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Chapter 1

Hepatitis B is one of the most common causes of viral hepatitis, with an estimated 2 

billion individuals worldwide having evidence of either a current or past infection.1,2 

Despite this high prevalence, it took till 1965 before the first traces of the virus were 

discovered by dr. Baruch Blumberg.3,4 The term hepatitis type A and B had been coined 

already before the isolation of the virus by dr. MacCallum in 1947 based on the distinct 

routes of transmission: fecal-oral versus blood-to-blood contact.5,6 Hepatitis B virus 

(HBV) infection causes either an acute self-limiting or a chronic disease, depending 

on the age at which the infection occurs. Nowadays, the transmission of HBV can be 

prevented by a prophylactic vaccine, but current therapies rarely lead to cure of chronic 

infection. The natural history of HBV infection indicates that a sustained immunological 

containment of viral replication is possible, even after long-term HBV infection.7 Virus-

specific T cells are key mediators of viral control, but the exact mechanisms underlying 

a successful versus an inadequate immune response to HBV remain largely undefined. 

This thesis focuses on the interaction between HBV and virus-specific T cells, in order to 

learn more about HBV-specific T cell immunology and to identify correlates of protective 

immunity. Understanding the components responsible for viral control, for both clinical 

monitoring purposes, and the development of immunotherapeutic interventions, is a 

critical step towards curative treatment of chronic HBV infection.

The hepatitis B virus
HBV is a small enveloped DNA virus belonging to the family Hepadnaviridae. The virion, 

commonly referred to as the Dane particle, is composed of an enveloped nucleocapsid 

that contains the partially double-stranded, 3200 base pair DNA genome and the viral 

polymerase [Figure 1]. The virus is classified into ten different genotypes (A-J) and four 

serotypes (adw, adr, ayw and ayr), the latter based on the antigenic characteristics of 

the envelope protein.8 The genome contains four overlapping open reading frames 

that encode the core (C), polymerase (P), envelope/surface (S) and X proteins.9 The 

core and envelope reading frame are divided into a precore and C; preS1, preS2 and S 

domain, respectively. The external core antigen (HBeAg) is derived from the precore/C 

domain, whereas the core antigen (HBcAg) is produced from the core reading frame. 

The S reading frame encodes three envelope proteins, a short (S), middle (M) and large 

(L) variant. HBV surface antigen (HbsAg) is produced from the S reading frame and 

the two longer variants are produced from the preS1 (L) and the preS2 (M) regions. 

HBsAg, HBeAg and large quantities of non-infectious, subviral particles lacking the 

nucleocapsid, are actively secreted during the viral life cycle. The exact function of these 

secreted antigens and subviral particles remains unknown, but an immunomodulatory 

function has been proposed. The nonstructural X protein is associated with a wide 

range of functions including immune evasion, transcriptional regulation and has been 

implicated in the development of hepatocellular carcinoma.
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HBV has a tropism for hepatocytes. The virion adheres to hepatocytes by heparan 

sulfate proteoglycan and subsequently uses sodium taurocholate cotransporting 

polypeptide (NTCP), a bile transporter, as its entry receptor.10,11 After the internalization, 

the nucleocapsid is released from the late endosome into the cytosol and transported 

to the nucleus.12 Upon entry into the nuclear pore, the capsid becomes trapped, is 

disassembled, and releases the relaxed circular (rc)DNA.13 The rcDNA is repaired by 

host DNA repair mechanisms and covalently closed circular (ccc)DNA is generated 

by the viral polymerase. The cccDNA also binds to cellular histones forming a mini-

chromosome, and on rare occasions the HBV genome integrates into the hosts genome. 

The small transcriptional cccDNA template is used to produce the pregenomic (pg)

RNA which in turn is exported out of the nucleus into the cytoplasm, where viral protein 

synthesis takes place. The pgRNA and HBV’s polymerase are encapsulated after which 

the pgRNA is reverse transcribed into the rcDNA. From here, the capsid either returns 

to the nucleus for the generation of additional virions, or becomes enveloped at the 

endoplasmic reticulum and mature virions are released from the cell by exocytosis.

^ Figure 1
A) Detection of Hepatitis B virions (Dane particle) by electron microscopy. Imagine 
taken from United States Center for Disease Control Public Health Image Library 
(PHIL), identification number #5631. B) Graphical representation of HBV, an enveloped 
nucleocapsid, containing the partially double stranded circular DNA and its polymerase. 
C) Overlapping reading frames of the HBV genome. The three surface proteins vary in 
length (small, middle, and long). S is the smallest and two longer variants are decoded 
by the PreS2 (Middle) and PreS1 (Long) section. HBcAg is derived from the Core domain 
and the secretory, HBeAg from the PreC and C domain.

Disease burden
Despite the availability of an effective vaccine for more than thirty years, HBV still 

affects more than 250 million individuals worldwide.14 Chronically infected patients are 

at increased risk of morbidity and mortality from cirrhosis, hepatic decompensation 

and hepatocellular carcinoma, leading to 887,000 deaths annually.2,14 Without curative 

treatment, nucleos(t)ide analogues continue to be the main therapeutic option. However, 

these agents merely suppress viral replication, do not completely eliminate the risk of 

1
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hepatocellular carcinoma and rarely induce permanent immune control, as serologically 

defined by the loss of HBV surface antigen and development of HBV surface antibodies 

(anti-HBs seroconversion). Patients therefore generally require life-long treatment and 

medical care, at both personal and economic cost. Moreover, withdrawal from treatment 

can cause viral relapse, severe hepatitis and even hepatic decompensation.15 There is a 

desperate need for new therapeutic options, including immunotherapies, and for new 

prognostic tools that can identify patients who can safely stop therapy after having 

developed immunological control of HBV.

The natural history of HBV infection
The natural history of HBV infection is rather heterogeneous, with two distinct main 

scenarios: HBV infection in adults is typically self-limiting, whereas infection in newborns 

and children usually results in chronicity. Chronic infection is traditionally categorized 

into four clinical phases, which are used to guide chronic HBV management [Figure 

2].9,16 The duration of each phase is variable, can take place over many decades, and 

the succession of different phases is not necessarily linear. HBV-infected newborns 

and children are usually regarded as immune tolerant as they display high levels of 

viremia without active liver inflammation. Once biochemical or histological signs of 

liver inflammation become apparent, patients are considered to be immune active. A 

subsequent decline in viral load and liver inflammation marks the third phase, called the 

inactive carrier state. Alternatively, a fraction of individuals is unable to maintain viral 

control and re-experience a surge in viral load that coincides with liver inflammation, 

named immune reactive state. Despite the traditional description of the different clinical 

stages by immunological terms, the actual immunological mechanisms that govern 

these clinical phases remain not well defined and the actual immunological states might 

not exactly fit the traditional terminology. Therefore, new terminology has recently been 

introduced, namely: HBeAg positive: infection versus hepatitis and HBeAg negative: 

infection versus hepatitis, with treatment only being indicated in HBeAg positive and 

negative hepatitis.17 A reason for the limited understanding is that interest in and 

funding for HBV studies diminished with the introduction of a prophylactic vaccination; 

in addition, the lack of suitable animal models that support the full HBV life cycle and 

fully reflect its complex interaction with its host hindered mechanistic insights.18 Another 

hurdle was limited access to liver tissue, and even when tissue from the site of infection 

was available, possibilities for detailed immunological analysis were rather limited.
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^ Figure 2
Graphical representation of the four clinical phases during chronic HBV infection. The 
updated terminology is displayed in bold (top) with the traditional nomenclature in 
italics (bottom). The different phases are categorized based on serum HBeAg status, 
the alanine aminotransferase (ALT) and HBV DNA. The chronic hepatitis phases are 
characterized by active viral replication and liver inflammation (flares).
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Aim and outline of this thesis
Hepatitis B is caused by an hepatotropic virus that leads to either an acute self-

limiting infection or chronic disease. The natural history of chronic HBV infection is 

rather diverse, and ranges from asymptomatic patients with minimal viral replication, 

to patients with high levels of viral replication, fulminant hepatitis and liver failure. The 

complex viral life cycle and differing disease stages are accompanied by an equally 

complicated response from the host immune system. Why HBV is capable of persisting 

in those patients affected early on in life, whereas adults are capable of controlling HBV 

replication long-term remains largely undefined. Virus-specific T cells are indispensable 

for a sustained control of HBV, as observed in human and animal studies, but what kind 

of T cell responses is required remains ill defined. In Chapter 2 the pathogenesis of HBV 

infection, with a specific focus on the hosts immune response, has been outlined. In the 

next chapters I will explore open questions in the field of HBV T cell immunology, with 

the ultimate goal to delineate the requirements of the virus-specific T cell response for 

long-term control of HBV.

In Chapter 3, we used fluorochrome labeled peptide-MHC multimers to compare 

the phenotype and function of virus-specific CD8 T cells that recognize different 

HBV proteins. We demonstrate that epitope-specificity is a major determinant of the 

phenotype and function of HBV-specific CD8 T cells, irrespective of disease stage. We 

underscore the significance of performing such T cell assays directly ex vivo, because 

prior in vitro culture, to overcome the low frequency of specific T cells, causes profound 

changes to the T cell phenotype.

In Chapter 4, we studied a large cohort of HBV-infected subjects, including acute 

self-limiting, chronic HBsAg positive and negative subjects. By using interferon-  

ELISpot assays and overlapping single peptides, covering the entire genome of HBV, we 

mapped new HBV T cell epitopes. These included CD4 and CD8 epitopes targeting all 

HBV proteins and were restricted by a wide range of major histocompatibility complex 

(MHC) molecules. Fluorochrome labeled peptide-MHC multimers were used to study 

the breadth and phenotype of HBV-specific CD4 T cells in different disease stages. 

Functionally, we found increasing number of functional HBV-specific CD4 T cells in 

acute and chronic patients capable of controlling HBV long-term, with few functional 

responses in chronic infection.

In Chapter 5, we compared the frequency and phenotype of virus-specific CD8 T cells 

in subjects with an acute resolving hepatitis B and C infection. We primarily observed 

effector memory T cells in both infections, with late resolved HBV being characterized 

by increased frequency of effector memory T cell re-expressing CD45RA. HBV-specific 
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T cells showed an activated memory phenotype following HBV resolution, while mostly 

resting memory HCV-specific T cells were observed after HCV clearance.

In Chapter 6, we discuss the rationale behind therapeutic vaccines and checkpoint 

inhibitors for the treatment of chronic HBV infection.

Chapter 7 discusses bystander T cell activation in acute hepatis A virus infection based 

on a recent study. In this chapter we summarize the findings from this study and discuss 

whether these findings can be extrapolated to hepatitis B and C virus infection.

Finally, in Chapter 8 we summarize the findings from this thesis, place them in the 

broader context and highlight important recent findings in the field of HBV immunology.

1
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Virus-specific T cells mediate viral resolution
The immunological mechanisms leading to control of HBV viremia remain incompletely 

understood, but some key paradigms have been established. In the acute phase of 

infection in adults, the cellular arm of the adaptive immune system is key to viral 

resolution, while the humoral arm is thought to subsequently provide long-lasting 

protection from reinfection A role for functional B-cells is less clear, as neutralizing 

antibodies usually become detectable in serum after loss of HBV surface antigen, and 

are generally absent in chronic infection.1–3 There is convincing data from human and 

chimpanzee studies demonstrating that virus-specific T cells are essential for HBV 

control.4–8 The experimental depletion of CD8 T cells in chimpanzees causes delay 

of viral resolution, while CD4 T cell depletion before the onset of viremia leads to 

persistence of viremia.4,5,9 CD4 T cell depletion at the peak of infection not affecting 

viral control argues that the CD4 T cell response is not directly antiviral but rather 

the orchestrator of effective immune effectors targeting HBV. The infiltration of virus-

specific CD8 T cells in the liver eliminates HBV viral replication in both chimpanzees 

and transgenic mice10,11, and virus-specific T cells inhibit viral replication in vitro when 

they are co-cultured with hepatocyte-like HBV-infected cells.12 The CD8 related immune 

correlates that mediate HBV control have been difficult to define, but development 

of a sustained, broad and polyclonal response that is highly functional, as observed 

in acute self-limiting infection, is considered to be essential.13 On the other side of 

the spectrum, in chronic infection, the repertoire of detectable HBV-specific T cells is 

limited and frequencies are low, at least in the blood, and especially in patients with 

high viral loads.14 Preserved HBV-specific T cells gradually become functionally impaired 

with viral persistence, irrespective of the age when infection occurred.15 Examples of 

impairment mechanisms are T cell exhaustion with reduced proliferative capacity and 

effector functions16–19, increased susceptibility to apoptosis through the upregulation 

of pro-apoptotic molecules, such as Bim and TRAIL-R220,21, a switch to production 

of suppressive cytokines (e.g. IL-10; TGF-ß)22–28 lack of CD4 help29, and enrichment 

in HBV-specific T cells with regulatory functions30,31. Having said that, the residual T 

cell response clearly persists in all phases and changes in the T cell response have 

been associated with different clinical scenarios, such as HBV flares32 and anti-HBe 

seroconversion.33 It should also be noted that immunosuppressive treatment can lead to 

reactivation of previously controlled HBV infection, clearly demonstrating that resolved 

infection does not necessarily equal complete viral eradication, but rather represents 

successful immunological containment of HBV replication.
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Detection of HBV-specific CD4 T cells
Virus-specific CD4 T lymphocytes are key regulators of both efficient B cell/antibody 

and CD8 T cell responses and thus are thought to be essential to the control of most 

viral infections.4,5 Unfortunately, virus-specific CD4 T cells are also notoriously difficult 

to study, as they are rather low in frequency and complex in their phenotypes and 

function. Overall, our understanding of the HBV-specific CD4 T cell response remains 

incomplete. The seminal chimpanzee studies defining the importance of CD4 T-cells 

cells by analyzing the impact of CD4 T cell depletion on the course of infection are not 

straightforward in their findings, as depletion of CD4 T before infection led to chronic 

HBV infection, while depletion just before the rise of viremia and liver enzymes did not 

alter the natural course of infection.4,5 These findings support a critical role of CD4 T 

cells in the control of HBV infection, but also raise questions about the role of T cell-help 

and its mode of action. Generally, HBV-specific CD4 T cells appear in the blood seven 

to ten weeks after infection, in parallel with the emergence of HBV-specific CD8 T cells 

and antibodies.34 The CD4 T cells mostly target epitopes in HBV core, though minor 

responses against surface, polymerase and x protein have also been described.35–42 In 

patients with acute or controlled HBV infection, CD4 T cell responses are more broadly 

directed and more vigorous, compared to patients with established chronic viremia. 

Functionally, HBV-specific CD4 T cells have been shown to predominantly secrete Th1 

type cytokines,35 though the number of studies assessing the phenotype and function 

of CD4 specific T cells directly ex vivo are limited.43,44 In this context it is important 

to remember that most of these studies were performed in the era when standard 

proliferation and ELISpot assays were the only means of assessing virus-specific CD4 

responses, and as we have learned from other infections such as with HCV, that these 

functional assays might miss significant parts of the response.45,46 In addition, HBV-

specific CD4 T cells at the site of infection might be quite different than those analyzed 

in the blood. Indeed, after in vitro expansion from liver biopsies obtained in patients 

with chronic infection, intrahepatic CD4 T cells have shown a distinct functional profile 

compared to those derived from blood, with the secretion of IL-4 and IL-5 in addition 

to Th1 type cytokines.47 A reassessment of HBV-specific CD4 responses using current 

methodologies, i.e. HLA class II tetramers, for direct ex vivo phenotyping and flow-

based cell sorting, followed by omics analyses, seems imperative in order to obtain 

a more detailed understanding of this central component of the adaptive immune 

response. These methods enable analysis of single cells, and thus may allow ex vivo 

studies even in infection at young age, for which no data on the CD4 T cell response 

is available.

2
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Detection of HBV-specific CD8 T cells
In contrast to CD4 T cells, CD8 responses have been studied in greater detail, including 

direct ex vivo analyses [Figure 1] .48 They are essential for HBV control, as their depletion 

invariantly led to chronicity in chimpanzees.49 HBV-specific CD8 T cells become readily 

detectable six to eight weeks after infection in adults, and their appearance coincides 

with a decrease in viral load that is observed even before the onset of liver injury, 

supporting the contribution of non-cytolytic elimination of intracellular virus to viral 

control.34 CD8 lymphocytes targeting all HBV proteins have been identified and shown 

to have cytolytic as well as non-cytolytic effector functions.50 Non-cytolytic effector 

functions could be especially relevant, as hepatocytes have been shown to be quite 

resilient to cell-mediated killing in vitro.51 While the exact immunological determinants 

of CD8 mediated HBV control are difficult to define with certainty in humans, the 

development of a sustained, broad and polyclonal CD8 T cell response that is highly 

functional is seen as conditio sine qua non for HBV control. In acute self-limiting 

infection, HBV-specific T cell responses are characterized by a strong expression of T 

cell activation markers, the induction of the T-box Transcription Factor (T-bet) and the 

transient upregulation of the IL-7 receptor (CD127).52–54 To what degree such a CD8 

response is dependent on other arms of the immune response, be it CD4 T help or a 

preceding innate response, is not fully clear.
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^ Figure 1
Schematic representation of the immunological assays used for detecting virus-specific 
T cells. Low avidity interaction between the TCR and a biotinylated-peptide-MHC class 
I monomer (top left). High avidity interaction between the TCR and a fluorophore-
labeled peptide-MHC class I tetramer (top right), enabling the detection of virus-
specific T cells. Interferon-  ELISpot (bottom panel): plate coated with an anti-IFN-
 monoclonal antibody. Stimulation of peripheral blood mononuclear cells with HBV 

peptide(s) induces the secretion of interferon-  from HBV-specific T cells (bottom left) 
Antibody bound interferon-  is visualized by a secondary biotinylated- interferon-  
antibody (bottom right). Binding of the streptavidin alkaline phosphates complex to the 
biotinylated secondary antibody enables visualization HBV-specific T cells. The insoluble 
substrate BCIP/NBT is converted by AF and precipitates on the membrane of the well 
(bottom right). HBV, hepatitis B virus; APC, antigen presenting cell, TCR, T cell receptor; 
MHC, major histocompatibility complex; ELISpot, enzyme-linked immune absorbent 
spot; IFN- , Interferon- ; mAb, monoclonal antibody; AF, alkaline phosphates; BCIP/
NBT, 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT).
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Intrahepatic HBV-specific T cells
Importantly, there is also a vast amount of literature on intrahepatic CD8 T cells 

targeting HBV, mostly from chronic infection.55–59 Detection of HBV-specific CD8 T cells 

by tetramer staining of cultured intrahepatic lymphocytes revealed that the frequencies 

of virus specific CD8 T cells were inversely correlated with the degree of liver injury, 

supporting the hypothesis that specific responses might be not only important for 

disease resolution, but also for protection of progressive liver disease.57 Another 

pioneering study using fine needle aspirate biopsies in order to analyze intrahepatic 

lymphocytes during acute infection provided longitudinal characterization of HBV-

specific CD8 T cells directly ex vivo without in vivo expansion. HBV-specific CD8 T 

cells were highly enriched in the liver during the acute phase of infection and remained 

detectable after HBsAg seroconversion and full clinical recovery.60 A similar approach 

was also employed in chronically infected patients; revealing that core18-specific CD8 

T cells were detected during the inactive carrier phase in a small number of patients.61 

Altogether, current evidence illustrates differences in phenotype and function between 

peripheral and intrahepatic lymphocytes, and during different stages of HBV infection.59 

Since one can now analyze cells from liver biopsies or fine needle aspirates with 

much more powerful analytic tools59, this opportunity should be used to deepen our 

understanding of the CD8 response in acute and chronic infection, and during therapy.

Chronic HBV infection and functional T cell impairment
Once patients are chronically infected, especially in those patients exposed in early 

childhood, there is usually an extended phase that has been described as immune 

tolerant, with high levels of viremia but no or very little liver disease. It has been 

postulated that during this phase T cell responses are mostly absent and/or non-

functional. Recent data indicate that this is not the case, and instead T cells are 

detectable in these patients and appear more and not less functional than those in later, 

so called immune active, stages of disease.62 During later stages of chronic infection, the 

repertoire of detectable HBV-specific T cells is limited and their frequencies are rather 

low, at least in the blood, and especially so in patients with high viral loads.14 Preserved 

HBV-specific CD8 T cells become gradually more functionally impaired, or exhausted, 

which is thought to be driven by persistent antigen exposure.63 CD8 T cell exhaustion in 

chronic HBV infection mirrors that described in other chronic viral infections in mice and 

humans, with the sustained expression of inhibitory receptors, such as PD-1, TIM-3 and 

2B4, reduced proliferative capacity and poor effector functions such as reduced IFN-  

and IL-2 secretion.17–19,55 The exhausted state is also associated with distinct expression 

patterns of transcription factors, compared to functional effector or memory T cells, 

most notably low expression of the transcription factor T-bet.54 The cells seem also 

increasingly susceptible to apoptosis through upregulation of Bim and TRAIL-R2, two 
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key mediators of cell death.20,21 Whether the functional exhaustion of HBV-specific CD8 

T cells is the sole or dominant contributor to CD8 T cell failure, or whether the virus 

can also escape through the generation of viral escape sequence variants, like in HIV 

and HCV infection, is currently an open question. HBV as a DNA virus is much more 

genetically stable compared to HIV and HCV, and early studies supported the idea that 

HBV displayed little variability that could be linked to immune pressure.64 However, a 

recent study revealed viral variation compatible with escape mutations in both the core 

and envelope sequence and to a lesser extent in the polymerase sequence of HBV.65,66 

Future studies in this area should further define the mechanisms of T cell exhaustion and 

whether exhausted T cells in chronic HBV infection could potentially be reinvigorated 

through immunotherapeutic interventions. In addition, the contribution of viral variants 

to the failure of HBV adaptive immunity needs to be defined.

