group. Hepatitis C European Network for 
Cooperative Research. Lancet, 1999. 354(9196): p. 2119-24. 

204. Hoofnagle, J.H., et al., Treatment of chronic non-A,non-B hepatitis with recombinant 
human alpha interferon. A preliminary report. N Engl J Med, 1986. 315(25): p. 1575-
8. 

205. Fried, M.W., et al., Peginterferon alfa-2a plus ribavirin for chronic hepatitis C virus 
infection. N Engl J Med, 2002. 347(13): p. 975-82. 

206. Hadziyannis, S.J., et al., Peginterferon-alpha2a and ribavirin combination therapy in 
chronic hepatitis C: a randomized study of treatment duration and ribavirin dose. Ann 
Intern Med, 2004. 140(5): p. 346-55. 

207. Manns, M.P., et al., Peginterferon alfa-2b plus ribavirin compared with interferon 
alfa-2b plus ribavirin for initial treatment of chronic hepatitis C: a randomised trial. 
Lancet, 2001. 358(9286): p. 958-65. 

208. Hoofnagle, J.H. and L.B. Seeff, Peginterferon and ribavirin for chronic hepatitis C. N 
Engl J Med, 2006. 355(23): p. 2444-51. 

209. Jacobson, I.M., et al., Telaprevir for previously untreated chronic hepatitis C virus 
infection. N Engl J Med, 2011. 364(25): p. 2405-16. 

210. Poordad, F., et al., Boceprevir for untreated chronic HCV genotype 1 infection. N Engl 
J Med, 2011. 364(13): p. 1195-206. 

211. Donlin, M.J., et al., Pretreatment sequence diversity differences in the full-length 
hepatitis C virus open reading frame correlate with early response to therapy. J Virol, 
2007. 81(15): p. 8211-24. 

212. Jaeckel, E., et al., Treatment of acute hepatitis C with interferon alfa-2b. N Engl J 
Med, 2001. 345(20): p. 1452-7. 

213. Santantonio, T., et al., Efficacy of a 24-week course of PEG-interferon alpha-2b 
monotherapy in patients with acute hepatitis C after failure of spontaneous clearance. 
J Hepatol, 2005. 42(3): p. 329-33. 

214. Koff, R.S., Review article: the efficacy and safety of sofosbuvir, a novel, oral 
nucleotide NS5B polymerase inhibitor, in the treatment of chronic hepatitis C virus 
infection. Aliment Pharmacol Ther, 2014. 

215. Kowdley, K.V., et al., Phase 2b trial of interferon-free therapy for hepatitis C virus 
genotype 1. N Engl J Med, 2014. 370(3): p. 222-32. 

216. Sulkowski, M.S., et al., Daclatasvir plus sofosbuvir for previously treated or untreated 
chronic HCV infection. N Engl J Med, 2014. 370(3): p. 211-21. 

217. Kelly, C., P. Klenerman, and E. Barnes, Interferon lambdas: the next cytokine storm. 
Gut, 2011. 60(9): p. 1284-93. 



 
 

250 

218. Cook, D.N., D.S. Pisetsky, and D.A. Schwartz, Toll-like receptors in the pathogenesis 
of human disease. Nat Immunol, 2004. 5(10): p. 975-9. 

219. Iwasaki, A. and R. Medzhitov, Toll-like receptor control of the adaptive immune 
responses. Nat Immunol, 2004. 5(10): p. 987-95. 

220. Sumpter, R., Jr., et al., Regulating intracellular antiviral defense and permissiveness to 
hepatitis C virus RNA replication through a cellular RNA helicase, RIG-I. J Virol, 
2005. 79(5): p. 2689-99. 

221. Tuplin, A., et al., Thermodynamic and phylogenetic prediction of RNA secondary 
structures in the coding region of hepatitis C virus. RNA, 2002. 8(6): p. 824-41. 

222. Li, K., et al., Distinct poly(I-C) and virus-activated signaling pathways leading to 
interferon-beta production in hepatocytes. J Biol Chem, 2005. 280(17): p. 16739-47. 

223. Sen, G.C., Viruses and interferons. Annu Rev Microbiol, 2001. 55: p. 255-81. 
224. Dustin, L.B. and C.M. Rice, Flying under the radar: the immunobiology of hepatitis C. 

Annu Rev Immunol, 2007. 25: p. 71-99. 
225. Gale, M., Jr. and E.M. Foy, Evasion of intracellular host defence by hepatitis C virus. 

Nature, 2005. 436(7053): p. 939-45. 
226. Der, S.D., et al., Identification of genes differentially regulated by interferon alpha, 

beta, or gamma using oligonucleotide arrays. Proc Natl Acad Sci U S A, 1998. 95(26): 
p. 15623-8. 

227. Thimme, R., et al., Viral and immunological determinants of hepatitis C virus 
clearance, persistence, and disease. Proc Natl Acad Sci U S A, 2002. 99(24): p. 
15661-15668. 

228. Su, A.I., et al., Genomic analysis of the host response to hepatitis C virus infection. 
Proc Natl Acad Sci U S A, 2002. 99(24): p. 15669-15674. 

229. Horner, S.M. and M. Gale, Jr., Regulation of hepatic innate immunity by hepatitis C 
virus. Nat Med, 2013. 19(7): p. 879-88. 

230. Bonorino, P., et al., Fine characterization of intrahepatic NK cells expressing natural 
killer receptors in chronic hepatitis B and C. J Hepatol, 2009. 51(3): p. 458-67. 

231. Ahlenstiel, G., et al., Natural killer cells are polarized toward cytotoxicity in chronic 
hepatitis C in an interferon-alfa-dependent manner. Gastroenterology, 2010. 138(1): p. 
325-35 e1-2. 

232. Pelletier, S., et al., Increased degranulation of natural killer cells during acute HCV 
correlates with the magnitude of virus-specific T cell responses. J Hepatol, 2010. 
53(5): p. 805-16. 

233. Wertheimer, A.M., A. Bakke, and H.R. Rosen, Direct enumeration and functional 
assessment of circulating dendritic cells in patients with liver disease. Hepatology, 
2004. 40(2): p. 335-45. 

234. Pelletier, S., et al., Sustained hyperresponsiveness of dendritic cells is associated with 
spontaneous resolution of acute hepatitis C. J Virol, 2013. 87(12): p. 6769-81. 

235. Pelletier, S., Définition des interactions entre l’immunité innée et adaptative pendant 
l’infection aiguë par le virus de l’hépatite C (VHC), 2012, Université de Montréal. 

236. Major, M.E., B. Rehermann, and S.M. Feinstone, Hepatitis C viruses, in Fields 
Virology, D.M. Knipe, et al., Editors. 2001, Lippincott-Raven: Philadelphia. p. 1127-
1161. 



 
 

251 

237. Yee, L.J., Host genetic determinants in hepatitis C virus infection. Genes Immun, 
2004. 5(4): p. 237-45. 

238. Grakoui, A., et al., HCV persistence and immune evasion in the absence of memory T 
cell help. Science, 2003. 302(5645): p. 659-62. 

239. Shoukry, N.H., et al., Memory CD8+ T Cells Are Required for Protection from 
Persistent Hepatitis C Virus Infection. J. Exp. Med., 2003. 197(12): p. 1645-1655. 

240. Cooper, S., et al., Analysis of a successful immune response against hepatitis C virus. 
Immunity, 1999. 10(4): p. 439-449. 

241. Gruener, N.H., et al., Association of hepatitis C virus-specific CD8+ T cells with viral 
clearance in acute hepatitis C. J Infect Dis, 2000. 181(5): p. 1528-1536. 

