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In this study, we aimed to detect and characterize ex vivo virus-specific CD8+ T cells in patients with immune-tolerant hepatitis B virus (HBV) infection. We investigated a Korean chronic hepatitis B cohort composed of 15 patients in the immune-tolerant phase, 17 in the immune-active phase, and 13 under antiviral treatment. We performed enzyme-linked immunospot (ELISpot) assays ex vivo and intracellular cytokine staining after in vitro culture. We also performed ex vivo multimer staining assays and examined the expression of programmed death-1 (PD-1) and CD127 in pentamer-positive cells. Ex vivo ELISpot revealed that HBV-specific T cell function was weaker in immune-tolerant patients than in those under antiviral treatment. In vitro culture of peripheral blood mononuclear cells for 10 days revealed that HBV-specific CD8+ T cells produced interferon-γ in some immune-tolerant patients. We detected HBV-specific CD8+ T cells ex vivo (using the HBV core18−27 pentamer) in patients from all three groups. The PD-1+ subset of pentamer+ CD8+ T cells was smaller ex vivo in the immune-tolerant phase than in the immune-active phase or under antiviral treatment. Interestingly, the proportion of PD-1+ CD8+ T cells in HBV-specific CD8+ T cells correlated with patient age when all enrolled patients were analyzed. Overall, HBV-specific CD8+ T cells are present in patients considered as immune-tolerant, although their ex vivo functionality is significantly weaker than that in patients under antiviral treatment (P < 0.05). Despite the high viral load, the proportion of PD-1 expression in HBV-specific CD8+ T cells is lower in the immune-tolerant phase than in other phases. Our results indicate appropriate stimulation may enhance the effector function of HBV-specific CD8+ T cells in patients considered as being in the immune-tolerant phase.
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INTRODUCTION

Chronic hepatitis B (CHB) is a life-threatening liver disease affecting 257 million individuals worldwide, particularly in the Asia-Pacific region (1). In endemic areas, hepatitis B virus (HBV) is typically transmitted from chronically infected mothers to neonates (2). Perinatal HBV infection causes chronic infection in more than 90% of exposed individuals (3). With perinatal infection, lifetime mortality risk due to complications of liver cirrhosis (LC) or hepatocellular carcinoma (HCC) reaches 40% in men and 15% in women (3).

Traditionally, chronic HBV infection by vertical transmission is known to have several phases (4). Initially, most children with perinatal HBV infection are asymptomatic, which is traditionally referred to as the “immune-tolerant (IT)” phase and characterized by the presence of hepatitis B surface antigen (HBsAg), hepatitis B envelope antigen (HBeAg), and high serum HBV DNA levels with minimal liver inflammation. This phase was thought to persist for decades typically followed by the “immune-clearance” phase, which is characterized by elevated liver enzymes, declining HBV DNA, and spontaneous HBeAg seroconversion. The immune-clearance phase is followed by the “low-replicative” phase, with minimal liver inflammation. In this phase, up to 30% of patients have been reported to undergo viral reactivation with increased HBV DNA and liver enzymes. These HBeAg-negative patients with spontaneous reactivation show increased risks of LC and HCC, whereas the risk of fatal diseases for those who remain inactive is much lower (2, 3). However, this concept of immune tolerance is not generally accepted by recent guidelines from Europe (5).

Although perinatal transmission of HBV is considered to lead to chronic persistent infection, the underlying mechanism remains unclear. Until recently, HBV-infected children in the IT phase were considered to have defects in mounting effective humoral and T cell responses against the infecting virus (6, 7). Very weak type-I interferon (IFN) responses (8–10), robust immunosuppressive IL-10 induction (11), and impaired IL-21 secretion from follicular helper T cells (12) following HBV infection have been suggested to limit the induction of effective adaptive immune responses in patients in the IT phase.

Recently, however, the concept of immune tolerance in HBV-infected neonates has been challenged. Studies reported that HBV infection in younger patients was not associated with an immune profile of T-cell tolerance (13, 14). One of these studies showed that HBV-specific T cell responses in the IT phase were comparable to those in the immune-active (IA) phase (13). Another study revealed HBV DNA integration and clonal hepatocyte expansion in patients considered IT phase at a high rate (14). The authors suggested that clonal hepatocyte expansion resulted in a response to hepatocyte turnover mediated by HBV-specific T cells, which were detected in patients considered as immune-tolerant (14, 15). In agreement with these reports, a recent study showed that antiviral therapy in patients with HBeAg-positive CHB with a high viral load and alanine transaminase (ALT) level below normal reduced the risk of HCC (16). It has also been reported that substantial fibrosis and necroinflammatory activity already existed in the liver biopsy of some patients in the IT phase (17, 18). Therefore, recent European guidelines referred to the traditional “immune tolerant” phase as HBeAg-positive chronic HBV infection (5).

In Korea and China, genotype C HBV prevails among chronic carriers of the virus, regardless of the clinical stage of liver disease (19, 20). In general, genotype C HBV infection is associated with more severe liver disease and an increased risk of HCC (20–22). Moreover, genotype C HBV is associated with lower rates of HBeAg and/or HBsAg loss than genotypes A and B (22). However, HBV-specific T cell responses in patients with genotype C HBV infection have not been explained in detail.

In a previous study by Shin et al. (23), a correlation between HCV-specific CD8 T-cell responses in the blood and molecular and functional markers of T-cell responses in the liver was demonstrated. Thus, HCV-specific CD8 T-cell responses in the blood were valid markers of intrahepatic T-cell activity. For different phases of HBV infection, another study (24) demonstrated CD8+ T cell dysfunction using patients' blood samples from different infection stages. A more recent report revealed an association between blood transcriptomes and liver biopsy transcriptomes at different infection stages (25). Therefore, we used peripheral blood samples to analyze ex vivo T cell response in patients with different phases of HBV infection.

In this study, we performed ex vivo functional assays and multimer staining to investigate the existence and function of HBV-specific CD8+ T cells in Korean patients with CHB. We also examined the expression levels of exhaustion (PD-1) and memory marker (CD127) in multimer+ cells in peripheral blood samples from these patients. Although their ex vivo function was impaired, we confirmed the presence of HBV-specific CD8+ T cells containing a smaller proportion of PD-1+ cells in IT patients. Our results indicate that HBV-specific CD8+ T cells in Korean IT patients may not be tolerant or exhausted, and appropriate stimulation can enhance the effector function of HBV-specific CD8+ T cells in patients considered as being in the IT phase.



MATERIALS AND METHODS


Patient Cohort and Sample Preparation

We recruited a cohort of 45 patients with CHB with human leukocyte antigen A2 (HLA-A2) alleles from Seoul St. Mary‘s hospital. Table 1 summarizes the characteristics and laboratory findings of the cohort. Forty-four patients were categorized into three different CHB phases by serum ALT levels and serologic parameters, including HBsAg, HBeAg, anti-HBeAg, and serum copies of viral DNA (4). We adopted the traditional definitions of IT and IA phases from the American Association for the Study of Liver Diseases guidelines (4). Patients in the IT group (n = 15) had normal ALT levels (<40 IU/mL), HBeAg positivity, and consistently high HBV DNA levels (median HBV DNA = 9.09 log copies/mL) for at least 2 years. Patients in the IA group (n = 17) had elevated ALT levels. We did not divide the patients in the IA group according to HBeAg positivity. We also included patients on antiviral treatment (AT) (n = 13) in our cohort. Among them, 8 patients were taking entecavir (Table 1). The mean duration of antiviral treatment in patients on AT was 61.1 ± 43.5 weeks (mean ± standard deviation). Blood was also obtained from age-matched non-HBV-infected adult healthy controls (n = 4).



Table 1. Clinical parameters of study patients.
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HBV DNA levels in serum samples were quantified using real-time PCR as previously described (7). Patients' sera were tested for HBsAg, HBeAg, and anti-HBeAg. HBV genotype was not assessed because previous reports have shown that most patients with CHB in Korea are infected with HBV genotype C (26). Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll–Hypaque density gradient centrifugation and cryopreserved for immunologic analysis. Informed consent in writing was obtained from all patients. The present study was conducted according to the Declaration of Helsinki principles and was approved by the Institutional Review Boards (Seoul St. Mary's Hospital, KC16MISI0714).



Virus Sequencing

The genomic region covering the HBV core gene was amplified and sequenced from patients enrolled in this study. Viral DNA was extracted with the QIAamp MiniElute Virus Spin Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. A 700-bp core fragment was amplified in a two-step nested polymerase chain reaction (PCR) using HBV-specific primers HBV core-forward (tgtcaacgaccgaccttgagg), HBV core-reverse (tgtagctcttgttcccaa), HBV core internal-forward (aggctgtaggcataaattggt), and HBV core internal-reverse (ttcccaccttatgagtccaag), as previously described (Supplementary Table 1) (27). PCR products were directly sequenced and aligned by Cosmogenetech (Seoul, Republic of Korea).



Flow Cytometry

The following commercially available antibodies were used for multi-color flow cytometry: BV421-conjugated anti-PD-1, BV521-conjugated anti-CD3, BV605-conjugated anti-CD4, BV786-conjugated anti-chemokine receptor 7 (CCR7), APC/Cy7-conjugated anti-mouse CD4, APC-conjugated anti-mouse PD-1 (Biolegend, San Diego, CA, USA), FITC-conjugated anti-HLA-A2, FITC-conjugated anti-CD45RA, PE-TR-conjugated anti-CD14, CD19, PE-Cy7-conjugated anti-CD127, APC-H7-conjugated anti-CD8, PE-conjugated anti-IFN-γ, PE-Cy7-conjugated anti-tumor necrosis factor α (TNF-α), PE-conjugated anti-major histocompatibility complex (MHC)-pentamer (Proimmune, Oxford, UK), Dead cells were excluded using the LIVE/DEAD red fluorescent reactive dye (Invitrogen, Carlsbad, CA, USA). Multi-color flow cytometry was performed using the LSRII instrument (BD Biosciences), and data were analyzed using FlowJo software (TreeStar, Ashland, OR, USA). HLA-A*02 pentamers corresponding to HBV core18−27 FLPSDFFPSV, HBV core18−27 FLPSDFFPSI, and HBV polymerase455−463 were made by Proimmune. For detection of antigen-specific CD8+ T cells, PBMCs were incubated with pentamer for 30 min in the dark at 4 degrees Celsius and subsequently phenotyped. HLA class I genotyping was performed by flow cytometry using the anti-HLA-A2 monoclonal antibody.



