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T-cell responses in hepatitis B and C virus infection:
similarities and differences
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Chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) infection are global health problems affecting 600 million people

worldwide. Indeed, HBV and HCV are hepatotropic viruses that can cause acute and chronic liver disease progressing to liver cirrhosis

and even hepatocellular carcinoma. Furthermore, co-infections of HBV and HCV with HIV are emerging worldwide. These co-infections

are even more likely to develop persistent infection and are difficult to treat. There is growing evidence that virus-specific CD41 and

CD81 T-cell responses play a central role in the outcome and pathogenesis of HBV and HCV infection. While virus-specific T-cell

responses are able to successfully clear the virus in a subpopulation of patients, failure of these T-cell responses is associated with the

development of viral persistence. In this review article, we will discuss similarities and differences in HBV- and HCV-specific T-cell

responses that are central in determining viral clearance, persistence and liver disease.
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INTRODUCTION

Chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) infec-

tions are serious health care problems affecting about 600 million

individuals worldwide. Both viruses are hepatotropic and can lead

to the development of severe liver diseases, such as liver cirrhosis

and hepatocellular carcinoma. HBV and HCV are responsible for

about 1 million deaths per year and represent a major indication for

liver transplantation. More than 90% of newborns exposed to HBV at

birth become persistently infected; however, adult-onset HBV infec-

tions are typically self-limited and cleared in about 95% of patients. In

contrast, only a minority (about 30%) of HCV-infected adults is able

to clear the virus spontaneously. Innate and adaptive host immune

responses play an important role in the successful elimination of both

viruses. Innate immunity against HBV and HCV includes the release

of antiviral cytokines such as type I interferon (IFN-a and IFN-b) and

the activation of innate immune cells such as natural killer cells. Even

though it has been shown that innate immune responses contribute to

the outcome of infection, the hallmark of successful viral elimination

is a sustained adaptive immune response. Specifically, CD41 and

CD81 T-cell responses have been shown to play a central role in the

outcome of infection.1,2 Also, the emerging co-infections of HBV and

HCV with HIV have become a further striking health care problem.

This is mainly due the high likelihood of co-infections to develop

persistent infection.

While there has been an effective vaccine against HBV infection

available for the last 30 years, no protective vaccine against HCV

infection is available yet. Additionally, treatment options of chronic

HBV and HCV infection are limited. Indeed, while several drugs, such

as nucleoside/nucleotide analogues (NUCs) and pegylated IFN-a
(PegIFN-a) are available for the treatment of HBV infection, sustained

virological responses and viral eradication are rarely achieved.3 The

treatment of HCV is based on a novel combination of viral protease

inhibitors, PegIFN-a and ribavirin, leading to sustained virological

response rates of up to 70%.4 However, considerable side effects and

high costs constrain antiviral therapy to a relatively small group of

patients. In order to develop novel immunological prophylactic and

therapeutic treatment options for HBV and HCV infection, a better

understanding of virus–host interactions, as well as the underlying

mechanisms of immune failure and viral persistence is of major inter-

est. In this review, we will discuss the components of adaptive immun-

ity that have been described to contribute to successful immune

responses against HBV and HCV and assemble the current knowledge

about possible mechanisms leading to the failure of the immune res-

ponse.

VIROLOGY AND NATURAL HISTORY OF HBV AND HCV

INFECTION

HBV is a double-stranded DNA virus, while HCV is a single-stranded

RNA virus. To date, eight HBV genotypes (A–H) and six major HCV

genotypes (1–6) have been identified.5–7 It is important to note that

humans are the only known natural host for both viruses; however, for

experimental purposes both can be transmitted to chimpanzees.8

Although HBV and HCV both infect the same type of cell, the hepa-

tocyte, viral entry and viral life cycle differ significantly. The viral entry

mechanisms of HBV into the hepatocytes are yet hardly understood.

Importantly, however, the transmembrane transporter sodium taur-

ocholate cotransporting polypeptide has recently been suggested to

play an important role for cellular attachment and entry.9 After bind-

ing of the HBV particle to the cell surface, the nucleocapsid is released

into the cytoplasm and transported to the nucleus. In the nucleus the

covalently closed circular DNA (cccDNA) may then be formed by

covalent ligation.10,11 The newly formed cccDNA remains in the
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nucleus of infected cells, while capped and polyadenylated viral mRNA

is produced. Transcription and nucleocapsid assembly take place in

the cytosol of infected cells and newly produced nucleocapsids can

either be reimported in the nucleus for the amplification of cccDNA or

they can be enveloped for secretion by the endoplasmic reticulum.11,12

The cccDNA plays a key role in the life cycle of HBV, since it remains in

the nucleus as a template for further RNA synthesis and thus repre-

sents the basis for the persistence of HBV infection. Importantly, even

in patients with serological evidence of viral clearance (e.g. presence of

HBV surface antigen (HBsAg)-specific antibodies), cccDNA may per-

sist in the nucleus of hepatocytes.13

In contrast, entry mechanisms of HCV into the hepatocytes are

better understood. Indeed, cellular attachment and entry of HCV is

mediated by several surface molecules such as the tetraspanin CD81

and the two tight junction proteins occludin and claudin-1.14–16 In

contrast to HBV, the HCV genome is not transported into the nucleus.

Instead, replication proceeds in association with membranous struc-

tures of the endoplasmic reticulum in the cytosol of infected hepato-

cytes.17,18 The whole viral RNA genome is translated as one open

reading frame encoding a polyprotein. This HCV polyprotein is pro-

cessed during and after translation by host and viral proteases.

Importantly, very little is known about the later steps of the HCV viral

life cycle, such as assembly and viral particle release.

The natural history of both viruses differs significantly. Indeed, the

majority of acutely HBV-infected patients are able to clear the virus.