Functional T-cell restoration under treatment
If T cell exhaustion is principally maintained by persistent antigen exposure, long-term 

therapy with successful control of viremia, should, to some degree, be capable of 

restoring T cell function.37,67–73 This would be especially relevant for immunotherapeutic 

approaches that most likely will be applied in the context of antiviral therapy. This 

has been studied in some detail, though the complexity of antiviral treatments, but 

also of the course of chronic HBV infection itself, makes interpretation of the data 

challenging. Boni et al compared nucleos(t)ide treated chronic HBV infected patients 

to those with untreated or resolved infection. HBV cell samples were analyzed either 

directly ex vivo with class I dextramers or for their proliferative capacity and cytokine 

production after in vitro expansion.68 Ex vivo analysis of virus-specific T cells suggested 

continued impairment even after long-term treatment, though after in vitro expansion 

some functional properties were partially restored, indicating some improvement 

of the T cell populations. A similar study design has also been performed in  

IFN-  treated chronic patients and failed to detect improved T cell function, at least 

in terms of cytokine production.69 Whether the modest T cell recovery is due to the 

remaining high levels of HBsAg in serum, despite the control of viral replication, is an 

important and controversial question. While it is widely assumed that surface antigen 

has a directly negative effect on T cell function, this hypothesis is mostly based on in 

vitro studies using high doses of recombinant proteins. One wonders how this effect 

mediated by circulating proteins could be specific to HBV-specific immune cells as there 

is no experimental evidence that adaptive immune responses to other pathogens are 

similarly impaired as those targeting HBV. Clinically chronic HBV patients are also not 

showing signs of significant immune impairment. Further studies analyzing the impact 

of circulating HBV antigens on HBV immune responses in vivo are needed, together with 

a more detailed and comprehensive assessment of the integrated adaptive immune 

2
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response in well-defined longitudinal cohorts undergoing structured antiviral treatment 

and treatment interruptions.6

Regulatory T cells
Regulatory T (Treg) cells are T cells that can regulate the local immune response via 

cell-cell contact or via secretion of cytokines, such as TGF-ß or IL-10. Treg cells play a 

central role in immunological tolerance to self- and foreign antigens by suppressing 

activation, proliferation and effector functions of a wide range of lymphocyte subsets.74 

The best known are CD25+ FoxP3+ CD4 natural Treg cells that directly or indirectly 

inhibit other T cells. In addition, an increasing number of other regulatory T cell types 

have been described, including CD8 T cells with inhibitory functions. Most studies in 

HBV have focused on natural CD4 Treg cells in the peripheral blood, where these cells 

usually constitute between 3 and 10% of the total CD4 T cell population. Confusingly, 

while some studies have found increased intrahepatic and peripheral Treg cell levels 

in chronic HBV compared to healthy individuals and self-limited HBV infection, others 

did not, similar to results in HCV infection.30,31,75–78 This is complicated by different 

methods to define the Treg populations, which have evolved over time from simple 

staining of CD25 antigen, to increasingly more complex and specific combinations of 

phenotypic markers, including FoxP3, PD-1 and CD127. Given their local mode of action, 

the presence and functionality of intrahepatic Treg cells should be consequential, but 

almost all data is from the blood. It remains to be seen whether their main role is 

enabling chronic infection or rather protection from active liver disease in the context 

of long-term viremia.

B cells and antibodies
HBV-specific antibodies are able to provide sterilizing immunity after vaccination. 

Clinically, different antibody profiles are important for the diagnosis and characterization 

of acute and chronic HBV infection. Much less is known about the relative contribution 

of B cells and HBV antibodies to viral control once infection has been established. 

It has previously been demonstrated using a systems biology approach, that blood 

gene signatures indicative of B cell responses are highly active during the immune 

active phase in chronic HBV patients.79 Antibodies target the surface, polymerase, 

core and x proteins of HBV, and appear ten to twelve weeks after infection. Detection 

of antibodies against HBsAg is the clinical correlate of protective immunity, but HBs 

antibodies likely contribute to control of viremia even in chronic infection where they 

are not detected by the standard antibody assays as they form immune complexes 

that prevent viral attachment and entry. In contrast, the core antibody (anti-HBc) is 

detectable in all stages of infection and considered not to mediate viral control, though 

the passive immunization of anti-HBc/HBe does seem to prolong the incubation period 
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in chimpanzees.80 B cells specific for HBsAg are less functional during chronic infection, 

with increased frequencies of atypical memory B cells being observed.81–83 Overall a 

better characterization of how both B cells and antibody responses contribute to viral 

control during acute and chronic infection is needed, as most likely a concerted effort 

by T cells and antibodies will offer the highest likelihood of effective HBV control. In 

this context it should also be noted that treatment with immunomodulatory drugs can 

lead to reactivation of controlled HBV infection.84 The classic example is rituximab, 

a monoclonal antibody targeting CD20-expressing B cells, thus eliminating B cells 

and suppressing antibody production. It is not clear, however, whether the effect on 

antibodies is the sole or main cause for HBV reactivation, as rituximab treatment also 

impacts CD4 T cells and potentially indirectly also CD8 T cell memory.85 A detailed 

characterization of virus-specific immune responses during treatment with such 

agents should reveal important insights into immunological changes that might lead 

to diminished HBV control.
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Abstract

Background and Aims
Chronic hepatitis B virus (HBV) infection affects more than 250 million people worldwide 

and remains a global health care problem in part because we lack curative treatment. 

Sustained viral control requires HBV-specific T cells, but these become functionally 

impaired in chronic infection. Clinical evidence indicates that functional cure of HBV 

infection by the host immune response is feasible. Developing T cell-based therapies 

able to achieve functional cure will require identification of the requirements for a 

successful T cell response against HBV and the relative contribution of individual T cell 

specificities to HBV control.

Methods
The phenotype and function of HBV-specific T cells were studied directly ex vivo using 

fluorochrome-labeled multimers. We studied multiple HBV-specific T cell specificities 

targeting different HBV proteins in individuals with either an acute self-limiting or 

chronic HBV infection.

Results
We detected strong T cell responses targeting multiple HBV viral proteins in acute self-

limiting and low frequency core and polymerase-specific T cells in chronic infection. 

Expression of the T cell inhibitory receptor PD-1, as well as T cell differentiation, T cell 

function and T cell regulation differed by stages and outcomes of infection. In addition, 

these features differed significantly between T cells targeting different HBV specificities.

Conclusion
HBV-specific T cells with different target specificities are characterized by distinct 

phenotypical and functional profiles. These results have direct implications for the 

design of immunological studies in HBV infection, and are potentially relevant for 

informing immunotherapeutic approaches to induce functional cure.
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Introduction

Chronic hepatitis B virus (HBV) infection remains a major global health problem, affecting 

more than 250 million people worldwide1,2. Current antiviral therapies can effectively 

suppress viral replication and significantly improve the disease course. However, these 

treatments are not accessible for many infected individuals. Antiviral therapy also rarely 

leads to HBs seroconversion, which indicates functional cure, and therefore has to be 

continued indeterminately. Novel therapeutic approaches that reliably lead to cure of 

chronic HBV infection after a limited treatment course are urgently needed.

Whether complete cure, i.e., eradication of HBV covalently closed circular (ccc) DNA, 

is feasible remains unknown.3 In contrast, functional cure, or long-term immunological 

control without treatment, is a common outcome of HBV infection. Most adults infected 

with HBV exhibit controlled viremia and seroconversion to anti-HBs;4 a subset of people 

with chronic infection achieve the same, usually after a course of antiviral treatment.5–8 

This sustained immunological control likely requires a strong and multi-specific T cell 

response against HBV, as suggested in both animal and human studies9–11. However, 

the precise requirements to achieve an effective HBV-specific T cell response remain 

undefined, despite many important contributions identifying potential mechanisms of 

T cell inhibition.12–21 It also remains unclear which of these molecular mechanisms are 

the key impediment to an effective T cell response in uncontrolled infection and which 

represent the best targets for immunotherapeutic interventions. On the other hand, 

T cell exhaustion, mediated by inhibitory receptors such as PD-1, has emerged as a 

plausible candidate for being key to HBV-specific T cell dysfunction.12,22–26 This pathway 

offers an attractive therapeutic option since specific therapies targeting this pathway 

have been developed and successfully implemented in human cancer.

An improved understanding of the mechanisms behind successful and failed HBV-

specific T cell responses requires a detailed study of patients with acute infection who 

go on to control the virus. In particular, such results must be compared against analyses 

of T cells in different stages of chronic infection. However, undertaking such studies 

has been difficult. While T cell responses in acute infection are relatively robust, acute 

HBV infection is rare in the industrialized world. In chronic infection the major hurdle 

has been the low frequencies of HBV-specific CD8 T cells in the blood, leading most 

studies to rely on analyzing these cells after in vitro expansion.5–7,26–28 Recent refinements 

of immunological tools, such as HLA multimer technology, together with the ability 

to extract large amounts of information from even single cells, can overcome these 

difficulties, promising a new era in HBV T cell immunology.

3
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Here we performed a longitudinal direct ex vivo analysis of HBV-specific CD8 T cell 

responses in adult patients with acute HBV infection who proceeded to viral control. 

To characterize these responses, we studied expression of inhibitory receptors, T cell 

memory differentiation, transcriptional regulation and T cell function. We detected 

the expected broadly-directed HBV-specific CD8 T cell response, yet also identified 

differences in phenotype and function of HBV specificities based on the HBV protein 

being targeted. Most pronounced and sustained were differences in the expression 

of the inhibitory receptor PD-1 and memory differentiation markers between cells 

targeting HBV core compared to polymerase. Similar differences were also observed in 

direct ex vivo analysis of HBV core and polymerase specificities in chronic HBV infection. 

Our results have important implications for the design of studies monitoring the T cell 

response in HBV infection and may inform the development of immunotherapeutic 

interventions, most notably those based on PD-1 blockade.

Methods

HBV cohort
Patients were recruited at Massachusetts General Hospital (Boston, USA), Fiocruz (Rio 

de Janeiro, Brazil), and Erasmus Medical Center (Rotterdam, The Netherlands). A total of 

55 HLA-A*02-positive patients were included for this study; 25 were following an acute 

HBV infection and 30 during chronic infection. All patients were negative for hepatitis A, 

C and D virus and human immunodeficiency virus (HIV). Chronic infection was defined by 

a positive hepatitis B surface antigen (HBsAg) for at least six months with anti-hepatitis 

B core (HBc) positivity. Acute infection was defined by the onset of an acute hepatitis, 

a positive HBsAg and a positive anti-HBc immunoglobulin-M (anti-HBc-IgM). Following 

acute infection, participants were longitudinally monitored up to approximately one 

year after clinical presentation. The infection was self-limiting in all acute patients, 

serologically defined by loss of the HBsAg, undetectable HBV DNA and development 

of anti-HBs. Peripheral blood was obtained, and mononuclear cells (PBMCs) were 

isolated using ficoll-paque (Sigma-Aldrich) density gradient centrifugation. Cells were 

subsequently re-suspended in RPMI 1640 plus 10% fetal calf serum (FCS) and stored 

in the vapor phase of liquid nitrogen. All samples were sequenced for HLA-typing at 

the University of Oklahoma Health Sciences Center. This study was approved by the 

respective local institutional review boards and all subjects had given informed consent.

HLA-class I multimers
HLA class I multimers were ordered from ProImmune or through the National Institutes 

of Health (NIH) Tetramer Core Facility, Atlanta. HLA-A*02 multimers were specific for 

5 epitopes core 18-27 [FLPSDFFPSV]; polymerase 455-463 [GLSRYVARL] and 575-
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583 [FLLSLGIHL]; and envelope 183-191 [FLLTRILTI] and 355-343 [WLSLLVPFV]. Non-

HLA-A*02 multimers, restricted by 8 different HLA alleles were specific for 6 core and 4 

polymerase epitopes (FIGURE S1). ProImmune multimers were used in conjunction with 

phycoerythrin (PE) or allophycocyanin (APC) fluortag. NIH multimers were generated 

by using streptavidin-PE or APC according to the NIH core facility protocol.

Magnetic bead enrichment of non-HLA-A*02-HBV-specific T cells
Non-HLA-A*02-specific T cells were enriched using MACS columns (Miltenyi Biotec), 

according to manufacturer’s protocol. PBMCs were stained with HBV multimers as 

mentioned above and used in combination with anti-PE and APC magnetic beads. 

Samples were subsequently enriched over MACS columns.

Flow cytometry
Antibodies were ordered from Biolegend, BD Biosciences and Ebioscience (see 

Supplementary Figure 2A and B). Cell samples were stained with a viability dye 

(Invitrogen LIVE/DEAD Fixable Blue) according to manufacturer’s protocol. Multimers 

were then applied for 10 minutes at room temperature. Cells were washed with 

phosphate-buffered saline (PBS) containing 2% FCS, pelleted, then stained with 

surface antibodies for 30 minutes on ice before fixation in 2% paraformaldehyde (Fisher 

Scientific). For the detection of intracellular proteins, a FOXP3 fixation/permeabilization 

buffer set (Biolegend) was used according to manufacturer’s protocol. Compensation 

beads (BD Bioscience, cat# 552843) were used for compensation setup and rainbow 

beads (BD Bioscience, cat# 556298) for laser calibration.

Functional assays of HBV-specific T cells
Samples were rested overnight at 37 degrees in R10 medium [RPMI 1640 (Sigma-Aldrich), 

2% FCS, 1.5% 1 M hepes buffer (Fisher Scientific), L-glutamine 100X (Fisher Scientific) 

and Streptomycin/penicillin 50X (Fisher Scientific)]. Cells were simultaneously stained 

for core18- and Pol455 -specific responses, as described. The sample was distributed 

over three conditions (HBV peptide, negative and a positive control) containing 400 

mL R10, 10mL/mL anti-CD28/49d (BD Biosciences) Protein Transport Inhibitor 2mL/mL 

(Ebioscience) and CD107a antibody. The cell stimulation cocktail 2mL/mL (Ebioscience) 

was used as positive control. Peptide specific samples were stimulated with cognate 

HBV peptides at 10 mg/mL. Cells were incubated for 3 hours, washed and stained for 

intracellular cytokines. The negative condition was used to subtract any background 

staining.

3
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Expression of HBV viral proteins on HepAD38 cells
HepAD38 cells were fixed in in 2% paraformaldehyde for 20 minutes at room 

temperature and blocked with 1% bovine serum albumin. Expression of core, surface 

and polymerase antigens was determined after permeabilization with 0.05% saponin 

using a mouse monoclonal against HBs (clone 1044/329, Bio-Techne), a rabbit polyclonal 

Hbc (Clone B0586, DAKO) and a mouse monoclonal anti-HBV polymerase (clone 2C8, 

Santa Cruz Biotechnology) and AF647-labelled goat secondary antibody targeting 

mouse- or rabbit IgG.

In vitro expansion of HBV-specific T cells
PBMCs were seeded at 1 million cells per mL of R10/50 media [R10 containing 

recombinant IL-2 (Sigma-Aldrich)]. Cells were incubated with cognate HBV peptides 

(10 mg/mL) and analyzed after 14 days.

Viral sequencing
For sequencing, DNA was extracted from 200 mL of each serum sample using the 

QIAamp DNA blood mini kit according to manufacturer’s instructions, with selected 

regions of the HBV genome being amplified by a nested polymerase chain reaction. 

Primers used for amplification are listed in Supplementary Figure 3. Acute samples 

were sequenced at the first and the latest available time point, and chronic samples 

were sequenced at the first available time point.

Statistical analysis
Samples were analyzed on an LSR-II flow cytometer (Becton Dickinson) and analyzed 

using FlowJo software (Version 10.4.1). Statistical analyses were performed by using 

the Wilcoxon paired test, the Mann-Whitney U test, or the Kruskal-Wallis and Dunn’s 

multiple comparisons test. * P≤0.05, ** P≤0.01, *** P≤0.001 and **** P≤0.0001. All the 

statistical analyses were performed using Graph-Pad Prism software version 7.
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Results

Direct ex vivo analysis of HBV-specific CD8 T cells responses in acute resolving 
and chronic infection

We screened a total of 55 HLA-A*02-positive HBV-infected patients directly ex vivo 

for HBV-specific CD8 T cell responses using a set of 5 HBV HLA multimers recognizing 

epitopes in HBV core, envelope and polymerase (Figure 1). Of 25 acute patients, 23 had 

detectable HBV-specific CD8 T cell populations; in chronic infection, such responses 

were detected only in half (15/30) of the patients. We selected 12 acute subjects for 

subsequent longitudinal phenotyping during the early (within 6 weeks after the onset 

of symptoms) and late (40 weeks after the onset of symptoms) phase of acute infection. 

The 12 subjects were selected for sufficient sample availability and for the size of their 

specific T cell populations enabling high quality phenotyping. Chronic patients were 

studied at the first available time point. Clinical details of the included patients are 

presented in Table 1A and B.

^ Figure 1: Virus-specific CD8 T cell responses targeting different HBV viral proteins
A) HBV-specific CD8 T cells target all four HBV proteins: envelope, core, polymerase 
and the X protein. For the five HLA-A*0201 multimers used in this study, we show the 
localization of the respective epitopes with the different HBV proteins. B) Additional 
information about the 5 multimer epitopes. C) Representative ex vivo multimer stainings 
for acute and chronic HBV infection.
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7 Log 3 23 18c, 183e, 335e, 455p, 575p

25 34 18c, 183e, 335e, 455p, 575p
42 37 18c, 183e, 335e, 455p, 575p

3 CR8322 56 Female A 0 Log 3 5564
7 Log 2 24 18c, 183e, 335e, 455p

26 4 18c, 183e, 335e, 455p
42 - 18c, 183e, 335e, 455p

4 CR8252 60 Male A 0 - 1525
6 Log 2 66 18c, 183e, 335e, 455p

24 4 18c, 183e, 335e, 455p
42 - 18c, 183e, 335e, 455p

5 CR8147 46 Male A 0 Log 4 1968
4 Log 3 - 18c, 183e, 335e, 455p, 575p

14 - 18c, 183e, 335e, 455p, 575p
41 - 18c, 183e, 335e, 455p, 575p

6 CR8445 42 Female F 0 Log 3 1010
6 Log 1 98 18c, 183e, 335e, 455p, 575p

26 18 18c, 183e, 335e, 455p, 575p
40 - 18c, 183e, 335e, 455p, 575p

7 CR8861 39 Male A 0 - 2619
7 Log 2 18 18c, 183e, 335e, 455p, 575p

8 CR7477 36 Male A 0 Log 7 97
6 Log 2 278 18c, 183e, 335e, 455p, 575p

9 CR1379 44 Male A1 0 Log 5 2080
7 4 11 18c, 183e, 335e, 455p, 575p

24 11 18c, 183e, 335e, 455p, 575p
40 18 18c, 183e, 335e, 455p, 575p

10 CR4419 39 Female D 0 - 3061
3 Log 4 - 18c, 183e, 335e, 455p, 575p

11 CR1060 46 Male D 3 Log 5 635
6 Log 4 193 18c, 183e, 335e, 455p

12 CR7087 30 Male A 0 Log 4 11
7 Log 2 20 18c, 183e, 335e, 455p
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Table 1 B
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1 14-145 52 Male C 191 25 Negative No 18c

2 14-170 34 Male B 493 46 Negative No 18c, 455p

3 15-125 36 Male nd <20 19 na Entecavir 18c, 455p

4 15-071 38 Male A 121 27 Negative No 18c

5 16-048 46 Female B 535 29 Negative No 18c, 455p

6 16-052 33 Female D 434 17 na No 18c, 455p

7 17-036 44 Male C 1320 16 Negative No 18c

8 17-058 62 Female D 449 11 Negative No 18c

9 17-068 42 Female nd <20 158 Negative Entecavir 18c, 455p

10 18-008 42 Male nd <20 34 na Tenofovir 18c

11 18-029 66 Female nd <20 16 na Tenofovir 18c, 455p

12 CR7533 32 Female A 230 17 Negative No 18c, 455p

13 080 21 Male A 608 370 Negative No 18c

14 399 28 Female nd <20 18 Negative No 18c

15 CR7212 65  Male A Log 8 135 Negative No 18c, 455p, 183e, 335e

Table 1: Clinical characteristics of HBV-infected patients
Clinical characteristics of HBV subjects with A) acute- B) and chronic infection. Nd, 
not detected; -, not available; a blank space in the viral load column, indicates an 
undetectable viral load.

In acute infection, 11 of the 12 patients had detectable responses against four or five 

different epitopes (Table 1A). The breadth of the response was maintained over time, but 

frequencies of the specific CD8 T cells declined (median: early 0.061% versus late phase 

0.015%; p=0.0001). There were no significant differences between the frequencies of 

individual specificities (Figure S4A). In contrast, the ex vivo response in chronic infection 

was more focused, with 12/15 patients responding to core18 and 8/15 to pol455, of which 

5 recognized both (Table 1B and Figure S4B). We detected responses toward one or 

more of the other 3 epitopes in only one chronic patient (CR7212, the patient with the 

highest viral load), targeting both envelope targets (Figure S4B). However, envelope 

responses appeared to be present even in chronic infection, as we were able to expand 

envelope specificities in vitro after peptide stimulation in 6/6 patients (Figure S4C-D). 

3
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Overall, these data confirm previous studies describing the limited HBV-specific CD8 

T cell repertoire that is detectable directly ex vivo in chronic, compared to acute HBV 

infection.6,28–30 Nevertheless, we identified a sufficient number of ex vivo responses 

even in chronic infection to allow further phenotypic analysis. This is important, as 

phenotyping after in vitro expansion of virus-specific CD8 T cells significantly alters 

phenotypic profiles compared to direct ex vivo analysis (Figure S5).

Virus-specific CD8 T cells targeting different HBV proteins display distinct PD-1 
expression profiles

Given the central role of the PD-1 pathway in regulation of both successful T cell 

responses and T cell exhaustion,31 we analyzed PD-1 expression on all HBV-specific 

T cells that were detectable directly ex vivo in our patient cohorts (Figure 2A). As 

expected, we found overall high percentages of HBV-specific CD8 T cells expressing 

PD-1 during early acute as well as in chronic infection. Fewer cells expressing PD-1 were 

detected, once HBV was controlled in the late phase of primary infection (Figure 2B). 