Direct ex vivo IFN-γ Enzyme-Linked Immunospot (ELISpot) Assay

Duplicate cultures of 300,000 PBMCs/well were set up in ELISpot plates. HLA-A2 PBMCs were stimulated with a peptide mixture (ProMix HBV Peptide Pool, Proimmune, England) at a final concentration of 1 μg/mL for 24 h (28). The sequences of HLA-A2 restricted HBV peptides are presented in Supplementary Table 2. ELISPOT assays using overlapping peptides (OLPs) of HBV core and surface proteins were carried out as previously described (7) with minor modifications. All the peptides used in our study have the sequence of HBV genotype C. After this incubation, biotinylated anti- IFN-γ detection antibody was added and streptavidin-horseradish peroxidase was used for the detection of the spots. The number of peptide-specific, IFN-γ-secreting cells was calculated by subtracting the non-stimulated control value from the stimulated sample. Positive controls were made up of cells stimulated with phytohemagglutinin (10 μg/mL). For comparison, PBMCs were also stimulated with OLPs from cytomegalovirus (CMV) pp65 (JPT, Berlin, Germany). Wells were considered positive when the spot-forming unit (SFU) was above 7 and at least 1.5 times the mean of the unstimulated control wells.



In vitro Expansion of HBV-Specific T Cells

HBV-specific T cells were cultured as follows: 5 × 105 PBMCs were stimulated with the HBV peptide mixture in the presence of 20 IU of IL-2 in RPMI containing 10% fetal bovine serum for 10 days. The final concentration of each peptide was 1 μg/mL. IL-2 and medium were refreshed on day 4 and 8 of culture. On day 10, intracellular cytokine staining was performed. For intracellular cytokine staining, brefeldin A (BD Biosciences) and monensin (BD Biosciences) were added, and PBMCs were stained with surface markers after 7 h of incubation. Surface marker-stained cells were permeabilized using a Foxp3 Staining Buffer Kit (eBioscience) and further stained for intracellular cytokines or transcription factors for 30 min at 4 degrees Celsius.



Ex vivo Cytokine Secretion Assay

The cytokine secretion assay on pentamer+ CD8+ T cells was performed as described previously (29). Briefly, PBMCs were coupled with capture reagents (Cytokine Secretion Assay kit, Miltenyi Biotec, Auburn, AL, USA) for human IFN-γ and TNF-α under stimulation from the peptide mixture. The cells were incubated in a closed tube for 45 min at 37 degrees Celsius under slow continuous rotation using the MACS mix (Miltenyi Biotec). After a washing step, cells were resuspended in cold medium containing IFN-γ and TNF-α detection antibodies. Subsequently, the cells were resuspended in MACS buffer containing antibodies specific for surface markers, including pentamer, and flow cytometry was performed on a BD LSR II cytometer.



Statistical Analysis

SPSS version 20 software (IBM Corp., Armonk, NY, USA) was used for statistical analyses. The discrete variables were compared using the χ2 test, and an independent t-tests were used for continuous variables. Pearson correlation tests were performed to analyze correlations between two parameters. Statistical significance was defined as a P < 0.05.




RESULTS


Proportion of HBV-Specific CD8+ T Cells in IT Phase Does Not Differ From Those in Other Clinical Phases of CHB

Initially, we examined the ex vivo proportion of HBV-specific CD8+ T cells in the peripheral blood from normal controls and patients in the IT, IA, and AT groups based on MHC class I multimer staining (Figure 1A). Because of limited sample availability, we performed multimer staining on 4 samples from normal controls, 10 samples from patients in the IT group, 8 samples from patients in the IA group, and 11 samples from patients under AT.
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FIGURE 1. Proportion of ex vivo HBV core18−27-specific CD8+ T cells in the patient cohort. (A) Gating strategy for quantification of HBV core18−27-specific CD8+ T cells using flow cytometry. (B) Proportion of HBV core18−27-specific CD8+ T cells as determined using flow cytometry in normal controls and patients in the IT, IA, and AT groups (normal: n = 4, IT: n = 10, IA: n = 8, AT: n = 11). ***P < 0.001. (C,D) Proportions of naïve (CCR7+CD45RA+), central memory (CCR7+CD45RA−), effector memory (CCR7−CD45RA−), and effector memory RA (CCR7−CD45RA+) T cells in bulk and HBV core18−27-specific CD8+ T cells from the IT, IA, and AT groups. AT, antiviral treatment; CCR7, chemokine receptor 7; CM, central memory; EM, effector memory; HBV, hepatitis B virus; HC, healthy control; IA, immune-active; IT, immune-tolerant; TEMRA, effector memory RA T cell.



We used the HLA-A*02 pentamer corresponding to the HBV core18−27 (FLPSDFFPSV) to identify HBV-specific CD8+ T cells (30, 31). This pentamer can be used to detect HBV-specific CD8+ T cells, as it recognizes the T cell receptors of T cells induced by both the HBV core18−27 region/ HLA-A*02 complex: FLPSDFFPSI/ HLA-A*02 and FLPSDFFPSV/ HLA-A*02 (32) (Supplementary Figure 1). The substitution at position 27 I to V is known to affect peptide binding to HLA-A*02 molecules and does not likely affect T cell receptor recognition (31). Before multimer staining, we sequenced the corresponding epitope regions in viral DNA using sera from randomly selected patients (Supplementary Table 3). We confirmed that the sequence of the HBV core18−27 was FLPSDFFPSI in every sample tested (Supplementary Table 3). We compared the frequency of CD8+ T cells recognizing the HLA-A*02 pentamer to HBV core18−27 FLPSDFFPSV and to HBV core18−27 FLPSDFFPSI (Supplementary Figure 1). There were no significant differences in the frequencies of pentamer+ CD8+ T cells in our cohort when either FLPSDFFPSV/HLA-A*02 pentamer or FLPSDFFPSI/HLA-A*02 pentamer was used.

The gating strategy used to detect CD8+ T cells using the HBV core18−27 pentamer is presented in Figure 1A. As shown in Figure 1B, the proportion of HBV core18−27-specific CD8+ T cells in the IT phase did not differ from those in the other clinical phases of CHB, although the values were significantly higher than those in normal controls (P < 0.001) (Figure 1B and Supplementary Figure 2). When using a HBV polymerase455−463 pentamer, we certainly detected pentamer+CD8+ T cells in two patients with acute HBV infection and one patient in IA phase (Supplementary Figure 3). However, for chronic HBV infection with IT and AT phases, pentamer+CD8+ T cells were not readily detected when using polymerase455−463 pentamer, which agrees with the results of a recent study (33).

Next, we identified subsets of bulk and HBV core18−27-specific CD8+ T cells based on the expression of CCR7 and CD45RA. The proportions of naïve (CCR7−CD45RA+), central memory (CCR7+CD45RA−), effector memory (CCR7−CD45RA−), and effector memory RA (CCR7−CD45RA+) T cells in bulk and HBV core18−27-specific CD8+ T cells were calculated (Supplementary Figure 4). A recent study demonstrated that most HBV core18−27-specific CD8+ T cells are effector memory T cells regardless of the infection stage, although the proportion significantly varies among individuals (32). We found similar results, with the effector memory T cell subset showing the highest values among IT, IA, and AT groups (Figure 1D). However, there were no significant differences in the proportions of naïve, central memory, effector memory, and effector memory RA subsets in bulk CD8+ T cells and HBV core18−27-specific CD8+ T cells among the IT, IA, and AT groups (Figures 1C,D).



Ex vivo HBV-Specific CD8+ T Cells in the IT Phase Have Low Proportion of PD-1+ Cells

Next, we investigated the surface markers of ex vivo HBV-specific CD8+ T cells in PBMCs. First, we focused on the surface expression of PD-1, a well-known T cell exhaustion marker, in bulk and HBV-specific CD8+ T cells. In patients in the IT group, the proportion of PD-1+ cells was similar between HBV core18−27-specific CD8+ T cells and bulk CD8+ T cells, although the proportion of PD-1+ cells was generally higher in HBV-specific CD8+ T cells than in bulk CD8+ T cells in the IA and AT phases (Figures 2A,B).We found that the proportion of PD-1+ HBV core18−27-specific CD8+ T cells was significantly lower in patients in the IT phase than in those in the IA and AT phases (P < 0.05) (Figures 2A,C), although the proportions of PD-1+ bulk CD8+ T cells did not differ from those in the other phases (Figure 2D). We also examined the expression of CD127, a representative memory marker (34). CD127 is a cell surface marker that identifies CD8+ T cells that will become memory CD8+ T cells, in both the mouse models and in humans with acute resolving viral infection (35). In chronic HBV infection, a recent study demonstrated that the CD127+PD1+ subset is a memory-like population in chronic viral infection, and that the frequency of this subset clearly correlated with the expansion capacity of HBV core18−27-specific CD8+ T cells in chronic HBV infection (34). In our analyses, we observed no significant changes in the proportions of CD127+ HBV-specific CD8+ T cells among different infection stages (data not shown). However, when we calculated the proportions of CD127lowPD-1+ CD8+ cells, the proportion of CD127lowPD-1+ HBV core18−27-specific CD8+ T cells was significantly lower in patients in the IT phase than in those in the AT phase (Figures 2A,C).
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FIGURE 2. Low proportion of PD-1+ cells ex vivo in HBV core18−27-specific CD8+ T cells in the IT phase. (A) Representative dotplot describing the proportion of CD127high and PD-1+ cells in total CD8+ T cells and HBV-specific CD8+ T cells. Gray-colored spots represent bulk CD8+ T cells and red-colored spots represent HBV-specific CD8+ T cells. (B) Proportion of PD-1+ cells in bulk and HBVcore18−27-specific CD8+ T cells in each patient. (C) Proportion of PD-1+/CD127lowPD-1+ cells in HBVcore18−27-specific CD8+ T cells in the three groups. *P < 0.05. (D) Proportion of PD-1+/CD127lowPD-1+ cells in bulk CD8+ T cells in the three groups. (E–G) Associations between age and PD-1+ HBV core18−27-specific CD8+ T cells (E), CD127lowPD-1+ HBV-specific CD8+ T cells (F), and PD-1+ bulk CD8+ T cells (G) are presented. Pearson correlation analyses were performed. AT, antiviral treatment; HBV, hepatitis B virus; HC, healthy control; IA, immune-active; IT, immune-tolerant; n.s., not significant; PD-1, programmed cell death protein-1.



Furthermore, we performed additional analyses with pentamer+ CD8+ T cells for Tim-3 and Lag-3 as surface markers, and T-bet and Eomes as transcription factors. The gating strategy is presented in Supplementary Figure 5. Unfortunately, we could not perform these analyses in all the enrolled patients because of limited sample availability. For HBV core18−27 specific CD8+ T cells, we confirmed that pentamer-specific CD8+ T cells showed significantly higher levels of Tim-3 expression compared to in bulk CD8+ T cells in most enrolled patients, and the levels were higher in IA and AT patients than in IT patients; however, the difference was not significant because of the small number of samples (Supplementary Figure 6). Lag-3 was not readily detected in our samples (Supplementary Figure 6). In general, high expression of Eomes accompanied by low levels of T-bet has been linked to T cell exhaustion (36). In our cohort, T-bet and Eomes expression was examined in selected patients because of limited sample availability, and no significant differences were observed in T-bet and Eomes expression of HBV core18−27-specific CD8+ T cells among IT, IA, and AT patients (Supplementary Figure 6).