Only about one-third of adults develop jaundice and hepatitis and less

than 1% show a fulminant course.19 Within 6–8 weeks, HBV DNA

reaches its peak titer in the plasma and HBV e antigen (HBeAg) and

HBsAg are secreted. In the majority of acutely infected adults, a suc-

cessful HBV-specific immune response leads to the eradication of

HBeAg followed by the elimination of HBsAg as indicated by the

emergence of HBeAg- and HBsAg-specific antibodies. Therefore, life-

long protective immunity is maintained.8 In contrast, a course of

chronic HBV infection can clinically be assumed when HBsAg persists

for more than 6 months. As a result of cccDNA persistence, reactiva-

tion can occur in these patients even after several years. Thereby, either

wild-type HBV or, more commonly, HBV variants are reactivated.20,21

Similar to HBV infection, acute HCV infection is often asympto-

matic and therefore clinically not recognized in the majority of

patients.17 Irrespective of the outcome of HCV infection, HCV RNA

becomes detectable within 1–2 weeks after exposure to HCV and

reaches peak levels of up to 107 genome equivalents/mL after 6–10

weeks.22 Acute resolving infection is characterized by a rapid decline of

viral replication after this peak. In contrast, in cases of acute persisting

infection that occurs in the majority of acutely infected patients, viral

titers fall to some degree indicating partial control. However, in the

next few weeks viral titers rebound and reach steady state titers. In

these chronically infected patients, alanine transaminase (ALT) levels

may be elevated. However, the level of ALT elevation and consequently

the degree of liver inflammation and damage can vary from mild to

severe. Thus, like in HBV infection, the outcome of HCV infection is

determined within the first 6 months after exposure to the virus.

However, in contrast to HBV infection, HCV establishes persistent

infection in the majority of patients, suggesting that this viral infection

is an even more challenging combatant for the host’s immune system

to fight. Key characteristics of both viruses are summarized in Table 1.

SUCCESSFUL ADAPTIVE IMMUNE RESPONSES IN HBV AND

HCV INFECTION

The adaptive immune response can be divided into the humoral and

cellular arm. It has been shown that humoral responses such as virus-

specific neutralizing antibodies exist in both infections. However, they

do not seem to significantly contribute to viral clearance during acute

HBV or HCV infection.23,24 In contrast, various studies have shown

that CD41 helper T-cell- and CD81 cytotoxic T-cell-mediated

immune responses determine the outcome of HBV and HCV infec-

tion. Thus, spontaneous viral clearance of HBV and HCV infection is

characterized by vigorous and sustained multi-epitope-specific CD41

and CD81 T-cell responses during the acute phase of infection. In

contrast, chronic infection with both viruses is correlated with late,

transient, week or narrowly focused CD41 and CD81 T-cell res-

ponses.25–32 However, it is important to note that the effects of

CD41 and CD81 T-cell responses are not only important for viral

control but also critical for liver injury and the establishment of liver

diseases in both viral infections.33,34

In the following, we will focus on the current knowledge about

HBV- and HCV-specific CD41 and CD81 T-cell responses and their

antiviral effector functions, as well as possible mechanisms of T-cell

Table 1 Important characteristics of hepatitis B and hepatitis C virus

Characteristics Hepatitis B virus Hepatitis C virus

Virological features

Genome (size) dsDNA (3.2 kb) ssRNA (9.6 kb)

Family Hepadnaviridae Flaviviridae

Host cell Hepatocyte Hepatocyte

Viral entry factors Sodium taurocholate cotransporting polypeptide Low density lipoprotein receptor, scavenger

receptor class B type I, CD81, occludin, claudin-1

Clinical features

People infected worldwide More than 240 million individuals About 150 million individuals

Transmission routes Vertical transmission: mother to neonatal or

during childhood

Horizontal transmission: parenteral, intravenous drug abuse, sexual

Vertical transmission: rare

Horizontal transmission: parenteral, intravenous drug

abuse, sexual

Outcome Persistence in more than 90% of newborns exposed to HBV at birth

Persistence in about 5% of adult-onset HBV infection

Persistence in about 70% of adult-onset infection

Complications Fulminant hepatitis (1%), liver cirrhosis, HCC Liver cirrhosis, HCC

Deaths per year About 600 000 individuals More than 350 000 individuals

Vaccine Yes No

Therapy Nucleoside/nucleotide analogues and pegylated IFN-a Viral protease inhibitors, pegylated IFN-a and ribavirin

Abbreviations: dsDNA, double-stranded DNA; HCC, hepatocelullar carcinoma; ssRNA, single-stranded RNA.
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failure. Key characteristics of CD41 and CD81 T cell in HBV and HCV

infection are also summarized in Table 2.

CD41 AND CD81 T CELLS AND THEIR ANTIVIRAL EFFECTOR

FUNCTIONS

In patients with acute HBV infection, HBV core antigen-specific

CD41 T-cell responses are detectable within a few weeks after infec-

tion.35 In patients with a self-limiting acute HBV infection, a vigorous

and multispecific CD41 T-cell response that targets primarily HBV

core antigen epitopes and produces Th1-type cytokines such as IFN-c
and tumor-necrosis factor a (TNF-a) has been described.29,36 The

important role of CD41 T-cell help during acute HBV infection has

been elegantly demonstrated in the chimpanzee model. Indeed, a

depletion of CD41 T cells prior to HBV infection lead to the develop-

ment of persistent infection in the absence of a detectable CD81 T-cell

response.37 However, there was no effect on viral clearance or liver

disease when CD41 T cells were depleted at the peak of infection when

virus-specific CD81 T cells were readily detectable.37 Similarly, in

HCV infection, depletion of CD41 T cells prior to re-infection of

chimpanzees that had previously cleared HCV infection resulted in

viral persistence via the abrogation of protective CD81 T-cell

mediated immunity due to the emergence of viral escape mutations.28

Thus, in both infections CD41 T cells seem to be responsible for the

induction and maintenance of successful CD81 T-cell responses.