242. Lechner, F., et al., CD8+ T lymphocyte responses are induced during acute hepatitis C 
virus infection but are not sustained. Eur J Immunol, 2000. 30(9): p. 2479-2487. 

243. Lechner, F., et al., Analysis of successful immune responses in persons infected with 
hepatitis C virus. J Exp Med, 2000. 191(9): p. 1499-1512. 

244. Pape, G.R., et al., Role of the specific T-cell response for clearance and control of 
hepatitis C virus. J Viral Hepat, 1999. 6 Suppl 1: p. 36-40. 

245. Spada, E., et al., Multispecific T cell response and negative HCV RNA tests during 
acute HCV infection are early prognostic factors of spontaneous clearance. Gut, 2004. 
53(11): p. 1673-81. 

246. Thimme, R., et al., Determinants of viral clearance and persistence during acute 
hepatitis C virus infection. J Exp Med, 2001. 194(10): p. 1395-406. 

247. Gerlach, J.T., et al., Recurrence of hepatitis C virus after loss of virus-specific CD4(+) 
T-cell response in acute hepatitis C. Gastroenterology, 1999. 117(4): p. 933-941. 

248. Logvinoff, C., et al., Neutralizing antibody response during acute and chronic 
hepatitis C virus infection. Proc Natl Acad Sci U S A, 2004. 101(27): p. 10149-54. 

249. Netski, D.M., et al., Humoral immune response in acute hepatitis C virus infection. 
Clin Infect Dis, 2005. 41(5): p. 667-75. 

250. Smyk-Pearson, S., et al., Differential antigenic hierarchy associated with spontaneous 
recovery from hepatitis C virus infection: implications for vaccine design. J Infect Dis, 
2006. 194(4): p. 454-63. 

251. Badr, G., et al., Early interferon therapy for hepatitis C virus infection rescues 
polyfunctional, long-lived CD8+ memory T cells. J Virol, 2008. 82(20): p. 10017-31. 

252. Chang, K.M., et al., Differential CD4(+) and CD8(+) T-cell responsiveness in 
hepatitis C virus infection. Hepatology, 2001. 33(1): p. 267-76. 

253. Lauer, G.M., Immune responses to hepatitis C virus (HCV) infection and the prospects 
for an effective HCV vaccine or immunotherapies. J Infect Dis, 2013. 207 Suppl 1: p. 
S7-S12. 

254. Ruys, T.A., et al., HCV-specific T-cell responses in injecting drug users: evidence for 
previous exposure to HCV and a role for CD4+ T cells focussing on nonstructural 
proteins in viral clearance. J Viral Hepat, 2008. 15(6): p. 409-20. 

255. He, X.S., et al., Quantitative analysis of hepatitis C virus-specific CD8(+) T cells in 
peripheral blood and liver using peptide-MHC tetramers. Proc Natl Acad Sci U S A, 
1999. 96(10): p. 5692-5697. 

256. Gruener, N.H., et al., Sustained dysfunction of antiviral CD8(+) T lymphocytes after 
infection with hepatitis C virus. J Virol, 2001. 75(12): p. 5550-5558. 



 
 

252 

257. Lauer, G.M., et al., Comprehensive analysis of CD8(+)-T-cell responses against 
hepatitis C virus reveals multiple unpredicted specificities. J Virol, 2002. 76(12): p. 
6104-13. 

258. Shin, E.C., et al., The Frequency of CD127+ HCV-specific T cells but not the 
Expression of Exhaustion Markers Predict the Outcome of Acute Hepatitis C Virus 
Infection. J Virol, 2013. 

259. Golden-Mason, L., et al., Loss of IL-7 receptor alpha-chain (CD127) expression in 
acute HCV infection associated with viral persistence. Hepatology, 2006. 44(5): p. 
1098-109. 

260. Missale, G., et al., Different clinical behaviors of acute hepatitis C virus infection are 
associated with different vigor of the anti-viral cell-mediated immune response. J Clin 
Invest, 1996. 98(3): p. 706-714. 

261. Semmo, N., et al., Preferential loss of IL-2-secreting CD4+ T helper cells in chronic 
HCV infection. Hepatology, 2005. 41(5): p. 1019-28. 

262. Schulze Zur Wiesch, J., et al., Broadly directed virus-specific CD4+ T cell responses 
are primed during acute hepatitis C infection, but rapidly disappear from human blood 
with viral persistence. J Exp Med, 2012. 209(1): p. 61-75. 

263. Ulsenheimer, A., et al., Detection of functionally altered hepatitis C virus-specific CD4 
T cells in acute and chronic hepatitis C. Hepatology, 2003. 37(5): p. 1189-98. 

264. Day, C.L., et al., Broad Specificity of Virus-Specific CD4(+) T-Helper-Cell Responses 
in Resolved Hepatitis C Virus Infection. J Virol, 2002. 76(24): p. 12584-95. 

265. Tsai, S.L., et al., Detection of type 2-like T-helper cells in hepatitis C virus infection: 
implications for hepatitis C virus chronicity. Hepatology, 1997. 25(2): p. 449-58. 

266. Schirren, C.A., et al., Liver-derived hepatitis C virus (HCV)-specific CD4(+) T cells 
recognize multiple HCV epitopes and produce interferon gamma. Hepatology, 2000. 
32(3): p. 597-603. 

267. Sugimoto, K., et al., Suppression of HCV-specific T cells without differential hierarchy 
demonstrated ex vivo in persistent HCV infection. Hepatology, 2003. 38(6): p. 1437-
48. 

268. Smyk-Pearson, S., et al., Functional suppression by FoxP3+CD4+CD25(high) 
regulatory T cells during acute hepatitis C virus infection. J Infect Dis, 2008. 197(1): 
p. 46-57. 

269. Kared, H., et al., Galectin 9 and IL-21 Mediate Cross-regulation between Th17 and 
Treg Cells during Acute Hepatitis C. PLoS Pathog, 2013. In revisions. 

270. Rehermann, B. and M. Nascimbeni, Immunology of hepatitis B virus and hepatitis C 
virus infection. Nat Rev Immunol, 2005. 5(3): p. 215-29. 

271. Farci, P., et al., Prevention of hepatitis C virus infection in chimpanzees by 
hyperimmune serum against the hypervariable region 1 of the envelope 2 protein. Proc 
Natl Acad Sci U S A, 1996. 93(26): p. 15394-9. 

272. Shimizu, Y.K., et al., A hyperimmune serum against a synthetic peptide corresponding 
to the hypervariable region 1 of hepatitis C virus can prevent viral infection in cell 
cultures. Virology, 1996. 223(2): p. 409-12. 

273. Farci, P., et al., The outcome of acute hepatitis C predicted by the evolution of the viral 
quasispecies. Science, 2000. 288(5464): p. 339-344. 



 
 

253 

274. Bassett, S.E., et al., Viral persistence, antibody to E1 and E2, and hypervariable 
region 1 sequence stability in hepatitis C virus-inoculated chimpanzees. J Virol, 1999. 
73(2): p. 1118-26. 

275. Major, M.E., et al., Long-term follow-up of chimpanzees inoculated with the first 
infectious clone for hepatitis C virus. J Virol, 1999. 73(4): p. 3317-25. 

276. Major, M.E., et al., Hepatitis C virus kinetics and host responses associated with 
disease and outcome of infection in chimpanzees. Hepatology, 2004. 39(6): p. 1709-20. 