Proportions of PD-1+ CD8+ T Cells and CD127lowPD-1+ CD8+ T Cells in HBV-Specific CD8+ T Cells Correlated With Patient age

To investigate potential contributing factors associated with the surface expression of PD-1 in HBV-specific CD8+ T cells, we performed correlation and regression analyses. Factors such as the level of HBV DNA in the IT and IA phases, ALT level in the IT, IA, and AT phases, and duration of AT in the AT phase, were not correlated with the PD-1 level in HBV-specific CD8+ T cells (data not shown). The proportions of PD-1+ cells and CD127lowPD-1+ CD8+ T cells in HBV core18−27-specific CD8+ T cells were positively correlated with patient age (Figures 2E,F). The proportion of PD-1+ cells in bulk CD8+ cells also correlated with patient age (Figure 2G), although the correlation coefficient was higher in HBV-specific CD8+ T cells. The number of SFUs in ELISpot or the proportion of pentamer+ cells was not significantly associated with patient age (data not shown). Overall, these data suggest that HBV-specific CD8+ T cells in the IT phase expressed low levels of PD-1, and that the PD-1+ cell population increased as the patients aged.



Virus-Specific T Cells From Patients With Chronic HBV Infection Show Defective IFN-γ Production ex vivo

Next, we performed ex vivo IFN-γ ELISpot assays using PBMCs and a mixture of HBV peptides (Supplementary Table 2). Consistent with previous reports (13, 24), ex vivo ELISpot did not detect robust IFN-γ responses within the IT and IA groups, although some patients on AT with very low HBV DNA levels had PBMCs showing notable ex vivo IFN-γ production (Figures 3A,B). The AT group had a significantly larger number of SFUs than the IT and IA groups (P < 0.05) (Figure 3B and Supplementary Figure 7). There were no differences in the number of SFUs among patients with different antiviral agents. We performed ELISpot using CMVpp65 OLPs to exclude general activation of non-HBV-specific T-cell responses and observed no difference in the CMV-specific T cell response among the three groups (Figure 3C). Ex vivo ELISPOT using OLPs from HBsAg and HBcAg also revealed poor IFN-γ responses in selected patients within the IT and IA groups (Supplementary Figure 8). Together, these findings suggest that patients with chronic HBV infection are defective in ex vivo IFN-γ production after stimulation with HBV peptides, which can be partly restored by treatment-induced viral suppression.
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FIGURE 3. Defective ex vivo IFN-γ production by HBV-specific T cells in patients with chronic HBV infection. (A,B) Direct ex vivo ELISpot assay using an HBV peptide mixture was performed on PBMCs from the patient cohort (IT: n = 15, IA: n = 14, AT: n = 13). PBMCs were stimulated with the peptide mixture at a final concentration of 1 μg/mL for 24 h at 37°C. (A) Representative ELISpot result. (B) Results of ex vivo ELISpot using the peptide mixture in each group in the cohort. *P < 0.05. (C) Results of ex vivo ELISpot using CMVpp65 OLPs in each group in the cohort. AT, antiviral treatment; CMV, cytomegalovirus; ELISpot, enzyme-linked immunospot; HBV, hepatitis B virus; IA, immune-active; IFN, interferon; IT, immune-tolerant; OLPs, overlapping peptides; PBMC, peripheral blood mononuclear cell; SFU, spot-forming unit.





Multimer-Stained CD8+ T Cells in the IT Phase Show Defective IFN-γ Production ex vivo After Peptide Stimulation

Subsequently, ex vivo cytokine secretion assays using a capture antibody for IFN-γ were conducted to confirm the defective secretion of IFN-γ in HBV core18−27 pentamer-stained cells from IT patients (Figures 4A,B). Initially, we attempted to combine intracellular cytokine staining and pentamer staining procedures to determine whether pentamer+ cells in the IT phase have antiviral functions (although ELISpot did not show significant results). However, combining intracellular cytokine staining and direct pentamer staining shows some limitations (29). It is known that after stimulation, T cell receptors may be downregulated or there may be stimulation from the tetramer itself (29). Therefore, we instead performed an ex vivo secretion assay. Pentamer-stained HBV-specific CD8+ T cells were defective in IFN-γ secretion in patients in the IT group, although some patients in AT group showed ex vivo IFN-γ secretion after peptide stimulation (Figures 4A,B). CD3 stimulation of PBMCs from patients in the IT group led to robust IFN-γ secretion in both of bulk CD8+ T cells and pentamer+ cells (Figures 4A,B).
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FIGURE 4. Defective IFN-γ production ex vivo by HBV core18−27-pentamer-stained CD8+ T cells in the IT phase after peptide stimulation. (A,B) Secretion of IFN-γ by bulk and pentamer+ CD8+ T cells as examined using the cytokine secretion assays. (A) Representative dotplot describing the proportion of IFN-γ-secreting cells after peptide stimulation. (B) Proportion of IFN-γ-secreting cells after HBV peptide stimulation in each patient sample analyzed. Anti-CD3 antibody was used for a positive control. AT, antiviral treatment; DMSO, dimethyl sulfoxide; IA, immune-active; IFN, interferon; IT, immune-tolerant.





HBV-Specific CD8+ T Cells From Patients in the IT Phase Can Produce IFN-γ After in vitro Culture With HBV Peptides

Next, we performed a 10-day in vitro culture of PBMCs with an HBV peptide mixture (Supplementary Table 2) and IL-2. We performed in vitro expansion of HBV-specific CD8+ T cells from selected patients enrolled in the study because of limited sample availability from some patients. After 10 days of culture, the percentages of IFN-γ-producing CD8+ T cells from some patients in the IT group were significantly increased (Figures 5A,B) despite the defective IFN-γ production seen in the ex vivo ELISpot results (Figure 3B). Cells from one patient (Patient #10) in the IT group, which showed a minimal response in the ex vivo ELISpot, produced IFN-γ robustly after 10-day culture (7.1% IFN-γ-producing cells among all CD8+ T cells). There were no significant differences in the frequency of IFN-γ-producing CD8+ T cells between IT and AT groups (Figure 5C). These data demonstrate that HBV-specific CD8+ T cells in patients considered to be in the IT phase may be activated and secrete IFN-γ when appropriately stimulated.
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FIGURE 5. IFN-γ production by HBV-specific T cells after in vitro culture with HBV peptides. (A) Representative dotplot describing the proportion of IFN-γ-producing CD8+ T cells after in vitro culture with HBV peptides. (B,C) Proportion of IFN-γ-producing CD8+ T cells after in vitro culture with HBV peptides in each patient sample analyzed. AT, antiviral treatment; CMV, cytomegalovirus; HBV, hepatitis B virus; IFN, interferon; IT, immune-tolerant; n.s., not significant.






DISCUSSION

In this study, we confirmed the presence of HBV-specific CD8+ T cells and low proportion of PD-1+ cells in patients considered as being in the IT phase. Although HBV-specific T cells in the IT phase do not readily produce IFN-γ ex vivo, they can be activated and produce IFN-γ after persistent in vitro stimulation. Furthermore, the proportion of PD-1 expression in HBV-specific CD8+ T cells is lower in this phase than in subsequent phases despite the high viral load. Our data suggest that appropriate stimulation can enhance the effector function of HBV-specific CD8+ T cells in patients considered as IT, and future immunomodulatory approaches should target these patients.

In East Asia, chronic HBV infection is typically established in early childhood, resulting in many young patients with CHB in the IT phase. Traditionally, the IT phase has been associated with a lack of disease activity. Therefore, the international guideline did not recommend treatment of patients in the IT phase with antiviral agents (22). However, a recent study demonstrated that integration of HBV-DNA and clonal expansion of hepatocytes occurred in patients considered IT (14). Because the authors detected HBV-specific T-cell responses in PBMCs, they suggested that clonal expansion of hepatocytes may result from T-cell-mediated killing of hepatocytes (14). In agreement with the report, our results further demonstrate that HBV-specific CD8+ T cells are composed of a low proportion of PD-1+ cells ex vivo in these patients and the cells can be activated by appropriate stimuli as well as produce IFN-γ. Direct ex vivo functional analysis of HBV-specific T cells without in vitro expansion is performed by measuring cytokine secretion or cell proliferation upon in vitro stimulation with HBV antigens for a few hours. This better represents the physiological nature of immune responses.

Immune tolerance to specific pathogens encompasses both deletional and functional tolerance. Deletional T-cell tolerance mainly affects T cells with high affinity to their cognate antigen (37). Functional tolerance is caused by silencing of T cell activation in an antigen-dependent manner by cell intrinsic mechanisms, interacting with inhibitory molecules on target cells, or inhibitory molecules or regulatory cells around the T cell (37). These mechanisms appear to be maximally exploited by HBV. Previous reports demonstrated that the number of effector T cells detected by ex vivo ELISpot in chronic HBV infection was exceptionally low (13, 14, 24, 37–39). This may have been caused by deletion of HBV-specific T cells or functional unresponsiveness. Therefore, detecting the HBV-specific T cell response in the IT phase of HBV infection ex vivo is difficult using ELISpot. As an alternative, in vitro culture of PBMCs for 10 days was performed before the various analyses to detect T cell responses. In this study, we did not detect ex vivo ELISpot responses in patients considered as immune tolerant. However, although the numbers were small in selected samples, we detected HBV-specific CD8+ T cells ex vivo using multimer staining, suggesting that not all HBV-specific CD8+ T cells had been eliminated. Consistent with our data, Chinese groups described the ex vivo multimer detection (HBV core18−27 pentamer) of HBV-specific CD8+ T cells (30, 40–42). In Korea and China, most patients with HBV are infected with genotype C HBV (19), indicating that viral and host factors from different regions worldwide influence the detectability of HBV-specific CD8+ T cells using the HBV core pentamer.

A previous study demonstrated that the single amino acid alteration of valine to isoleucine at the position of the HBV core 27 amino acids may reduce the binding affinity to HLA-A*02 by 10-fold (31). This may result in an insufficient CD8+ T cell response to the FLPSDFFPSI epitope or inefficient deletion of CD8+ T cell precursors responsive to FLPSDFFPSI in chronic infection (31). However, a very recent study showed that sequence variations in the core18−27 region may not account for the epitope-specific CD8+ T cell phenotypes (32). Despite the replacement of valine to isoleucine at the core 27 amino acid position, the responses to the core18−27 epitope displayed the most homogeneous phenotypic profiles, with strong expression of both PD-1 and CD127 in nearly all chronic patients (32). This suggests that the sequence data do not completely explain the phenotypic differences observed between HBV-specific CD8+ T cell responses, and that CD8+ T cell responses to the HBV core18−27 epitope in patients with FLPSDFFPSI sequence variation are a useful marker of the CD8+ T cell response in chronic HBV infection.