However, we also observed a pronounced intra-individual variability of PD-1 expression 

for T cell responses targeting different HBV proteins. When detectable, specificities 

targeting the envelope protein had the most PD-1-positive cells, followed by the core18 

response. Polymerase responses were at the other end of the spectrum, displaying the 

lowest PD-1 expression levels in all cohorts, particularly for pol455. Even as expression 

levels of PD-1 changed over time in patients followed through acute HBV infection, 

the relative hierarchy of PD-1 expression levels was maintained. In order to extend 

these findings beyond HLA-A*02 we studied the expression of PD-1 on non-HLA*A2 

core- and polymerase-specific T cells restricted by 8 different alleles (Figure S1) in 

acutely infected patients. Results were comparable to those for HLA-A*02 core18 18 

and pol455, 575 responses in acute infection, with a trend towards lower PD-1 expression 

levels for cells targeting polymerase (Figure 2C). Overall, these data demonstrate that 

the impact of T cell specificity on PD-1 expression is on the same scale as the impact 

observed for viral control
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^ Figure 2: PD-1 expression on HBV-specific T cells is determined by the stage of 
infection and the targeted viral protein
A) Examples of PD-1 expression by HBV-specific T cells targeting different specificities 
within one individual. Representative results from one patient with acute infection early 
and late and from another with chronic infection are displayed. B) The percentage of 
PD-1 expression on epitope-specific T cells in two cohorts of patients with acute and 
chronic infection. Red line indicates median. C) PD-1 expression on non-HLA*A2 core 
and polymerase specific T cells in acute HBV-infected patients. Statistical analysis was 
performed by B) Kruskal-Wallis test and Dunn’s multiple comparisons correction and 
C) the Mann-Whitney U test. * P≤0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001 
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HBV CD8 specificities with distinct PD-1 expression levels are further character-
ized by distinct patterns of memory differentiation and  
different phenotypes

Expression of PD-1 on HBV-specific CD8 T cells, but also on CD8 T cells targeting HIV, 

HCV, Epstein-Barr virus, cytomegalovirus and influenza,23,32–34 is correlated with distinct 

patterns of memory differentiation. Typically effector memory T cells express the highest 

levels of PD-1, whereas naïve-like and late differentiated T cells express PD-1 at much 

lower levels (Figure S6), though these patterns vary on virus-specific T cells depending 

on which viral infection is analyzed.35 We therefore analyzed memory differentiation 

using CD45RA and CCR7 on HBV-specific core18 and pol455 responses, as they were 

detectable in all stages of infection (Figure 3). Most core18-specific CD8 T cells were 

effector memory T cells (TEM, CD45RA CCR7 double-negative), irrespective of infection 

stage. In contrast, pol455 responses displayed a more mixed memory differentiation 

profile, with both TEM and TEMRA (CD45+ CCR7-) populations. In addition, chronic 

patients had a third pol455 subpopulation of naïve-like T cells. These findings indicate a 

profound and lasting effect of the HBV target on memory differentiation.

^ Figure 3: Epitope-specific T cells display distinct memory differentiation patterns
A) Examples of CD45RA and CCR7 stainings to determine T cell differentiation state on 
total CD8 and HBV-specific T cells. B) The frequency of central memory (TCM = CCR7 
positive/CD45RA negative), naïve (TN = CCR7/CD45RA double-positive), TEMRA 
(TEMRA = CCR7 negative/CD45RA positive) and effector memory (TEM = CCR7/
CD45RA double-negative) populations is shown for core18 and pol455-specific T cell 
responses in different infection stages. * P≤0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001
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We subsequently extended our analysis to additional markers associated with T cell 

activation, homing, inhibition, transcriptional regulation and function. We studied each 

HBV-specific T cell response in its entirety, including naïve-like T cells.36 The median 

percentage of cells expressing each marker in the three infection stages is presented 

in Figure 4 for both core18- and pol455-specific T cells, with additional data on relative 

expression levels for select markers. Corresponding representative flow plots are 

presented in Figure S7. These combined data represent something akin to a fingerprint 

for each virus-specific T cell population. Again, we see that these fingerprints are distinct 

not just between different disease stages, but also between core and polymerase 

responses within a patient. Most notable for the intra-individual differences, apart 

from PD-1 expression levels, are the results for CD127, 2B4 and CD160 in acute HBV 

infection; their expression patterns were exactly the opposite from the results for PD-1. 

This was expected for the memory marker CD127,37,38 but not for 2B4 and CD160, which 

are T cell inhibitory receptors like PD-1. In chronic infection, 2B4 and CD161 expression 

paralleled the PD-1 results, with higher expression on core18 cells. Thus, beyond the 

distinct expression patterns of PD-1 we found complex and evolving fingerprints of 

T cell differentiation and phenotype in different stages of infection, and within an 

individual between HBV-specific CD8 T cells that target core18 or pol455.

3
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< Figure 4: HBV-specific T cells have distinct phenotypical fingerprints determined by 
epitope specificity and infection stage
Radar plots depicting the median percentage of HBV-specific CD8 T cells expressing 
different T cell markers on the surface and intracellularly for acute early (A), acute late 
(B), and chronic (C) infection. Results for core18 responses are depicted by red shading 
and for pol455 responses by a black line. For a select group of markers results are also 
shown as median fluorescence intensity in separate graphs. Examples for staining of 
the different molecules are presented in Supplementary Figure S4. All patients were 
phenotyped with the full antibody panel (Table S2: antibodies 1-19) except for patient 
18-008, lacking staining for antibodies 12-19, due to limited cell availability. * P≤0.05, 
** P≤0.01, *** P≤0.001, **** P≤0.0001

Different HBV-specific CD8 T cell populations within individuals also have dis-
tinct functional properties

In addition to memory differentiation and phenotype differences, we quantified 

the cytotoxic and degranulation activity of HBV-specific T cells directly ex vivo after 

peptide-specific stimulation. These assays deliver meaningful results only through the 

analysis of sufficiently large T cell populations; therefore, we limited these experiments 

to patients with acute HBV infection. HBV-specific T cells with strong PD-1 expression 

(core18-specific T cells) were compared to those with minimal PD-1 expression (pol455-

specific T cells) (Figure 5). We observed stronger CD107a mobilization (median: 44% 

versus 21%; p=0.03) and IFN-  secretion (median: 38% vs. 11%; p=0.02) for core18-

specific compared to pol455-specific T cells. TNF-  production also appeared higher 

in core18-specific T cells (median: 18% vs. 10%; p=0.056). The data demonstrate that the 

different T cell phenotypes we observed also translate into distinct T cell functionalities.
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^ Figure 5: Epitope-specific T cells exhibit distinct functional properties
Ex vivo intracellular cytokine staining (ICS) for core18- and pol455-specific T cells during 
acute HBV infection. Core and polymerase responses were simultaneously studied 
within the same individuals. A) Sample stainings showing unstimulated-, peptide-
stimulated and PMA/Ionomycin-stimulated cells. Percentages indicate HBV-specific T 
cell frequency of double-positives. B) Summary of ICS results from 5 patients studied at 
a mean of 8 weeks after the onset of symptoms in acute infection. Percentages indicate 
HBV-specific T cell frequency of single positives. * P≤0.05, ** P≤0.01, *** P≤0.001, **** 
P≤0.0001

Viral sequence variation does not account for epitope-specific CD8 T cell pheno-
types

HBV is capable of escaping CD8 T cell selection pressure through the generation of viral 

sequence variants.39,40 The impact of viral escape on the phenotype of virus-specific 

T cells has been well documented for chronic HCV,33,41 with diminished T cell receptor 

(TCR) signaling leading to lower PD-1 and higher CD127 expression. Less is known on 

the impact of sequence variation of T cell responses in HBV infection. The circulating 

HBV genome was sequenced in 16 HLA-A*02 positive patients (acute and chronic n=8), 

of which a total of 6 acute and 7 chronic patients were included in this study (Table 2). 
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In acute infection, the virus was sequenced at both the earliest and latest time point 

available; little sequence variation was observed in these patients, excluding a role for 

viral diversity in the different T cell profiles during early infection. However, distinct 

heterogeneity was detected in the sequences from chronic patients, most notably in 

the core18- and env183-epitopes. Nevertheless, these sequence variations do not explain 

our phenotypic findings, since responses to the core18-epitope displayed the most 

homogeneous phenotypic profiles, with strong expression of both PD-1 and CD127 

in almost all chronic patients. Conversely, profiles of cells targeting pol455 were more 

heterogeneous, including lower expression of PD-1, but the virus was mostly preserved 

in this region. Overall, the sequence data do not explain the phenotypic differences 

we observe between HBV-specific CD8 T cell responses.

Table 2

Core Polymerase Envelope

18c 455p 575p 183e 335e

Patient ID Week Gt FLPSDFFPSV GLSRYVARL FLLSLGIHL FLLTRILTI WLSLLVPFV

A
cu

te
 H

B
V

CR1060 3 D ---------- --------- --------- -------- ---------

8 ---------- --------- --------- -------- ---------

CR1379 2 A1 ---------- --------- --------- -------- ---------

6 ---------- --------- --------- -------- ---------

CR1393 3 A2 ---------- --------- --------- -------- ---------

7 ---------- --------- --------- -------- ---------

CR4419 0 D ---------- ---G----- --------- -------- ---------

2 ---------- ---G----- --------- -------- ---------

CR6474 2 A ---------- --------- --------- -------- ---------

4 ---------- --------- --------- -------- ---------

CR7087 3 A ---------- --------- --------- -------- ---------

CR1377 3 A1 ---------- --------- --------- -------- ---------

CR2190 4 A ---------- --------- --------- -------- ---------
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Table 2 [Continued]

Core Polymerase Envelope

18c 455p 575p 183e 335e

Patient ID Week Gt FLPSDFFPSV GLSRYVARL FLLSLGIHL FLLTRILTI WLSLLVPFV

C
hr

o
ni

c 
H

B
V

14-145 P1 C ---G----N- --P------ --------- S-------- --N------

14-170 P1 B ---------I --------- --------- --W-K---- ---------

15-071 P1 A ---Q--Y--- --------- --------- --------- ---------

16-048 P1 B ---H-----I --------- --------- ----K---- ---------

16-052 P1 D ---------- --------- --------- -------- ---------

17-036 P1 C ---N-----I --P------ --------- -S------- ---------

17-043 P1 B ---------I --------- --------- ----K---- ---------

17-058 P1 D ------Y--- --------- --------- --------- ---------

Table 2: Viral sequence variation in acute and chronic HBV infection in HLA-A*02-
positive individuals
Viral sequence variation in the 5 studied HLA-A*02 epitopes in plasma samples from 
individuals with acute and chronic infection (n=16). The consensus sequence is shown 
in top gray bar. Horizontal dashed line (-) indicates a wild-type residue, whereas amino 
acid substitutions are shown in bold red. Gt = genotype, week = number of weeks after 
the onset of symptoms and P1 = first available time point.

Discussion

We performed a detailed analysis of the phenotype and function of HBV-specific 

CD8 T cell responses during acute self-limiting and chronic infections. Importantly, all 

analyses were performed directly ex vivo, including in the chronic patients, since in vitro 

expansion of T cells before analysis induces profound changes in their phenotype (Figure 

S5). First, we established the repertoire and frequency of HBV-specific T cells responses 

in these patients. In line with previous studies, acute infection was characterized by 

strong and multi-specific T cell responses targeting HBV core, polymerase and envelope 

in nearly all individuals.9,10,29,30 This is in contrast to chronic infection,6,12 in which we 

detected responses only in about half of patients, with almost exclusively low-frequency 

responses targeting HBV core and polymerase.

Persistent exposure to HBV surface antigen is suggested to cause deletion of envelope-

specific T cells in chronically infected patients. Indeed, we could not detect these 

specificities directly ex vivo in all but one chronic patient. This patient also had by 

far the highest viral load of all chronic patients we analyzed, raising the possibility 
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that the patient was sampled during a transition phase in his clinical course. In other 

chronic subjects we were capable of identifying envelope-specific T cells after in vitro 

expansion in 6/6 cases we tested, indicating that these specificities are not fully absent 

from the circulation, but are rather below the detection limit of standard direct ex 

vivo assays. We and others have used magnetic bead enrichment to detect such low-

frequency HLA multimer responses in HCV infection; this approach will likely also allow 

direct ex vivo analysis of a broader repertoire of HBV specificities and of sufficiently 

large T cell populations in chronic HBV infection. This enrichment approach could be 

especially powerful in conjunction with large PBMC donations such as those obtained 

by leukapheresis, enabling the study of thousands of virus-specific T cells even from 

small populations in chronic infection.42

Subsequent phenotypic analysis of the identified T cell populations revealed unexpected 

differences based on the targeted HBV protein. Most notably, envelope-specific T cells 

expressed high levels of PD-1 during acute infection, with barely lower expression in 

responses targeting core18. In contrast, two polymerase specificities expressed PD-1 at 

significantly lower levels, in both cross-sectional and intra-individual comparison (Figure 

2B). Similar patterns were observed for additional non-HLA-A*02 restricted responses in 

acute infection, though the number of non-HLA-A*02 responses we could analyze was 

relatively small (Figure 2C). It will be important to further broaden HBV T cell analyses 

to a wider range of specificities, in order to fully define how targeting different HBV 

proteins, but also individual HBV epitopes impacts the T cell phenotype.

While PD-1 expression levels declined after HBV control in acute infection, with 

a positive correlation between serum HBsAg levels and PD-1 expression levels for 

envelope-specific cells (r = 0.45, p=0.01, data not shown), the relative hierarchy of PD-1 

expression between responses targeting different HBV proteins was maintained even 

in the absence of viremia and circulating HBV antigens in late acute infection. And a 

similar difference in PD-1 expression between responses targeting different epitopes 

was also observed in chronic infection, though for this patient group we could only 

compare the two specificities targeting core18 and pol455. Thus, while TCR stimulation by 

cognate antigen is a major driver of PD-1 expression, relative PD-1 expression patterns 

on HBV-specific CD8 T cells are not dictated by the current level of antigen alone.

We extended the phenotypic studies to additional markers, focusing on the two 

responses targeting core and polymerase that we could detect in all infection stages. 

This approach highlighted that differences between T cells targeting different HBV 

specificities were pervasive and not limited to PD-1 expression. We observed significant 

differences between core18 and pol455 responses for T cell differentiation, T cell function 
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and T cell regulation in early and late acute, as well as chronic, infection. The relative 

PD-1 expression differences between core18 and pol455 were preserved throughout the 

different infection stages. Yet, the broader pattern of different T cell phenotypes and 

which individual molecules displayed the most pronounced expression differences 

between core18 and pol455 were distinct in different infection stages, suggesting an 

evolution of T cell phenotypes along distinct trajectories for each specificity. As a result, 

we see distinct “fingerprints” of T cell populations characteristic for each combination of 

target antigen and infection stage. In this context, it should be noted that our population 

of chronic patients was rather heterogeneous, including patients with high and low viral 

loads, being on and off treatment, and with different HBV antibody profiles. That we 

observed similar differences between core and polymerase responses further supports 

the robustness of the impact of target region on T cell phenotype; however, it would 

not be surprising if more detailed studies with larger patient numbers in the different 

chronic HBV infection scenarios would reveal additional complexity in T cell phenotypes.

Some of the observed phenotypes and phenotype differences were also rather peculiar, 

a key example being the pol455 and core18 responses in acute HBV infection. The pol455 

cells expressed low levels of PD-1 and high levels of CD127 and had a significant 

proportion of terminally differentiated TEMRA memory cells, reminiscent of highly 

functional CMV-specific CD8 T cells43. Yet, these populations also expressed higher 

levels of two other inhibitory receptors, CD160 and 2B4, and less of T-bet and the 

effector molecules perforin and granzyme B. Most important, they were less functional 

than core18 responses in direct ex vivo cytokine production assays analyzing HBV 

multimer positive cells. This finding highlights that T cells cannot easily be classified 

into exhausted or memory T cells based on expression of a small number of markers, 

like PD-1 and CD127, but that comprehensive analysis including direct ex vivo functional 

assays is required for a meaningful characterization of a T cell response.

What drives the different phenotypic and functional “fingerprints” of HBV-specific CD8 

T cells targeting different HBV antigens is not fully clear and requires additional studies. 

Our first hypothesis was that different phenotypes would be based on the presence 

of viral sequence variation and the associated diminished level of TCR stimulation, 

similar to what we and others have described in chronic HCV infection.33,41 Yet, we 

detected little sequence variation for the 5 epitopes in viruses isolated during acute 

infection, where differences in PD-1 expression and T cell phenotypes are already 

apparent. In chronic infection, where we did detect sequence variations compatible 

with viral escape, they were most common in the core epitope that is targeted by T 

cells expressing high levels of PD-1, the opposite of what is observed in T cells targeting 

escaped epitopes in HCV and HIV. Nevertheless, while not explaining the observed 
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phenotypic differences, the sequencing data indicate that viral sequence variation and 

viral escape should be considered in HBV infection in more detail. Another potential 

explanation for the distinct phenotypic profiles could be that different HBV proteins are 

expressed at different levels during infection,44–46 which is different from HCV with its 

single translated polyprotein. Indeed, we show that HBsAg and HBeAg are produced in 

larger quantities in HepAD38 cells with active HBV replication, whereas the polymerase 

protein is expressed at much lower levels. (Figure S8) Additional mechanisms, such as 

different TCR affinity or differences in antigen processing, are also possible contributors 

to the heterogeneity in phenotypes; however, our finding that most distinct HBV-specific 

responses targeting individual epitopes within one HBV protein share key phenotypic 

features, most notably PD-1 expression levels, points toward a key mechanism that is 

linked to the HBV target protein.

In sum, we find that HBV-specific T cells have distinct phenotypic and functional 

capacities that are influenced by their HBV target as well as the stage of infection. These 

findings have direct implications for the design of studies monitoring HBV-specific T 

cell responses since cross-sectional comparison of responses targeting different HBV 

proteins needs to be interpreted in the context of these intrinsic T cell differences 

to prevent biasing the results. The data also indicate the importance and feasibility 

of studies analyzing HBV-specific CD8 T cells directly ex vivo, even in populations 

where this is challenging. Finally, the results raise the possibility that distinct HBV-

specific T cell populations not only have distinct relevance for HBV control, but will also 

respond differently to immunomodulatory therapies, most notably those based on PD-1 

blockade. Whether this will impact the efficacy of such therapies, which are undergoing 

testing in chronic HBV infection, is difficult to predict; however, knowledge of the 

differences we observed will enable to test the impact of pre-treatment phenotype on 

T cell recovery mediated by PD-1 pathway blockade directly in vivo.
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Supplementary data
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1 A*01:01 30-38 Core LLDTASALY 3 3

2 A*24:02 117-125 Core EYLVSFGVW 6 2

3 756-764 Polymerase KYTSFPWLL 6 2

4 A*11:01 88-96 Core YVNVNMGLK 8 0

5 B*08:01 123-130 Core GLKILQLL 7 1

6 B*35:01 19-27 Core LPSDFFPSV 11 5

7 172-180 Polymerase SPYSWEQEL 11 4

8 B*51:01 19-27 Core LPSDFFPSV 6 3

9 B*40:01 40-48 Polymerase AEDLNLGNL 3 1

Figure S1: Non-HLA-A*02 multimers used in this study
For the non-HLA-A*0201 multimers used in this study, the localization of the respective 
epitopes within the different HBV proteins is shown, including the number of patients 
with detectable responses.
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Figure S2 A

# Antibody Fluorochrome Clone Vendor
Catalogue 
number

1 CD19 BV496 SJ25C1 BD Biosciences 564655

2 CD3 PE-TR UCHT1 Biolegend 300450

3 CD8 BV395 RPA-T8 BD Biosciences 563795

4 CD160 FITC BY55 Ebioscience 53-1609-42

5 PD-1 BV421 EH12.2H7 Biolegend 329920

6 CD38 PE-Cy7 HB7 eBioscience 25-0388-42

7 KLRG1 PerCP 5.5 SA231A2 Biolegend 367708

8 CD127 BV510 A019D5 Biolegend 351332

9 CD45RA AF700 HI100 Biolegend 304120

10 CCR7 APC-Cy7 G043h7 Biolegend 353212

11 CD57 BV605 NK-1 BD Bioscience 563895

12 EOMES FITC WD1928 eBioscience 11-4877-42

13 T-bet BV421 O4-46 BD Biosciences 563318

14 CD28 PE-Cy7 CD28.2 Biolegend 302926

15 Perforin PerCP5.5 DG9 Biolegend 308114

16 Granzyme B BV510 GB11 BD Biosciences 563388

17 2B4 AF700 C1.7 Biolegend 329526

18 CD27 APC-Cy7 O323 Biolegend 302816

19 CD161 BV605 HP-3G10 Biolegend 339916†

20 CD107a PerCP 5.5 H4AA3 Biolegend 328615

21 TNF- BV605 MAb11 Biolegend 502936

22 IFN- APC-Cy7 4S.B3 Biolegend 502530
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B

^ Figure S2: Antibody specifications
A) Antibodies used in this study. † Antibody discontinued by supplier for this 
fluorochrome. B) Gating strategy for T-bet high population. The use of ‘T-bet’ in the 
main text refers to T-bet high expressing cells. 

Figure S3

HBV core

PCR1 TS1585Fint TTCGCTTCACCTCTGCACGT

TS2419R GCGACGCGGIGATTGAGAYCT

PCR2 HBVcoreF TGTCAACGACCGACCTTGAGG

TS2397Rint CGTCTGCGAGGYGAGGGAGTTC

HBV polymerase

PCR 1 TS1793R CCAATTTATGCCTACAGCCTC

HBVpolF1 GGAGTGTGGATTCGCACTCC

PCR 2 TS1796R CAATTTATGCCTACAGCCTCCTA

HBVpolF1int AGACCACCAAATGCCCCTATC

Sequencing

TS1796R CAATTTATGCCTACAGCCTCCTA

HBVpol2Fint TGTCCTGGYTYTCGCTGGATG

HBVpol1Rint AAACGGACTGAGGCCCACTCC

HBVpolF1int AGACCACCAAATGCCCCTATC

^ Figure S3: Primers used for amplification and sequencing
The primers used for amplification of the HBV epitopes.
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Figure S4

^ Figure S4: HBV-specific T cell frequency during acute and chronic infection
The frequency of HBV-specific T cells during A) acute- and B) chronic infection. C) 
Detection of envelope-specific T cells after in vitro expansion. D) The patients tested 
and the frequency of the responses after expansion.

Figure S5

^ Figure S5: In vitro expansion assays alter the phenotype of HBV-specific T cells
The detection and phenotype of core18-specific T cells from the same patient directly ex 
vivo (top panel) and after 14 days of in vitro expansion (bottom panel). The percentage 
  of HBV-specific cells expressing various markers is displayed.
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Figure S6

^ Figure S6: PD-1 expression varies on distinct memory subsets
Gating quadrants from Figure 3 A for CD45RA and CCR7 (left). Histogram plot depicting 
the relative contribution of PD-1 expressing cells on total CD8 memory subsets (right).
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Figure S7

^ Figure S7: The phenotype of HBV-specific T cells based on epitope-specificity
Sample phenotyping results for core18- and pol455-specific T cell response, detected 
within the same individual. Numbers in each quadrant represent the frequency out of 
the total virus-specific response.
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Figure S8

^ Figure S8: The quantity of different HBV viral proteins in HepAD38 cells
Histogram plots depicting the detection of HbsAg, HbcAg and polymerase in HepAD38 
cells. Green line indicates antigen-specific antibody and red line the control antibody.
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Abstract

Background and aims
Hepatitis B and C virus infection (HBV, HCV) are a major cause of liver-related death. 