Accordingly, the absence of CD41 T-cell help leads to viral persistence.

A recent study in acutely HCV-infected patients has supported the

important role of CD41 T cells showing that multi-epitope-specific

CD41 T-cell responses are primed during acute HCV infection, but

disappear rapidly when viral persistence is established.38 These data

are in line with previous studies demonstrating very weak or even

absent and functionally impaired CD41 T-cell responses in chronic

HCV infection.32,39 However, due to the very low frequency of cir-

culating HBV- and HCV-specific CD41 T cells, very little is known

about the exact differentiation and function of these cells. Taken

together, HBV- and HCV-specific CD41 T cells do not seem to prim-

arily mediate direct antiviral effects, but play an important role for the

clearance of the virus by enhancing the effector responses of virus-

specific CD81 T cells.23,40,41

A strong correlation between vigorous, sustained and multi-epi-

tope-specific CD81 T-cell responses and HBV or HCV clearance has

been demonstrated in several studies.25,26,29,30,42,43 The important role

of HBV- and HCV-specific CD81 T cells for the elimination of both

viruses is further supported by the following findings. First, depletion

studies in chimpanzees clearly showed that virus-specific CD81 T cells

are the main effector cells driving disease progression and pathogen-

esis during acute infection.27,44 Second, there is a strong temporal

correlation between the appearance of virus-specific CD81 T cells

and viral clearance.25,26,44 Indeed, in experimentally infected chim-

panzees viral elimination generally coincides with the intrahepatic

occurrence of HBV- and HCV-specific CD81 T cells.43,44 Third, a

strong association between certain human leukocyte antigen (HLA)

class I alleles and spontaneous elimination of HCV exists. Indeed, the

HLA class I alleles HLA-A*03, HLA-B*27 and HLA-B*57 have a pro-

tective effect that can be linked to immunodominant HCV-specific

CD81 T-cell epitopes.45–49 However, the exact CD81 T-cell effector

functions that mediate viral control are not completely defined. In

HBV, studies in chimpanzees and the HBV-transgenic mice model

have suggested that non-cytolytic effector mechanisms mediated by

virus-specific IFN-c and TNF-a producing CD81 T cells can contrib-

ute to viral control during acute infection.44,50,51 However, since viral

control is coinciding with liver disease and since cell death plays an

essential role for the elimination of the cccDNA in hepatocytes, direct

cytolytic effector functions of virus-specific CD81 T cells might also

contribute to viral clearance.12,44,52 At this point, it is important to

note that in contrast to adult-onset HBV infection more than 90% of

newborns exposed to HBV at birth become persistently infected.

However, a study performed by Kennedy et al.53 has suggested that

chronic HBV infection in children is not associated with a compro-

mised or tolerogenic T-cell profile suggesting that other mechanisms

may contribute to the elevated rate of persisting HBV infection in

children.

The exact mechanisms by which HCV-specific CD81 T cells control

viral replication are not completely understood due to the absence of a

small animal model such as transgenic mice. However, studies in

chimpanzees have shown that viral clearance can also occur in the

absence of significant liver disease.43 Furthermore, studies in acutely

infected patients that ultimately clear the virus have shown that virus-

specific CD81 T cells present during the early infection are impaired in

their effector functions. This status of HCV-specific CD81 T cells,

referred to as ‘stunned’ phenotype, is reversed in a later stage of the

acute phase.25,26 Then HCV-specific CD81 T cells start to produce

IFN-c. This is synchronized with a rapid decrease in virus load and

subsequently viral elimination. The important role of non-cytolytic

antiviral effector mechanisms such as IFN-c production for the inhibi-

tion of HCV replication could be further supported by a recent study

using a cell culture model.54 Additionally, killing of infected cells and

uninfected bystander cells by HCV-specific CD81 T cells via perforin,

Fas/Fas ligand and TNF pathways has been suggested.55,56 However, in

both, HBV and HCV infection, virus-specific CD81 T cells may fail to

clear the virus and thus CD81 T cell failures represent a hallmark of

chronic infection. Chronic infections with both viruses can be treated

with PegIFN-a, mostly in combination with other drugs. In the case of

chronic HBV infection, using PegIFN-a treatment a sustained viro-

logical response and viral eradication are rarely achieved. Importantly,

a recent study could show that during treatment with PegIFN-a HBV-

specific CD81 T cells remain at low levels and no restoration of T-cell

effector functions can be achieved.57 In contrast, a study analyzing the

effect of PegIFN-a therapy on HCV-specific CD81 T cells has shown

that at least an early therapeutic intervention can restore HCV-specific

CD81 T-cell survival and function.58 Thus, the differential restoration

of CD81 T-cell effector functions during PegIFN-a therapy in both

infections may contribute to the differing responses to treatment dur-

ing HBV versus HCV infection. However, considering only one drug

and one subset of cells in isolation cannot cope with the complex

interplay between several drugs such as PegIFN-a and NUCs for treat-

ing HBV infection or PegIFN-a, ribavirin and protease inhibitors

Table 2 Key points of T-cell responses in HBV and HCV infection

N Vigorous multi-epitope-specific CD41 and CD81 T-cell responses are essential for viral clearance in both infections.

N CD41 T-cell depletion leads to viral persistence in both infections, suggesting a central role of CD41 T-cell help for the elimination of HBV and HCV.

N CD81 T-cell depletion is associated with high viral loads in both infections, suggesting that CD81 T cells are the major immune cells contributing to clearance of HBV and HCV.