PD-1 expression is known as the classical hallmark of exhausted T cells (2). However, Rivino et al. recently demonstrated that the frequency of HBV-specific T cell responses was higher in patients without flares after stopping antiviral therapy, and these cells were most commonly found in the PD-1+ T cell compartment (33). They found that these PD-1+ T cell populations were functional, at least in terms of their proliferative capacity and ability to produce IFN-γ (33). Similarly, recent studies showed that patients with partial immune control of HBV infection display higher levels of intrahepatic PD-1+ CD39+ tissue-resident CD8+ T cells with the capacity to mount robust cytokine responses (43). Based on this information, ex vivo PD-1 expression on the surface of HBV-specific CD8+ T cells may not be associated with defective production of IFN-γ. Our data agree with previous reports showing that patients under AT express relatively higher levels of PD-1 in their HBV-specific CD8+ T cells, although their ex vivo IFN-γ production is higher than that of patients considered IT. The age-dependent increase in ex vivo PD-1 expression in HBV-specific CD8+ T cells suggests that PD-1 is associated with the duration of antigen exposure in patients with chronic HBV infection (44). A recent report also demonstrated that expression of T cell immunoreceptor with the Ig and ITIM domains (TIGIT), another immune checkpoint molecule, increases with age on hepatic CD8+ T cells in HBsAg-transgenic mice whose adaptive immunity is tolerant to HBsAg (45).

Our study had some limitations. First, most of the data presented in this study are from the multimer analysis with an HLA-A*02 multimer (HBV core18−27). Recently, two independent groups demonstrated that phenotype of HBV-specific T cells may differ when the targeted epitope is changed (32, 34, 36). We also performed analyses with an HBV polymerase455−463 pentamer, but only in selected patients because of sample availability. Moreover, we could not perform multimer analyses to detect other epitope-specific CD8+ T cells. Second, we performed ex vivo functional analysis only by quantifying IFN-γ production. More detailed analyses were not performed because of limited sample availability. Finally, also because of sample limitations, we could not evaluate multiple exhaustion markers in all samples, although we measured Tim-3 and Lag-3 in some of the samples and observed significantly higher levels of Tim-3 expression in most enrolled patients compared to in bulk CD8+ T cells. These results must be validated in larger-scale studies.

In conclusion, we confirmed the presence of HBV-specific CD8+ T cells and low proportion of PD-1+ cells in patients considered as being in the IT phase. HBV-specific CD8+ T cells were not activated ex vivo but could be activated in in vitro culture in the IT phase. The age-dependent increase in ex vivo PD-1 expression in HBV-specific CD8+ T cells indicates that the proportion of PD-1 expression in HBV-specific CD8+ T cells was lower in this phase than in the following phases. Our data suggest that future immunomodulatory approaches should target IT patients because their virus-specific CD8+ T cells are not exhausted or tolerant. A longitudinal study is needed to confirm the changes in the phenotype and function of ex vivo HBV-specific T cells in patients with chronic HBV infection.
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Hepatitis B virus infection is a serious global health problem and causes life-threatening liver disease. In particular, genotype C shows high prevalence and severe liver disease compared with other genotypes. However, the underlying mechanisms regarding virological traits still remain unclear. This study investigated the clinical factors and capacity to modulate Type I interferon (IFN-I) between two HBV polymerase polymorphisms rt269L and rt269I in genotype C. This report compared clinical factors between rt269L and rt269I in 220 Korean chronic patients with genotype C infections. The prevalence of preC mutations between rt269L and rt269I was compared using this study's cohort and the GenBank database. For in vitro and in vivo experiments, transient transfection using HBV genome plasmid and HBV virion infection using HepG2-hNTCP-C4 and HepaRG systems and hydrodynamic injection of HBV genome into mice tails were conducted, respectively. This report's clinical data indicated that rt269I vs. rt269L was more significantly related to HBV e antigen (HBeAg) negative serostatus, lower levels of HBV DNA and HBsAg, and disease progression. Our epidemiological study showed HBeAg negative infections of rt269I infections were attributed to a higher frequency of preC mutations at 1896 (G to A). Our in vitro and in vivo studies also found that rt269I could lead to mitochondrial stress mediated STING dependent IFN-I production, resulting in decreasing HBV replication via the induction of heme-oxygenase-1. In addition, we also found that rt269I could lead to enhanced iNOS mediated NO production in an IFN-I dependent manner. These data demonstrated that rt269I can contribute to HBeAg negative infections and liver disease progression in chronic patients with genotype C infections via mitochondrial stress mediated IFN-I production.

Keywords: hepatitis B virus, HBV e antigen (HBeAg) negative infection, genotype C, mitochondrial stress, type I interferons


INTRODUCTION

Hepatitis B virus (HBV) infection is a high-risk global health issue leading to severe liver disease. In 2015, it was estimated that 350 million patients were chronically infected worldwide and 900,000 patients died (1). Although vaccines and therapeutic agents are currently available against HBV, the number of deaths caused by HBV has increased worldwide (2).

HBV is an enveloped and partially double-stranded DNA virus and preferentially replicates in hepatocytes. The HBV genome consists of four open reading frames (ORFs): surface antigens (S), core proteins (C), polymerase (Pol), and X proteins (X) (3). After infecting the hepatocytes, the genomes from HBV are converted to covalently closed circular DNA (cccDNA) by host enzymes (4). Since HBV cccDNA cannot be completely eradicated by nucleot(s)ide analog agents (5), epigenetic regulation via innate immune response modulating agents such as Type I IFN (IFN-I) is necessary for the complete viral clearance from chronic hepatitis B (CHB) patients (6).

IFN-I is a first-line defense mechanism of innate immune systems for viral infections (7) that is mediated via host recognition of viral pathogen-associated molecular patterns (PAMPs) through pattern recognition receptors (PRRs) (8). However, for its survival, HBV has developed various strategies to evade host IFN-I dependent innate immunity (9). It has been reported that some HBV proteins such as HBV surface antigen (HBsAg), HBV e antigen (HBeAg), and HBV virions can lead to inhibit Toll-like receptor (TLR) mediated IFN-I production (10). In addition, HBxAg and Pol can also negatively regulate retinoic acid inducible gene I (RIG-I) mediated antiviral responses (11, 12). In RNA sensing pathways, it has also been reported that HBV Pol can block IFN-I dependent antiviral pathways via the inhibition of STING dependent cytosolic DNA sensing pathways (13).

On the basis of an 8% divergence in HBV genome sequences, HBV has been characterized into 10 genotypes as A-J (14). Various studies on HBV genotypes have reported that they have distinct pathogenic potentials as well as distinct geographic and ethnic distributions (15). Among the 10 genotypes, genotypes B and C are widespread in Asia, but two genotypes lead to distinctly different clinical outcomes (16). Compared to genotype B, genotype C showed high HBV replication capacity, with high levels of HBV DNA in the serum (17, 18). In addition, the tendency of chronicity was higher and more frequently developed into liver cirrhosis (LC) and hepatocellular carcinoma (HCC) in patients with genotype C than genotype B (19). However, the underlying mechanisms regarding distinct clinical and virological traits and distinct responses to IFN therapy between genotype C and genotype B remain unknown.

We recently introduced some mutations in the reverse transcriptase (RT) region of Pol related to HCC from genotype C infected patients [rtM80I, rtN139K/T/H, and rtM204I/V] (20). In addition to HBV mutations, it has been reported that there are several genotype dependent polymorphisms in HBV RT regions, which are generally defined as having a frequency <10% vs. wild type (Table S1). Of these, there are two polymorphisms at the Pol-269 site, rt269L (57.2%), and rt269I (42.8%), in patients with genotype C, in which two types are present with an almost similar ratio, but only rt269I is present as a major wild type in other genotypes.

In this study, we hypothesized that the presence of two HBV Pol RT polymorphisms distinct only in HBV genotype C may play a very pivotal role in viral phenotypes, clinical outcomes, and worse responses to IFN therapy distinct in genotype C infections. Thus, we sought to investigate the clinical factors and capacity to modulate IFN-I between two HBV polymorphisms, rt269L and rt269I, in genotype C infected CHB patients.



MATERIALS AND METHODS


Patients

For this study, serum samples were collected from 410 patients chronically infected with HBV and the amino acid at 269th on RT region was identified by direct sequencing method. In 190 patients of these, their polymorphisms could not be identified by sequencing analysis due to the low sensitivity. However, 220 patients could be identified into their polymorphism, rt269L or rt269I types and selected for this study. To elucidate the correlation between the polymorphism of 269th amino acid and the characteristics of disease, their clinical factors and polymerase RT regions were assessed. This report was approved by the Institutional Review Board of Konkuk University Hospital (KUH-1010544) and Seoul National University Hospital (IRB-1808-067-965).



HBV DNA Extraction and PCR Amplification for Polymerase RT Region

For this cohort study, HBV DNA was extracted from the serum of patients using a QIAamp DNA Blood Mini kit (QIAGEN, Hilden, Germany) and dissolved in Tris-EDTA buffer (10 mM Tris-HCl, 1 mM ethylenediaminetetraacetic acid, pH 8.0). First-round PCR was performed using primers POL-RT1 and the amplicon was used as a template for second-round PCR using primers POL-RT2 (Table S2). The PCR products were subject to direct sequencing analysis.



HBV Genotyping

The 1,032-bp polymerase RT sequences were examined by direct sequencing and were compared to the sequences of the reference strains representing each of the genotypes (A-H including the C strains) obtained from GenBank. The sequences of the RT region were compared via Bayesian method for phylogenetic/molecular evolutionary analysis using MrBayes version 3.2.7, and the phylogenetic tree was constructed using FigTree version 1.4.3. Maximum-likelihood method was also used for the phylogenic analysis using MEGA version 10.0. Phylogenetic trees were reconstructed using 1,000 bootstrap replicates, and the mean genetic distances were estimated using Kimura two-parameter with Invariant sites and Gamma model.



Plasmid and Site-Directed Mutagenesis

The pHBV-1.2x (GenBank accession No. AY641558) containing genotype C HBV full-length genome was used for site-directed mutagenesis to generate polymerase RT mutant DNA constructs using an i-pfu kit (iNtRON, Seongnam, Korea). Mutagenesis was performed using the primers rt269I based on rt269L construct. To exclude CMV promoter, HBV full genome constructs were cut by restriction enzyme SmaI and prepared for linear formed genome.