These hepatotropic, noncytopathic infections can effectively be controlled by the host 

immune response. Virus-specific T cells play a central role in the control of HBV and HCV 

replication. However, the immunological mechanisms associated with viral resolution 

of these diseases remains poorly defined.

Methods
Fluorochrome-labeled peptide-major histocompatibility (MHC) class I multimers were 

used to study the frequency and phenotype of HBV and HCV-specific T cells in subjects 

with an acute resolving HBV and HCV infection.

Results
We detect low frequency virus-specific T cells directed at HBV when compared to 

HCV. Most virus-specific T cells were of an effector memory (TEM) phenotype. Only 

in HBV infection did the frequency of TEM populations decline over time, with more 

TEM populations, re-expressing CD45RA in the late phase. Notable differences were 

observed for markers of T cell activation, inhibition and cytolytic molecules between 

HBV and HCV-specific T cells. Overall, HBV-specific T cells showed an activated 

memory phenotype, whereas a resting memory phenotype was observed following 

HCV resolution.

Conclusion
A distinct immune response shapes an acute resolving HBV and HCV infection, in 

particular with respect to the frequency and phenotype of virus-specific T cells.
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Introduction

Chronic hepatitis B and C virus infection (HBV and HCV) affect 257 and 71 million 

individuals worldwide, respectively.1 These viruses are a major cause of morbidity and 

mortality due to the development of fibrosis, cirrhosis and hepatocellular carcinoma. 

HBV infection can be prevented by a prophylactic vaccine, but there are no therapies 

that can readily cure chronic HBV-infected patients.2 For HCV, curative therapy is 

available but a prophylactic vaccine is not.3 In addition, the number of patients linked 

to care is low, since most patients remain asymptomatic. There remains a pressing 

need to expand treatment and prevention options for these diseases. Only with more 

potent HBV therapies, and an effective HCV vaccine, can we reduce the impact of these 

viruses on global health.

HBV is a small enveloped DNA virus that belongs to the Hepadnaviridae family; whereas 

HCV is an enveloped RNA virus and a member of the Flavivirus family. Both HBV and 

HCV are noncytopathic infections that either resolve spontaneously or establish a 

chronic infection.4 Spontaneous resolution is the typical outcome following an adult 

acute HBV infection, while most acute HCV-infected patients progress to a chronic 

infection.4,5 Virus-specific T cells play a key role in the outcome both infections. This 

has been demonstrated in the chimpanzee model where CD4 or CD8 T cell depletion 

hampers control of HBV and HCV replication.6–8 Similarly, in humans highly functional 

and multi-specific T cell responses are observed following an acute resolving infection, 

whereas only low frequency and dysfunctional T cells are detected once a chronic 

infection has been established.9,10 It typically takes several weeks before HBV DNA 

becomes detectable following HBV infection, while a high viral load can be detected 

within days after HCV infection.11 Nonetheless, HBV and HCV-specific T cells become 

detectable seven to ten weeks after infection. This is considerably later when compared 

to other latent infections, such as cytomegalovirus and human immunodeficiency virus, 

in which virus-specific T cells are detectable approximately two weeks after infection.12,13 

Unfortunately, comprehensive immunophenotypic analysis between HBV and HCV-

specific T cells during acute resolving infection has thus far only been performed in a 

limited number of patients and studies.14–17

A previous study indicated that HBV and HCV-specific T cells display a similar effector 

memory phenotype in acute infection.18 These virus-specific T cells are highly activated, 

especially in the early phase of infection, and characterized by a strong expression of 

the T-box transcription factor T-bet, which regulates the production of interferon (IFN)-

.19 Despite these phenotypic similarities, HBV-specific T cells may be more functional 

5
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than HCV-specific T cells following peptide-specific stimulation in vitro.18 More detailed 

studies comparing virus-specific T cells in acute resolving HBV and HCV infection are 

however lacking. To this end, we characterized virus-specific T cells in a small cohort of 

subjects with an acute resolving HBV and HCV infection. We determined the frequency 

of HBV and HCV-specific T cells using MHC class I multimers and performed multi-

parameter flow cytometry to comprehensively monitor the T cell phenotype in the early 

and late phase of acute resolving HBV and HCV infection.

Methods

HBV cohort
HBV and HCV subjects were recruited at the Massachusetts General hospital, Boston, 

USA and at the Fiocruz Hospital, Rio de Janeiro, Brazil. Acute infection was described 

as the onset of on acute hepatitis in a previously healthy individual. Acute HBV infection 

was defined by hepatitis B virus antigen (HBsAg) and anti-HBc-immunoglobulin-M (anti-

HBc-IgM) positivity. Spontaneous resolution was defined by the loss of the HBsAg, 

seroconversion to anti-HBs, and an undetectable HBV DNA in serum. Acute HCV 

infection was defined by the detection of HCV RNA and the seroconversion to anti-HCV 

IgG antibodies. HCV resolution was defined as the development of anti-HCV and the 

loss of HCV RNA for at least 12 months. None of the patients were HIV positive or had a 

co-infection with hepatitis A, B or C. Blood samples were obtained and processed using 

ficoll-paque density gradient centrifugation. Peripheral Blood Mononuclear Cell (PBMC) 

samples were re-suspended in fetal calf serum (FCS) with 10% DMSO and subsequently 

stored in liquid nitrogen. DNA was extracted from whole blood using the QIAamp 

DNA blood mini kit (QIAGEN) according to manufacturer’s protocol. All patients were 

HLA-typed at the University of Oklahoma Health Sciences Center. Approval for this 

study was obtained by the institutional review boards and informed consent was given 

by all subjects.

MHC class I multimers
Fluorochrome labeled major histocompatibility complex (MHC) class I multimers were 

purchased from ProImmune, United Kingdom and the National Institute of Health (NIH) 

tetramer core facility, USA. HBV and HCV-specific multimers were restricted by eight 

different alleles and were specific for four and eight epitopes, respectively. HBV-specific 

multimers covered the core, polymerase and envelope protein; and HCV-specific 

multimers covered the Core, NS3, NS5B and E2 protein Table 1 A and B. Multimers 

were labeled with either phycoerythrin (PE) or allophycocyanin (APC) according to 

manufacturer’s protocol.
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Table 1 A

# Epitope HLA restriction Sequence HBV protein Position

1 A2-18c A*02:01 FLPSDFFPSV Core 18-27

2 A2-335e A*02:01 WLSLLVPFV Envelope 335-343

3 A24-117c A*24:02 EYLVSFGVW Core 117-125

4 A24-413p A*24:02 KYTSFPWLL Polymerase 756-764

Table 1 B

# Epitope HLA restriction Sequence HCV protein Position

1 A1-143D A*01:01 ATDALMTGY NS3 1436-1444

2 A2-127D A*02:01 GIDPNIRTGV NS3 1273-1282

3 A2-140G A*02:01 KLVALGINAV NS3 1406-1415

4 B7-4H B*07:02 GPRLGVRAT core 0041-0049

5 B8-C171A B*08:01 HSKKKCDEL NS3 1395-1403

6 B27-284 B*27:01 ARMILMTHF NS5b 2841-2849

7 B35-135 B*35:01 HPNIEEVAL NS3 1359-1367

8 B57-54D B*57:01 NTRPPLGNW E2 0541-0549

Table 1: Virus-specific MHC class I multimers
MHC class I multimers used to detect HBV (A)- and HCV (B)-specific T cells. The relative 
location of the respective epitopes within the different viral proteins is depicted.

Flow cytometry
Cell samples (1 x 107) were thawed and re-suspended in R10 medium [RPMI 1640 

(Sigma-Aldrich), 2% FCS, 1.5% 1 M hepes buffer (Fisher Scientific), L-glutamine 100X 

(Fisher Scientific) and Streptomycin/penicillin 50X (Fisher Scientific)]. Cells were pelleted 

and Live/Dead fixable Blue (Invitrogen) was used as a viability dye according to 

manufacturer’s protocol. Cells were washed with facs buffer (phosphate buffered saline 

plus 2% FCS), pelleted and stained with MHC class I multimers for 10 minutes at room 

temperature, washed and pelleted. Samples were stained with surface antibodies for 30 

minutes on ice, washed, pelleted and fixed in 2% paraformaldehyde (Fisher Scientific). 

For intracellular proteins, the FOXP3 fixation/permeabilization kit (Biolegend) was used 

according to manufacturer’s protocol. Antibodies were purchased from Biolegend, BD 

Biosciences or Thermofisher. Rainbow beads (BD Bioscience, cat# 556298) were used 

on a daily basis to calibrate the laser of the flow cytometer. Compensation beads (BD 

Bioscience, cat# 552843, Thermofisher cat#A10346 ) were used for compensation setup.

5
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Table 2

# Antibody Fluorochrome Clone Vendor Catalogue number

1 CD19 BV496 SJ25C1 BD Biosciences 564655

2 CD3 PE-TR UCHT1 Biolegend 300450

3 CD8 BV395 RPA-T8 BD Biosciences 563795

4 CD28 APC CD28.2 Biolegend 302912

5 EOMES FITC WD1928 Thermofisher 11-4877-42

6 T-bet BV421 O4-46 BD Biosciences 563318

7 CTLA-4 PE-Cy7 L3D10 Biolegend 349914

8 Perforin PerCP-Cy5.5 dG9 Biolegend 308114

9 Granzyme B BV510 GB11 BD biosciences 563388

10 KI67 AF700 B56 BD biosciences 561277

11 TIGIT APC MBSA43 Thermofisher 17-9500-42

12 IB7 FITC FIB504 Biolegend 321212

13 PD-1 BV421 EH12.2H7 Biolegend 329920

14 CD38 PE-Cy7 HB7 Thermofisher 25-0388-42

15 CD62L PerCP-Cy5.5 DREG-56 Biolegend 304824

16 CD39 BV510 A1 Biolegend 328219

17 CD45RA AF700 HI100 Biolegend 304120

18 CCR7 APC-Cy7 G043H7 Biolegend 353212

19 HLA-DR BV605 L243 Biolegend 307640

20 CXCR6 APC K041E5 Biolegend 356006

21 CD160 AF 488 BY55 Thermofisher 53-1609-42

22 KLRG1 BV421 SA231A2 Biolegend 367706

23 CD73 PE-Cy7 AD2 Biolegend 344010

24 2B4 PerCP-Cy5.5 C1.7 Biolegend 329516

25 CD161 BV510 HP-3G10 Biolegend 339922

26 CD69 APC-Cy7 FN50 Biolegend 310914

27 TIM-3 BV605 F38-2E2 Biolegend 345018

Table 2: Antibody reagents
Specifications of the antibodies used in this study.
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Statistical analysis
All samples were acquired using an LSR II flow cytometer (Becton Dickinson) and 

analyzed with FlowJo software (Version 10.4.1). A Mann-Whitney U test was used for 

statistical comparison. * P≤0.05, ** P≤0.01, *** P≤0.001 and **** P≤0.0001. Graph-Pad 

Prism software (version 7) was used for all the statistical analyses.

Results

We studied a cohort of subjects with an acute resolving HBV (n=6) and HCV-

infection (n=11). Patients were selected for the availability of sufficient sampling with 

a documented HBV or HCV-specific CD8 T cell response. We studied virus-specific 

T cells directly ex vivo during the first six months after the onset of symptoms (early 

phase) and beyond six months (late phase) using a total of twelve MHC class I multimers 

restricted by eight different alleles. Of these four were specific for HBV covering the 

core, polymerase and envelope protein and eight were specific HCV covering the Core, 

NS3, NS5B and E2 protein Table 1. The clinical characteristics of the included subjects 

are depicted in Table 3 A and B.
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Table 3 A. Acute resolving HBV infection (n=6)
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1 CR603 44 M A 653,343 3030 A24-117c 01:01 / 24:02 27:05 / 37:01

8 3,411 10

20 0 10

2 CR1379 44 M A1 148,947 2080 A2-335e 01:01 / 02:01 15:04 / 58:01

2 30,737 648

41 0 18

3 CR1393 36 M A2 302,105 3610 A2-335e 02:01 / 30:02 07:02 / 42:01

42 0 37

4 CR1419 35 M A 60,526 2682 A24-413p 01:01 / 24:02 08:01 / 35:03

10 2 53

24 0 21

5 CR1570 37 F F2 2,700 958 A2-18c 02:01 / 23:01 38:01 / 52:01

5 123 58

6 CR1781 32 M D3 224 1279 A2-335e 02:01 / 31:01 44:02 / 52:01

3 224 239

24 n/a 18
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Table 3 B. Acute resolving HCV infection (n=11)
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2 06-00L 29 M 3a <600 2876 B7-4h 02:01 / 03:01 07:02 / 07:02

16 n/a 362

3 08-023 27 M 1 n/a 2107 B27-284 02:01 / 30:01 27:05 / 52:01

37 n/d 16

4 10-019 24 F n/a 13 175 465 A1-143d 01:01 / 25:01 08:01 / 18:01

n/a 356

5 12-140 37 F 1a 858 606 A2-140g n/a n/a

39

6 CR277 52 F 1 9,910 1060 B8-C171a 01:01 / 11:01 08:01 / 35:01

14 n/d 46

7 CR320 35 F 1a n/a 918 A2-127d 02:01 / 31:01 15:01 / 51:01

57 n/d 12

8 CR1264 33 F 1a 858 1224 B35-135 11:01 / 30:02 18:01 / 35:01

14 n/a 107

22 n/d 29

9 CR1396 44 F 1a 615 2667 B57-54d 01:01 / 23:01 53:01 / 57:01

31 n/d 30

10 CR2350 43 M 3a 408,325 1733 A1-A143d 01:01 / 11:01 08:01 / 35:01

10 n/d 85

37 n/d 34

11 CR3000 41 M 1a 47,272 995 B7-4h 02:01 / 11:01 07:02 / 44:03

10 135 31

< ^ Table 3: Clinical characteristics of the acute resolving HBV and HCV cohort
Clinical characteristics of subjects with an acute resolving A) HBV and B) HCV infection. 
Nd, not detected; Na, not available.
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Acute resolving HBV and HCV infection share a similar pattern of memory  
differentiation

The highest frequency of virus-specific T cells was observed during the early phase 

of HBV and HCV infection. When we compared the frequencies between HBV and 

HCV-specific T cells we observed lower frequencies during HBV infection (Figure 1), 

although this trend did not reach statistical significance (early phase: median HBV 

0.23% versus HCV 1.11%, p=0.13 and late phase: median HBV 0.01% versus HCV 0.23%, 

p=0.18). Next, we examined the pattern of memory T cell differentiation. Most HBV and 

HCV-specific T cells were effector memory T cells (TEM, CD45RA and CCR7 double 

negative), irrespective of the phase of infection. In HBV infection, the frequency of the 

TEM population tended to decline over time (median 97.1% to 81.8%, p=0.10), while 

the frequency of effector memory T cells, re-expressing CD45RA (TEMRA, CD45RA+ 

CCR7-) increased Figure 2 (median 2.9% to 18.2%, p=0.10). In contrast, the HCV-specific 

frequency of TEM populations remained relatively constant over time (median TEM 87.8 

to 91.4%), whereas the frequency TEMRA populations declined (median 6.05% to 3.5%, 

p=0.93). These results indicate a similar pattern of memory T cell differentiation during 

acute resolving HBV and HCV infection.

^ Figure 1: Virus-specific CD8 T cells in acute HBV and HCV infection
The frequency of HBV- and HCV-specific T cells during acute resolving infection in the 
early (black dot) and late (black square) phase.
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^ Figure 2: Memory phenotype of HBV and HCV-specific CD8 T cells in the early and 
late stage of an acute resolving infection
Examples staining of CD45RA and CCR7, used to determine the status of T cell 
differentiation on total CD8, HBV and HCV-specific T cells. The frequency of central 
memory (TCM = CCR7 positive/CD45RA negative), naïve (TN = CCR7/CD45RA double-
positive), TEMRA (TEMRA = CCR7 negative/CD45RA positive) and effector memory 
(TEM = CCR7/CD45RA double-negative) populations are shown for HBV- and HCV-
specific T cells in the early (closed icons) and late (open icons) phase of infection.

5
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Acute resolving HBV and HCV infection display a distinct virus-specific CD8 T 
cell phenotype

Little is known about the phenotype of HBV and HCV-specific T cells following acute 

resolving infection. Thus, we performed detailed multiparameter flow cytometry to 

study markers associated with T cell activation, memory, homing, proliferation, cytolytic 

function, and transcriptional regulation. In the early phase of acute resolving HBV and 

HCV infection, T cell activation was apparent from the expression of CD38, with few 

virus-specific T cells still expressing the T cell activation markers HLA-DR and CD69. 

HBV and HCV-specific T cells highly expressed the inhibitory receptor PD-1, TIGIT and 

2B4, but minimally expressed CTLA-4, CD160 and TIM-3. Strong expression of PD-1 

and TIGIT was observed during the late phase of acute resolving HBV infection (week 

25) Figure 3B.

In contrast, PD-1 expression was mostly downregulated in the late phase HCV-infection 

(week 37) Figure 3D. The T-box transcription factor T-bet was highly upregulated in early 

phase of acute HBV infection, but was not detected in the early phase of acute HCV 

infection. HCV-specific T cells were more often characterized by a strong expression of 

the T-box transcription factor Eomesodermin (EOMES) in the early phase. Both T-bet 

and EOMES expression decreased following viral resolution. We could not detect the 

expression of T cell markers associated with liver homing (CD161, CXCR6 and Integrin 

Beta-7) on virus-specific T cells in peripheral blood. The purinergic molecule CD39 

was stronger expressed on HBV-specific T cells and to lesser degree on HCV-specific 

T cells. Expression of a second purinergic molecule CD73 could not be observed on 

virus-specific T cells. Most notable differences were observed for the cytolytic enzymes 

perforin and granzyme B. These effector molecules were strongly expressed by HBV-

specific T cells, but not on HCV-specific T cells. In sum, our results describe a differing 

regulation of virus-specific T cells during acute resolving HBV and HCV infection.
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^ Figure 3: T cell phenotype of HBV and HCV-specific CD8 T cells in the early and late 
stage of an acute resolving infection
Radar plots depicting the median percentage of virus-specific T cells expressing a given 
marker. Shown for HBV-specific CD8 T cells (top panel) and HCV-specific CD8 T cells 
(bottom panel) with the early phase (left panel) and late phase (right panel).
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Discussion

In this study we compared the phenotype of virus-specific T cells between acutely-

infected HBV and HCV patients that undergo viral resolution. As expected, the 

frequency of virus-specific T cells was highest in the early phase of infection. In line with 

a previous study, we detect lower frequencies of HBV-specific T cells when compared 

to HCV.18 In one acute HCV patient (10-019) we observed a maximum virus-specific T 

cell frequency of 7.4%. This response was directed at the nonstructural protein 3 (NS3) 

and was one order of magnitude bigger than the highest HBV-specific T cell frequency. 

It is not well understood whether the viral load impacts the frequency of HBV and 

HCV-specific T cells.20 Unfortunately, detailed documentation of the viral load was not 

available in this HCV patient.

Next, we examined the pattern of memory differentiation between HBV and HCV-

specific T cells. We predominantly detected effector memory T cells in both infections. 

The percentage of effector memory T cells declined following HBV resolution, with 

more effector memory T-cells, re-expressing CD45RA in the late phase, identical to 

what we observed in chapter 3. HBV-specific T cells also continued to express the T cell 

activation marker CD38 following viral resolution, this was not the case in HCV-infection. 

Previous studies indicated that HBV-specific T cells have an activated effector memory 

phenotype following viral resolution, while resting memory HCV-specific T cells can 

mostly be detected after HCV infection. 21 Indeed, acute resolving HCV infection is 

associated with complete viral eradication. In contrast, decades after HBV resolution 

minute traces of HBV DNA can still be detected, since the viral genome persists within 

hepatocytes. However, it is import to note that the timing with respect to the course of 

infection, differed between HBV and HCV infection in our study (late phase: week 25 

versus 37, respectively). In this context, the phenotype of HBV-specific T cells continues 

to evolve, as T cells downregulate T cell activation markers up to at least 40 weeks post 

infection (chapter 3).

Prominent differences between HBV and HCV infection were observed for effector 

functions in the early phase of infection. At this timepoint, HBV-specific T cells produced 

much higher levels of the cytolytic enzymes granzyme B and perforin, despite having 

lower CD38 levels, when compared to HCV-specific T cells. Indeed, HBV T cell 

specificities have been shown to express higher levels of the cytolytic molecule perforin, 

and have increased proliferation and function following peptide-specific stimulation.18

In this study, we selected six HBV-infected patients with a document HBV-specific T 

cell response. At the time of ours studies we were not aware of epitope-specific T cell 
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phenotypes in HBV infection (chapter 3). For example, there is a stronger expression of 

programmed cell-death 1 (PD-1) on envelope-specific T cells when compared to core 

and polymerase-specific T cells. Three out of the six HBV multimers used in this study 

were directed at the envelope protein. This may explain why we observe relatively high 

expression levels of PD-1 on HBV-specific T cells following viral resolution. Whether, 

epitope-specific T cell phenotypes also exist during HCV infection has not previously 

been reported.

It is important interpret the results from this study in the context of several limitations. 

First, the low sample size, the limited numbers of paired samples, and the lack of 

functional data, prevents drawing robust conclusions. It is also impossible to align 

the timing of sampling with respect to the course of infection given the typically 

asymptomatic nature of these infections. The latter prevents identifying these patients, 

especially at the very early stages of infection, and in part explains our limited study 

sample size. Similarly, we could not compare the T cell phenotype in acute HBV and 

HCV-infected patients progressing to a chronic infection, since this remains a rare event 

following acute HBV infection. A previous study reported that HBV and HCV-specific 

T cells are functionally distinct also during chronic infection, however this data was 

obtained by studying cultured non-virus-specific intrahepatic T cells.22 Here, we could 

not study intrahepatic immune responses, since there is no clinical indication to obtain 

liver sampling in acutely-infected patients.

Collectively, our results indicate that the frequency and phenotype of virus-specific 

T cells may differ between HBV and HCV infection, even as both infections were 

effectively controlled by the host immune response. Future studies should attempt 

to characterize the virus-specific T cell phenotype by comparing multiple time points 

to obtain additional insight into the dynamics of the virus-specific T cell phenotype.
5
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Abstract

Treatment of chronic hepatitis B virus (HBV) infection is highly effective in suppressing 

viral replication, but complete cure is rarely achieved. In recent years, substantial 

progress has been made in the development of immunotherapy to treat cancer. 