277. Semmo, N., et al., Maintenance of HCV-specific T-cell responses in antibody-deficient 
patients a decade after early therapy. Blood, 2006. 107(11): p. 4570-1. 

278. von Hahn, T., et al., Hepatitis C virus continuously escapes from neutralizing antibody 
and T-cell responses during chronic infection in vivo. Gastroenterology, 2007. 132(2): 
p. 667-78. 

279. Pestka, J.M., et al., Rapid induction of virus-neutralizing antibodies and viral 
clearance in a single-source outbreak of hepatitis C. Proc Natl Acad Sci U S A, 2007. 
104(14): p. 6025-30. 

280. Law, M., et al., Broadly neutralizing antibodies protect against hepatitis C virus 
quasispecies challenge. Nat Med, 2008. 14(1): p. 25-7. 

281. Fauci, A.S., G.K. Folkers, and C.W. Dieffenbach, HIV-AIDS: much accomplished, 
much to do. Nat Immunol, 2013. 14(11): p. 1104-7. 

282. Bartosch, B., J. Dubuisson, and F.L. Cosset, Infectious hepatitis C virus pseudo-
particles containing functional E1-E2 envelope protein complexes. J Exp Med, 2003. 
197(5): p. 633-42. 

283. Dowd, K.A., et al., Selection pressure from neutralizing antibodies drives sequence 
evolution during acute infection with hepatitis C virus. Gastroenterology, 2009. 
136(7): p. 2377-86. 

284. Osburn, W.O., et al., Clearance of Hepatitis C infection is associated with early 
appearance of broad neutralizing antibody responses. Hepatology, 2014. 

285. Weiner, A.J., et al., Evidence for immune selection of hepatitis C virus (HCV) putative 
envelope glycoprotein variants: potential role in chronic HCV infections. Proc Natl 
Acad Sci U S A, 1992. 89(8): p. 3468-72. 

286. Liu, L., et al., Acceleration of hepatitis C virus envelope evolution in humans is 
consistent with progressive humoral immune selection during the transition from acute 
to chronic infection. J Virol, 2010. 84(10): p. 5067-77. 

287. Helle, F., et al., The neutralizing activity of anti-hepatitis C virus antibodies is 
modulated by specific glycans on the E2 envelope protein. J Virol, 2007. 81(15): p. 
8101-11. 

288. Nattermann, J., et al., Surface expression and cytolytic function of natural killer cell 
receptors is altered in chronic hepatitis C. Gut, 2006. 55(6): p. 869-77. 

289. Corado, J., et al., Impairment of natural killer (NK) cytotoxic activity in hepatitis C 
virus (HCV) infection. Clin Exp Immunol, 1997. 109(3): p. 451-7. 

290. Meier, U.C., et al., Shared alterations in NK cell frequency, phenotype, and function in 
chronic human immunodeficiency virus and hepatitis C virus infections. J Virol, 2005. 
79(19): p. 12365-74. 

291. Longman, R.S., et al., Presence of functional dendritic cells in patients chronically 
infected with hepatitis C virus. Blood, 2004. 103(3): p. 1026-9. 



 
 

254 

292. Longman, R.S., et al., Normal functional capacity in circulating myeloid and 
plasmacytoid dendritic cells in patients with chronic hepatitis C. J Infect Dis, 2005. 
192(3): p. 497-503. 

293. Piccioli, D., et al., Comparable functions of plasmacytoid and monocyte-derived 
dendritic cells in chronic hepatitis C patients and healthy donors. J Hepatol, 2005. 
42(1): p. 61-7. 

294. Auffermann-Gretzinger, S., E.B. Keeffe, and S. Levy, Impaired dendritic cell 
maturation in patients with chronic, but not resolved, hepatitis C virus infection. 
Blood, 2001. 97(10): p. 3171-6. 

295. Bain, C., et al., Impaired allostimulatory function of dendritic cells in chronic hepatitis 
C infection. Gastroenterology, 2001. 120(2): p. 512-24. 

296. Kanto, T., et al., Impaired allostimulatory capacity of peripheral blood dendritic cells 
recovered from hepatitis C virus-infected individuals. J Immunol, 1999. 162(9): p. 
5584-91. 

297. Dolganiuc, A., et al., Hepatitis C virus (HCV) core protein-induced, monocyte-
mediated mechanisms of reduced IFN-alpha and plasmacytoid dendritic cell loss in 
chronic HCV infection. J Immunol, 2006. 177(10): p. 6758-68. 

298. Wedemeyer, H., et al., Impaired effector function of hepatitis C virus-specific CD8+ T 
cells in chronic hepatitis C virus infection. J Immunol, 2002. 169(6): p. 3447-58. 

299. Penna, A., et al., Dysfunction and functional restoration of HCV-specific CD8 
responses in chronic hepatitis C virus infection. Hepatology, 2007. 45(3): p. 588-601. 

300. Urbani, S., et al., PD-1 expression in acute hepatitis C virus (HCV) infection is 
associated with HCV-specific CD8 exhaustion. J Virol, 2006. 80(22): p. 11398-403. 

301. Barber, D.L., et al., Restoring function in exhausted CD8 T cells during chronic viral 
infection. Nature, 2006. 439(7077): p. 682-7. 

302. Golden-Mason, L., et al., Negative immune regulator Tim-3 is overexpressed on T cells 
in hepatitis C virus infection and its blockade rescues dysfunctional CD4+ and CD8+ 
T cells. J Virol, 2009. 83(18): p. 9122-30. 

303. Blackburn, S.D., et al., Coregulation of CD8+ T cell exhaustion by multiple inhibitory 
receptors during chronic viral infection. Nat Immunol, 2009. 10(1): p. 29-37. 

304. Mengshol, J.A., et al., A crucial role for Kupffer cell-derived galectin-9 in regulation 
of T cell immunity in hepatitis C infection. PLoS ONE, 2010. 5(3): p. e9504. 

305. Larrubia, J.R., et al., Persistent hepatitis C virus (HCV) infection impairs HCV-specific 
cytotoxic T cell reactivity through Mcl-1/Bim imbalance due to CD127 down-
regulation. J Viral Hepat, 2013. 20(2): p. 85-94. 

306. Mueller, S.N. and R. Ahmed, High antigen levels are the cause of T cell exhaustion 
during chronic viral infection. Proc Natl Acad Sci U S A, 2009. 106(21): p. 8623-8. 

307. Bucks, C.M., et al., Chronic antigen stimulation alone is sufficient to drive CD8+ T 
cell exhaustion. J Immunol, 2009. 182(11): p. 6697-708. 

308. Hiroishi, K., et al., Cytotoxic T lymphocyte response and viral load in hepatitis C virus 
infection. Hepatology, 1997. 25(3): p. 705-12. 

309. Abdel-Hakeem, M.S., et al., Comparison of immune restoration in early versus late 
alpha interferon therapy against hepatitis C virus. J Virol, 2010. 84(19): p. 10429-35. 



 
 

255 

310. MacDonald, A.J., et al., CD4 T helper type 1 and regulatory T cells induced against 
the same epitopes on the core protein in hepatitis C virus-infected persons. J Infect 
Dis, 2002. 185(6): p. 720-7. 

311. Boettler, T., et al., T cells with a CD4+CD25+ regulatory phenotype suppress in vitro 
proliferation of virus-specific CD8+ T cells during chronic hepatitis C virus infection. 
J Virol, 2005. 79(12): p. 7860-7. 

312. Accapezzato, D., et al., Hepatic expansion of a virus-specific regulatory CD8(+) T cell 
population in chronic hepatitis C virus infection. J Clin Invest, 2004. 113(7): p. 963-
72. 