Cell Culture and Transfection

Human hepatocellular carcinoma HepG2 cells and mouse hepatoma Hepa-1c1c7 purchased from the Korean Cell Line Bank (KCLB, Seoul, South Korea) were grown in minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS), 100 μg/ml of penicillin-streptomycin, and 25 mM HEPES at 37°C in a humidified environment containing 5% CO2. pHBV-1.2x containing genotype C HBV full-length genome (2.5 μg) was transiently transfected using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA). To normalize the transfection efficacy, pSV-β-Galactosidase (0.25 μg) was co-transfected, and the enzyme assay was accompanied using β-Galactosidase Enzyme Assay System with Reporter Lysis buffer (Promega, Madison, WI, USA), following the manufacturers' protocol.



In vivo Assay and Hydrodynamic Injection

Female C57BL/6 mice (7 weeks old) were hydrodynamically tail-vein injected with HBV DNA (10 μg) per 8% of mouse body weight within 30 s. All of the animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Seoul National University College of Medicine (SNU-170308). Mice were sacrificed on 4, 7, and 16 days after HBV-encoding DNA injection, and liver and serum were collected to analyze gene expression of ISGs and HBV viral factor, respectively.



Enzyme-Linked Immunosorbent Assay (ELISA)

To measure the HBV antigens in the blood serum or culture supernatant, ELISA was performed for HBsAg (Biokit, Barcelona, Spain) and HBeAg (AccuDiag, Oceanside, CA, USA) according to the manufacturers' instructions. The concentration of mouse and human IFN-β was measured with ELISA kit purchased from Biolegend (San Diego, CA, USA) and PBL assay Science (Piscataway, NJ, USA), respectively, according to the manufacturer's procedure.



Covalently Closed Circular DNA (cccDNA) Extraction and Real-Time Polymerase Chain Reaction

The pHBV-1.2x with rt269L or rt269I were digested with restriction enzyme SmaI to remove CMV promoter, and the linear DNA (2.5 μg) were transfected using lipofectamine 3000 following manufacture's instruction. The transfected cells were lysed with lysis buffer (50 mM Tris-HCl, pH 7.4, l mM EDTA, and 1% NP-40), and the nuclei were collected via centrifugation and incubated with nucleus lysis buffer (10 mM Tris-10 mM Tris-HCl, 10 mM EDTA, 150 mM NaCl, 0.5% SDS, and 0.5 mg/ml protein K). The nucleic acids were purified via ethanol precipitation and treated with 10 U Plasmid-Safe ATD dependent DNase I (PSAD, Epicentre, Madison, WI, USA). The cccDNA was purified by PCI and ethanol precipitation and quantified via real-time PCR using SYBR and primers cccF and cccR (Table S2).



Total RNA Extraction and Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from the transfected cells or mouse liver tissue using TRIzol, and the target genes were amplified using SensiFAST SYBR Lo-ROX One-Step kits (BioLine, London, UK). The transcription level was analyzed using qRT-PCR with sets of primers (Table S2) and housekeeping gene 18S ribosomal RNA was used as an internal control.



IFN-I Luciferase Reporter Assay

Cell culture supernatants from transfected cells were overlaid on top of HEK293 IFN reporter cells containing ISRE-luciferase construct (21) and incubated for 4 h. The reporter cells were lysed in passive lysis buffer (Promega, Madison, WI, USA) for 30 min at room temperature, mixed with firefly luciferin substrate (Promega, Madison, WI, USA), and measured using an illuminometer (Beckman Coulter Inc., Fullerton, CA, USA).



IFN-I Signal Block Assay

HepG2 cells were pre-treated with 10 μg of anti-IFNAR2 antibody (PBL assay Science, Piscataway, NJ, USA) and AZD1480 (Sigma, St. Louis, MO, USA) in MEM supplemented with 2% of FBS and transfected with pHBV-1.2x DNA constructs. STING-siRNA (Santa Cruz Biotechnology, Dallas, TX, USA) were co-transfected with pHBV-1.2x DNA constructs, following the manufacturers' procedures. Scrambled siRNA (Thermo-Fisher Scientific, Waltham, MA, USA) was used as control.



Preparation of HBV From Transiently Transfected Cells and Infection Assay

For an infection study, culture supernatant of HepG2 cells, transiently transfected with 1.2x-rt269L or rt269I type of HBV plasmid, was collected. The supernatant was cleared through a sterile 0.45-μm pore size filter and precipitated with 6% polyethylene glycol (PEG) 8000 overnight. The media were ultracentrifuged and the collected pallet was resuspended in PBS containing 15–25% FCS. After quantification by qPCR, 3 × 109 HBV genome equivalent per milliliter was aliquoted and stored at −80°C. HepaRG and HepG2-hNTCP-C4 cells were seeded in 12-well plates. Infection assay was performed with the concentrated virus in the presence of 4% PEG8000 at 37°C for 20 h. HepaRG was purchased from BIOPREDIC International (HPR116) and HepG2-hNTCP-C4 was kindly provided by Dr. Koichi Watashi (National Institute of Infectious Disease, Tokyo, Japan).



Flow Cytometry and Confocal Analysis

The mtROS were stained with MitoSOX (5 μM), and analyzed by flow cytometry (LSRII, Becton Dickinson, San Jose, CA, USA) and confocal microscope (Confocal-A1, Nikon, Tokyo, Japan). DAPI was used to stain nuclei and the cells were mounted in mounting medium (VECTASHIELD Antifade Mounting Medium, H-1000). The images were captured using a 100 × oil immersion objective lens.



8-OHdG ELISA Assay

Genomic DNA was extracted from the transfected cells using QIAamp Blood DNA extraction kit (QIAGEN, Hilden, Germany). For the detection of 8-hydroxy-2′-deoxyguanosine (8-OHdG) activity, a competitive ELISA for 8-OHdG analysis kit (OxiSelect Oxidative DNA Damage ELISA kit, Cell Biolabs, San Diego, CA, USA) was used according to the manufacture's protocol.



Measurement of NO[image: image] and NO[image: image] Levels

The produced NO was measured in culture supernatants obtained from the transfected cells using a colorimetric Nitrite/Nitrate Assay Kit (Sigma, St. Louis, MO, USA) according to the manufacturer's instructions, and measured the absorbance at 540 nm in microplate reader (Tecan Infinite M200 Pro, Tecan Group Ltd., Männedorf, Switzerland).



Statistical Analyses

For the cohort study, statistical analysis was performed using SPSS Software (IBM SPSS version 23.0.0.0 Inc., Chicago, USA). Categorical variables were analyzed using Multivariate Analysis of Variance (MANOVA). Independent t-test was used to compare continuous variables. Tests were two-sided.

Experimental data were analyzed using Graphpad Prims 5 (GraphPad Software, La Jolla, CA, USA). All experiments were independently repeated three times and the statistical analyses were indicated in the figure legends. The p-value of statistical significance was set at either; *p < 0.05; **p < 0.01; ***p < 0.001.




RESULTS


rt269I Was Related to Enhanced Disease Progression in a Korean Cohort With Genotype C Infections

In the web page “HBV RT: Mutation prevalence according to genotype and treatment” (https://hivdb.stanford.edu/HBV/DB/cgi-bin/MutPrevByGenotypeRxHBV.cgi.), the mutation prevalence or polymorphisms of the entire HBV RT region were analyzed according to the genotypes and antiviral drug treatments (Table S1). A comparison of all of the 344 codons of RT found one unique genotype C site at the 269th codon of RT, in which both types, one for rt269L encoding leucine and the other for rt269I encoding isoleucine, were present in patients infected with genotype C at frequencies of 57.2 and 42.8%, respectively. Although rt269 codon is located at the outer region of overlapped HBsAg, polymorphism of rt269 cannot lead to HBsAg amino acid change, not affecting the performance of the HBsAg kit or immunoblotting data. There were no other polymorphisms in patients infected with genotype C exceeding 10% of the total frequency. Therefore, we postulated that the polymorphism at the 269th codon of RT may play an important role in the clinical outcomes and pathogenesis of genotype C infections. To address this issue, we analyzed the 269th codon polymorphisms of 220 patients in our Korean cohort with genotype C via direct sequencing of the RT region (Figure S1) and compared their clinical factors between rt269L and rt269I. Overall, 138 patients (62.7%) and 82 patients (37.3%) were infected with rt269L or rt269I, respectively (Table 1). We also found there were several patients mixed with both rt269L and rt269I in sequencing data, maybe due to quasi species generation. In these cases, we determined their polymorphisms types into one reflecting dominance in sequencing data.



Table 1. Comparison of the clinical features between patients infected with the two types of genotype C, rt269L, and rt269I.
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Interestingly, there were distinct disparities in some clinical factors between the patients with rt269L and rt269I (Table 1). The patients with rt269I had significantly lower levels of HBV DNA and HBsAg, HBeAg negative infection, and liver disease progression based on immune response against HBV (22). Our data suggest that both rt269L and rt269I on the RT region may be key factors determining clinical outcomes regarding disease progression and HBeAg negative infection in genotype C infected patients.



The Higher Frequency of preC Mutation (G1896A) in Patients With rt269I Infections Is Responsible for the Higher Frequency of HBeAg Negative Infections

Of the various HBV mutations, G1896A mutations on the pre-core region (preC mutation) and A1762T/G1764A double mutations on the basal core promoter (BCP) lead to HBeAg negative infection that are significantly related to liver disease progression (23). To verify whether these mutations are associated with distinct clinical factors of genotype C infections between rt269L and rt269I, their mutation rates were compared not only in chronic infectious patients in our cohort study, but also in the reference strains in GenBank (Table 2). In double mutations in BCP, only the G1764A mutation, but not the A1762T, was significantly prevalent in patients with rt269I of both our cohort and GenBank. In addition, the rate of G1986A preC mutation was significant higher in patients with rt269I (49.61%) than those with rt269L (28.83%, p < 0.01). These results suggest that the high frequency of G1986A preC mutation is responsible for HBeAg negative infections in patients with genotype C rt269I infections.