Applying these therapies to improve the management of chronic HBV-infection is now 

being attempted, and has become an area of active research. Immunotherapy with 

vaccines and checkpoint inhibitors can boost T cell functions in vitro, and therefore may 

be used to reinvigorate the impaired HBV-specific T cell response. However, whether 

these approaches will suffice and restore antiviral T cell immunity to induce long-term 

HBV control remains an open question. Recent efforts have begun to describe the 

phenotype and function of HBV-specific T cells on the single epitope level. An improved 

understanding of differing T cell specificities and their contribution to HBV control 

will be instrumental for advancement of the field. In this review, we outline correlates 

of successful versus inadequate T cell responses to HBV, and discuss the rationale 

behind therapeutic vaccines and checkpoint inhibitors for the treatment of chronic 

HBV infection.
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Introduction

Hepatitis B virus (HBV) infection is an immense burden to global health. Despite the 

availability of an effective prophylactic vaccine over 250 million individuals are chronically 

infected.1 Chronic infection contributes to the development of fibrosis, cirrhosis and 

hepatocellular carcinoma, leading to an estimated 887,000 deaths annually.1,2 Most 

patients require lifelong nucleos(t)ide analogue (NA) treatment since therapy is not 

curative, and merely suppresses viral replication. However, NA treatment is highly 

effective, reduces liver inflammation and has a good safety profile. Still, treatment 

does not eliminate the risk of hepatocellular carcinoma; and withdrawal from treatment 

can cause viral relapse and severe inflammation of the liver. Long-term therapy also 

rarely leads to a functional cure of a chronic infection, as defined by the clearance of 

the hepatitis B surface antigen (HBsAg) and an undetectable viral load. Thus, there is 

an urgent need to develop new and more effective therapeutics.

HBV is a small enveloped DNA virus belonging to the family Hepadnaviridae. The virus 

has a distinct tropism for hepatocytes in which it generates a covalently closed circular 

(ccc) DNA template to produce new virions, and is able to integrate into the host 

genome [Figure 1].3 The persistence of the viral genome represents a major obstacle 

preventing a sterilizing cure of a chronic HBV infection. It remains unclear if, and how, this 

transcriptional template can be completely eliminated from all hepatocytes. In addition, 

transcription of HBV DNA, either from cccDNA or from integrated HBV DNA leads to 

the secretion of high quantities of viral antigen, predominantly HBsAg [Figure 1],4 which 

is thought to hinder effective antiviral immune responses. Nevertheless, permanent 

containment of HBV replication can be achieved, as HBsAg clearance infrequently occurs 

following a chronic infection, and is readily observed following acute infection in adults. 

Central to viral resolution are HBV-specific T cells, that become impaired during chronic 

infection.5 Restoration of T cell immunity through immunomodulation has become a 

field of active investigation, with several immunomodulatory strategies being explored 

in preclinical and clinical studies. The ultimate goal of HBV immunotherapy is to induce 

a sustained loss of HBsAg transcription while cccDNA persists within hepatocytes. This 

state is similar to what is observed in adults following acute HBV infection.6 Loss of 

HBsAg will not only allow chronic patients to discontinue therapy, it is also associated 

with lower hepatocellular carcinoma risk, especially if HBs seroconversion occurs before 

the age of 50.7,8

HBV immunotherapy aims to suppress HBV replication long-term by reinvigorating 

the host immune response. Immunotherapy can be directed at innate and adaptive 

immunity. Innate strategies include those that activate pattern recognition receptors, 

6
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such as toll-like receptors and retinoic acid-inducible gene I (RIG-I), rely on cytokines 

directed at HBV-infected hepatocytes or activate NK cells. Adaptive strategies consist of 

therapies that restore T-cells and antibodies, including T-cell receptor (TCR) redirected 

T cells, chimeric antigen receptor (CAR) T cells and bi-specific soluble TCRs); checkpoint 

inhibitors and therapeutic vaccination. In this review we specifically focus on checkpoint 

inhibitors and therapeutic vaccines since they are capable to enhance both T cell and 

B cell immunity.

^ Figure 1
Schematic representation of a chronic HBV-infected liver. HBV persists as covalently 
closed circular (ccc)DNA in the nucleus of hepatocytes, and integrates into the host 
genome. Integrated and episomal HBV DNA contribute to ongoing viral antigen 
secretion, in particular HBsAg. HBV-specific T cells target hepatocytes infected with 
HBV through the secretion of cytokines and cytolytic molecules. Core and polymerase-
specific T cells are functionally distinct. Aspects that need to be considered in the 
design and monitoring of HBV immunotherapy are listed.
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Experimental data in the chronic lymphocytic choriomeningitis virus (LCMV) mouse 

model has demonstrated that checkpoint inhibitors and therapeutic vaccines can, to 

some extent, boost antiviral immunity.9,10 Whether similar approaches will be sufficient 

to achieve a functional cure of a chronic HBV infection remains to be seen. In the 

coming years these strategies will be evaluated in order to determine their safety, 

efficacy and optimal dosing. In this context, identifying the patients in which the immune 

system is amendable to these therapies will be essential. An improved understanding 

of the immunological mechanisms associated with control of HBV replication will be 

instrumental for design, and monitoring of these interventions. Herein, we outline 

our current understanding of HBV control as can be observed in individuals following 

an acute or chronic resolving infection with a specific focus on T cells. Furthermore, 

we provide an overview of the mechanisms and characteristics of HBV-specific T cell 

exhaustion, and we examine the degree of T cell restoration that can be observed with 

current therapies. These paragraphs will serve as a framework to discuss the rationale 

behind immune checkpoint modulation and therapeutic vaccines for the treatment of 

chronic HBV infection.

Protective immunity following an acute or chronic resolving HBV infection
HBV infection is self-limiting in over 95% of infected adults. Only a small subset of 

patients progresses to a chronic stage, and this occurs more often in those patients 

who are immune compromised.11 The majority of chronic HBV patients are, however, 

infected early in life, as a newborn or a child. Factors that determine the outcome of 

infection remain largely undefined but certain human leukocyte antigens (HLA), such 

as HLA-DPA1 and DPA2 have been associated with an increased risk of a chronic HBV 

infection.12–14 There is strong evidence that HBV-specific T cells are required for viral 

resolution. This is supported by chimpanzee studies in which CD4 or CD8 T cell depletion 

resulted in failure to control acute HBV infection.15,16 Furthermore, acute resolving HBV 

infection is characterized by robust, highly functional T cells directed against all viral 

proteins. Viral resolution already becomes apparent during the incubation phase as HBV 

DNA levels start declining even before the onset of symptoms and liver damage.17–19. 

Clinically, viral resolution is defined as HBs seroconversion and undetectable HBV DNA 

in serum, which generally occurs within the first 24 weeks post infection. After HBs 

seroconversion, the frequency of the HBV-specific T cells declines and continues to do 

so until at least 40 weeks after the onset of symptoms.20 The residual memory T cell 

response will persist for decades and provide effective containment of HBV replication 

while the viral genome persists as cccDNA within hepatocytes. The exact mechanisms 

of T cells driving control of HBV replication are poorly defined, but they are thought to 

primarily use noncytopathic effector functions [Figure 1]. 21,22

6
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We and others have recently observed distinct T cell functions depending on the 

targeted HBV epitope.20,23,24 For example, in early acute infection we observed that 

HLA*A2:01 core18-specific T cells were characterized by higher expression of molecules, 

such as granzyme B and perforin, and showed stronger cytokine responses (IFN-  and 

TNF- ) following peptide stimulation compared to polymerase455-specific T cells from 

the same individual.20 These findings were accompanied by a distinct T cell phenotype 

ex vivo. Core18-specific T cells showed a stronger expression of T cell activation markers 

(CD38 and PD-1), had increased levels of the T-box transcription factor T-bet when 

compared to polymerase455-specific T cells.25–27 Most HBV-specific T cells were classified 

as effector memory cells, but polymerase455-specific T cells had higher frequencies of 

effector memory T cells re-expressing CD45RA (TEMRA). These findings suggest a 

distinct regulation and contribution of epitope-specific T cells to viral control. Most of 

our understanding of HBV control is defined in adult acute resolving infection. How 

these findings translate to chronic patients who clear HBsAg is yet to be determined. 

Sustained HBsAg clearance rates may be higher in chronic HBeAg negative patients 

who have been virally suppressed for more than three years[reviewed in 28]. However, 

additional confirmation, and to determine if HBsAg clearance rates vary among different 

patient populations and HBV genotypes, is still needed.29. Recently, a protective effect 

of core and polymerase-specific T cells against hepatic flares when patients are taken 

off therapy, was reported.30 This could imply that these specificities are an attractive 

target for immunotherapy, in particular because these specificities are often detectable 

during chronic infection.20,23,31

T cell exhaustion during chronic HBV infection
In chronic infection, HBV-specific T cells gradually become dysfunctional, and lose 

their ability to proliferate, produce cytokines, and exert cytotoxicity towards infected 

cells. This phenomenon, also known as T cell exhaustion, was first described in mice 

chronically infected with LCMV.32,33 T cell exhaustion is characterized by a sustained 

overexpression of multiple inhibitory molecules. Ultimately, severely exhausted T cells 

are lost through cell death. Chronic HBV-infected patients display many of the hallmarks 

of T cell exhaustion. Indeed, the frequency of HBV-specific T cells is diminished and 

even more so in patients with a high viral load.34 The residual T cell response is directed 

against a limited number of epitopes, primarily located in the core and polymerase 

proteins, with few responses directed against the envelope and X proteins.23,31,35,36 

Preserved HBV-specific T cells selectively overexpress several inhibitory molecules, of 

these PD-1 has been best-characterized. 27,36,37 Other inhibitory receptors such as LAG-3, 

TIM-3 and CTLA-4 have not been studied as extensively. Some of these markers are 

difficult to study because they are often insignificantly expressed on HBV-specific CD8 

T cells in peripheral blood,38 but can more easily be detected on T cells within the liver.39 
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Intrahepatic virus-specific T cells often display a more profound exhausted phenotype, 

reflected by a lack of the memory marker CD127 and a stronger co-expression of 

inhibitory receptors, such as PD-1 and TIM-3.34,37,39,40 The exhausted phenotype of HBV-

specific T cells is equally paralleled by functional defects with a reduced cytotoxic, 

proliferative and mitochondrial function.34,36,41–44 HBV-specific T cell exhaustion is 

principally maintained by the continued exposure to HBV antigens. PD-1 ligands, 

suppressive cytokines such as IL-10 and TGF-ß45–49, impaired function of dendritic 

cells (DC), natural killer (NK) cells and increased frequencies of regulatory T cells and 

myeloid-derived suppressor cells (MDSC), have all been suggested to negatively impact 

HBV-specific T cell immunity.50–59 The virus can also escape immune pressure through 

viral escape mutants. HBV has a relatively low mutation rate and because the open 

reading frames of the viral genome partially overlap, there are constraints to the number 

of amino acid substitutions that are viable. Nonetheless, genetic diversity consistent 

with immune pressure is observed during chronic infection: mainly within the core and 

envelope protein, but also to a lesser degree in the polymerase protein.60–62 In sum, 

there are multiple mechanisms contributing to T cell dysfunction during chronic HBV 

infection. This indicates that modulating a single pathway may not sufficiently restore 

antiviral T cell immunity to attain a functional cure of a chronic HBV infection.

T cell recovery with current treatment regimens
Chronic HBV infection is a highly heterogenous disease characterized by varying levels 

of viral replication and liver damage. Clinically this has led to the categorization of 

patients into four clinical phases, based on varying serum levels of HBV DNA, HBeAg 

and alanine aminotransferase (ALT). NA treatment is generally only administered in 

those phases with elevated serum ALT levels, that indicate liver damage resulting from 

immune-mediated lysis of hepatocytes.63 These phases are best known as immune 

tolerant (HBeAg positive infection), immune active (HBeAg positive hepatitis), inactive 

carrier (HBeAg negative infection ) and HBeAg-negative hepatitis.63 NA treatment is 

highly effective in almost all chronic HBV patients leading to an undetectable serum 

HBV DNA. With respect to T cells, effective NA treatment in HBeAg positive chronic 

patients has repeatedly been associated with a partial and transient recovery of HBV-

specific T cells, with increased proliferation and function in vitro.64–66 Recovery of T 

cell functions has been observed as early as two weeks after start of NA therapy64,65, 

but wanes off after approximately six months of treatment.66 Prolonged NA treatment 

of HBeAg negative patients also leads to a partial, but more long-lasting, recovery 

of T cells.67 The partial recovery of T cell function following NA therapy is to some 

extent remarkable because, although HBV DNA becomes undetectable, these agents 

generally do not lower serum HBsAg levels.68 The persistence of HBsAg may explain 

why these HBV-specific T cells remain less functional when compared to patients 

6
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who clear HBsAg following an acute or chronic infection.67,69,70 This suggests that only 

long-term successful suppression of both HBV replication and antigen production will 

allow for a more profound recovery of T cell function. On the other hand, studies in 

the LCMV mice model and chronic HCV infection indicate that virus-specific T cells 

remain exhausted, even following the complete eradication of antigen, because of 

an irreversible epigenetic state.71–74 Therefore, HBV antigen removal should likely be 

supported by additional immune modulation to achieve a functional cure.

Immune checkpoint blockade to boost HBV-specific T cells
HBV-specific T cells are required for long-term HBV control, but become functionally 

defective and greatly reduced in their frequency during chronic infection. Nevertheless, 

functionally impaired T cell responses are maintained, making them a potential target 

for immunotherapeutic intervention. One approach to boost HBV-specific T cells 

is to prevent the interaction of inhibitory receptors on their cell surface with their 

ligands. Studies in the chronic LCMV mouse, HBV mouse and woodchuck model have 

demonstrated that immune checkpoint blockade can reinvigorate T cell function.9,75,76 

Similarly, blocking PD-126,34,36,37,39, CTLA-441, TIM-338,40 and 2B442 have previously been 

described to boost HBV-specific T cells in vitro [Figure 2]. Of these receptors, PD-1 is 

often the dominant responsive receptor when blocked in vitro.37 Checkpoint blockade 

mainly improves T cell proliferation, and to a lesser degree T cell function. Not all 

HBV-specific T cells are equally susceptible to checkpoint blockade. Effector memory 

HBV-specific CD8 T cells from peripheral blood are most responsive to PD-1 blockade, 

similar to what has been observed for chronic HCV and HIV-infection.37,77,78 Intrahepatic 

virus-specific T cell are often more exhausted than their peripheral counterparts, and 

therefore benefit from the blockade of additional inhibitory receptors.34,79 At present, 

the number of clinical trials evaluating checkpoint blockade in chronic HBV infection 

are still limited. One of these studies was performed to assess efficacy in a phase 1/2 

clinical trial to treat hepatocellular carcinoma, with some patients being infected with 

HBV, but T cell functionally was not assessed. 80 In another study a group of HBeAg-

negative chronic HBV patients received a single low-dose of nivolumab to block the 

PD-1 pathway.81 This study reported one out of fourteen patients achieving a functional 

cure, with most patients having a minimal decline of HBsAg. Core and envelope-specific 

T cell responses were analyzed by fluorospot, but T cell responses did not change in 

frequency over time. Both studies included virally suppressed chronic HBV patients so 

any effect on HBV DNA could not be detected. PD-1 blockade is generally well tolerated 

at a low dose, but additional dosage studies will be clearly needed to further assess 

their efficacy and safety. Higher dosages, or combination therapy, could permit a more 

pronounced recovery of T cells, but simultaneously increases the risk of adverse events, 

such as autoimmune diseases and hepatic flares.82–84
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^ Figure 2
Immunotherapeutic options to reinvigorate defective HBV-specific T cells. Therapeutic 
vaccines consist of, or express, HBV antigens. Processing of these antigens by 
professional antigen presenting cells (APC) can prime new, and reactivate pre-existing, 
HBV-specific T cells (left panel). Immune checkpoint inhibitors: monoclonal antibodies 
that prevent the interaction between programmed cell death protein-1 (PD-1) and its 
ligand, and boost the function of HBV-specific T cells (right panel).

Therapeutic vaccines
In contrast to checkpoint inhibitors which reinvigorate the function of pre-existing 

antiviral immunity, therapeutic vaccines are designed to boost immunity by priming 

also new antiviral responses [Figure 2]. Therapeutic vaccines differ from preventive 

vaccines in their mode of action and in their administration during infection, instead of 

before infection. Therapeutic vaccines rely on inducing effective CD4 and CD8 T cell 

responses and not as much on B cells and antibody responses. Moreover, HBV vaccine 

antigens are preferably presented to the immune system outside the liver allowing 

processing by professional antigen presenting cells, such as dendritic cells.85 Overall, 

there is substantial evidence from the LCMV and HBV mouse models supporting the use 

of therapeutic vaccination for the treatment of chronic viral infections.86,87 Unfortunately, 

many of these animal model-derived therapeutic HBV vaccines have not been evaluated 

for their efficacy in humans, and those that were, typically showed limited efficacy.88–91 

These observations clearly stress the need to assess vaccine efficacy in chronic HBV-

infected patients.
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The HBsAg-based prophylactic vaccine failed to induce HBsAg clearance in chronic 

HBV-infected patients.92–94 The enormous quantities of pre-existing serum HBsAg have 

been held responsible for the ineffectiveness of the vaccine.95 This is supported by 

the observation that therapeutic vaccination against LCMV is more effective when it 

is administrated in mice with a low viral antigen load.10 Such studies are rather difficult 

to perform in humans as current NA treatment regimens do not significantly lower 

HBsAg serum levels.68 Consequently, more recent studies have evaluated other and 

additional HBV antigens, such as the core and polymerase protein, and optimized the 

mode of antigen administration through recombinant antigen- or DNA vaccination.88–90 

To date, the majority of therapeutic vaccines have had limited success in clinical trials 

and induced only a transient and partial restoration of T cells at best, without a durable 

effect on HBsAg and HBV DNA. A list of previous and therapeutic vaccines under 

development is provided elsewhere.96–98

The limited efficacy of current vaccines raises the question whether they fail to 

rejuvenate pre-existing HBV-specific T cells because of ongoing exposure to viral 

antigens. Alternatively, the vaccine antigens may not sufficiently match the patient’s 

HBV genotype. Given the lack of T cells recovery it seems that these vaccines need to be 

given in combination with other therapies. In order to enhance their efficacy, vaccination 

is currently being combined with checkpoint blockade, as these inhibitory receptors 

may limit clonal expansion of T cells. Indeed, a beneficial effect of PD-1 blockade on 

therapeutic vaccination is observed in the LCMV mouse model and in woodchucks 

infected with HBV99,100. Moreover, HBV-specific T cells induced by dendritic cells are 

more responsive to PD-1 blockade when compared to T cells primed by hepatocytes in 

HBV replication-competent transgenic mice.101 These synergistic effects did, however, 

not results into a clinical benefit in a small pilot study that administered nivolumab 

and a therapeutic vaccine to ten virally suppressed chronic HBV patients.81 Ultimately, 

these vaccines need to sufficiently reinvigorate antiviral immunity so that hepatocytes 

infected with HBV can be cleared. This will require a sufficiently broad T-cell repertoire 

covering conserved regions of the virus, so that it can prevent viral escape. One difficulty 

for the design of epitope-based vaccines is the limited number of HBV class I and II 

epitopes that have been identified. This is especially relevant as there is a distinct global 

distribution of HLA alleles and HBV genotypes. Yet the majority of class I epitopes 

available for human studies are still HLA-A*02 restricted and our understanding of 

genotypic variation of HBV-specific T cell epitopes remains limited.102 The inclusion of 

degenerate T cell epitopes, i.e. those that can be presented on multiple HLA alleles, 

could be used to broaden the vaccine efficacy for differing HLA populations.103,104.
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Immunotherapy in different phases of chronic infection
Current guidelines recommend NA treatment for chronic patients with active hepatitis 

and moderate to severe fibrosis. The inflammatory events and impaired liver architecture 

of these patients could however be less suited for immunotherapeutic intervention, 

since they can directly hinder the function of HBV-specific T cells and accessibility 

to infected hepatocytes.105,106 In theory, immune tolerant patients could more likely 

respond to immunotherapy as they have a more preserved liver anatomy and HBV-

specific T cells107 In line with this notion is a recent study that demonstrated that HBV-

specific T cells from 13 immune tolerant patients had a significant increase in IFN-  

production in response to overlapping HBV-peptides after the addition IL-2, while this 

increase could not be observed for 16 immune active patients.101 Similarly, the fate 

of T cell exhaustion may be more flexible if the exposure to HBV antigens and other 

immune impairment mechanisms remains limited. It must be noted that the treatment 

of immune tolerant patients remains controversial and more detailed studies are still 

needed to further substantiate this hypothesis.

Future perspectives
There is extensive evidence indicating that T cells are required for HBV control, but 

these responses become defective in chronic patients. Immunotherapy aimed at 

reinvigorating dysfunctional T cells represents a logical approach to induce a functional 

cure of a chronic infection. Experimental studies can provide a proof of concept, but 

their efficacy does not always translate into chronic patients. For one, because in chronic 

patients multiple T cell impairment mechanisms are operative over a period of decades 

and some T cell defects may not be fully reversible. Recent efforts have begun to better 

define HBV-specific T cell phenotype and function in relation to their epitope-specificity. 

Checkpoint inhibitors and therapeutic vaccines have thus far had limited success in a 

small number of clinical trials, with most studies reporting only a partial recovery of 

T cells. It must be noted that the optimal drug dosages and the appropriate timing 

of these treatments are yet to be determined. Additionally, the lack of efficacy has 

been attributed to the high antigenic burden, in particular of HBsAg, which cannot be 

overcome by current standard of care HBV therapies. Combining immunomodulation 

with novel direct-acting antivirals, that can inhibit both viral replication and antigen 

load may be required to achieve a functional cure. Supported by new technological 

breakthroughs, such as RNA-sequencing of single cells at the site of infection, this 

is expected to accelerate progress in the field at an unprecedented level. It is with 

this increased understanding that we will be able to develop safe and effective 

immunotherapies for HBV.
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Chapter 7

Introduction

One of the ongoing mysteries of viral hepatitis, and in general of non-cytopathic viral 

infections, is whether observed pathology is mediated exclusively by virus-specific T 

cells targeting the virus causing the current infection, or whether tissue damage results 

from unrelated so-called bystander T cells. Conversely, bystander T cells might also 

contribute to viral control. Some very illuminating data now come from an elegant 

study in acute human hepatitis A virus (HAV) infection published in Immunity: Kim J, 

Chang DY, Lee HW, Lee H et al, Innate-like Cytotoxic Function of Bystander-Activated 

CD8+ T Cells Is Associated with Liver Injury in Acute Hepatitis A. Immunity. 2018 Jan 

16;48(1):161-173.