313. Alatrakchi, N., et al., Hepatitis C virus (HCV)-specific CD8+ cells produce 
transforming growth factor beta that can suppress HCV-specific T-cell responses. J 
Virol, 2007. 81(11): p. 5882-92. 

314. Rehermann, B., Pathogenesis of chronic viral hepatitis: differential roles of T cells and 
NK cells. Nat Med, 2013. 19(7): p. 859-68. 

315. Bowen, D.G., G.W. McCaughan, and P. Bertolino, Intrahepatic immunity: a tale of 
two sites? Trends Immunol, 2005. 26(10): p. 512-7. 

316. Crispe, I.N., Hepatic T cells and liver tolerance. Nat Rev Immunol, 2003. 3(1): p. 51-
62. 

317. Limmer, A., et al., Efficient presentation of exogenous antigen by liver endothelial 
cells to CD8+ T cells results in antigen-specific T-cell tolerance. Nat Med, 2000. 
6(12): p. 1348-54. 

318. Bowen, D.G., et al., The site of primary T cell activation is a determinant of the 
balance between intrahepatic tolerance and immunity. J Clin Invest, 2004. 114(5): p. 
701-12. 

319. Spangenberg, H.C., et al., Intrahepatic CD8+ T-cell failure during chronic hepatitis C 
virus infection. Hepatology, 2005. 42(4): p. 828-37. 

320. Rehermann, B., Hepatitis C virus versus innate and adaptive immune responses: a tale 
of coevolution and coexistence. J Clin Invest, 2009. 119(7): p. 1745-54. 

321. Taylor, D.R., et al., Inhibition of the interferon-inducible protein kinase PKR by HCV 
E2 protein. Science, 1999. 285(5424): p. 107-10. 

322. Taguchi, T., et al., Hepatitis C virus NS5A protein interacts with 2',5'-oligoadenylate 
synthetase and inhibits antiviral activity of IFN in an IFN sensitivity-determining 
region-independent manner. J Gen Virol, 2004. 85(Pt 4): p. 959-69. 

323. Foy, E., et al., Control of antiviral defenses through hepatitis C virus disruption of 
retinoic acid-inducible gene-I signaling. Proc Natl Acad Sci U S A, 2005. 102(8): p. 
2986-91. 

324. Crotta, S., et al., Inhibition of natural killer cells through engagement of CD81 by the 
major hepatitis C virus envelope protein. J Exp Med, 2002. 195(1): p. 35-41. 

325. Tseng, C.T. and G.R. Klimpel, Binding of the hepatitis C virus envelope protein E2 to 
CD81 inhibits natural killer cell functions. J Exp Med, 2002. 195(1): p. 43-9. 

326. Dolganiuc, A., et al., Hepatitis C virus core and nonstructural protein 3 proteins 
induce pro- and anti-inflammatory cytokines and inhibit dendritic cell differentiation. J 
Immunol, 2003. 170(11): p. 5615-24. 

327. Pachiadakis, I., et al., Is hepatitis C virus infection of dendritic cells a mechanism 
facilitating viral persistence? Lancet Infect Dis, 2005. 5(5): p. 296-304. 



 
 

256 

328. Sarobe, P., et al., Hepatitis C virus structural proteins impair dendritic cell maturation 
and inhibit in vivo induction of cellular immune responses. J Virol, 2003. 77(20): p. 
10862-71. 

329. Konan, K.V., et al., Nonstructural protein precursor NS4A/B from hepatitis C virus 
alters function and ultrastructure of host secretory apparatus. J Virol, 2003. 77(14): p. 
7843-55. 

330. Erickson, A.L., et al., The outcome of hepatitis C virus infection is predicted by escape 
mutations in epitopes targeted by cytotoxic T lymphocytes. Immunity, 2001. 15(6): p. 
883-95. 

331. Bowen, D.G. and C.M. Walker, Mutational escape from CD8+ T cell immunity: HCV 
evolution, from chimpanzees to man. J Exp Med, 2005. 201(11): p. 1709-14. 

332. Timm, J., et al., CD8 epitope escape and reversion in acute HCV infection. J Exp Med, 
2004. 200(12): p. 1593-604. 

333. Cox, A.L., et al., Cellular immune selection with hepatitis C virus persistence in 
humans. J Exp Med, 2005. 201(11): p. 1741-52. 

334. Urbani, S., et al., The impairment of CD8 responses limits the selection of escape 
mutations in acute hepatitis C virus infection. J Immunol, 2005. 175(11): p. 7519-29. 

335. Soderholm, J., et al., Relation between viral fitness and immune escape within the 
hepatitis C virus protease. Gut, 2006. 55(2): p. 266-274. 

336. Park, S.H., et al., Subinfectious hepatitis C virus exposures suppress T cell responses 
against subsequent acute infection. Nat Med, 2013. 19(12): p. 1638-42. 

337. Sugitani, M., et al., Analyses of amino acid sequences in hypervariable region-1 of 
hepatitis C virus (HCV) in sera from chimpanzees infected three times with the same 
HCV strain. J Med Primatol. 39(1): p. 1-8. 

338. Barth, H., et al., Both innate and adaptive immunity mediate protective immunity 
against hepatitis C virus infection in chimpanzees. Hepatology, 2011. 54(4): p. 1135-
48. 

339. Bukh, J., et al., Previously infected chimpanzees are not consistently protected against 
reinfection or persistent infection after reexposure to the identical hepatitis C virus 
strain. J Virol, 2008. 82(16): p. 8183-95. 

340. Major, M.E., et al., Previously Infected and Recovered Chimpanzees Exhibit Rapid 
Responses That Control Hepatitis C Virus Replication upon Rechallenge. J. Virol., 
2002. 76(13): p. 6586-6595. 

341. Nascimbeni, M., et al., Kinetics of CD4+ and CD8+ memory T-cell responses during 
hepatitis C virus rechallenge of previously recovered chimpanzees. J Virol, 2003. 
77(8): p. 4781-93. 

342. Bassett, S.E., et al., Protective immune response to hepatitis C virus in chimpanzees 
rechallenged following clearance of primary infection. Hepatology, 2001. 33(6): p. 
1479-1487. 

343. Lanford, R.E., et al., Cross-genotype immunity to hepatitis C virus. J Virol, 2004. 
78(3): p. 1575-81. 

344. Park, S.H., et al., Successful vaccination induces multifunctional memory T-cell 
precursors associated with early control of hepatitis C virus. Gastroenterology, 2012. 
143(4): p. 1048-60 e4. 



 
 

257 

345. Bailey, J., Lessons from chimpanzee-based research on human disease: the 
implications of genetic differences. Altern Lab Anim, 2011. 39(6): p. 527-40. 

346. Bukh, J., Animal models for the study of hepatitis C virus infection and related liver 
disease. Gastroenterology, 2012. 142(6): p. 1279-1287 e3. 

347. Chimpanzees in Biomedical and Behavioral Research: Assessing the Necessity, 2011. 
348. Takaki, A., et al., Cellular immune responses persist and humoral responses decrease 

two decades after recovery from a single-source outbreak of hepatitis C. Nat Med, 
2000. 6(5): p. 578-582. 

349. Page, K., et al., Acute hepatitis C virus infection in young adult injection drug users: a 
prospective study of incident infection, resolution, and reinfection. J Infect Dis, 2009. 
200(8): p. 1216-26. 

350. Micallef, J.M., et al., High incidence of hepatitis C virus reinfection within a cohort of 
injecting drug users. J Viral Hepat, 2007. 14(6): p. 413-8. 