Table 2. The frequencies of BCP and preC mutations between rt269L and rt269I in a Korean cohort and from reference strains.
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rt269I Led to Lower Levels of HBV Replication in in vitro and in vivo Experiments

Our clinical and epidemiologic data suggest there may be differences in the HBV replication capacity between rt269I and rt269L infections. To verify this hypothesis, we performed in vivo and in vitro study with genotype C HBV full genome constructs with leucine or isoleucine at the 269th amino acid on the RT region. HBV replications between rt269I and rt269L infections were analyzed via in vivo and in vitro studies. The secreted HBsAg and HBV DNA were greatly increased in the serum from the mice infected with rt269L. However, rt269I showed relatively lower HBV replication levels (Figure 1A). These replicative capacities were also examined in HepG2 cells via transient transfection of the HBV constructs and the linear DNA constructs (Figure S2A), in which CMV promoter was deleted (24). As shown in the in vivo study, the secreted HBsAg and HBeAg levels also decreased in HepG2 cells, Huh-7, or Huh-7.5 cells transfected with rt269I (Figure 1B and Figures S2B,C). Intracellular intermediates of HBV amplification were also analyzed via Southern blotting, which indicated that double-stranded (DS) and single-stranded (SS) DNA were significantly reduced in rt269I at 48 h post-transfection (Figure 1C). In addition, the HBV capsid form that is an intermediate of HBV amplification was significantly reduced in rt269I at 24 h after transfection (Figure 1D). Similarly, rt269I also showed decreased pgRNA levels and cccDNA levels (Figures 1E,F).
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FIGURE 1. rt269I vs. rt269L led to reduced viral replication in in vivo and in vitro analyses. (A) Both HBV-encoding DNA and pSV-β-Galactosidase was injected by hydrodynamic tail vein injection into C57BL/6 mice. HBsAg and HBV DNA in serum were determined by HBsAg ELISA and normalized with β-Galactosidase (n = 5). (B–E) Plasmid DNA was transfected into HepG2 cells and the replicative capacities were analyzed. (B) The level of secreted HBsAg and HBeAg were detected using ELISA. (C) HBV DNA was compared via Southern blotting at 48 h post-transfection. (D) Western blot analyses of intracellular capsid forms were performed by using anti-HBcAg antibody on naïve gel at 24 h after transfection. (E) The translation mediates pgRNAs were detected by qRT-PCR. (F) Linear DNA removed from CMV promoter was transiently transfected into HepG2 cells. The intermediates of transcripts cccDNA were determined using qPCR. Data were normalized to β-Galactosidase enzyme assay. One- and two-way ANOVA were used. *p < 0.05, **p < 0.01, ***p < 0.001.





rt269I Led to Enhanced IFN-I Signaling

Since IFN-I mediated antiviral effects by up-regulating APOBEC3G that hypermutate the HBV genome (25), we postulated that rt269I could enhance IFN-I mediated APOBEC3G signaling in infected hepatocytes and finally lead to the higher frequency of G to A mutations on preC and BCP in patients with rt269I. To address this issue, we compared the gene expressions of two representative IFN-I genes, INF-α and INF-β, and interferon stimulated genes, ISG-15, RIG-I, and APOBEC3G that could be induced by an IFN-I signal (26). The mRNA levels of APOBEC3G, ISG-15, RIG-I, IFN-α, and IFN-β were significantly enhanced in the mice infected with rt269I on 4 days post-infection (Figure 2A). In the same manner as shown in in vivo assays, the transcription levels of APOBEC3G and IFN-I-related genes, such as ISG-15, RIG-I, IFN-α, and IFN-β, were also induced in HepG2 and Huh7 cells transfected with rt269I at 12 h after transfection (Figure 2B and Figure S3). To evaluate the upstream genes of the IFN-I signaling pathway, the activation or expression of STAT-1, IRF-3 and the STING genes (27, 28) were analyzed using Western blotting at 48 h post-transfection (Figure 2C). rt269I activated STAT-1, IRF-3 and up-regulated STING in protein level. The secreted IFN- β was also assessed by ELISA and treating culture supernatant from the transfected cell onto HEK293 with luciferase construct under an interferon stimulated response element (ISRE) promoter (21). As the results of activated IFN-I signal, the secreted IFN-I was significantly induced in cells transfected with rt269I at 24 h post-transfection (Figure 2D and Figure S4A). These results were consequently shown in the Huh-7 or Huh-7.5 cells defective in RIG-I signaling at 24 h after transfection (Figures S4B,C), suggesting that the enhancing effect of IFN-I found in rt269I may be due to pathways other than the RIG-I dependent pathway. Notably, rt269I showed enhanced IFN-I, even compared to genotype A wild type with the same isoleucine at the 269th amino acid of RT at 24 h after transfection (Figure S4D), suggesting that the trait capable of IFN-I induction as found in rt269I may be specific to genotype C. In addition, the HBV encoding DNA was also transfected into mouse hepatoma cell Hepa1c1c-7 and IFN-β was measured assessed by ELISA (Figure S4E). Consistent with human hepatocellular cells, mouse hepatoma transfected with rt269I vs. rt269L produced enhanced IFN-β productions. Together, our data indicated that rt269I led to enhanced IFN-I production in hepatocytes.
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FIGURE 2. rt269I enhanced IFN-I production in HepG2 cells. (A) Both HBV-encoding DNA and pSV-β-Galactosidase were injected by hydrodynamic tail vein injection into C57BL/6 mice (n = 5). The transcription level of APOBEC3G, ISG-15, RIG-I, IFN-α, and IFN-β were determined by qRT-PCR from mice hepatocytes on 4 days post-infection, and normalized with 18S rRNA and β-Galactosidase. (B–D). HepG2 cells were transfected with HBV DNA and the expression levels of IFN-I-related genes were assessed. (B) The mRNA level of IFN-I-related genes was determined using qRT-PCR at 12 h after transfection, and data were normalized to 18S rRNA. (C) The upstream proteins of the IFN-I signaling pathway were detected via Western blotting at 48 h post-transfection. (D) The secreted IFN-β was measured with ELISA at 24 h post-transfection. Data were and normalized to β-Galactosidase assay. One- and two-way ANOVA were used. *p < 0.05, **p < 0.01, ***p < 0.001.





The Reduced Replication Capacity and Enhanced IFN-I Expression of rt269I vs. rt269L Were Also Proved in Two HBV Infection Models, HepaRG and HepG2-hNTCP-C4 Cells

To determine whether the different replication capacity between rt269L and rt269I could be reproduced in HBV virion infection assays, we used two cell lines, HepaRG and HepG2-hNTCP-C4 which have been widely used for the HBV infection models (29, 30). In HepG2-hNTCP-C4 cells, intracellular HBV DNA level was also significantly increased in rt269L HBV infected cells compared with that of rt269I HBV infected cells on day 3 (Figure 3A). In addition, rt269I-HBV-infected HepG2-hNTCP-C4 cells showed lower cccDNA level compared with rt269L-HBV-infected cells on day 5 (Figure 3B). Furthermore, the secreted HBsAg was significantly elevated in rt269L vs. rt269I HBV infected group and this pattern was maintained until day 5 after infection (Figure 3C). Consistently, extracellular HBV DNA level was also increased in rt269L HBV infected cells compared with that of rt269I HBV infected cells on day 3 (Figure 3D). The different replication capacities from infection between rt269L and rt269I HBV were further verified in HepaRG cells. Intracellular HBV DNA level was greatly increased in rt269L vs. rt269I HBV infected group, and the most distinct difference between two groups was shown on day 2 (Figure 3E). Reduced cccDNA level, shown in rt269I-HBV infected HepG2-hNTCP-C4 cells, was also reproduced in HepaRG cells on day 3 (Figure 3F). Furthermore, IFN-I secretion levels were measured by an ISRE promoter-luciferase assay. As shown in transient transfection system, rt269I-infected-HepG2-hNTCP-C4 cells and –HepaRG cells secreted larger amount of IFN-I compared with rt269L-infected cells on Day 5 and day 0, respectively (Figures 3G,H). Together, we also proved that rt269I vs. rt269L could lead to reduced HBV replication and enhanced IFN-I production in HBV virion infection model system.
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FIGURE 3. The enhanced replication capacity of rt269L vs. rt269I shown in HBV infection models (A–D) rt269L- or rt269I- HBV variant infection of HepG2-hNTCP-C4 cells. (A) Intracellular HBV DNA level were evaluated using qPCR on day 1, 3, and 5. (B) HBV cccDNA level was measured in HepG2-hNTCP-C4 cells infected by each HBV variant on day 5. (C) HBsAg secretion in the supernatant of infected cells were measured using ELISA on day 1, 3, and 5. (D) Extracellular HBV DNA level were evaluated using qPCR on day 3. (E,F) rt269L- or rt269I- HBV variant infection of HepaRG cells. (E) Intracellular HBV DNA level was measured using qPCR on day 0 and 2. (F) HBV cccDNA level was evaluated in HepaRG cells infected by each HBV variant on day3. (G,H) The secreted IFN-I in HepG2-hNTCP-C4 (G) and HepaRG cells (H) infected by each construct was measured using luciferase reporter assay on Day 5 and day 0, respectively. Data represents mean ± S.D. of three independent experiments. One- and two-way ANOVA were used. *p < 0.05, **p < 0.01, ***p < 0.001.





The Replication of HBV rt269I Was Inhibited via STING- IFN-I Axis

It has been reported that the secretion of IFN-I exerts antiviral effects against HBV (31, 32), and our above finding also showed that IFN-I was produced in the cells transfected with rt269I. Therefore, we verified whether replication inhibition found in rt269I is dependent on IFN-I signaling. We found that the decreased HBsAg and HBeAg levels in rt269I were neutralized or even reversed when the IFN-I signal was blocked via IFNAR2 neutralization at 48 h post-transfection (Figure 4A). To further check IFN-I signal dependence of rt269I replication, JAK-STAT pathway was inhibited using AZD1480. As shown in IFNAR2 neutralization, the inhibition of HBsAg and HBeAg level in rt269I was reversed by inhibition of JAK-STAT pathway at 48 h after transfection (Figure 4B). Furthermore, we found that the siRNA mediated knockdown of STING, but not scramble could lead to reversion of inhibition on HBV replication or HBsAg secretion as found in the rt269I type at 48 h post-transfection (Figure 4C). Together, these results indicated that rt269I led to lower levels of HBV replication via STING- IFN-I-axis in hepatocytes.
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FIGURE 4. The replication inhibition found in rt269I was mediated via STING-IFN-I axis. (A) IFNAR2 was blocked using anti-IFNAR2 antibody (10 μg) and HBV-encoding DNA and pSV-β-Galactosidase were transiently transfected into HepG2 cells. HBsAg and HBeAg in the presence of isotype or anti-IFNAR2 antibody were measured using ELISA at 48 h post-transfection. (B) HepG2 cells pre-treated with AZD1480 (5 μM) for 2 h were transfected with HBV DNA pSV-β-Galactosidase and constantly treated with AZD1480. HBsAg and HBeAg were measured using ELISA at 48 h post-transfection. (C) HBV DNA constructs and pSV-β-Galactosidase were co-transfected with either STING or scramble siRNA into HepG2 cells. The HBeAg levels and HBV virions were analyzed using ELISA and qPCR, respectively, at 48 h post-transfection. Data were normalized with β-Galactosidase enzyme assay, and represents mean ± S.D. of three independent experiments. One- and two-way ANOVA were used. *p < 0.05, **p < 0.01, ***p < 0.001.





rt269I Led to Mitochondrial Stress Mediated Enhanced IFN-I Production and Heme Oxygenase (HO)-1