Summary

Kim and colleagues studied a large cohort of adults with acute symptomatic HAV 

infection. They found pervasive and profound CD8 T cell activation in the blood of 

these patients, together with increased T cell proliferation and expression of cytotoxic 

molecules in a substantial proportion and often the majority of circulating CD8 T 

cells. The degree of overall activation, proliferation and cytotoxic capacity was tightly 

correlated with liver damage, as measured by ALT serum levels. Critically, they showed 

that this activated CD8 T cell phenotype was not limited to HAV-specific T cells but 

was found on multiple HAV-unrelated specificities they tested, i.e. CD8 T cells targeting 

influenza A virus (IAV), cytomegalovirus (CMV) and Epstein-Barr Virus (EBV). They 

then demonstrated that serum levels of IL-15 were elevated in acute HAV-infected 

patients and that IL-15 is produced by HAV-infected cells in the liver and in in vitro cell 

culture. Together with the observation that IL-15 had the greatest potency to induce 

the same phenotypic and functional profiles of CD8 T cells in vitro this suggests a 

key role for this cytokine in the induction of this general CD8 T cell activation. The 

effect of IL-15 was shown to be independent of TCR stimulation, but rather mediated 

through the upregulation of NKG2D and NKp30 on HAV-unrelated virus-specific T cell 

populations, thus suggesting an innate-like rather than an antigen-specific cytotoxic 

T cell phenotype. The potential for these non-HAV-specific CD8 T cells to inflict liver 

damage via an NKG2D based innate-like mechanism was further supported by the 

expression of the corresponding NKG2D receptors MIC-A and B on hepatocytes from 

HAV-infected livers. Indeed, the number of activated non-specific bystander CD8 T cells 

corresponded with the degree of liver damage, whereas the frequency of HAV-specific 

T cells seemed more correlated with viral control than with pathology. Overall, this 

study strongly supports a role for bystander CD8 T cell activity in acute HAV infection 

disease pathogenesis and identifies secretion of IL-15 by HAV-infected hepatocytes as 

the origin of an innate-like CD8 bystander response.
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Discussion

Bystander activation refers to an activation of T cell specificities not recognizing the 

pathogen causing a current infection, without the need of T cell receptor engagement. 

Instead, T cell activation can occur through a cytokine-mediated mechanism.(1) To what 

degree and when such bystander activation occurs and whether it has an important 

role in either disease pathogenesis or in viral control has remained controversial, with 

conflicting results in both animal models and human studies. For example studies 

in mice have shown that bystander T cell responses can contribute to protection 

against early pathogen load.(2,3) Other studies however, point towards a contribution 

of bystander T cell activation to tissue damage and disease pathogenesis(4), though 

the detailed mechanisms and the relative contributions of virus-specific immunity and 

bystander activity in different infections and distinct stages of disease remain elusive. 

This is partially the consequence of most of the mechanistic data coming from elegant 

but also somewhat artificial animal models employing transgenic viral antigens or viruses 

expressing model antigens like ovalbumin (SIINFEKL). It is critical that such studies 

in defined and controlled animal models are complemented by well-designed and 

rigorous studies in human infection if we want to obtain a more complete and relevant 

definition of the relevance of bystander activation.

The study by Kim and colleagues is an example of such a carefully executed human 

study that furthers our understanding of the human immune response to viral infection. 

It first provides a careful phenotypic and functional characterization of different CD8 

T cell populations that establishes a profound and pervasive activation of peripheral 

CD8 T cells far beyond the pool of T cells targeting HAV, with the activated cells also 

expressing markers of proliferation and cytotoxicity. Between the non-HAV CD8 T cell 

specificities they study, this activation seems not equally distributed, with IAV responses 

being less activated than those targeting EBV and CMV. This could be a consequence 

of different memory phenotypes, since only IAV-specific CD8 T cells represent fully 

differentiated memory T cells after an acute infection. It could also be a direct function 

of the fact that EBV and CMV are persisting viruses that might change replicative states 

during the acute inflammatory state of HAV infection, though no direct relationship 

could be established between the observed phenotype and blips in viremia for either 

EBV or CMV. Since other studies have also suggested that responses targeting viruses in 

the Herpesviridae family, which typically establish latent infections, are especially prone 

to bystander activation(5) this certainly merits further investigation. In this context, it 

is fitting that acute HAV infection in adults is associated with much more symptomatic 

disease compared to children, as with increasing age most humans have increasing 

numbers of memory T cells targeting viruses of the Herpesviridae family.

7
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While the current study establishes a clear role for CD8 bystander activation in acute 

HAV infection, the authors are correct in being cautious to extrapolate the findings to 

other infections and clinical scenarios. The most likely similarities one would expect in 

other acute viral infections. The current study clearly establishes a link between IL-15 

secretion and the observed bystander activation phenotype, and a rapid increase of 

IL-15 has been observed in many other infections during the acute phase, including HIV, 

HCV and HBV.(6) Having said that, these infections are rarely as symptomatic, even in 

adults, indicating that additional factors might play a role in determining the degree of 

bystander activation and whether it leads to actual disease and pathology. Hopefully 

we will see soon more similarly well-executed human studies dissecting specific and 

bystander activation in other viral infections, and even more importantly in the chronic 

phase of infection. This is especially true for chronic hepatitis B and C where it is 

widely assumed that bystander activity might drive disease progression, but detailed 

characterizations of the bystander activity, the mode of bystander activation and the 

functional consequences are missing. Given that overall activation is not observed in the 

blood of most patients with chronic hepatitis B or C it will require direct ex-vivo analysis 

of liver infiltrating CD8 T cells to solve this important question; the answer might offer 

clues to potential therapies limiting liver disease.

Finally, the mechanism mediating tissue damage warrants attention. The antigen-

independent upregulation of NKG2D was able to kill K562 cells, which lack HLA class I, 

indicating an innate-like mechanism of cytotoxicity. Elegantly performed (redirected) 

killings assays identified NKG2D and NKp30 as the critical receptors on the innate-

like cells, with the expression of the NKG2D ligands MIC A and B on HAV-infected 

hepatocytes and in the liver of HAV-infected individuals adding plausibility of this 

killing mechanism being operative in vivo. This is another piece of evidence that T cells 

are much more variable and plastic in their phenotype, function and regulation than 

previously thought.(7,8)

In summary, the paper by Kim et al. explains convincingly the pathogenesis of 

symptomatic disease in acute HAV infection. It also adds a critical piece to the unsolved 

puzzle of the extent and role of bystander T cell activation in viral infection. Many 

more pieces are needed before we will have a complete picture regarding a possible 

contribution of bystander activation to viral control under some circumstances and 

especially its function in chronic infection and disease. We look forward to similar 

translational studies combining careful description with mechanistic insights using 

directly ex vivo approaches to comprehensively assess T cell responses in humans.

Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   156Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   156 03/01/2022   12:5103/01/2022   12:51



157

Bystander T cell activation in acute hepatitis A infection 

References
1. Unutmaz D, Pileri P, Abrignani S. Antigen-independent activation of naive and 

memory resting T cells by a cytokine combination. J. Exp. Med. 1994;180:1159–64.
2. Chu T, Tyznik AJ, Roepke S, Berkley AM, Woodward-Davis A, Pattacini L, et al. 

Bystander-activated memory CD8 T cells control early pathogen load in an innate-
like, NKG2D-dependent manner. Cell Rep. 2013;3:701–8.

3. Berg RE, Crossley E, Murray S, Forman J. Memory CD8+ T cells provide innate 
immune protection against Listeria monocytogenes in the absence of cognate 
antigen. J. Exp. Med. 2003;198:1583–93.

4. Crosby EJ, Goldschmidt MH, Wherry EJ, Scott P. Engagement of NKG2D on 
bystander memory CD8 T cells promotes increased immunopathology following 
Leishmania major infection. PLoS Pathog. 2014;10:e1003970.

5. Sandalova E, Laccabue D, Boni C, Tan AT, Fink K, Ooi EE, et al. Contribution of 
Herpesvirus-specific CD8 T Cells to Anti-Viral T Cell Response in Humans. PLoS 
Pathog. 2010;6:e1001051.

6. Stacey AR, Norris PJ, Qin L, Haygreen EA, Taylor E, Heitman J, et al. Induction of 
a Striking Systemic Cytokine Cascade prior to Peak Viremia in Acute HIV Type 1 
Infection, in Contrast to More Modest and Delayed Responses in Acute HBV and 
HCV Infections. J. Virol. 2009;83:3719–3733.

7. Seyda M, Elkhal A, Quante M, Falk CS, Tullius SG. T Cells Going Innate. Trends 
Immunol. 2016;37:546–556.

8. Bluestone JA, Mackay CR, O’Shea JJ, Stockinger B. The functional plasticity of T 
cell subsets. Nat. Rev. Immunol. 2009;9:811–816.

7

Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   157Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   157 03/01/2022   12:5103/01/2022   12:51



Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   158Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   158 03/01/2022   12:5103/01/2022   12:51



Summary and General discussion



160

Chapter 8

In the preceding chapters of this thesis the results from our studies into HBV-specific 

T cell immunity have been described in detail. In this concluding chapter I will 

summarize our findings, place them in a broader context, and highlight important 

recent observations by others in the field of HBV and HCV immunology.

T cell phenotype and function is determined by the targeted epitope
Protective immunity against HBV is associated with a T cell response that is directed 

against all viral proteins, but the relative contribution of individual T cell specificities to 

HBV control are not well defined (chapter 2). We therefore studied the phenotype and 

function of HBV-specific T cells on the single epitope level using fluorochrome labeled 

peptide-MHC class I multimers in chapter 3. Using this approach, we studied multiple 

T cell specificities detected within the same patient(s), covering epitopes located in the 

core, envelope and polymerase protein. The inhibitory receptor programmed cell death 

protein-1 (PD-1) has a key role in regulating both a successful and an impaired antiviral 

T cell response. Thus, we studied the expression of PD-1 on epitope-specific T cells. 

We demonstrated that epitope-specificity is a major determinant of PD-1 expression. 

The strongest expression of PD-1 was observed on envelope-specific T cells, followed 

by core-specific T cells, with the lowest levels found on those T cells directed at the 

polymerase protein. These results imply that the expression of PD-1 is linked to the 

targeted HBV protein. In addition, the expression of PD-1 on virus-specific T cells 

correlates with the state of memory T cell differentiation.1–4 As such, we compared the 

pattern of memory differentiation on epitope-specific T cells using CCR7 and CD45RA 

co-expression analyses. Irrespective of the disease stage, we observed that the majority 

of core-specific T cells displayed an effector memory T cell profile, whereas a higher 

proportion of effector memory T cells, re-expressing CD45RA (TEMRA) and naïve-

like memory T cells (Tetramer+CCR7+CD45RA+), were observed for T cells targeting 

the polymerase protein (chapter 3). We extended our analyses to additional T cell 

markers associated with T cell activation, inhibition and transcriptional regulation. 

We observed a distinct T cell phenotype in various stages of infection based on the 

targeted epitope. Most striking results were observed following acute infection, where 

epitope-specific T cell profiles were maintained following HBsAg seroconversion up to 

40 weeks after the onset of symptoms. We asked whether these profiles also display 

distinct T cell functionalities. We selected T cell responses with strong and minimal PD-1 

expression (core18 and polymerase455 response) and compared T cell function directly ex 

vivo by combing MHC class I multimers with intracellular cytokine staining. A stronger 

CD107a mobilization and IFN-y production was observed for core18-specific T cells 

when compared to polymerase455-specific T cells (chapter 3). Collectively, these results 

suggest that there is a hierarchy in the T cell response against HBV, that is associated 

with a distinct phenotypic and functional profile.
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Not all T cells are equal
What are the mechanisms underlying the phenotype and functional of HBV-specific 

CD8 T cells targeting different HBV epitopes? A role for viral sequence variation could 

be considered, as it can lead to a diminished stimulation of the T cell receptor (TCR), 

similar to what has been observed for chronic HCV infection, where T cells that target 

escaped epitopes become less functional, downregulate PD-1, and upregulate CD127 

expression.2,5 Yet, we observed only minimal sequence variation following acute 

infection, where these differing T cell profiles were already apparent. Sequence variation 

was mostly observed in chronic infection in the core epitope, but these specificities 

displayed the most homogeneous expression of PD-1 and CD127. While these results 

do not explain our observations, they do underscore the occurrence of viral (escape) 

mutants. It was initially believed that HBV displayed little sequence variation,6 while 

subsequent studies reported HBV genetic diversity compatible with immune pressure 

in chronic infection.7,8 In general, distinct T cell memory phenotypes are thought to 

originate from differing levels of TCR stimulation.9 T-cell activation in turn depends 

on the avidity of the peptide-MHC interaction, the quantity of viral antigen, and the 

probability in which T cells encounter viral antigen.10,11 Previous studies have reported a 

slightly higher HLA binding affinity to the HBV core18- than to polymerase455 peptide.12 

HBV antigen presentation and/or processing may also impact T cell phenotype and 

function. Lastly, we raise the possibility that the core and polymerase-specific T cell 

profiles result from differing quantities of HBV antigens. However, the observation that 

epitope-specific T cell profiles are sustained following the removal of antigen in acute 

infection, and the lack of changes in the T cell phenotype following the presence of 

viral escape mutations in the core epitope, argues these profiles are not dictated by 

the current antigen level alone. In this context it will be important to extend our results 

to other protein-specific epitopes restricted by different MHC molecules. In sum, we 

demonstrate that HBV epitope-specificity is linked to a distinct T cell phenotype and 

function. These observations are not unique to HBV, as they have previously also been 

observed for T cells targeting other viruses, including HIV13,14 and EBV15,16 and in murine 

CMV17. In parallel with our studies, HBV core and polymerase-specific T cell profiles 

were also reported by two other independent groups.18–20 A notable difference between 

these studies is the in- or exclusion of naïve-like T cells. Whether these naïve-like T 

cells are truly naïve T cells, characterized by relatively high precursor frequencies, or 

represent a distinct form of (dys)-functional T cells remains unknown. This is relevant 

because naïve-like T cells have a distinct memory phenotype, which for example is 

characterized by a low expression of PD-1 (chapter 3).4,21 In this context it is important 

to note that antigen-experienced naïve-like T cells have also been observed among 

HCV-specific T cell populations, as well as after yellow-fever vaccination.22–25 Collectively, 

our results have several important implications for interpreting future studies as the 

8
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targeted epitope needs to be taken into account. Our study implicates that differing 

HBV specificities have a varying contribution to HBV control. It also highlights that T 

cells cannot be classified (e.g. as being exhausted) based on the expression of a single 

molecule such as PD-1, but that instead comprehensive phenotyping and functional 

analysis are required.

T cell epitopes: to broaden the horizon
A major hurdle preventing our understanding of HBV T cell immunity is the limited 

number of T cell epitopes that have been defined and thus only few HBV-specific T cell 

populations can be analyzed on the single response level. To date, the majority of 

defined HBV T cell epitopes are HLA*A:02:01 restricted26, which is the dominant allele 

in Caucasian populations. However, in Asian and African populations, where the burden 

of HBV is the highest, the A11:01 and A24:02 alleles are more prevalent.27 For CD4 T 

cell responses an even smaller number of HBV epitopes have been described. Notably, 

the majority of HBV-specific T cell epitopes have not been validated with T cell assays 

using blood from HBV-infected humans, as most have been defined using epitope-

prediction algorithms. Therefore, we performed a comprehensive epitope mapping 

approach to identify new HBV cell epitopes in an HLA diverse population (chapter 4). 

We studied HBV patients following an acute resolving infection, as these patients 

typically develop a strong and multi-specific T cell response. Using IFN-  ELISpot and 

matrix pools of overlapping peptides covering the proteome of HBV genotype A, we 

screened for T cell responses directly ex vivo. Intracellular cytokine staining was used 

to determine if the responses were mediated by CD4 and/or CD8 T cells. In acute 

infection, CD8 T cells that target the core and polymerase protein were the dominant 

response, followed by responses against the envelope and X protein. Similarly, CD4 T 

cells responses were mainly directed against the core protein, but were followed by 

responses direct against the envelope, X and polymerase protein. As expected, only a 

limited number of T cell responses could be detected with the ELISpot assay in chronic 

HBsAg positive and negative infection. Overall, we confirmed 89 peptide-specific T 

cell responses, consisting of 67 unique responses and fully mapped 11 novel HBV 

epitopes, including non-HLA*A2 restricted epitopes and those targeting the precore 

and X protein (chapter 4).
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HBV specific CD4 T cells differentiate functional cure from HBsAg+ infection
HBV-specific CD4 T cells play an essential role in orchestrating effective antiviral 

responses. This was clearly demonstrated in the chimpanzee model.28,29 However, the 

role of HBV CD4 T cells in humans has not been studied in great detail. Thus, we 

assessed HBV-specific T cell functionality using intracellular cytokine staining, and 

characterized HBV-specific CD4 T cells using MHC class II multimers. In acute infection, 

CD4 T cells readily produced cytokines following stimulation with the core and envelope 

protein. The function of CD4 T cells was impaired in chronic HBsAg positive infection 

when compared to chronic HBsAg negative infection. We were able to further validate 

these results using our newly identified MHC class II multimers. We readily detected 

HBV-specific CD4 T cells in acute and chronic HBsAg negative infection, but rarely in 

chronic HBsAg positive patients. Acute and chronic patients capable of controlling 

HBV replication long-term typically showed a mix of effector and central memory T 

cells, whereas chronic infection was associated with primarily effector memory CD4 T 

cells (chapter 4). Unfortunately, we could not reliably compare the phenotype between 

core and envelope-specific CD4 T cells, because few patients were available in which 

we could detect both responses simultaneously. Our results demonstrate that HBsAg 

seroconversion in acute and chronic infection is associated with a partial recovery of 

CD4 T cell function with a more differentiated memory phenotype. It will be important 

for future studies to investigate if and to which degree CD4 T cell are subjected to T 

cell exhaustion, as we currently have an incomplete understanding of the signaling 

pathways that govern CD4 T cell exhaustion. Instead, what is clear is that CD4 T cells 

are regulated by a differing profile of inhibitory receptors when compared to exhausted 

CD8 T cells30 and the sustained expression of PD-1 on CD4 T cells does not necessarily 

reflect T cell exhaustion.31

T cell immunity: blood versus the liver
The studies from this thesis rely on sampling peripheral blood to study virus-specific 

T cells, as methodologies that analyze the intrahepatic compartment have long been 

lacking.32–34 It has become increasingly clear that the immunological events in the 

human liver, at the site of viral replication, markedly differ from those in the blood. 

Many observations made from blood-derived virus-specific T cells might therefore not 

necessarily translate to what is happening in the liver. This is supported by extensive data 

mainly observed from chronic HCV infection. A key difference being that the expression 

of certain inhibitory molecules, such as PD-1 and 2B4, is much stronger expressed in 

the liver than in the blood.35,36 Conversely, some inhibitory markers are not significantly 

expressed on virus-specific CD8 T cells in the blood (CTLA-4, LAG-3 and TIM-3) but are 

specifically upregulated in the liver.2,37 Virus-specific T cells are compartmentalized in 

the liver, where one can detect up to a 100-fold higher frequency of specific T cells than 

8
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in peripheral blood.34,38–41 These specificities are predominantly antigen-experienced T 

cells, that display distinct patterns of memory differentiation, showing lower levels of 

the IL-7 receptor (CD127), and express distinct homing markers, such as CD161.42–44 Liver 

virus-specific cells are highly activated, more so than those specificities circulating in 

the blood. This is reflected by the selective upregulation of the T cell activation markers 

CD38, CD69 and HLA-DR.45–47 Persistent activation by high antigen levels is considered 

to be the critical factor driving the exhaustion of T cells.48 For example in HCV infection, 

virus-specific T cells display a more exhausted phenotype in the liver than in blood, 

as reflected by stronger expression of PD-1.47,49–52 Liver-infiltrating virus-specific T cells 

generally tend to co-express multiple of these inhibitory receptors, including PD-1, 

CTLA-4 and TIM-3.37,53 Furthermore, intrahepatic T cells often lack CD127 expression, 

indicative of a more terminally exhausted T cell phenotype.47,51,54,55 Their exhausted state 

is also underpinned by an altered transcriptional profile, as they are primarily governed 

by a T-betlow and Eomeshigh transcriptional profile. A profile associated with a loss of 

proliferative capacity, despite being continuously exposed to high antigen levels.55,56 

A large fraction of intrahepatic HCV-specific T cells is also profoundly functionally 

impaired.39,57 Despite these key findings, the underlying mechanisms driving the 

extensive exhaustion of intrahepatic T cells remains incompletely understood. Higher 

levels of antigen at the site of viral replication, is considered to be the dominant cause. 

However, additional impairment mechanisms, including the signaling from other 

inhibitory receptors and their ligands within the liver, a switch to suppressive cytokines 

(e.g. IL-10 and TGF-ß), an increased susceptibility to apoptosis, an enrichment in virus-

specific T cells with regulatory functions and viral escape mutations, have all been 

implicated.39,46,55,58–62 It will be important for future studies to study intrahepatic virus-

specific T cells using novel approaches such as fine needle aspirate liver biopsies.63,64

T cell exhaustion: lessons from LCMV and HCV
T cell exhaustion is characterized by a progressive loss of T cell effector functions and 

a sustained expression of inhibitory receptors. This phenomenon was first described 

in mice chronically infected with LCMV.65,66 This small animal model has proven to be 

a powerful method to study T cell immunology, for one because virus-specific T cells 

from the blood and different organs can readily be followed longitudinally. However, 

it remains unclear if T cell exhaustion in humans, that typically develops over several 

decades, is reversible following the removal of antigen. The detrimental effects of such 

prolonged exposure to high levels of antigen are impossible to evaluate in mice given 

their shorter lifespan. HCV infection is now the first, and currently only, human chronic 

viral infection that can be completely eradicated with antiviral therapy. We have recently 

used chronic HCV infection as a model to study the effect of antigen removal on T cell 

exhaustion following cure of HCV by DAA-based therapy.67 Previous studies in the LCMV 
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model have indicated that the continued exposure to viral peptides is a requirement for 

the maintenance of virus-specific T cell populations and thus will poorly persist of after 

the loss of antigen.68,69 In contrast, other studies have reported that some subsets of 

exhausted T cells may actually be capable of persisting.70,71 Indeed, it is now appreciated 

that exhausted HCV-specific T cells are a heterogenous population ranging from cells 

with memory-like characteristics to more terminally differentiated exhausted T cells.72 

This is reflected by the fact that, despite the physical deletion of HCV-specific T cells, 

the residual T cell response continues to contribute to the immunological containment 

of HCV replication. We and others have recently demonstrated that following HCV 

cure, exhausted T cells upregulate memory markers and downregulate key exhaustion 

markers, suggesting differentiation towards a memory phenotype. However, memory 

development was not complete when compared to spontaneously resolved acute HCV 

infection. Despite these apparent phenotypic changes the transcriptional state and 

effector function remained fixed in an exhausted state. Fully differentiated memory 

T cell from acute resolving infection mirrored mostly the memory phenotype and 

function of HCV-specific T cells targeting escaped epitopes, as these cell are no longer 

persistently activated by antigen.2,73,74 Since viral escape from HCV T cell responses 

typically occurs early in chronic infection75,76, this suggests that early removal of antigen 

preserves T cell function. Thus, there seems to be some plasticity of exhausted T cells 

which depends on the duration of antigen exposure. These findings could imply that 

immunotherapy for chronic viral infections need to be given early in the course of 

infection (chapter 6).