351. Aitken, C.K., et al., High incidence of hepatitis C virus reinfection in a cohort of 
injecting drug users. Hepatology, 2008. 48(6): p. 1746-52. 

352. van de Laar, T.J., et al., Frequent HCV reinfection and superinfection in a cohort of 
injecting drug users in Amsterdam. J Hepatol, 2009. 

353. Grebely, J., D.L. Thomas, and G.J. Dore, HCV reinfection studies and the door to 
vaccine development. J Hepatol, 2009. 

354. Osburn, W.O., et al., Spontaneous control of primary hepatitis C virus infection and 
immunity against persistent reinfection. Gastroenterology, 2010. 138(1): p. 315-24. 

355. Mizukoshi, E., et al., Hepatitis C virus (HCV)-specific immune responses of long-term 
injection drug users frequently exposed to HCV. J Infect Dis, 2008. 198(2): p. 203-12. 

356. Rosen, H.R., et al., Frequencies of HCV-specific effector CD4+ T cells by flow 
cytometry: correlation with clinical disease stages. Hepatology, 2002. 35(1): p. 190-8. 

357. Cox, A.L., et al., Rare birds in North America: acute hepatitis C cohorts. 
Gastroenterology, 2009. 136(1): p. 26-31. 

358. Thomas, D.L., Global control of hepatitis C: where challenge meets opportunity. Nat 
Med, 2013. 19(7): p. 850-8. 

359. Talaat, M., et al., Evolution of infection control in Egypt: achievements and challenges. 
Am J Infect Control, 2006. 34(4): p. 193-200. 

360. Liang, T.J., Current progress in development of hepatitis C virus vaccines. Nat Med, 
2013. 19(7): p. 869-78. 

361. Meunier, J.C., et al., Vaccine-induced cross-genotype reactive neutralizing antibodies 
against hepatitis C virus. J Infect Dis, 2011. 204(8): p. 1186-90. 

362. Stamataki, Z., et al., Immunization of human volunteers with hepatitis C virus envelope 
glycoproteins elicits antibodies that cross-neutralize heterologous virus strains. J 
Infect Dis, 2011. 204(5): p. 811-3. 

363. Rouse, B.T. and S. Suvas, Regulatory cells and infectious agents: detentes cordiale 
and contraire. J Immunol, 2004. 173(4): p. 2211-5. 

364. Elmowalid, G.A., et al., Immunization with hepatitis C virus-like particles results in 
control of hepatitis C virus infection in chimpanzees. Proc Natl Acad Sci U S A, 2007. 
104(20): p. 8427-32. 

365. Asabe, S., et al., The size of the viral inoculum contributes to the outcome of hepatitis 
B virus infection. J Virol, 2009. 83(19): p. 9652-62. 



 
 

258 

366. Barnes, E., et al., Novel adenovirus-based vaccines induce broad and sustained T cell 
responses to HCV in man. Sci Transl Med, 2012. 4(115): p. 115ra1. 

367. Ciuffreda, D., et al., Polyfunctional HCV-specific T-cell responses are associated with 
effective control of HCV replication. Eur J Immunol, 2008. 38(10): p. 2665-2677. 

368. Park, S.H. and B. Rehermann, Immune responses to HCV and other hepatitis viruses. 
Immunity, 2014. 40(1): p. 13-24. 

369. Kuntzen, T., et al., Viral sequence evolution in acute hepatitis C virus infection. J 
Virol, 2007. 81(21): p. 11658-68. 

370. Kasprowicz, V., et al., Hepatitis C virus (HCV) sequence variation induces an HCV-
specific T-cell phenotype analogous to spontaneous resolution. J Virol, 2010. 84(3): p. 
1656-63. 

371. Berger, C.T., et al., High-functional-avidity cytotoxic T lymphocyte responses to HLA-
B-restricted Gag-derived epitopes associated with relative HIV control. J Virol, 2011. 
85(18): p. 9334-45. 

372. Savage, P.A., J.J. Boniface, and M.M. Davis, A kinetic basis for T cell receptor 
repertoire selection during an immune response. Immunity, 1999. 10(4): p. 485-92. 

373. Klenerman, P. and R.M. Zinkernagel, Original antigenic sin impairs cytotoxic T 
lymphocyte responses to viruses bearing variant epitopes. Nature, 1998. 394(6692): p. 
482-5. 

374. Chen, H., et al., TCR clonotypes modulate the protective effect of HLA class I 
molecules in HIV-1 infection. Nat Immunol, 2012. 13(7): p. 691-700. 

375. Iglesias, M.C., et al., Escape from highly effective public CD8+ T-cell clonotypes by 
HIV. Blood, 2011. 118(8): p. 2138-49. 

376. Ladell, K., et al., A molecular basis for the control of preimmune escape variants by 
HIV-specific CD8+ T cells. Immunity, 2013. 38(3): p. 425-36. 

377. Kedzierska, K., et al., Use it or lose it: establishment and persistence of T cell memory. 
Front Immunol, 2012. 3: p. 357. 

378. Sourdive, D.J., et al., Conserved T cell receptor repertoire in primary and memory 
CD8 T cell responses to an acute viral infection. J Exp Med, 1998. 188(1): p. 71-82. 

379. Blattman, J.N., et al., Evolution of the T cell repertoire during primary, memory, and 
recall responses to viral infection. J Immunol, 2000. 165(11): p. 6081-90. 

380. Abdel-Hakeem, M.S., Bédard, N., Murphy, D., Bruneau, J. and Shoukry N. H., 
Signatures of Protective Memory Immune Responses during HCV Reinfection. 
Gastroenterology, 2014. In revisions. 

381. Meyer-Olson, D., et al., Analysis of the TCR beta variable gene repertoire in 
chimpanzees: identification of functional homologs to human pseudogenes. J Immunol, 
2003. 170(8): p. 4161-9. 

382. Appay, V. and M.C. Iglesias, Antigen sensitivity and T-cell receptor avidity as critical 
determinants of HIV control. Curr Opin HIV AIDS, 2011. 6(3): p. 157-62. 

383. Kaslow, R.A., et al., Influence of combinations of human major histocompatibility 
complex genes on the course of HIV-1 infection. Nat Med, 1996. 2(4): p. 405-11. 

384. Neumann-Haefelin, C., et al., Protective effect of human leukocyte antigen B27 in 
hepatitis C virus infection requires the presence of a genotype-specific 
immunodominant CD8+ T-cell epitope. Hepatology, 2010. 51(1): p. 54-62. 



 
 

259 

385. Kaech, S.M. and W. Cui, Transcriptional control of effector and memory CD8+ T cell 
differentiation. Nat Rev Immunol, 2012. 12(11): p. 749-61. 

386. Manigold, T. and V. Racanelli, T-cell regulation by CD4 regulatory T cells during 
hepatitis B and C virus infections: facts and controversies. Lancet Infect Dis, 2007. 
7(12): p. 804-13. 

387. Crawford, A., et al., Molecular and Transcriptional Basis of CD4(+) T Cell 
Dysfunction during Chronic Infection. Immunity, 2014. 40(2): p. 289-302. 

388. Subramanian, A., et al., Gene set enrichment analysis: a knowledge-based approach 
for interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A, 2005. 
102(43): p. 15545-50. 

389. Wu, J.Q., et al., Transcriptional profiles in CD8+ T cells from HIV+ progressors on 
HAART are characterized by coordinated up-regulation of oxidative phosphorylation 
enzymes and interferon responses. Virology, 2008. 380(1): p. 124-35. 