As bilirubin is one of the final byproducts of inducible HO-1 (33), our clinical data showing higher levels of bilirubin in serum of patients with rt269I (Table 1) also suggest that rt269I could enhance HO-1 expression. As expected, the expressed HO-1 significantly increased in the transcription and translation levels in cells with rt269I (Figures 5A,B). Previously, HO-1 has been reported to be induced by mitochondrial stress or ROS (34). Thus, we assessed whether mitochondrial ROS (mtROS) could be enhanced in HepG2 cells infected with rt269I. Although both groups showed similar cytosolic ROS levels (data not shown), enhanced mtROS levels were found in cells with rt269I at 24 h post-transfection (Figures 5C,D), suggesting that rt269I vs. rt269L led to enhanced mitochondrial stress. To assess whether or not this effect is specific to genotype C, we compared mtROS production in HepG2 cells between two types of genotype C, rt269L and rt269I, and the wild type of genotype A with Pol of rt269I type via confocal analysis using MitoSOX. Of these, genotype C-rt269I produced the strongest mtROS, suggesting that the enhancing trait of mtROS found in rt269I may also be specific to genotype C at 24 h after transfection (Figure S5). It has been reported that mtROS can cause oxidative mitochondrial DNA damage, resulting in increased mitochondrial 8-OHdG that is indicative of DNA damage (35). We consistently observed that the quantification of 8-OHdG significantly increased in cells infected with rt269I at 48 h post-transfection (Figure 5E). Furthermore, we assessed if mtROS could act as upstream signaling of enhanced IFN-I and HO-1 induction induced by rt269I via treatment of MitoTEMPO, a mitochondria-targeted antioxidant. The treatment of MitoTEMPO abrogated the increased IFN-I induced by rt269I at 24 h post-transfection (Figure 5F). In addition, the elevated HO-1 mRNA levels induced by rt269I were also completely abrogated by MitoTEMPO treatment at 24 h post-transfection (Figure 5G). Together, these results indicated that rt269I infections could lead to mitochondrial stress and the subsequent cytosol release of oxidized mtDNA, resulting in enhanced production of IFN-I and HO-1 in hepatocytes.
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FIGURE 5. rt269I led to enhanced HO-1 production and mitochondrial stress in infected hepatocytes. Mitochondrial stress was assessed from HepG2 cells transfected with HBV DNA. pSV-β-Galactosidase was co-transfected and used to normalize β-Galactosidase assay (A) Transcription level of HO-1 was determined using qRT-PCR at 24 h after transfection. (B) HO-1 protein was detected via Western blotting and actin was used as a control. (C,D) Mitochondrial ROS was stained with MitoSOX (5 μM) and assessed by flow cytomery (C) and confocal microscope (D), followed by transfection for 24 h. (E) 8-OHdG ELISA was performed with genomic DNA at 48 h post-transfection. (F,G) MitoTEMPO (100 μM) was administrated to the cells. (F) IFN-I levels were assessed using an IRSE-luciferase assay at 24 h after transfection. (G) qRT-PCR analysis of HO-1 mRNA levels were evaluated using qRT-PCR at 24 h after transfection. Data represent mean ± S.D. of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.





rt269I Led to Enhanced iNOS Dependent NO Production

It was previously reported that HBV infections could lead to nitric oxide (NO) mediated by inducible nitric oxide synthase (iNOS), which causes the inhibition of viral replication (36). Thus, we assessed iNOS dependent NO production between rt269I and rt269L. In an in vivo mouse model, the transcription of iNOS was significantly enhanced in rt269I compared to rt269L on 3 days post-injection (Figure 6A). In in vitro systems of transfected HepG2 cells, rt269I led to enhanced iNOS expression via Western blotting at 48 h post-transfection (Figure 6B). The secreted NO measured using ELISA was also significantly increased in rt269I at 24 h post-transfection (Figure 6C). In addition, to better understand the antiviral effects of NO, the viral replication of both types was also assessed after treatment with iNOS inhibitor, Nω-Nitro-L-arginine methyl ester hydrochloride (L-NAME). Treatment with L-NAME restored decreased HBsAg and HBeAg levels in both rt269I and rt269L types, but its effect was more pronounced in rt269I, suggesting that the lowered replication shown in rt269I may be in part due to its enhanced NO production at 24 h post-transfection (Figure 6D). It has been reported that IFN-I can regulate iNOS dependent NO production as its upstream signal (37). To further verify whether iNOS induction found in rt269I is dependent on IFN-I signaling, the iNOS expression levels of both types were analyzed from infected HepG2 cells after blocking IFNAR2. The increased transcription levels of iNOS found in rt269I were abrogated by blocking IFNAR2 at 24 h post-transfection (Figure 6E). Together, our data indicated that rt269I could lead to enhanced iNOS dependent NO production via IFN-I signaling, contributing to disease progression in chronic patients with genotype C infections.
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FIGURE 6. rt269I enhanced iNOS dependent NO production in an IFN-I dependent manner. (A) The HBV constructs were injected with hydrodynamic tail vein into C57BL/6 mice (n = 5). Transcription levels of iNOS in hepatocytes were determined using qPCR and were normalized with 18S rRNA on 3 days post-injection. (B–E) HepG2 cells were transfected with HBV construct and pSV-β-Galactosidase was co-transfected to normalization. (B) iNOS synthesis was detected via Western blot analysis at 48 h after transfection. (C) Poly(I:C) was co-transfected with HBV DNA and the secreted NO[image: image] and NO[image: image] were measured using ELISA at 24 h post-transfection. (D) HepG2 cells pre-treated with L-NAME for 2 h were transfected with HBV DNA and constantly treated with L-NAME. The secreted HBsAg and HBeAg were detected by ELISA at 24 h. (E) IFN-I signaling was blocked by anti-IFNAR2 antibody (5 μg) for 12 h and iNOS gene expression was determined using qRT-PCR at 24 h after transfection. Data are shown as mean ± SD. One- and two-way ANOVA were used. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.






DISCUSSION

Of 10 different HBV genotypes, genotype C and genotype B are responsible for the majority of HBV infections in endemic Asian countries (17). In particular, it has been reported that most HBV infections in South Korea are due to genotype C (38), which may be a major reason for the lower response of IFN therapy (39) or NA therapy (40), the higher level of disease progression (41), and the higher prevalence of occult infection via vertical transmission (42, 43), observed in Korean CHB patients compared to patients in other areas. The current study investigated the virological or clinical factors and modulating capacity of antiviral IFN-I innate immunity between rt269L and rt269I in HBV genotype C infections. There are some noteworthy findings.

First, our clinical data using a Korean cohort proved that rt269L and rt269I showed distinct clinical or virological traits in HBV replication, HBsAg production, HBeAg serostatus, and biliverdin production (Table 1). This strongly suggests that there may be differences in modulating antiviral IFN-I production between rt269L and rt269I. Given a previous report indicating that the better response of genotype B than that of genotype C infections in IFN-α therapy was attributed to a higher level of HBeAg seroconversion via IFN-α mediated preC mutations (44), rt269I vs. rt269L, more related to lower HBV replication or the HBsAg level and more related to HBeAg negative serostatus was expected to lead to enhanced IFN-I production. Furthermore, a higher level of bilirubin, which is one of the final products of IFN-I mediated HO-1 metabolism, was also found in patients with rt269I type, further supporting the aforementioned findings.

Second, our further epidemiologic data showed that HBeAg seronegative status observed in patients with rt269I was due to a higher frequency of preC mutations (G to A at 1896) induced via IFN-I mediated APOBEC3G (Table 2 and Figure 2). This suggests that longer durations of HBeAg positive stages and lower levels of preC mutation frequency observed in patients with genotype C than that of genotype B infections (17) may be due to the presence of rt269L only in patients with genotype C. Actually, our further mechanism study showed that rt269L could produce lower levels of IFN-I production than rt269I, leading to a lower expression of ISGs including APOBEC3G in in vitro and in vivo systems, further supporting our epidemiological findings. Our epidemiologic data also showed that rt269L (63%) was more prevalent than rt269I (37%) in our Korean cohort, unlike other areas showing more prevalence of rt269I vs. rt269L (rt269I vs. rt269L: 57 vs. 43%). This suggests that rt269L showed not only high replication factors such as HBeAg, HBsAg, and HBV DNA level but also low preC mutation frequencies. These features of rt269L can be indicated with characteristics of genotype C, which was not shown in other genotypes. In addition, we suggest it may have a merit in infections into hosts via perinatal or vertical routes, contributing to chronic infections as a major type in South Korea. It is tempting to speculate that the higher prevalence of rt269L may contribute to some unique clinical traits found in South Korean CHB patients, including the frequent failure of IFN-α therapy or NA treatments (39, 40) and the higher prevalence of occult HBV infections via vertical routes (42, 43). However, this issue demands further investigation in the future.

Third, our mechanism study indicated that distinct IFN-I production between rt269L and rt269I was attributed to different induction capacity of mitochondrial stress (Figure 5). Thus, rt269I vs. rt269L can lead to enhanced production of mtROS and oxidized mtDNA, resulting in induced IFN-I production via cytosolic DNA sensing through the STING-IRF3 dependent pathway. To date, distinct capacity of mitochondrial stress induced by HBV genotypes, polymorphisms, or mutations has not been elucidated. HBV Pol was recently reported to interfere with antiviral IFN-I production through DNA sensing via the inhibition of STING polyubiquitination (13). Thus, the functional difference in Pol due to SNP could contribute to differences in the two types of mitochondrial stress mediated IFN-I production. However, the molecular details regarding this issue remain to be elucidated in the future.

Fourth, we found enhanced HO-1 expression and iNOS dependent NO production as a downstream pathway of IFN-I in rt269I. The enhanced HO-1 expression in rt269I exerted anti-HBV effects via the inhibition of virion capsid formation, in line with previous reports showing the anti-HBV effects of HO-1 (45). It has also been reported that iNOS dependent NO production as another downstream pathway of INF-I could play a pivotal role in inflammatory responses and disease progression in the liver, including fibrosis and cirrhosis (37). We also found enhanced production of iNOS and NO in HepG2 cells transfected with rt269I (Figure 6), in line with our clinical data showing that patients with rt269I type infections were more related to disease progression. Enhanced iNOS and NO could also increase the frequency of preC mutations shown in rt269I, leading to HBeAg negative infections in chronic patients. The iNOS dependent NO production and mtROS production can synergistically exert apoptotic cell death in the liver, also facilitating the progression of liver diseases (46), further supporting our hypothesis regarding the contribution of rt269I to disease progression (Figure 7).
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FIGURE 7. Schematic presentation indicating distinct mitochondrial stress mediated IFN-I production and its distinct contribution to disease progression in chronic patients with genotype C infections between rt269L and rt269I. In contrast to rt269L, rt269I infection in genotype C induced mitochondrial ROS production, which led to an increased release of oxidized DNA into the cytosols of the infected hepatocytes. Sensing the oxidized DNA exposed to cytosol via the cGAS-STING pathway could lead to IFN-I production. Enhanced INF-I production in rt269I could exert several biological activities. First, it can lead to the increased inhibition of HBV replication via the inhibition of capsid formation by HO-1 production. Second, IFN-I mediated enhanced expression of APOBEC3G and iNOS can lead to HBeAg negative infection and liver disease progression via frequent generation of preC mutations at 1896 (G to A). Thus, rt269L can contribute to HBeAg negative infection and disease progression in chronic patients infected with genotype C via mitochondrial stress mediated enhanced INF-I production.