N CD81 T-cell failure in HCV infections is caused by T-cell exhaustion, deletion and viral escape.

N In contrast, CD81 T-cell failure in HBV infection is mainly due to T-cell exhaustion and deletion.
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for treating HCV infection and the complete immune system includ-

ing both innate and adaptive immunity. For example in contrast

to PegIFN-a therapy, treatment with NUCs is able to restore

HBV-specific CD81 T-cell functions59 whereby a recovery of the

innate immune effector cells (natural killer cells) cannot be achieved.60

In contrast, PegIFN-a therapy drives proliferation and activation of

natural killer cells.57 Clearly, additional studies will be needed in order

to understand this complex interplay of host, virus and drugs.

FAILURE OF ADAPTIVE IMMUNE RESPONSE IN HBV AND HCV

INFECTION

It is important to note that there are several mechanisms that may

contribute to the failure of HBV- and HCV-specific CD81 T-cell

responses61,62 (Figure 1). For example, CD41 T-cell help is required

for the induction of sustained CD81 T-cell effector functions, there-

fore the lack of CD41 T-cell help is a possible cause for CD81 T-cell

failure.28,63 Indeed, as discussed above, a lack of proper maturation of

functional and sustained HBV- and HCV-specific CD81 T-cell res-

ponses due to the absence of CD41 T-cell help seems to be associated

with the onset of persistent HBV and HCV infection. However, the

main factors driving CD81 T-cell failure in chronic viral hepatitis are

not fully understood, but growing evidence indicates that T-cell dys-

function, as well as viral escape, contributes to this failure.

MECHANISMS OF HBV- AND HCV-SPECIFIC CD81 T-CELL

FAILURE: T-CELL DYSFUNCTION

Dysfunction of CD81 T cells is mainly characterized by an impaired

proliferative capacity and the loss of antiviral effector functions such as

the secretion of IL-2 and IFN-c.64 Virus-specific CD81 T-cell dysfunc-

tion is typically observed during chronic infections with high levels of

replicating virus, such as lymphocytic choriomeningitis virus in the

mouse or during chronic infection with HIV, HBV and HCV in

humans. Indeed, even though HCV-specific CD81 T cells can be

detected in the blood and liver of some chronically infected patients,

they are often functionally impaired.31,65 Similarly, persistence of

HBV could be associated with impaired CD81 T-cell functions, finally

resulting in the deletion of these virus-specific CD81 T cells.33,66,67

Interestingly, HBV-specific CD81 T cells are hardly detectable in

patients with viral loads above 107 copies/mL. Again, this may be

due to the very high and sustained exposure to viral antigens.67,68

The exact mechanisms leading to the dysfunctional phenotype of

virus-specific CD81 T cells under sustained antigen exposure in

chronic HBV and HCV infection are not completely understood,

but most likely intrinsic as well as extrinsic pathways are involved.

As an example for an intrinsic effect, the pro-apoptotic molecule

Bim is specifically upregulated in HBV- and HCV-specific CD81 T

cells obtained from chronically infected patients.69–71 Additionally,

the expression of the inhibitory receptor programmed death-1 (PD-

1) has been shown to be increased on HBV- and HCV-specific CD81 T

cells obtained from chronically infected patients and may thereby

contribute to CD81 T-cell dysfunction and apoptosis.66,71–76 High

levels of the ligand for PD-1 (PD-L1) have also been reported on

intrahepatic cells in patients with chronically inflamed liver diseases,

such as HBV and HCV. However, it is possible that this upregulated

expression is rather linked to the degree of liver inflammation than to a

specific viral infection.77 Nevertheless, blocking the PD-1/PD-L1

interaction may serve as a potential target for immunotherapy in

chronic hepatitis. Indeed, in the lymphocytic choriomeningitis virus

mouse model the treatment with antibodies to PD-L1 lead to the

restoration of CD81 T-cell functions and the reduction of viral

replication.78 Moreover, blockade experiments of this inhibitory path-

way have demonstrated relevance for HBV infection in the HBV

mouse model. For example, HBV-transgenic mice were treated with

blocking antibodies for PD-L1 that resulted in an increased number of
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Figure 1 Mechanisms involved in the failure of HBV- and HCV-specific CD81 T-cell responses. Several mechanisms have been proposed to contribute to HBV- and

HCV-specific CD81 T-cell failure. However, some of these effects are more prominent in HBV infection or HCV infection, respectively. Predescribed mechanisms

driving CD81 T-cell failure are indicated by colored arrows (HBV, green and HCV, khaki); the thickness of the arrows in dicates the relative importance of the respective

mechanisms for the failure of CD81 T cells in HBV versus HCV infection. Dashed arrow lines indicate conflicting data sets present for the respective mechanism.
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IFN-c producing CD81 T cells in the liver.79 Similarly, a restoration of