390. Sun, J.C., M.A. Williams, and M.J. Bevan, CD4(+) T cells are required for the 
maintenance, not programming, of memory CD8(+) T cells after acute infection. Nat 
Immunol, 2004. 5(9): p. 927-33. 

391. Bevan, M.J., Helping the CD8(+) T-cell response. Nat Rev Immunol, 2004. 4(8): p. 
595-602. 

392. Sereti, I., et al., IL-7 administration drives T cell-cycle entry and expansion in HIV-1 
infection. Blood, 2009. 113(25): p. 6304-14. 

393. Zeng, R., et al., Synergy of IL-21 and IL-15 in regulating CD8+ T cell expansion and 
function. J Exp Med, 2005. 201(1): p. 139-48. 

394. Sugimoto, K., et al., Strain-specific T-cell suppression and protective immunity in 
patients with chronic hepatitis C virus infection. J Virol, 2005. 79(11): p. 6976-83. 

395. Manigold, T., et al., Foxp3+CD4+CD25+ T cells control virus-specific memory T 
cells in chimpanzees that recovered from hepatitis C. Blood, 2006. 107(11): p. 4424-
32. 

396. Swain, S.L., K.K. McKinstry, and T.M. Strutt, Expanding roles for CD4(+) T cells in 
immunity to viruses. Nat Rev Immunol, 2012. 12(2): p. 136-48. 

 
 

 

 

 

 

 

 

 

  



 
 

XVIII 



 
 

XIX 

Curriculum Vitae 
 

EDUCATION: 
 

May 2009 – Aug 2014   Ph.D. in Microbiology and Immunology 
Faculté de médecine, Université de Montréal 

 

May 2007 – April 2009  M.Sc. in Microbiology and Immunology 
Faculté de médecine, Université de Montréal 

 

Sept 1994 – May 1999  Bachelor degree in Pharmaceutical Sciences (B. Pharm.) 
Faculty of Pharmacy, Cairo University 

 

 

DISTINCTIONS, AWARDS AND HONOURS: 
 

FELLOWSHIPS: 
 

2011-2014  Fredrick Banting & Charles Best 
Doctoral Fellowship 
Percent rank: top 4.68% 

 Canadian Institutes for Health Research  
(CIHR) 
 

 

      

2011-2014  FRSQ Doctoral Fellowship 
Rank: 1st in committee 

 Fonds de Recherche en Santé du Québec 
(FRSQ) (Declined for holding 2 fellowships) 

 

      

Sept 2012  Bourse de Perfectionnement  Centre de Recherche de Centre Hôspitalier de 
l’Université de Montréal (CRCHUM) 

 

      

Dec 2011  Bourse d’Excellence  CRCHUM  
      

Jan 2011  Bourse de Perfectionnement  CRCHUM  
      

2009–2013  Exemption from tuition fees  Faculté des études superieur et postdoctorales 
(FESP), Université de Montréal 

 

      

2009–2013  Doctoral fellowship  National Canadian Research Training 
Program for Hepatitis C (NCRTP-HepC) 

 

      

2008–2009  Graduate fellowship  Université de Montréal  
      

2007–2008  Graduate fellowship  Université de Montréal  
      

2007–2009  Exemption from international 
student fees 

 Ministère de l’éducation, loisir et sport du 
Québec 

 

      

1994–1999  Undergraduate Student’s 
Excellence Fellowship 

 Cairo University 
(Renewed every year)  

 

      

1991–1994  Exemption from tuition fees  Orouba Language School, Egypt  
 

 



 
 

XX 

AWARDS AND PRIZES: 

July 2014  Travel Award  21st International Symposium on HCV &  
Related Viruses. Banff, Canada. Sept, 2014 

 
      

Mar 2014  Oral Presentation Prize  Journée Dépt. Microbiologie et 
Immunologie, Université de Montréal 

 

      

Mar 2013  Basic Research Award 
 

 Canadian Association for the Study of 
the Liver (CASL) 

 

      

Dec 2012  Poster Presentation Prize  Journée de Recherche, CRCHUM  
      

Nov 2012  Oral Presentation Prize  Journée du Réseau SIDA/MI du FRSQ  
      

Aug 2012  Bill & Melinda Gates 
Foundation Global Health 
Travel Award 

 Keystone Symposium for Immunological 
Mechanisms of Vaccination. Ottawa, 
Canada. Dec, 2012. 

 

      

Nov 2011  Oral Presentation Prize  Journée du Réseau SIDA/MI du FRSQ  
      

Oct 2011  Poster Presentation Prize 
 

 Journée Dépt. Microbiologie et 
Immunologie, Université de Montréal 

 

      

Mar 2010  Basic Research Award  CASL  
      

Jan 2010  Excellence Award 
 

 Egyptian Cultural and Educational 
Bureau, Montréal, Canada 

 

      

Aug 2009  Young Investigator Award 
 

 16th International Symposium on HCV & 
Related Viruses. Nice, France. Oct, 2009. 

 

      

Feb 2009  Research Award 
 

 Egyptian Student Association of North 
America (ESANA) 

 

      

Nov 2008  Oral Presentation Prize  Journée du Réseau SIDA/MI du FRSQ  
      

April 2000  Excellence Award for 
graduating at the top 2% 

 The Arab Co. for Pharmaceutical and 
Chemical Industries 

 

      
 

HONOURS AND CREDENTIALS: 
 

Jun  2010  Dean’s Honours list  
(M.Sc. graduation) 

 Faculté des études superieur et postdoctorales, 
Université de Montréal 

     

Jun 2010  Dean’s Honours list  
(M.Sc. graduation) 

 Faculté de médecine,  
Université de Montréal 

     

April 2009  M.Sc. thesis chosen as one of   
the top 10% in the discipline 

 Jury of the M.Sc. thesis 
 

     

July 1999  Licence of practicing pharmacist  Egyptian Pharmacists Syndicate 
     

May 1999  Dean’s Honours list  
(B.Pharm. graduation) 

 Faculty of Pharmacy,  
Cairo University 

 



 
 

XXI 

REFEREED PUBLICATIONS: 
 

1. Abdel–Hakeem MS, Bruneau J, Soudeyns H and Shoukry NH. Dynamics of the 
Virus-Specific CD8 T-cell Repertoire during HCV Reinfection. Submitted to Blood 
journal.  

2. Abdel–Hakeem MS, Bédard N, Murphy D, Bruneau J and Shoukry NH. Signatures of 
Protective Memory Immune Responses during HCV reinfection. Gastroenterology, 
2014.  

3. Abdel–Hakeem MS and Shoukry NH. Protective Immunity against Hepatitis C: Many 
Shades of Gray. Invited Review for Frontiers in Immunology, Vol.5, 2014.  

4. Abdel–Hakeem MS, Bédard N, Badr G, Ostrowski M, Bruneau J, Sékaly RP, Willems 
B, Heathcote JE and Shoukry NH. Comparison of Immune Restoration in Early Versus 
Late Interferon Alpha Therapy against Hepatitis C Virus. Journal of Virology, Vol.84, 
2010.  

5. Badr G, Bédard N, Abdel–Hakeem MS, Trautmann L, Villeneuve JP, Willems B, 
Haddad EK, Sékaly RP, Bruneau J and Shoukry NH (2008). Early Interferon Therapy 
Rescues Poly-functional Long-lived Virus-specific CD8+ Memory T cells. Journal of 
Virology, Vol.82, 2008.  