Concluding remarks
Despite the availability of an effective vaccine for over three decades, chronic HBV 

infection has remained a major burden to global health affecting 257 million individuals. 

Without therapies that can readily cure HBV, long-term suppressive therapy remains 

the preferred clinical option, even though these agents cannot fully eradicate all HBV-

sequelae. Annually, a subset of chronic patients is capable of controlling HBV replication 

long-term, similar to what is observed following acute resolving HBV infection in adults. 

A more detailed understanding of the immunological underpinnings associated with this 

unique phenomenon could pave the way for new immunotherapeutic interventions. The 

research outlined in this thesis has centered HBV-specific T cell immunity by studying 

acute and chronic patients with long-term HBV control as the natural model for protective 

immunity. Our key findings include: epitope-specificity as a major determinant of HBV-

specific T cell phenotype and function; the identification and validation of HBV T cell 

epitopes and the importance of HBV-specific CD4 T cells to long-term HBV control.
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Much however remains to be learned in order to fully appreciate the complexity 

surrounding HBV immune control. Fortunately, there has been a renewed interest in 

HBV-infection from the scientific community. Supported by recent methodological 

advances of platforms, such as multi-parameter flow cytometry and RNA-sequencing 

of HBV-specific T cells from both blood and liver it is expected to accelerate progress 

in the field at an unprecedented level. It is with this increased understanding, and 

the development of novel therapeutics, that we will turn chronic HBV-infection into a 

disease of the past.

Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   166Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   166 03/01/2022   12:5103/01/2022   12:51



167

Summary and General discussion 

References
1. Sauce, D. et al. PD-1 expression on human CD8 T cells depends on both state of 

differentiation and activation status. AIDS 21, 2005–13 (2007).
2. Bengsch, B. 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. 6, e1000947 (2010).

3. Greenough, T. C. et al. Programmed Death-1 Expression on Epstein Barr Virus 
Specific CD8+ T Cells Varies by Stage of Infection, Epitope Specificity, and T-Cell 
Receptor Usage. PLoS One 5, e12926 (2010).

4. Bengsch, B., Martin, B. & Thimme, R. Restoration of HBV-specific CD8+ 
T cell function by PD-1 blockade in inactive carrier patients is linked to T cell 
differentiation. J. Hepatol. 61, 1212–9 (2014).

5. Kasprowicz, V. et al. Hepatitis C virus (HCV) sequence variation induces an HCV-
specific T-cell phenotype analogous to spontaneous resolution. J. Virol. 84, 1656–
63 (2010).

6. Rehermann, B., Pasquinelli, C., Mosier, S. M. & Chisari, F. V. Hepatitis B virus (HBV) 
sequence variation of cytotoxic T lymphocyte epitopes is not common in patients 
with chronic HBV infection. J. Clin. Invest. 96, 1527–1534 (1995).

7. Kefalakes, H. et al. Adaptation of the hepatitis B virus core protein to CD8(+) T-cell 
selection pressure. Hepatology 62, 47–56 (2015).

8. Desmond, C. P. et al. Viral adaptation to host immune responses occurs in chronic 
hepatitis B virus (HBV) infection, and adaptation is greatest in HBV e antigen-
negative disease. J. Virol. 86, 1181–92 (2012).

9. Kaech, S. M., Wherry, E. J. & Ahmed, R. Effector and memory T-cell differentiation: 
implications for vaccine development. Nat. Rev. Immunol. 2, 251–262 (2002).

10. Wherry, E. J., Blattman, J. N., Murali-Krishna, K., van der Most, R. & Ahmed, R. 
Viral persistence alters CD8 T-cell immunodominance and tissue distribution and 
results in distinct stages of functional impairment. J. Virol. 77, 4911–27 (2003).

11. Utzschneider, D. T. et al. High antigen levels induce an exhausted phenotype in a 
chronic infection without impairing T cell expansion and survival. J. Exp. Med. 213, 
1819–1834 (2016).

12. Bertoni, R. et al. Human histocompatibility leukocyte antigen-binding supermotifs 
predict broadly cross-reactive cytotoxic T lymphocyte responses in patients with 
acute hepatitis. J. Clin. Invest. 100, 503–13 (1997).

13. Day, C. L. et al. PD-1 expression on HIV-specific T cells is associated with T-cell 
exhaustion and disease progression. Nature 443, 350–354 (2006).

14. Kløverpris, H. N. et al. Programmed death-1 expression on HIV-1-specific CD8+ T 
cells is shaped by epitope specificity, T-cell receptor clonotype usage and antigen 
load. AIDS 28, 2007–21 (2014).

15. Hislop, A. D., Annels, N. E., Gudgeon, N. H., Leese, A. M. & Rickinson, A. B. Epitope-
specific evolution of human CD8(+) T cell responses from primary to persistent 
phases of Epstein-Barr virus infection. J. Exp. Med. 195, 893–905 (2002).

16. Greenough, T. C. et al. Programmed Death-1 expression on Epstein Barr virus 
specific CD8+ T cells varies by stage of infection, epitope specificity, and T-cell 
receptor usage. PLoS One 5, e12926 (2010).

17. Munks, M. W. et al. Four distinct patterns of memory CD8 T cell responses to 
chronic murine cytomegalovirus infection. J. Immunol. 177, 450–8 (2006).

8

Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   167Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   167 03/01/2022   12:5103/01/2022   12:51



168

Chapter 8

18. Schuch, A. et al. Phenotypic and functional differences of HBV core-specific versus 
HBV polymerase-specific CD8+ T cells in chronically HBV-infected patients with 
low viral load. Gut 68, 905–915 (2019).

19. Cheng, Y. et al. Multifactorial heterogeneity of virus-specific T cells and association 
with the progression of human chronic hepatitis B infection. Sci. Immunol. 4, 
eaau6905 (2019).

20. Heim, K. et al. TOX defines the degree of CD8+ T cell dysfunction in distinct phases 
of chronic HBV infection. Gut (2020). doi:10.1136/gutjnl-2020-322404

21. Duraiswamy, J. et al. Phenotype, Function, and Gene Expression Profiles of 
Programmed Death-1 hi CD8 T Cells in Healthy Human Adults. J. Immunol. 186, 
4200–4212 (2011).

22. Nitschke, K. et al. Tetramer enrichment reveals the presence of phenotypically diverse 
hepatitis C virus-specific CD8+ T cells in chronic infection. J. Virol. 89, 25–34 (2015).

23. Zhang, S. et al. Frequency, Private Specificity, and Cross-Reactivity of Preexisting 
Hepatitis C Virus (HCV)-Specific CD8+ T Cells in HCV-Seronegative Individuals: 
Implications for Vaccine Responses. J. Virol. 89, 8304–17 (2015).

24. Fuertes Marraco, S. A. et al. Long-lasting stem cell-like memory CD8+ T cells with a 
naïve-like profile upon yellow fever vaccination. Sci. Transl. Med. 7, 282ra48 (2015).

25. Schmidt, J. et al. Immunodominance of HLA-A2-Restricted Hepatitis C Virus-
Specific CD8+ T Cell Responses Is Linked to Naive-Precursor Frequency. J. Virol. 
85, 5232–5236 (2011).

26. Desmond, C. P., Bartholomeusz, A., Gaudieri, S., Revill, P. A. & Lewin, S. R. A 
systematic review of T-cell epitopes in hepatitis B virus: identification, genotypic 
variation and relevance to antiviral therapeutics. Antivir. Ther. 13, 161–75 (2008).

27. Tan, A. T., Koh, S., Goh, V. & Bertoletti, A. Understanding the immunopathogenesis 
of chronic hepatitis B virus: An Asian prospective. J. Gastroenterol. Hepatol. 23, 
833–843 (2008).

28. Thimme, R. et al. CD8+ T Cells Mediate Viral Clearance and Disease Pathogenesis 
during Acute Hepatitis B Virus Infection. J. Virol. 77, 68–76 (2003).

29. Asabe, S. et al. The Size of the Viral Inoculum Contributes to the Outcome of 
Hepatitis B Virus Infection. J. Virol. 83, 9652–9662 (2009).

30. Chen, D. Y. et al. Hepatitis C virus-specific CD4+ T cell phenotype and function in 
different infection outcomes. J. Clin. Invest. (2020). doi:10.1172/JCI126277

31. Crawford, A. et al. Molecular and Transcriptional Basis of CD4+ T Cell Dysfunction 
during Chronic Infection. Immunity 40, 289–302 (2014).

32. Wong, D. K. et al. Liver-derived CTL in hepatitis C virus infection: breadth and 
specificity of responses in a cohort of persons with chronic infection. J. Immunol. 
160, 1479–88 (1998).

33. Koziel, M. J. et al. Intrahepatic cytotoxic T lymphocytes specific for hepatitis C virus 
in persons with chronic hepatitis. J. Immunol. 149, 3339–44 (1992).

34. Nelson, D. R. et al. The role of hepatitis C virus-specific cytotoxic T lymphocytes 
in chronic hepatitis C. J. Immunol. 158, 1473–81 (1997).

35. Kroy, D. C. et al. Liver Environment and HCV Replication Affect Human T-Cell 
Phenotype and Expression of Inhibitory Receptors. Gastroenterology 146, 550–561 
(2014).

36. Schlaphoff, V. et al. Dual Function of the NK Cell Receptor 2B4 (CD244) in the 
Regulation of HCV-Specific CD8+ T Cells. PLoS Pathog. 7, e1002045 (2011).

37. Nakamoto, N. et al. Synergistic reversal of intrahepatic HCV-specific CD8 T cell 
exhaustion by combined PD-1/CTLA-4 blockade. PLoS Pathog. 5, e1000313 (2009).

Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   168Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   168 03/01/2022   12:5103/01/2022   12:51



169

Summary and General discussion 

38. 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. 
96, 5692–5697 (1999).

39. Accapezzato, D. et al. Hepatic expansion of a virus-specific regulatory CD8(+) T cell 
population in chronic hepatitis C virus infection. J. Clin. Invest. 113, 963–72 (2004).

40. Minutello, M. A. et al. Compartmentalization of T lymphocytes to the site of disease: 
intrahepatic CD4+ T cells specific for the protein NS4 of hepatitis C virus in patients 
with chronic hepatitis C. J. Exp. Med. 178, 17–25 (1993).

41. Neumann-Haefelin, C. et al. Virological and immunological determinants of 
intrahepatic virus-specific CD8+ T-cell failure in chronic hepatitis C virus infection. 
Hepatology 47, 1824–1836 (2008).

42. Bengsch, B. et al. Analysis of CD127 and KLRG1 Expression on Hepatitis C Virus-
Specific CD8+ T Cells Reveals the Existence of Different Memory T-Cell Subsets 
in the Peripheral Blood and Liver. J. Virol. 81, 945–953 (2007).

43. Northfield, J. W. et al. CD161 expression on hepatitis C virus-specific CD8+ T cells 
suggests a distinct pathway of T cell differentiation. Hepatology 47, 396–406 (2008).

44. Billerbeck, E. et al. Analysis of CD161 expression on human CD8+ T cells defines 
a distinct functional subset with tissue-homing properties. Proc. Natl. Acad. Sci. 
107, 3006–3011 (2010).

45. Grabowska, A. M. et al. Direct ex vivo comparison of the breadth and specificity of 
the T cells in the liver and peripheral blood of patients with chronic HCV infection. 
Eur. J. Immunol. 31, 2388–94 (2001).

46. Radziewicz, H. et al. Impaired hepatitis C virus (HCV)-specific effector CD8+ T cells 
undergo massive apoptosis in the peripheral blood during acute HCV infection 
and in the liver during the chronic phase of infection. J. Virol. 82, 9808–22 (2008).

47. Golden-Mason, L. et al. Upregulation of PD-1 expression on circulating and 
intrahepatic hepatitis C virus-specific CD8+ T cells associated with reversible 
immune dysfunction. J. Virol. 81, 9249–58 (2007).

48. Mueller, S. N. & Ahmed, R. High antigen levels are the cause of T cell exhaustion 
during chronic viral infection. Proc. Natl. Acad. Sci. U. S. A. 106, 8623–8 (2009).

49. Fisicaro, P. et al. Antiviral intrahepatic T-cell responses can be restored by blocking 
programmed death-1 pathway in chronic hepatitis B. Gastroenterology 138, 682–
93, 693.e1–4 (2010).

50. Nakamoto, N. et al. Functional Restoration of HCV-Specific CD8 T Cells by 
PD-1 Blockade Is Defined by PD-1 Expression and Compartmentalization. 
Gastroenterology 134, 1927-1937.e2 (2008).

51. Radziewicz, H. et al. Liver-Infiltrating Lymphocytes in Chronic Human Hepatitis C 
Virus Infection Display an Exhausted Phenotype with High Levels of PD-1 and Low 
Levels of CD127 Expression. J. Virol. 81, 2545–2553 (2007).

52. Kasprowicz, V. 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. 82, 3154–3160 (2008).

53. McMahan, R. H. 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. 120, 4546–57 (2010).

54. Hofmann, M., Wieland, D., Pircher, H. & Thimme, R. Memory vs memory-like: The 
different facets of CD8+ T-cell memory in HCV infection. Immunol. Rev. 283, 232–
237 (2018).

55. Kroy, D. C. et al. Liver Environment and HCV Replication Affect Human T-Cell 
Phenotype and Expression of Inhibitory Receptors. Gastroenterology 146, 550–561 
(2014).

8

Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   169Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   169 03/01/2022   12:5103/01/2022   12:51



170

Chapter 8

56. Paley, M. A. et al. Progenitor and terminal subsets of CD8+ T cells cooperate to 
contain chronic viral infection. Science 338, 1220–5 (2012).

57. Spangenberg, H. C. et al. Intrahepatic CD8+ T-cell failure during chronic hepatitis 
C virus infection. Hepatology 42, 828–837 (2005).

58. Abel, M. et al. Intrahepatic virus-specific IL-10-producing CD8 T cells prevent liver 
damage during chronic hepatitis C virus infection. Hepatology 44, 1607–1616 (2006).

59. Varchetta, S. et al. Impaired intrahepatic natural killer cell cytotoxic function in 
chronic hepatitis C virus infection. Hepatology 56, 841–849 (2012).

60. Ward, S. M. et al. Quantification and localisation of FOXP3+ T lymphocytes and 
relation to hepatic inflammation during chronic HCV infection. J. Hepatol. 47, 316–
324 (2007).

61. Kaplan, D. E. et al. Peripheral virus-specific T-cell interleukin-10 responses develop 
early in acute hepatitis C infection and become dominant in chronic hepatitis. J. 
Hepatol. 48, 903–13 (2008).

62. Ebinuma, H. et al. Identification and in vitro expansion of functional antigen-specific 
CD25+ FoxP3+ regulatory T cells in hepatitis C virus infection. J. Virol. 82, 5043–53 
(2008).

63. Sprengers, D. et al. Analysis of intrahepatic HBV-specific cytotoxic T-cells during 
and after acute HBV infection in humans. J. Hepatol. 45, 182–9 (2006).

64. Spaan, M., van Oord, G. W., Janssen, H. L. A., de Knegt, R. J. & Boonstra, A. 
Longitudinal analysis of peripheral and intrahepatic NK cells in chronic HCV patients 
during antiviral therapy. Antiviral Res. 123, 86–92 (2015).

65. Moskophidis, D., Lechner, F., Pircher, H. & Zinkernagel, R. M. Virus persistence 
in acutely infected immunocompetent mice by exhaustion of antiviral cytotoxic 
effector T cells. Nature 362, 758–61 (1993).

66. Zajac, A. J. et al. Viral Immune Evasion Due to Persistence of Activated T Cells 
Without Effector Function. J. Exp. Med. 188, 2205–2213 (1998).

67. A, R. & E, H. Exhausted T cells never fully recover. Nat. Rev. Immunol. 21, (2021).
68. Wherry, E. J., Barber, D. L., Kaech, S. M., Blattman, J. N. & Ahmed, R. Antigen-

independent memory CD8 T cells do not develop during chronic viral infection. 
Proc. Natl. Acad. Sci. 101, 16004–16009 (2004).

69. Shin, H., Blackburn, S. D., Blattman, J. N. & Wherry, E. J. Viral antigen and extensive 
division maintain virus-specific CD8 T cells during chronic infection. J. Exp. Med. 
204, 941–9 (2007).

70. Utzschneider, D. T. et al. T cells maintain an exhausted phenotype after antigen 
withdrawal and population reexpansion. Nat. Immunol. 14, 603–10 (2013).

71. Angelosanto, J. M., Blackburn, S. D., Crawford, A. & Wherry, E. J. Progressive loss 
of memory T cell potential and commitment to exhaustion during chronic viral 
infection. J. Virol. 86, 8161–70 (2012).

72. Hofmann, M., Wieland, D., Pircher, H. & Thimme, R. Memory vs memory-like: The 
different facets of CD8+ T-cell memory in HCV infection. Immunol. Rev. 283, 232–
237 (2018).

73. Wieland, D. et al. TCF1+ hepatitis C virus-specific CD8+ T cells are maintained after 
cessation of chronic antigen stimulation. Nat. Commun. 8, 15050 (2017).

74. Sen, D. R. et al. The epigenetic landscape of T cell exhaustion. Science (80-. ). 354, 
1165–1169 (2016).

75. Kuntzen, T. et al. Viral Sequence Evolution in Acute Hepatitis C Virus Infection. J. 
Virol. 81, 11658–11668 (2007).

76. Cox, A. L. et al. Cellular immune selection with hepatitis C virus persistence in 
humans. J. Exp. Med. 201, 1741–1752 (2005).

Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   170Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   170 03/01/2022   12:5103/01/2022   12:51



171

Summary and General discussion 

8

Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   171Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   171 03/01/2022   12:5103/01/2022   12:51



Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   172Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   172 03/01/2022   12:5103/01/2022   12:51



Addendum



174

Addendum

Nederlandse samenvatting voor niet ingewijden

Het hepatitis B virus (HBV) is een klein DNA-virus dat een langdurige (chronische) 

ontsteking van de lever kan veroorzaken. Het aantal mensen met een chronische HBV-

infectie wordt geschat op 257 miljoen, dit is bijna zeven keer zo veel als het aantal 

mensen dat leeft met een HIV-infectie. Dit terwijl een HBV-infectie wél voorkomen 

kan worden middels een vaccinatie. Een chronische HBV-infectie geeft schade aan 

de lever, dat zich kan uitten in littekenvorming, functieverlies en leverkanker. Het 

virus veroorzaakt doorgaans weinig (specifieke) klachten waardoor veel patiënten niet 

realiseren dat ze geïnfecteerd zijn. Een chronische HBV-infectie kan op dit moment niet 

worden genezen, omdat het erfelijk materiaal van het virus zich diep in de levercellen 

van de gastheer nestelt. Er bestaan daarentegen wel medicijnen die de voorplanting 

van het virus succesvol kunnen onderdrukken. Het HBV leidt met name bij baby’s en 

jonge kinderen tot een chronische infectie, terwijl het in volwassene doorgaans een 

kortdurend beloop heeft. Het afweersysteem bepaalt grotendeels wat het beloop 

van de infectie zal zijn: een kortdurende (acute) of chronische ontsteking. Opvallend is 

dat in sommige chronische patiënten, na dikwijls jaren een chronische leverontsteking 

te hebben gehad, het afweersysteem alsnog in staat is om het virus permanent te 

onderdrukken. Dit fenomeen wordt een ‘’functionele genezing’’ genoemd en wordt 

gekenmerkt doordat het virus en het hepatitis B oppervlakte eiwit (HBsAg) niet meer 

detecteerbaar zijn in het bloed (HBsAg seroconversie). In deze situatie bevindt het 

erfelijk materiaal van het virus zich nog steeds in de levercellen, maar het is niet meer 

in staat zich voort te planten. Functionele genezing van een chronische HBV-infectie 

is erg zeldzaam. Echter wanneer het optreedt, kunnen deze ‘patiënten’ stoppen met 

antivirale medicijnen. Bovendien hebben deze mensen een aanzienlijke lagere kans op 

het ontwikkelen van leverkanker, met name wanneer de functionele genezing voor het 

50ste levensjaar optreedt. Het doel van het onderzoek beschreven in dit proefschrift is: 

hoe gaat het afweersysteem om met het hepatitis B virus? In het bijzonder proberen we 

te achterhalen wat voor type afweerreactie gepaard gaat met een kortdurend (acuut) 

beloop versus een langdurige (chronische) infectie. Om deze vraag te beantwoorden 

bestuderen we één bepaald type afweercel, genaamd de T-lymfocyt (T-cel), welke 

verantwoordelijk wordt gehouden voor het opruimen van het virus.

Immunologische afweer tijdens een kortdurend beloop van hepatitis B
Een T-cel is een specifiek type bloedcel welke in staat is om lichaamseigen, alsmede 

lichaamsvreemde, moleculen (aminozuren) te herkennen. De reeks aminozuren die 

een T-cel herkent, wordt een ‘epitoop’ genoemd. Wanneer de T-cel een HBV epitoop 

herkent, zal de T-cel de geïnfecteerde cel trachten te doden. De T-cel zal hiervoor 

onder andere antivirale eiwitten (cytokines) uitscheiden welke interfereren met de 
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voorplanting van het virus. Deze groep T-cellen staan bekend als CD8 effector T-cellen. 