HBV- and HCV-specific CD81 T cells isolated from chronically HBV

or HCV-infected patients, respectively, could be achieved in vitro by

blocking PD-1/PD-L1 interaction.72,73 Furthermore, the blockade of

this inhibitory pathway is particularly promising, since PD-1 blockade

seems to be well tolerated in cancer immunotherapy trials.80 However,

several other co-inhibitory as well as co-stimulatory molecules seem to

play a role in HBV- and HCV-specific CD81 T-cell dysfunction. First,

the inhibitory molecule 2B4 is highly co-expressed with PD-1 on

HBV- and HCV-specific CD81 T cells in chronically infected

patients.68,81 Second, in chronic HBV infection the inhibitory mole-

cule cytotoxic T-lymphocyte antigen 4 (CTLA-4) is highly expressed

on HBV-specific CD81 T cells that show high levels of Bim. However,

in this case CTLA-4 and PD-1 pathways seems to be nonredundant.82

In contrast, in chronic HCV infection both PD-1 and CTLA-4 path-

ways seem to contribute to HCV-specific CD81 T-cell dysfunction by

a redundant mechanism that requires combined PD-1/CTLA-4 block-

ade in order to restore T-cell dysfunction.83 Third, a recent study

suggested that the combination of the blockade of the co-inhibitory

molecule PD-1 and the stimulation of the costimulatory molecule

CD137 can increase the responsiveness of intrahepatic HBV-specific

CD81 T cells but not of HCV-specific CD81 T cells.84 Finally, the

pathway of the inhibitory receptor T-cell immunoglobulin and mucin

domain-containing molecule 3 (Tim-3) seems to be upregulated in

chronically HBV-infected patients.85 Similarly, Tim-3 has been shown

to be highly co-expressed with PD-1 on HCV-specific CD81 T cells

and could be associated with viral persistence.86 Importantly, in both

infections blockade of Tim-3 could restore virus-specific CD81 T-cell

dysfunction and this effect was even enhanced by a combined Tim-3/

PD-1 blockade.85–87 Thus, the consideration of a combined modu-

lation of several co-inhibitory and costimulatory pathways might be

beneficial. However, based on the differing redundancy and synergy of

the multiple pathways in HBV- and HCV-specific CD81 T cells, care-

fully compiled approaches for the combined modulation of these

pathways need to be adapted independently for HBV and HCV immu-

notherapy.

Extrinsic pathways that may contribute to CD81 T-cell dysfunction

in chronic HBV and HCV infection include immunosuppressive cyto-

kines and regulatory T cells. In general, the liver, as the site of HBV and

HCV infection is known to be a tolerogenic environment. For

example, murine Kupffer cells constitutively express the immunosup-

pressive cytokines interleukin-10 (IL-10) and transforming growth

factor b (TGF-b) that are involved in the generation of a unique

cytokine environment mainly inducing tolerance of liver-infiltrating

lymphocytes.88 In this context, it is important to note that IL-10 is

negatively associated with the outcome of HBV and HCV infection.89–94

For example, during acute HCV infection, high levels of IL-10 are

associated with progression to chronic infection.90 In addition, intra-

hepatic IL10 producing CD81 T cells were found in chronically HCV-

infected patients suggesting that they may contribute to the regulation

of HCV-specific CD81 T-cell responses.95 Additionally, in both HBV

and HCV infection, specific polymorphisms of IL-10 have been found to

correlate with increased susceptibility to chronic HCV infection and an

increased severity of chronic HBV infection, respectively.96–98 TGF-b

also has negative effects on virus-specific CD81 T-cell function.

Indeed, blockade of TGF-b secretion resulted in an enhanced produc-

tion of IFN-c by HCV-specific CD81 T cells.99 Importantly, the major

sources of the immunosuppressive cytokines IL-10 and TGF-b are

regulatory CD41 T cells. These cells are characterized by the express-

ion of forkhead box P3 and CD25 and play a central role in immuno-

logical self-tolerance, homeostasis and protection from overwhelming

immune responses, e.g. mediated by CD81 T cells that if not con-

trolled, may lead to severe tissue damage. Importantly, in both HBV

and HCV infection, regulatory CD41 T cells have been suggested to

contribute to the protection from overwhelming liver tissue damage,

but also to the failure of CD81 T cells.100–102 Indeed, the impact of

regulatory CD41 T cells on HBV-specific CD81 T cells and the out-

come of HBV infection has been analyzed in several studies, although

the results of those are sometimes contradictory. On the one hand, it

has been shown that patients with chronic HBV infection have ele-

vated frequencies of regulatory CD41 T cells in the blood that inhibit

the proliferation of HBV-specific CD81 T cells.103,104 On the other

hand, others have not found a higher frequency or suppressive capa-

city of regulatory CD41 T cells in chronic HBV infection.105 Similarly,

conflicting data were obtained with respect to the correlation of the

frequency of regulatory CD41 T cells and viral load.103,106 However, a

more recent study has shown that chronically HBV-infected patients

with high viral loads have higher frequencies of regulatory CD41 T

cells in the liver, but not in the blood. Thus, these results suggest that a

higher proportion of intrahepatic regulatory CD41 T cells observed in

these patients may contribute to CD81 T-cell failure and accordingly

explain the lack of control of viral replication.107 In contrast to HBV

infection, the role of regulatory CD41 T cells in HCV infection is

better understood. Indeed, regulatory CD41 T cells have been found

at a higher frequency in the blood of chronically infected patients

compared to patients with resolved HCV infection or healthy controls.

These cells are able to suppress HCV-specific CD81 T-cell prolifera-

tion and IFN-c secretion.108–110 Furthermore, regulatory CD41 T cells

accumulate in the liver of patients with chronic HCV infection.111

Finally, the finding that patients with normal ALT levels and decreased

liver inflammation have an increased frequency of functional regula-

tory CD41 T cells compared to patients with elevated ALT levels

further supports the biological role of regulatory CD41 T cells.112

Taken together, these combined data suggest that regulatory CD41

T cells, as well as their cytokines IL-10 and TGF-b, play a role in the

inhibition of HBV- and HCV-specific T-cell function.

MECHANISMS OF HBV- AND HCV-SPECIFIC CD81 T-CELL

FAILURE: VIRAL ESCAPE

An important mechanism of T-cell failure is the emergence of escape

mutations within viral sequences targeted by virus-specific CD81

cells. CD81 T-cell responses drive viral sequence variations that may

result in viral persistence by affecting the epitope processing and pre-

sentation or abrogating major histocompartibility complex (MHC)

molecule binding, as well as T-cell receptor recognition.