 

ORAL PRESENTATIONS: 
 

1. Abdel–Hakeem MS, Bruneau J, Soudeyns H and Shoukry NH.  Dynamics of the 
Virus-Specific CD8 T-cell Repertoire during HCV Reinfection. 21st International 
Symposium on Hepatitis C Virus and Related Viruses. Banff, AB, CANADA. Sept 7–
11, 2014. 

2. Abdel–Hakeem MS, Bruneau J, Soudeyns H and Shoukry NH.  Dynamics of the 
Virus-Specific CD8 T-cell Repertoire during HCV Reinfection. International Union of 
Microbiological Societies (IUMS) – XVIth International Congress of 
Virology. Montréal, QC, CANADA. July 28–August 2, 2014. 

3. Abdel–Hakeem MS, Bruneau J, Soudeyns H and Shoukry NH.  Dynamiques de 
répertoire de cellules T pendant la réinfection par le VHC. Journée du département de 
microbiologie et immunologie, Université de Montréal. Montréal, QC. March 3, 2014. 

4. Abdel–Hakeem MS, Bédard N, Murphy D, Bruneau J and Shoukry NH. Les 
signatures des réponses immunitaires protectrices pendant la reinfection par le VHC. 
Journée du Réseau SIDA/MI du FRSQ. Montréal, QC. November 1, 2013. 

5. Abdel–Hakeem MS et al. Signatures of a protective immune response against HCV 
infection.  Li Ka Shing Institute of Virology, Department of Medical Microbiology and 
Immunology, University of Alberta, Edmonton, AB. April 10, 2013. 

6. Abdel–Hakeem MS et al. Analysis of a protective immune response during multiple 
episodes of HCV infection (Abstract ABS005).  2nd Canadian Symposium on HCV, 
Victoria, BC. March 4, 2013. 

7. Abdel–Hakeem MS et al. Analysis of a protective immune response during multiple 
episodes of HCV infection (Abstract A43). Oral presentation, CASL Basic paper 
session (session 4), Annual Canadian Association for Studying the Liver (CASL) 
meeting. Victoria, BC. March 2-5, 2013.  



 
 

XXII 

8. Abdel–Hakeem MS et al. Le rôle protecteur du système immunitaire lors de la 
réinfection par le VHC. Journée des étudiants, Réseau SIDA/MI du FRSQ. Montréal, 
QC. November 3, 2012.  

9. Abdel–Hakeem MS et al. Analysis of a protective immune response during multiple 
episodes of HCV infection (Abstract O-25). Oral presentation No. 25, 19th 
International Symposium on Hepatitis C Virus and Related Viruses. Venice, Italy. 3-7 
October, 2012.  

10. Abdel–Hakeem MS, Bédard N, Badr G, Ostrowski M, Bruneau J, Sékaly RP, Willems 
B, Heathcote JE and Shoukry NH. Viral Determinants of the Outcome of Hepatitis C 
Viral Infection and Response to Antiviral Therapy. Journée des étudiants, Réseau 
SIDA/MI du FRSQ. Montréal, QC. November 18, 2011. 

11. Abdel–Hakeem MS. Comparison of immune restoration in early versus late interferon 
alpha therapy against hepatitis C. Department of Microbiology & Immunology, 
Faculty of Pharmacy Cairo University. May, 7th 2011.  

12. Abdel–Hakeem MS. Viral determinants of the outcome of interferon therapy against 
hepatitis C virus. Ph.D. seminar II, Université de Montréal. January, 2011. 

13. Abdel–Hakeem MS, Bédard N, Badr G, Ostrowski M, Bruneau J, Sékaly RP, Willems 
B, Heathcote JE and Shoukry NH. Comparison of immune restoration in early versus 
late interferon alpha therapy against hepatitis C. (Abstract A002). Oral presentation, 
CASL Basic paper session, Annual Canadian Association for Studying the Liver 
(CASL) meeting. Toronto, ON. February 27 – March 2, 2010.  

14. Abdel–Hakeem MS. Viral Determinants of the Outcome of Hepatitis C Viral 
Infection and Response to Antiviral Therapy. Ph.D. seminar I, Université de Montréal. 
November, 2009. 

15. Abdel–Hakeem MS, Bédard N, Badr G, Ostrowski M, Bruneau J, Sékaly RP, Willems 
B, Heathcote JE and Shoukry NH. Restauration de la réponse immunitaire contre le 
virus de  l’hépatite C en comparant le traitement à l’interféron alpha précoce et tardif. 
Journée des étudiants, Département de microbiologie et immunologie, Université de 
Montréal. Montréal, QC. October 23, 2009. 

16. Abdel–Hakeem MS et al. Comparison of immune restoration in early versus late 
interferon alpha therapy against hepatitis C. (Abstract O-42). Oral presentation No. 42, 
General session 5, 16th International Symposium on Hepatitis C Virus and Related 
Viruses. Nice, France. 3-7 October, 2009.  

17. Abdel–Hakeem MS et al. Restauration de la réponse immunitaire contre le virus de 
l’hépatite C en comparant le traitement à l’interféron alpha précoce et tardif. Journée 
des étudiants, Réseau SIDA/MI du FRSQ. Montréal, QC. November 14, 2008. 

18. Abdel–Hakeem MS et al. Early but Not Late Interferon Alpha Therapy Against 
Hepatitis C Rescues Polyfunctional CD4+ and CD8+ Memory T Cells. (Abstract # 
760). Oral presentation No. LB-265, Late Breaking General Session, 7th Joint 
Conference of the ISICR (International Society for Interferon and Cytokine Research) 
and the ICS (International Cytokine Society). Montréal, QC, CANADA. October 12-
16, 2008.  

19. Abdel–Hakeem MS. Virus–Host Interaction during Therapy against Hepatitis C 
Virus. M.Sc. seminar, Université de Montréal. January 2008.  

 



 
 

XXIII 

POSTER PRESENTATIONS: 
 

1. Abdel–Hakeem MS, Bruneau J, Soudeyns H and Shoukry NH. Dynamics of the virus-
specific CD8 T-cell repertoire during HCV reinfection. 3rd Canadian Symposium on 
HCV, Toronto, ON. February 7, 2014. 

2. Abdel–Hakeem MS, Bédard N, Murphy D, Bruneau J and Shoukry NH. Signatures of 
Protective Memory Immune Responses during HCV reinfection. Poster 001. 
Immunology Montréal Symposium 2013, December 6, 2013. 

3. Abdel–Hakeem MS et al. Les signatures des réponses immunitaires protectrices 
pendant la reinfection par le VHC. Poster 34. 16e Congrés annuel scientifique des 
étudiants, stagiaires et résidents de CRCHUM. CRCHUM, Montréal, QC. 

4. Abdel–Hakeem MS, Bédard N, Murphy D, Bruneau J and Shoukry NH. Signatures of 
Protective Memory Immune Responses during HCV reinfection. Keystone Symposium 
on Advancing Vaccines in the Genomics Era (T1), Rio de Janeiro, Brazil. November 
1-4, 2013. 

5. Abdel–Hakeem MS et al. Analysis of a protective immune response during multiple 
episodes of HCV infection. Poster presentation, NCRTP PAC meeting, Victoria, BC. 
March 2-3, 2013. 

6. Abdel–Hakeem MS et al. Analysis of a protective immune response during multiple 
episodes of HCV infection. Poster presentation No. 77, 15e Congrés annuel 
scientifique des étudiants, stagiaires et résidents de CR-CHUM. Hôpital Notre-Dame 
du CHUM, Montréal, QC. December 18, 2012. 