Er zijn ook CD4 T-helper cellen, welke met name een regulerende functie hebben en 

ervoor zorgen dat B-cellen efficiënt antilichamen kunnen produceren. Antilichamen 

zijn eiwitten die in zeer grote hoeveelheden geproduceerd kunnen worden welke 

een ziekteverwekker (in)direct onschadelijk maken. Het opwekken van antilichamen is 

het voornaamste doel en werkingsmechanisme van vaccinaties. Hoewel antilichamen 

bijzonder geschikt zijn om een infectie te voorkomen, kunnen ze een reeds gevestigde 

HBV-infectie niet opruimen. Uit experimenteel dierenonderzoek is gebleken dat T-cellen 

hier primair verantwoordelijk voor zijn. Ten tijde van een effectieve antivirale reactie zijn 

HBV-specifieke T-cellen in een hoge frequentie aanwezig en gericht tegen meerdere 

epitopen. Deze HBV-specifieke T-cellen zijn doorgaans sterk geactiveerd, produceren 

diverse antivirale moleculen en ontwikkelen zich vervolgens tot langlevende ‘geheugen’ 

T-cellen (hoofdstuk 3).

Immunologische afweer tijdens een chronisch beloop van hepatitis B
Gedurende een chronische HBV-infectie is het afweersysteem niet in staat het virus op te 

ruimen. Om te voorkomen dat het afweersysteem tevergeefs levercellen blijft aanvallen, 

zal het afweersysteem uiteindelijk de functie van HBV-specifieke T-cellen onderdrukken. 

Dit wordt bijvoorbeeld gedaan door het immuun regulerende molecuul ‘programmed 

cell death protein-1’ (PD-1). Dit proces wordt primair gevoed doordat de eiwitten van 

het HBV in extreme hoge aantallen in het bloed aanwezig zijn. De onderdrukking van 

T-cel functies vindt plaatst over tientallen jaren (doorgaans levenslang) en als gevolg 

hiervan zijn HBV-specifieke T-cellen tijdens een chronische infectie functioneel vaak 

zwak en/of zelfs afwezig. Dit fenomeen wordt ‘T-cel uitputting’ genoemd. Andere 

factoren die een remmend effect hebben op de functie HBV-specifieke T-celen 

is de toename van ontstekingsremmende cytokines, de toename van T-cellen met 

(negatief) regulerende functies en het ontbreken van adequate CD4 T-helper cellen 

(hoofdstuk 4). De langdurige expressie van het PD-1 molecuul wordt dus geassocieerd 

met T-cel uitputting. Derhalve wordt het PD-1 molecuul nogal eens -onterecht- in een 

negatief daglicht geplaatst. De werking van dit molecuul voorkomt immers tijdens een 

chronische infectie onnodige schade aan de lever. Bovendien heeft het blokkeren van 

het PD-1 molecuul een uitgebreide therapeutische toepasbaarheid. PD-1 remmers 

zorgen er namelijk voor dat het afweersysteem opnieuw wordt geactiveerd en versterkt. 

Vooralsnog is toepasbaarheid en werkzaamheid van PD-1 remmers vooral onderzocht 

in het kader van de behandeling van diverse vormen van kanker (immunotherapie). 

Of immunotherapie ook ingezet kan worden voor de behandeling van een chronische 

HBV-infectie wordt momenteel onderzocht (hoofdstuk 6).

A

Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   175Volledig Binnenwerk_Ruben Hoogeveen_DEF.indd   175 03/01/2022   12:5103/01/2022   12:51



176

Addendum

Het Hepatitis C virus
In dit proefschrift staat het hepatitis B virus centraal. De afgelopen decennia heeft 

er voornamelijk veel onderzoek plaatsgevonden naar het hepatitis C virus (HCV). 

Deze ziekte heeft een vergelijkbare naam omdat het ziektebeeld grotendeels 

overeenkomt, maar het wordt veroorzaakt door een andere ziekteverwekker (HCV). 

Vanuit immunologisch perspectief kan het dus informatief zijn om de T-cel response 

tussen deze twee ziekten met elkaar te vergelijken. Het HCV is een RNA-virus dat 

ook een acuut of chronisch ontsteking van de lever kan veroorzaken. Een acute HCV-

infectie leidt, in tegenstelling tot een HBV-infectie bij volwassene, doorgaans tot een 

chronische infectie. Een klein deel van de acute HCV-patiënten (~30%) is in staat het 

virus spontaan te klaren. Er wordt geschat dat er ruim 71 miljoen mensen zijn met een 

chronische HCV-infectie. Sinds 2011 bestaan er geneesmiddelen, genaamd ‘direct-

acting antivirals’ waardoor vrijwel alle chronische HCV-patiënten te genezen zijn. Mede 

door deze ontwikkeling is er een hernieuwde interesse vanuit de wetenschappelijke 

gemeenschap naar het HBV. De hoop is dat ook een chronische HBV-infectie binnen 

afzienbare tijd te genezen is. Om dit te kunnen realiseren is echter een beter begrip 

nodig hoe het lichaam in staat is het virus zelf te onderdrukken.

De detectie van virus-specifieke T-cellen
Het detecteren van HBV-specifieke T-cellen in het bloed of de lever kan een ware 

uitdaging zijn. Dit type T-cellen zijn doorgaans in extreem lage frequenties aanwezig, 

vooral in het bloed van patiënten met een chronische infectie. Er bestaan helaas geen 

eenvoudige methoden om HBV-specifieke T-cellen direct te kunnen herkennen. Derhalve 

hebben we gebruik gemaakt van Humaan Leukocyten Antigen (HLA)-multimeren 

(zie hiervoor ook hoofdstuk 1, figuur 3). HLA-antigenen worden in de kliniek vooral 

bestudeerd bij orgaantransplantaties om te kijken of het afweersysteem van donor 

en ontvanger (grotendeels) overeenkomen. Een bepaald type afweercel, genaamd 

antigen-presenterende cel, kan zowel lichaamseigen als lichaamsvreemde epitopen 

presenteren aan het afweersysteem. Deze presentatie vindt plaatst via het HLA-antigen 

dat direct kan binden aan een T-cel middels de T-cel receptor. Om HBV-specifieke 

T-cellen te visualiseren maken we gebruik van deze interactie. Hiermee kunnen T-cellen 

worden geïdentificeerd met een bepaalde specificiteit, ofwel, T-cellen die in staat 

zijn één bepaald HBV epitoop te herkennen. Een HLA-multimer is opgebouwd uit 

meerdere identieke HLA-moleculen. Er wordt bewust gebruik gemaakt van meerdere 

HLA-moleculen omdat dit de binding aan de T-cel receptor(en) versterkt. Vervolgens 

wordt een lichtgevend molecuul (fluorofor) aan onze HLA-multimer bevestigd waardoor 

epitoop-specifieke HBV T-cellen te visualiseren zijn. Deze techniek wordt in dit 

proefschrift veelvuldig gebruikt, zodat HBV-specifieke T-cellen met een frequentie 

van ~0.001-0.01% betrekkelijk eenvoudig kunnen worden gedetecteerd.
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Dit proefschrift

De functie en het fenotype van HBV-specifieke T-cellen is geassocieerd met het 
epitoop dat de T-cel herkent

In hoofdstuk 3 bestudeerden we het uiterlijk (fenotype) en de functie van HBV-specifieke 

T-cellen in patiënten met een acute versus een chronische infectie. We konden HBV-

specifieke CD8 T-cellen in hoge frequenties detecteren in de meeste patiënten met een 

acute HBV-infectie maar niet in patiënten met een chronische infectie. Onze voornaamste 

bevinding was dat het fenotype en de functie van HBV-specifieke CD8 T-cellen afhangt 

van het epitoop dat de T-cel herkent. Zo zagen we bijvoorbeeld dat T-cellen die een 

epitoop in het HBV ‘core’ eiwit herkennen een hogere expressie van het PD-1 molecuul 

hadden ten opzichte van een polymerase-specifieke T-cellen. Daarnaast zagen we dat 

core en polymerase-specifieke CD8 T-cellen een specifiek ‘geheugenfenotype’ hadden. 

Belangrijk was dat deze antigeen-specifieke T-cellen ook een verschillende antivirale 

activiteit hadden. Deze bevindingen suggereren dat individuele T-cel specificiteiten 

in verschillende mate bijdragen aan het klaren van het HBV. Verder lieten we zien dat 

het kunstmatig opkweken van HBV-specifieke T-cellen geen geschikte methode is om 

het fenotype van virus-specifieke T-cellen te bestuderen. Deze methode werd in het 

verleden veel gebruikt om de doorgaans extreme lage frequentie van HBV-specifieke 

T-cellen te overkomen. We lieten echter zien dat deze aanpak leidt tot een drastische 

verandering in het fenotype van HBV-specifieke T-cellen (hoofdstuk 3).

Waarom laten core en polymerase-specifieke T-cellen een verschillend fenotype en 

functie zien? We hadden hiervoor enkele hypotheses. De eerste hypothese heeft met 

selectiedruk te maken, iets wat veel voorkomt tijdens een chronische hepatitis C virus 

(HCV) infectie. Tijdens een chronische HCV-infectie leidt selectiedruk op bepaalde T-cel 

epitopen ervoor dat hepatitis C virusdeeltjes - met net iets andere aminozuur sequentie 

in dit epitoop - een overlevingsvoordeel hebben omdat ze niet goed meer worden 

herkend door het afweersysteem (immuun ontwijking). Hierdoor zullen deze T-cellen een 

fenotype en een functionele staat aannemen die veel weg heeft van dat wordt gezien 

bij HCV-specifieke T-cellen tijdens een acute HCV-infectie. Onze initiële hypothese was 

dat een vergelijkbaar principe van toepassing was bij een chronische HBV-infectie en 

dat dit leidt tot verschillende fenotypes. Hoewel we immuun ontwijking wel degelijk 

aantroffen, voornamelijk in het core-epitoop, konden we hiermee de verschillen in T-cel 

fenotype en functie er niet mee verklaren. Dit omdat core-specifieke T-cellen het meest 

homogene T-cel fenotype hadden in vergelijking met polymerase-specifieke T-cellen. 

Een alternatieve verklaring zou kunnen zijn dat de antigenpresentie van het core-eiwit 

leidt tot een sterke T-cel activatie dan wanneer dit met het polymerase eiwit gebeurt. 

Dit kan bijvoorbeeld komen door een sterke bindingsaffiniteit, of omdat het HBV core-
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eiwit in grotere hoeveelheden wordt aangemaakt ten opzichte van het polymerase eiwit. 

Toekomstige studies zullen hier hopelijk meer inzicht over verschaffen.

HBsAg seroconversie in chronische HBV-patiënten is geassocieerd met een meer 
gedifferentieerd CD4 T cel fenotype en een verbeterde T cell functie

In hoofdstuk 3 hadden we enkele HBV-specifieke CD8 T-cel epitopen in detail 

bestudeerd. Er waren ten tijde van onze studies nog maar een beperkt aantal HBV-

specifieke CD4 en CD8 T-cel epitopen bekend. In hoofdstuk 4 hebben we daarom een 

experimentele procedure opgezet waarmee we nieuwe HBV-specifieke T-cel epitopen 

konden identificeren. Kortgezegd: door T-cellen van HBV-geïnfecteerde patiënten te 

stimuleren met het volledig (gefragmenteerde) HBV-genoom, konden we achterhalen 

welke regio’s door T-cellen worden herkend. De optimale sequentie van de T-cel 

epitopen werd vervolgens bepaald middels ‘epitoop predictie algoritmes’. We vonden 

dat CD4 T-cellen voornamelijk epitopen in het core en envelop eiwit herkennen, en 

CD8 T-cellen epitopen in het core, envelope alsmede het polymerase eiwit herkennen. 

Met behulp van zes HLA-klasse II multimeren konden we het HBV-specifieke CD4 T-cel 

fenotype in detail bestuderen. We vonden dat HBV-specifieke CD4 T-cellen robuust 

aanwezig waren in acute HBV-patiënten, terwijl deze niet tot nauwelijks detecteerbaar 

waren in chronische patiënten. Opvallend was dat we in een kleine groep patiënten 

met een functionele genezing ook HBV-specifieke CD4 T-cellen konden detecteren 

in vijf van de zes patiënten. In acute HBV-patiënten vertoonde specifieke T-cellen 

diverse markers van T-cel activatie en proliferatie (CD38, OX40, OX40, PD-1 en KI67). 

Deze markers kwamen in het bijzonder gedurende de eerste weken na infectie tot 

expressie. Vrijwel alle T-cel activatie markers kwamen na 10 weken nauwelijks meer 

tot expressie. Dit in tegenstelling tot het PD-1 molecuul, welke een zeer variabele 

expressie vertoonde. Dit is opvallend omdat een vergelijkbaar immuun regulerend 

molecuul CTLA-4, na 10 weken nauwelijks meer tot expressie kwam. We zagen geen 

verschil in PD-1 expressie op HBV-specifieke CD4 T-cellen in chronische patiënten met 

en zonder HBs seroconversie. In chronische HBV-patiënten waren HBV-specifieke CD4 

T-cellen primair ‘effector memory’ T-cellen terwijl acute en chronische patiënten met 

HBs seroconversie een meer gedifferentieerd beeld liet zien bestaande uit ‘effector’- 

en ‘central’ memory T-cellen.

Tot slot bestudeerde we de functie van HBV-specifieke CD4 T-cellen in verschillende 

patiëntgroepen 1) acute infectie en 2) chronische-infectie en 3) chronische infectie 

met HBs seroconversie (hoofdstuk 4). Wegens technische redenen kunnen HLA-klasse 

II multimeren niet worden gecombineerd met functionele T-cel assays (intracellulaire 

cytokine kleuring [ICS]). Als alternatief stimuleerde we T-cellen van HBV-geïnfecteerde 

patiënten met onze gefragmenteerde peptiden gerangschikt op basis van het HBV 
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core en envelop eiwit. Vervolgens analyseerde we de cytokineproductie (interferon- ,  

TNF-  en interleukine-2) van de geactiveerde CD4 T-cellen. In vrijwel alle acute HBV-

patiënten produceerde de geactiveerde fractie van CD4 T-cellen diverse cytokines. We 

vonden weinig en voornamelijk dysfunctionele CD4 T-cellen in chronische patiënten, 

waarbij we een gedeeltelijk herstel van CD4 T-cellen zagen in chronische patiënten 

met HBs seroconversie. Tevens zagen we een functioneel herstel van core-specifieke 

CD8 T-cellen in deze patiëntgroep. Dit herstel werd niet geobserveerd voor envelop-

specifieke CD8 T-cellen. In deze context is het belangrijk te realiseren dat we in deze 

assay niet hebben gekeken naar de -immuun dominante- polymerase-specifieke CD8 

T-cellen. Het zou goed mogelijk zijn dat wanneer een functionele genezing optreedt bij 

een chronische HBV-geïnfecteerde patiënt, dit gepaard gaat met zowel een gedeeltelijk 

herstel van CD4 en CD8 T cel functie. Concluderend, onze resultaten tonen aan dat 

HBV-specifieke CD4 T-cellen detecteerbaar zijn in acute en chronische individuen met 

HBs seroconversie, en doorgaans afwezig zijn in chronische patiënten. HBV-specifieke 

CD4 T-cellen zijn meer functioneel, en hebben een specifiek geheugen fenotype, 

wanneer HBs seroconversie plaatsvindt.

De rol van HBV en HCV-specifieke T-cellen tijdens een acuut beloop van een 
HBV en HCV-infectie

Een infectie met het HBV of HCV kan zowel leiden tot een acuut (kortdurend) beloop, 

alsmede een chronische ziekte. In hoofdstuk 5, bestudeerde we HBV en HCV-specifieke 

T-cellen in patiënten met een acuut beloop. In deze patiënten is het afweersysteem 

goed in staat het HBV en HCV tijdig te onderdrukken. Een belangrijk verschil is 

echter dat, ondanks het kortdurend beloop van de HBV-infectie, de patiënt het virus 

levenslangs latent bij zich zal dragen; terwijl het HCV volledig geëlimineerd kan worden. 

Opvallend was dat de frequentie van HBV-specifieke T-cellen aanzienlijk lager was 

dan dat van HCV-specifieke T-cellen. HBV-specifieke T-cellen hadden na afloop van 

de infectie een blijvend geactiveerd fenotype, daar waar HCV-specifieke T-cellen een 

fenotype hadden van een geheugen T-cel in rust. Na afloop van een acute HBV-infectie 

blijven HBV-specifieke T-cellen actief en verantwoordelijk om het virus permanent te 

onderdrukken. Desalniettemin, blijft het lastig om het T-cel fenotype gedurende deze 

twee ziekten met elkaar te vergelijken. Dit omdat deze patiënten doorgaans weinig 

klachten hebben (asymptomatisch) en daardoor niet eenduidig te identificeren zijn. Dit 

maakt dat het beloop van de infectie nooit perfect vergeleken kan worden.

Immunotherapie als behandeling van een chronische HBV-infectie
In hoofdstuk 6 vat ik de bevindingen van dit proefschrift samen. We benadrukken 

dat de resultaten van dit onderzoek naar de natuurlijke immuniteit tegen het HBV 

ingezet kan worden bij de ontwikkeling van HBV-immunotherapie. Immunotherapie is 
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een relatief nieuwe behandelmethode waarbij het afweersysteem van de patiënt wordt 

gestimuleerd en versterkt in de hoop dat het vervolgens zelf alsnog een chronische 

infectie of tumor kan opruimen. Deze vorm van behandeling is betrekkelijk nieuw 

maar gezien de succesvolle behandeling van voornamelijk immunogene tumoren, 

wordt de toepasbaarheid hiervan nu ook onderzocht voor de behandeling van 

een chronische HBV-infectie. Bovendien hebben chronische infecties en tumoren 

vergelijkbare mechanische van immuunfalen. Immunotherapie wordt grofweg verdeeld 

in twee groepen, diegene die de functie van reeds bestaande HBV-specifieke T-cellen 

stimuleert (immuun checkpoint remmers) versus diegene die als doel hebben om ook 

nieuwe HBV-specifieke T-cellen te induceren (therapeutische vaccinatie). De immuun 

checkpoint remmers die tot op heden het best gekarakteriseerd zijn, zijn anti-PD-1 (of 

PD-L1) en anti-CLTA-4. In vitro studies hebben herhaaldelijk aangetoond dat anti-PD-1 

blokkade de functie van HBV-specifieke T-cellen kan bevorderden. In het bijzonder 

zorgt PD-1 remming voor een verbeterde proliferatie van HBV-specifieke T-cellen. De 

werkzaamheid van anti-PD-1 remmers in chronische HBV-patiënten is op dit moment 

nog niet bekend, maar de eerste studies worden in de nabije toekomst verwacht. 

Opvallend is dat anti-PD-1 blokkade bij andere chronische infecties (HCV en HIV) een 

beperkte antivirale werking had. Mede hierdoor wordt geacht dat immunotherapie 

gecombineerd dient te worden met aanvullende antivirale interventies.

Een alternatieve aanpak is het therapeutisch vaccineren van chronische HBV-patiënten. 

Er wordt gedacht dat het (opnieuw) presenteren van HBV-antigenen buiten de 

immuun tolerante omgeving van de lever en/of in utero, leidt tot potentere antivirale 

T-cel responses. Hoewel deze aanpak succesvol is gebleken in HBV en LCMV-muis 

modellen, is de werkzaamheid in chronische HBV-patiënten tot op heden erg beperkt 

gebleven. Studies in mensen laten op zijn best een beperkt herstel van T-cellen is, 

die niet geassocieerd is met een reductie van HBV-antigen. Het uiteindelijke doel 

van therapeutische vaccinaties is het induceren van een breed repertoire van hoog 

functionele T-cellen dat geconserveerde regio’s van het HBV-genoom kan herkennen, 

zodat het in staat is ‘immuun ontwijking’ te voorkomen. Toekomstige therapeutische 

vaccinaties richten zich momenteel op het includeren van andere of meerdere HBV-

antigenen (bijv. core of polymerase), andere vaccinatie methodes en het evalueren 

van de werkzaamheid in verschillende fases van chronische HBV-infectie. De huidige 

consensus is dat een gecombineerde aanpak van meerdere antivirale therapieën 

benodigd zal zijn om HBs seroconversie in chronische HBV-patiënten te bewerkstelligen. 

Een aantrekkelijke aanpak zou bijvoorbeeld kunnen zijn nucleos(t)ide therapie, HBsAg 

secretie remmers en een therapeutische vaccinatie met/of zonder PD-1 remmer te 

combineren.
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Slotwoord
Ondanks de beschikbaarheid van een effectief vaccin tegen het HBV, dat al meer 

dan 30 jaar bestaat, blijft chronische HBV-infectie een wereldwijd probleem dat ruim 

257 miljoen mensen aangaat. Zonder curatieve behandelopties, dienen patiënten 

doorgaans levenslang antivirale middelen tot zich te nemen, terwijl deze middelen 

niet alle HBV-sequelae voorkomen. Jaarlijks is een kleine groep chronische patiënten in 

staat HBV-replicatie langdurig te onderdrukken (functionele genezing), dit is in zekere 

mate vergelijkbaar met wat wordt gezien na een acute HBV-infectie bij volwassene. 

Een beter begrip welke immunologische mechanismen hier verantwoordelijk voor 

zijn, kan mogelijk de ontwikkeling van nieuwe immunotherapieën bevorderen. In dit 

proefschrift hebben we HBV-specifieke immuniteit bestudeerd, in het bijzonder bij 

acute en chronische patiënten die in staat zijn het HBV langdurig te onderdrukken. 

Onze voornaamste bevindingen zijn dat epitoop-specificiteit geassocieerd is met het 

fenotype en de functie van HBV-specifieke T-cellen, wat suggereert dat verschillende 

HBV specificiteiten een variabele bijdrage hebben aan het onder controle houden 

van HBV-replicatie. Daarnaast laten we het belang van functionele HBV-specifieke 

CD4 T-cellen zien voor een functionele genezing. Al met al blijft er nog veel te leren 

over hoe het afweersysteem exact in staat is het HBV te onderdrukken. Gelukkig is er 

een hernieuwde interesse in HBV-specifieke immuniteit vanuit de wetenschappelijke 

gemeenschap. Gecombineerd met recente technologische doorbraken, zoals het 

analyseren van het erfelijk materiaal op het niveau van één enkele cel verkregen vanuit 

de lever, wordt verwacht dat dit de vooruitgang in het veld enorm zal bespoedigen. Het 

zal met deze toegenomen kennis, en de ontwikkeling van nieuwe potentere therapieën, 

zijn dat we chronische HBV-infectie definitief tot een ziekte van het verleden kunnen 

maken.
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