In HBV infection, controversial data have been published regarding

the contribution of viral escape mutations to viral persistence. It was

shown that CD81 T-cell immune escape variants can arise during

acute HBV infection; however, they do not occur frequently and do

seem not to have a strong impact on progression to chronicity.113 The

lack of sequence variants can be explained by the typically ineffective

and weak HBV-specific CD81 T-cell responses observed in HBV-

infected patients.114 However, one study suggested the emergence of

viral escape mutations in patients with strong CD81 T-cell responses

targeting immunodominant epitopes.115 Taken together, these data

mainly show that the strength of CD81 T-cell responses may deter-

mine the extent of selective pressure on the virus and thereby on the

evolution of sequence variants. By analyzing the relationship between

HBV sequence variations and the HLA-allele types of chronically

HBV-infected patients a recent study found HLA-associated
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polymorphisms within known CD81 T-cell epitopes with matching

HLA restrictions. Thus, this study strongly supports the hypothesis

that HBV may be under immune pressure in chronic HBV infec-

tion.116 However, whether the identified sequence variations represent

complete viral escape mutations that effectively abrogate CD81 T-cell

recognition has not been analyzed yet. In contrast to HBV infection, a

strong correlation between the emergence of viral escape mutations

within targeted CD81 T-cell epitopes and viral persistence has been

described in HCV infection.117–120 HCV is a RNA virus with an enorm-

ous replication rate and because of its error-prone polymerase several

different viral variants can emerge rapidly in a single person. Viral

escape mutations are present in about 50% of all epitopes targeted by

HCV-specific CD81 T cells in chronically HCV-infected patients.121–123

Indeed, studies analyzing viral evolution in patients infected with a

known viral source or during the early infection phase have demon-

strated the emergence of escape mutations within epitopes restricted by

HLA class I alleles. Of note, the emergence of viral escape mutations was

associated with the development of persistent infection120,124,125 and

these escape mutations were not detectable in patients who were sub-

sequently able to resolve the infection.120,125 Importantly, in chronically

infected patients the HCV sequence can harbor several mutations

within one single epitope. This may have different underlying mechan-

isms. First, reduced viral fitness caused by a mutation within an epitope

can be reverted by subsequent mutations referred to as compensatory

mutations.49 Second, clustered mutations may be necessary to comple-

tely abrogate CD81 T-cell recognition.126 Thus, two or more mutations

may be required in order to balance viral escape and viral fitness cost or

to achieve complete viral escape and may hence give the host’s immune

response the chance to clear the virus beforehand. Indeed, epitopes for

which this phenomenon have been described are restricted by protec-

tive HLA class I alleles, such as HLA-B*27 and HLA-A*03. Finally, it is

important to note that the development of escape mutations is only

rarely detectable within HCV-specific CD41 T-cell epitopes127,128 sug-

gesting that even though viral escape plays an essential role for CD81 T-

cell failure, other mechanisms may contribute to the failure of CD41 T

cells.

Taken together, in contrast to HBV infection, viral escape muta-

tions play an essential role for viral persistence in HCV infection.

However, more distinctive studies of viral sequence variations need

to be performed in HBV infection before an effect on viral pathogen-

esis can be excluded with certainty.

CONCLUDING REMARKS AND OUTLOOK

During the last decades, host adaptive immune responses and espe-

cially the effects of antiviral CD81 T cells have been shown to play an

essential role in the elimination or control of the most important

human viral infections, such as HBV, HCV and HIV infection.

Thus, CD41 T-cell help is central to induce and maintain a virus-

specific CD81 T-cell response that can clear the virus by cytolytic

and non-cytolytic effector mechanisms. Importantly, however, these

viral infections can lead to viral persistence. Compelling progress has

been achieved in understanding mechanisms of T-cell effector func-

tion and failure. These findings are important for our comprehension

of immunological factors of virus–host interactions, as well as the

development of antiviral vaccine strategies against HCV and immu-

notherapies that help to cure chronic HBV and HCV infections.

Nevertheless, there are still several open questions that need to be

addressed in order to completely understand T-cell failure in viral

hepatitis. Indeed, it is important to note that while the effector func-

tions of HBV- and HCV-specific CD81 T cells are mainly elucidated,

other aspects of the immune response of CD81 T cells are less under-

stood. For example, the exact site and process of virus-specific CD81

T-cell encounter with its specific antigen (CD81 T-cell priming) and

the precise mechanisms of liver homing of virus-specific T cells are still

unknown (Figure 2). Thus, next to the elucidation of exact factors of

CD81 T-cell failure, the understanding of virus-specific CD81 T-cell

priming and liver homing may help to catch on the underlying

mechanisms of T cells failure and thus chronic disease progression.

ACKNOWLEDGMENTS

This work was supported by the Deutsche Forschungsgemeinschaft:

Heisenberg-Professorship TH-719/3-2 and FOR 1202 ‘Mechanisms of

persistence of hepatotropic viruses’.

1 Klenerman P, Thimme R. T cell responses in hepatitis C: the good, the bad and the
unconventional. Gut 2012; 61: 1226–1234.

2 Bauer T, Sprinzl M, Protzer U. Immune control of hepatitis B virus. Dig Dis 2011; 29:
423–433.

3 Nebbia G, Peppa D, Maini MK. Hepatitis B infection: current concepts and future
challenges. QJM 2012; 105: 109–113.

4 Aman W, Mousa S, Shiha G, Mousa SA. Current status and future directions in the
management of chronic hepatitis C. Virol J 2012; 9: 57.

5 Kuiken C, Yusim K, Boykin L, Richardson R. The Los Alamos hepatitis C sequence
database. Bioinformatics 2005; 21: 379–384.

6 Simmonds P, Bukh J, Combet C et al. Consensus proposals for a unified system of
nomenclature of hepatitis C virus genotypes. Hepatology 2005; 42: 962–973.