7. Abdel–Hakeem MS et al. Analysis of a protective immune response during multiple 
episodes of HCV infection (P1001), Keystone Symposium on Immunological 
Mechanisms of Vaccination (S3), Ottawa, ON, CANADA. December 13-18, 2012. 

8. Abdel–Hakeem MS, Fabre T, Gélinas J-F, Elfar M, Murphy D, Breneau J, Willems B 
and Shoukry NH. Viral determinants of the outcome of interferon therapy against 
hepatitis C virus. Poster presentation (P102), Keystone Symposium on Antiviral 
Immunity (X6), Keystone, CO, USA. March 21-26, 2012. 

9. Abdel–Hakeem MS et al. Viral determinants of the outcome of interferon therapy 
against hepatitis C virus. Poster presentation, Annual Canadian Association for 
Studying the Liver (CASL) meeting, Montréal, QC. February 26, 2012. 

10. Abdel–Hakeem MS et al. Viral determinants of the outcome of interferon therapy 
against hepatitis C virus. Poster presentation, NCRTP PAC meeting, Montréal, QC. 
February 24-25, 2012. 

11. Abdel–Hakeem MS et al. Viral determinants of the outcome of interferon therapy 
against hepatitis C virus. Poster presentation, 1st Canadian Symposium on HCV, 
Montréal, QC. February 23, 2012. 

12. Abdel–Hakeem MS et al. Viral determinants of the outcome of interferon therapy 
against hepatitis C virus. Poster presentation No. 41, 14e Congrés annuel scientifique 
des étudiants, stagiaires et résidents de CR-CHUM. Hôpital Notre-Dame du CHUM, 
Montréal, QC. December 13, 2011. 

13. Abdel–Hakeem MS et al. Viral determinants of the outcome of interferon therapy 
against hepatitis C virus. Journée des étudiants, Département de microbiologie et 
immunologie, Université de Montréal. Montréal, QC. October 23, 2011. 



 
 

XXIV 

14. Abdel–Hakeem MS et al. Viral determinants of the outcome of interferon therapy 
against hepatitis C virus. Poster presentation (P10.23), 18th International Symposium 
on HCV and related viruses, Seattle, WA, USA. September 8-12, 2011. 

15. Abdel–Hakeem MS et al. Viral determinants of the outcome of interferon therapy 
against hepatitis C virus. Poster presentation, NCRTP-HepC 2011 PAC, Vancouver, 
BC. February 25-27, 2011. 

16. Abdel–Hakeem MS, Bédard N, Badr G, Ostrowski M, Bruneau J, Sékaly RP, Willems 
B, Heathcote JE and Shoukry NH. Restauration de la réponse immunitaire contre le 
virus de l’hépatite C en comparant le traitement à l’interféron alpha précoce et tardif. 
Journée des étudiants, Réseau SIDA/MI du FRSQ. Montréal, QC. November 18, 2010.  

17. Abdel–Hakeem MS et al. Restauration de la réponse immunitaire contre le virus de 
l’hépatite C en comparant le traitement à l’interféron alpha précoce et tardif. Journée 
de VIH CR-CHUM. Montréal, QC. May 18, 2010. 

18. Abdel–Hakeem MS et al. Comparison of immune restoration in early versus late 
interferon alpha therapy against hepatitis C. Poster presentation, NCRTP-HepC 2010 
PAC, Toronto, ON. Feb 25-27, 2010.  

19. Abdel–Hakeem MS et al. Comparison of immune restoration in early versus late 
interferon alpha therapy against hepatitis C. Poster presentation, 2e Journée 
d’immunologie du CR-CHUM. Hôpital Notre-Dame du CHUM, Montréal, QC. April 
24, 2009. 

20. Abdel–Hakeem MS et al. Early but Not Late Interferon Alpha Therapy Against 
Hepatitis C Rescues Polyfunctional CD4+ and CD8+ Memory T Cells. Poster 
presentation No. 23, 11e Congrés annuel scientifique des étudiants, stagiaires et 
résidents de CR-CHUM. Hôpital Notre-Dame du CHUM, Montréal, QC. March 19, 
2009.  

21. Abdel–Hakeem MS et al. Early but Not Late Interferon Alpha Therapy Against 
Hepatitis C Rescues Polyfunctional CD4+ and CD8+ Memory T Cells. (Abstract # 
760). Poster presentation No. PP9-265, 7th Joint Conference of the ISICR 
(International Society for Interferon and Cytokine Research) and the ICS (International 
Cytokine Society). Montréal, QC, CANADA. October 12-16, 2008.  

22. Abdel–Hakeem MS et al. Virus–Host Interaction During Antiviral Therapy Against 
Hepatitis C Virus in the Chronic Phase. (Abstract # 117). Poster presentation, 21st 
Annual Spring Meeting of the Canadian Society for Immunology (CSI). Mont 
Tremblant, QC. April 11-14, 2008.  

23. Badr G, Bédard N, Abdel–Hakeem MS, Trautmann L, Villeneuve JP, Willems B, 
Haddad EK, Sékaly RP, Shoukry NH. Early Interferon Therapy Rescues HCV-specific 
CD8+ T cells and Selects for CD127hi Long-lived Memory T Cells. (Poster # P–112). 
Poster presentation, 14th International Symposium on Hepatitis C Virus and Related 
Viruses. Glasgow, Scotland, UK. 9-13 September, 2007. 

24. Yehia SA, El-Gazayerly O, Baselios E, Salah El-Din M. Preparation and Evaluation of 
Fluconazole Mucoadhesive Buccal Films. (Abstract T3172). The AAPS Journal, Vol. 8, 
No. S2, 2006.  

 

 



 
 

XXV 

CONTRIBUTION TO SCIENTIFIC NOTES: 
 

1. Participating in the preparation of the scientific notes for the practical studies in the 
field of Basic Microbiology, Immunology and Medical Microbiology. Department of 
Microbiology and Immunology, Faculty of Pharmacy, Cairo University, 2006.  

 
REVIEWING ACTIVITY: 

1. Member of the reviewing committee for the 2nd Canadian HCV Symposium, 2013. 
 

TECHNICAL EXPERTISE AND TRAINING: 
 

• Cell biology techniques: Tissue culture, working with human patients’ samples, 
working with infectious material under BSL2 and BSL3 conditions.  

• Immunological flow cytometry techniques: Intracellular staining (ICS), proliferation 
assays (CFSE dilution), tetramer staining and cell-sorting techniques using BD LSR II 
multiparameter flow cytometer, and analysis using FlowJo® and SPICE® software. 
Other Immunological techniques: Enzyme linked immunospot (ELISpot) assays and  
Immune Flourescence (IF).   

• Virological techniques: viral RNA extraction, culturing infectious virion particles in 
vitro and design of chimeric plasmids.  

• Molecular biology techniques: PCR, Real-time PCR, DNA sequencing, cloning, 
protein separation, immunoblotting, using Lasergene® software for the analysis of 
mutations, design of cloning strategies and primers.  

• Basic bacteriological techniques: bacterial culture, bacterial counting, bacterial 
identification, biochemical reactions and assessment of antimicrobial activity. 
 

• Training on viral neutralization techniques at the laboratory of Dr. Michael Houghton, 
Li Ka Shing Institute of Virology, University of Alberta. April, 2013. 

• Training on viral culture techniques at the laboratory of Dr. Arash Grakoui, Emory 
Vaccine Centre, Emory University, Atlanta, GA, USA. February, 2011. 

 

 

 

 

 

 

 

 


	Thèse - Dépôt finale G.1
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