CD8+

H

APC

T cell function

T cell priming

Liver homing

CD8+

CD8+

CD8+

CD8+

Figure 2 Open questions about the immune responses of HBV- and HCV-spe-

cific CD81 T cells. In contrast to the effector functions of HBV- and HCV-specific

CD81 T cells, that are mainly understood, the exact site and process of virus-

specific CD81 T-cell encounter with its specific antigen (T-cell priming) and the

precise mechanisms of liver infiltration (liver homing) of virus-specific T cells are

still unknown.

T-cell responses in HBV and HCV infection

J Schmidt et al

6

Emerging Microbes and Infections



7 Schaefer S. Hepatitis B virus taxonomy and hepatitis B virus genotypes. World J
Gastroenterol 2007; 13: 14–21.

8 Rehermann B, Nascimbeni M. Immunology of hepatitis B virus and hepatitis C virus
infection. Nat Rev Immunol 2005; 5: 215–229.

9 Yan H, Zhong G, Xu G et al. Sodium taurocholate cotransporting polypeptide is a
functional receptor for human hepatitis B and D virus. eLife 2012; 1: e00049.

10 Urban S, Schulze A, Dandri M, Petersen J. The replication cycle of hepatitis B virus.
J Hepatol 2010; 52: 282–284.

11 Grimm D, Thimme R, Blum HE. HBV life cycle and novel drug targets. Hepatol Int
2011; 5: 644–653.

12 Levrero M, Pollicino T, Petersen J, Belloni L, Raimondo G, Dandri M. Control of
cccDNA function in hepatitis B virus infection. J Hepatol 2009; 51: 581–592.

13 Rehermann B, Ferrari C, Pasquinelli C, Chisari FV. The hepatitis B virus persists for
decades after patients’ recovery from acute viral hepatitis despite active maintenance
of a cytotoxic T-lymphocyte response. Nat Med 1996; 2: 1104–1108.

14 Pileri P, Uematsu Y, Campagnoli S et al. Binding of hepatitis C virus to CD81. Science
1998; 282: 938–941.

15 Evans MJ, von Hahn T, Tscherne DM et al. Claudin-1 is a hepatitis C virus co-receptor
required for a late step in entry. Nature 2007; 446: 801–805.

16 Liu S, Yang W, Shen L, Turner JR, Coyne CB, Wang T. Tight junction proteins claudin-1
and occludin control hepatitis C virus entry and are downregulated during infection to
prevent superinfection. J Virol 2009; 83: 2011–2014.

17 Dustin LB, Rice CM. Flying under the radar: the immunobiology of hepatitis C. Annu
Rev Immunol 2007; 25: 71–99.

18 Moradpour D, Penin F, Rice CM. Replication of hepatitis C virus. Nat Rev Microbiol
2007; 5: 453–463.

19 Aspinall EJ, Hawkins G, Fraser A, Hutchinson SJ, Goldberg D. Hepatitis B prevention,
diagnosis, treatment and care: a review. Occup Med (Lond) 2011; 61: 531–540.

20 Raimondo G, Pollicino T, Squadrito G. Clinical virology of hepatitis B virus infection. J
Hepatol 2003; 39 Suppl 1: S26–S30.

21 Tujios SR, Lee WM. New advances in chronic hepatitis B. Curr Opin Gastroenterol
2012; 28: 193–197.

22 Zoulim F, Chevallier M, Maynard M, Trepo C. Clinical consequences of hepatitis C
virus infection. Rev Med Virol 2003; 13: 57–68.

23 Chisari FV, Isogawa M, Wieland SF. Pathogenesis of hepatitis B virus infection. Pathol
Biol (Paris) 2010; 58: 258–266.

24 Bowen DG, Walker CM. Adaptive immune responses in acute and chronic hepatitis C
virus infection. Nature 2005; 436: 946–952.

25 Lechner F, Wong DK, Dunbar PR et al. Analysis of successful immune responses in
persons infected with hepatitis C virus. J Exp Med 2000; 191: 1499–1512.

26 Thimme R, Oldach D, Chang KM et al. Determinants of viral clearance and persistence
during acute hepatitis C virus infection. J Exp Med 2001; 194: 1395–1406.

27 Shoukry NH, Grakoui A, Houghton M et al. Memory CD81 T cells are required for
protection from persistent hepatitis C virus infection. J Exp Med 2003; 197: 1645–
1655.

28 Grakoui A, Shoukry NH, Woollard DJ et al. HCV persistence and immune evasion in the
absence of memory T cell help. Science 2003; 302: 659–662.

29 Ferrari C, Penna A, Bertoletti A et al. Cellular immune response to hepatitis B virus-
encoded antigens in acute and chronic hepatitis B virus infection. J Immunol 1990;
145: 3442–3449.

30 Rehermann B, Fowler P, Sidney J et al. The cytotoxic T lymphocyte response to
multiple hepatitis B virus polymerase epitopes during and after acute viral
hepatitis. J Exp Med 1995; 181: 1047–1058.

31 Wedemeyer H, He XS, Nascimbeni M et al. Impaired effector function of hepatitis C
virus-specific CD81 T cells in chronic hepatitis C virus infection. J Immunol 2002;
169: 3447–3458.

32 Semmo N, Day CL, Ward SM et al. Preferential loss of IL-2-secreting CD41 T helper
cells in chronic HCV infection. Hepatology 2005; 41: 1019–1028.

33 Maini MK, Boni C, Lee CK et al. The role of virus-specific CD81 cells in liver damage
and viral control during persistent hepatitis B virus infection. J Exp Med 2000; 191:
1269–1280.

34 Cerny A, Chisari FV. Pathogenesis of chronic hepatitis C: immunological features of
hepatic injury and viral persistence. Hepatology 1999; 30: 595–601.

35 Webster GJ, Reignat S, Maini MK et al. Incubation phase of acute hepatitis B in man:
dynamic of cellular immune mechanisms. Hepatology 2000; 32: 1117–1124.

36 Penna A, Del Prete G, Cavalli A et al. Predominant T-helper 1 cytokine profile of
hepatitis B virus nucleocapsid-specific T cells in acute self-limited hepatitis B.
Hepatology 1997; 25: 1022–1027.

37 Asabe S, Wieland SF, Chattopadhyay PK et al. The size of the viral inoculum
contributes to the outcome of hepatitis B virus infection. J Virol 2009; 83: 9652–
9662.

38 Schulze Zur Wiesch J, Ciuffreda D, Lewis-Ximenez L et al. Broadly directed virus-
specific CD41 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.

39 Day CL, Seth NP, Lucas M 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: 831–842.

40 Ulsenheimer A, Gerlach JT, Gruener NH et al. Detection of functionally altered
hepatitis C virus-specific CD4 T cells in acute and chronic hepatitis C. Hepatology
2003; 37: 1189–1198.

41 Urbani S, Amadei B, Fisicaro P et al. Outcome of acute hepatitis C is related to virus-
specific CD4 function and maturation of antiviral memory CD8 responses. Hepatology
2006; 44: 126–139.

42 Cooper S, Erickson AL, Adams EJ et al. Analysis of a successful immune response
against hepatitis C virus. Immunity 1999; 10: 439–449.

43 Thimme R, Bukh J, Spangenberg HC et al. Viral and immunological determinants of
hepatitis C virus clearance, persistence, and disease. Proc Natl Acad Sci USA 2002;
99: 15661–15668.

44 Thimme R, Wieland S, Steiger C et al. CD81 T cells mediate viral clearance and disease
pathogenesis during acute hepatitis B virus infection. J Virol 2003; 77: 68–76.

45 Neumann-Haefelin C, McKiernan S, Ward S et al. Dominant influence of an HLA-B27
restricted CD81 T cell response in mediating HCV clearance and evolution.
Hepatology 2006; 43: 563–572.

46 Kim AY, Kuntzen T, Timm J et al. Spontaneous control of HCV is associated with
expression of HLA-B*57 and preservation of targeted epitopes. Gastroenterology
2011; 140: 686–696.

47 McKiernan SM, Hagan R, Curry M et al. Distinct MHC class I and II alleles are
associated with hepatitis C viral clearance, originating from a single source.
Hepatology 2004; 40: 108–114.

48 Altfeld M, Kalife ET, Qi Y et al. HLA alleles associated with delayed progression to
AIDS contribute strongly to the initial CD81 T cell response against HIV-1. PLoS Med
2006; 3: e403.

49 Fitzmaurice K, Petrovic D, Ramamurthy N et al. Molecular footprints reveal the impact
of the protective HLA-A*03 allele in hepatitis C virus infection. Gut 2011; 60: 1563–
1571.

50 Phillips S, Chokshi S, Riva A, Evans A, Williams R, Naoumov NV. CD81 T cell control
of hepatitis B virus replication: direct comparison between cytolytic and noncytolytic
functions. J Immunol 2010; 184: 287–295.

51 Guidotti LG, Rochford R, Chung J, Shapiro M, Purcell R, Chisari FV. Viral clearance
without destruction of infected cells during acute HBV infection. Science 1999; 284:
825–829.

52 Mason WS, Litwin S, Xu C, Jilbert AR. Hepatocyte turnover in transient and chronic
hepadnavirus infections. J Viral Hepat 2007; 14 Suppl 1: 22–28.

53 Kennedy PT, Sandalova E, Jo J et al. Preserved T-cell function in children and young
adults with immune-tolerant chronic hepatitis B. Gastroenterology 2012; 143: 637–645.

54 Jo J, Aichele U, Kersting N et al. Analysis of CD81 T-cell-mediated inhibition of
hepatitis C virus replication using a novel immunological model. Gastroenterology
2009; 136: 1391–1401.

55 Ando K, Hiroishi K, Kaneko T et al. Perforin, Fas/Fas ligand, and TNF-alpha pathways
as specific and bystander killing mechanisms of hepatitis C virus-specific human CTL.
J Immunol 1997; 158: 5283–5291.

56 Gremion C, Grabscheid B, Wölk B et al. Cytotoxic T lymphocytes derived from patients
with chronic hepatitis C virus infection kill bystander cells via Fas–FasL interaction.
J Virol 2004; 78: 2152–2157.

57 Micco L, Peppa D, Loggi E et al. Differential boosting of innate and adaptive antiviral
responses during pegylated-interferon-alpha therapy of chronic hepatitis B. J Hepatol
2013; 58: 225–233.

58 Badr G, Bédard N, Abdel-Hakeem MS et al. Early interferon therapy for hepatitis C
virus infection rescues polyfunctional, long-lived CD81 memory T cells. J Virol 2008;
82: 10017–10031.

59 Boni C, Laccabue D, LamperticoP et al. Restored function of HBV-specific T cells after
long-term effective therapy with nucleos(t)ide analogues. Gastroenterology 2012;
143: 963–973.

60 Peppa D, Micco L, Javaid A et al. Blockade of immunosuppressive cytokines restores
NK cell antiviral function in chronic hepatitis B virus infection. PLoS Pathog 2010; 6:
e1001227.

61 Neumann-Haefelin, C. Spangenberg, H.C., Blum, H.E, Thimme, R. Host and viral
factors contributing to CD81 T cell failure in hepatitis C virus infection. World J
Gastroenterol 2007; 13: 4839–4847.

62 Maini MK, Schurich A. The molecular basis of the failed immune response in chronic
HBV: therapeutic implications. J Hepatol 2010; 52: 616–619.
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