Fifth, our finding showing rt269L vs. rt269I type led to enhanced HBV replication via inhibiting IFN-I production via STING-IFN-I axis is contrast to that reported by Ahn et al (47), previously. The difference between the two studies may be due to the use of HBV genome plasmid from different patients with distinct genome sequences or difference of used cell lines. The pHBV-1.2x (GenBank accession No. AY641558) plasmid construct used in this study has no special mutations affecting HBV virology and virulence and have been widely used for genotype C mutation analysis and virulence studies (24, 48–50). Furthermore, together with our HBV genome transient study into diverse human hepatocytes and mouse hepatoma cell lines and in vitro HBV virion infection study, our in vivo hydrodynamic injection study, and even our clinical data consistently supported enhanced HBV replication of rt269L vs. rt269I type.

In conclusion, our data showed that rt269I could contribute to HBeAg negative infections and liver disease progression in CHB patients with genotype C infections via mitochondrial stress mediated IFN-I production. In addition, enhanced iNOS dependent NO production induced by rt269I could also provide an additive role in disease progression. Furthermore, our findings could also provide a likely explanation into characteristic features of genotype C with higher frequency of rt269L type, including longer durations of HBeAg positive stages and higher infectivity (Figure 7).
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Hyperactive Follicular Helper T Cells Contribute to Dysregulated Humoral Immunity in Patients With Liver Cirrhosis
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Objectives: Liver cirrhosis (LC) is usually accompanied by cirrhosis associated immune dysfunction (CAID), including reduced naïve T cells and memory B cells. However, little is known regarding on follicular helper T (Tfh) cell compartments in cirrhotic patients, especially in the secondary lymphoid organs such as spleen. This study characterizes splenic Tfh cells and explores its association with humoral immunity and disease progression in cirrhotic patients.

Methods: Using flow cytometry and histological staining, we analyzed the frequency and cytokine production of splenic Tfh cells from LC patients and healthy controls (HCs). Co-culture experiments of sorted Tfh and B cells were performed for functional analysis in vitro. The correlations between Tfh cells and disease progression markers as well as B cell subset perturbations were also examined.

Results: PD-1highICOS+CXCR5+ Tfh cells were preferentially enriched in the spleen of cirrhotic patients, where they expressed higher levels of CXCR3 and produced more interleukin (IL)-21. Histologically, more splenic Tfh cells occupied the B cell follicular structure in LC patients where they shaped more active germinal centers (GCs) than those in HC spleens. In vitro, splenic Tfh cells in cirrhotic patients robustly induce plasma cell differentiation through IL-21 dependent manner. Finally, increased Tfh cell frequency is positively correlated with the plasma cells and disease severity in LC patients.

Conclusions: We conclude that hyperactive Tfh cells contribute to dysregulated humoral immunity in patients with liver cirrhosis.

Keywords: liver cirrhosis, cirrhosis associated-immune dysfunction, Tfh cell, humoral immunity, spleen


INTRODUCTION

Liver cirrhosis (LC) is the common outcome of liver inflammation induced by various etiologies such as hepatitis B virus (HBV), hepatitis C virus (HCV), alcohol, drug, and fat (1). While LC impairs the liver physiological function, it also causes cirrhosis associated immune dysfunction (CAID). CAID is a complicated process accompanied by the increased systemic inflammation and immune paralysis and/or immunodeficiency (2). The mechanisms leading to CAID remains unclear but possibly associates with the increased bacterial translocation due to the impaired gut barrier, reduced gut motility, and altered gut flora (3).

The occurrence of CAID is associated with systemic inflammation during LC disease progression, which is reflected by the persistent activation of peripheral immune cells and the elevated serum pro-inflammatory cytokines (2, 4). Compromised immune cell function was frequently reported in LC. For example, neutrophils from LC patients show impaired phagocytosis of opsonized bacteria (5). Peripheral non-classical CD14+CD16+ monocytes are increased in LC patients and display abnormal functions (6). LC profoundly depletes the circulating CD27+ memory B cells (7, 8). Accompanying this, hyper-globulinemia and elevated IgG and IgA levels were observed in advancing cirrhosis, irrespective of the underlying etiology (9). LC also causes T cell lymphopenia and disrupts T cell compartments. Particularly, naïve T cell depletion is more pronounced than the memory T compartment (10). Circulating natural killer (NK) cells are also compromised in liver cirrhosis and display poor responses to cytokine stimulation in vitro (11). These data partially define the characteristics of the CAID in peripheral blood, but little is known about its impact on the secondary lymph organ (SLO) such as spleen of cirrhotic patients, especially for T cells and B cell compartments, the two most important arms in the adaptive immune system.

Spleen is the largest SLO in the body. Spleen sits next to the liver and its blood was delivered to liver. It is well-known to play roles in immune defense against blood borne infections (12). However, spleen blood flow was congested due to portal hypertension during liver cirrhosis, resulting in splenomegaly and peripheral cytopenia (13). So far, it is unclear whether the cellular composition and underlying structure of spleen have been affected by cirrhosis. It is also debated whether the spleen plays a detrimental role in the liver pathophysiology during LC (14). Follicular T helper (Tfh) cells are one of main cell compartments of the spleen, and are usually defined as PD-1highICOS+ CD4+ T cells with the expression of C-X-C motif chemokine receptor 5 (CXCR5) (15). Splenic Tfh cells play key roles in T-dependent antibody responses (16). The interaction between Tfh cells and cognate B cells induces robust B cell proliferation and instructs them to undergo differentiation through CD40 engagement and IL-21 supply (17). The persistent activation of Tfh cells is required to promote broadly and affinity matured neutralizing antibodies throughout chronic viral infection, and to adapt specificity to emerging viral variants (18). However, the high levels of Tfh cells present in chronic viral infections can also render the activation of germinal center (GC) B cells and the selection process less stringent, thus resulting in aberrant B cell activation, the generation of non-virus-specific antibodies and even autoimmune reactive antibodies, hyper-gammaglobulinemia in some cases (18). For example, in human immunodeficiency virus-1 (HIV-1) and simian immunodeficiency virus (SIV) infection, the expansion of Tfh cells present in lymph node of infected subjects correlates with hyper-gammaglobulinemia, polyclonal B cell activation, and the deletion of peripheral memory B cells (19). Similarly, the proportion of peripheral Tfh cells correlates with the emergence of autoantibodies in persistent HBV infection (20). Considering the contribution of Tfh cells to dysregulated B cell responses, the persistent interaction of Tfh cells and GC B cells is one of the key reasons for the emergence of autoreactive antibodies during autoimmune diseases (21).

Here, we hypothesized that the dysregulated Tfh cell responses might contribute to disruption of B cell compartments in cirrhosis. Our findings support the notion that the enhanced Tfh cell responses results in the persistent activation of humoral immunity, potentially depleting memory B cell pools in cirrhotic patients, and therefore is associated with LC severity.



MATERIALS AND METHODS


Study Subjects

A total of 28 HBV associated LC (HBV-LC) patients and 23 non-HBV associated LC (non-HBV-LC) patients were recruited for this study in Shenzhen 3rd People's Hospital and in Beijing 302 Hospital. According to our described criteria previously, all patients were diagnosed (22, 23) and had not received immunosuppressive drugs within 6 months before taking samples. Forty-two age- and gender-matched individuals were enrolled as healthy controls (HCs). The study protocol was approved by the ethics committee of our institutions, and written informed consent was obtained from each subject. The basic clinical information of the enrolled individuals is listed in Table 1. Peripheral blood mononuclear cells (PBMCs) were isolated from all enrolled individuals. Spleen samples were collected from 28 HBV-LC and 13 non-HBV-LC patients with portal hypertension who underwent splenectomy. Twenty-two healthy spleen tissues were obtained from donors whose livers were used for transplantation.



Table 1. Basic information of enrolled subjects.
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Fluorescence Antibodies and Flow Cytometry

All of the fluorescence-conjugated antibodies were purchased from BD Bioscience or Pharmingen (San Diego, CA), eBioscience (San Diego, CA), and BioLegend (San Diego, CA). For T cell subset staining, allophycocyanin-Cy7 (APC-Cy7)-conjugated anti-CD45, amCyan-conjugated anti-CD3, pacific blue (PB)-conjugated anti-CD4, fluorescein isothiocyanate (FITC)-conjugated anti-CXCR5 (CD185), phycoerythrin (PE)-conjugated anti-CCR6 (CD196), peridinin chlorophyll protein-Cy5.5 (PerCP-Cy5.5)-conjugated anti-CXCR3 (CD183), phycoerythrin-Cy7 (PE-Cy7)-conjugated anti-PD-1, APC-conjugated anti-ICOS were used. For intracellular cytokine staining (ICCS), PE-conjugated anti-IL-21, APC-conjugated anti-IL-17a, and PE-Cy7-conjugated anti-IFN-γ were additionally used. For B cell subset staining, FITC-conjugated anti-CD19, PE-conjugated anti-IgD, PE-Cy7-conjugated anti-CD38, and APC-Cy7-conjugated anti-CD27 were used. The phenotypic analysis were performed at the optimal monoclonal antibody (mAb) concentrations according to the previously reported standard protocols (24). For surface marker staining, PBMCs, or spleen cells were incubated with fluorescence-conjugated surface antibodies. For intracellular staining, the cells were stained surface markers first, permeabilized and were then stained with the corresponding intracellular antibodies. Aliquots of cells were used for the analysis using FACSCanto II and FlowJo software (Tristar, San Carlos, CA). At least 50, 000 events were analyzed for per sample.



Definition of T Cell Subsets and Analysis of Tfh Cells

According to previous studies (15), CD4+ and CD8+ T cell subsets were defined by the expression of chemokine receptors CXCR5, CCR6, and CXCR3. Among CD4+ T cells, CXCR5+ cells were defined Tfh-like cells. Within CXCR5−CD4+ T cells, CCR6+CXCR3− cells, CCR6+CXCR3+ cells, CCR6−CXCR3+ cells, CCR6−CXCR3− cells were defined as Th17 cells, Th1/Th17 cells, Th1 cells, and Th2 cells, respectively. Similarly, among CD4− T cells (most are CD8+ T cells), CXCR5+ cells were defined Tfc-like cells, and CCR6+CXCR3−, CCR6+CXCR3+, CCR6−CXCR3+, CCR6−CXCR3− CXCR5− T cells were defined as Tc17 cells, Tc1/Tc17 cells, Tc1 cells, and Tc2 cells, respectively. Quantitation of peripheral blood Th and Tc cell subset percentages was performed in 24 HBV-LC patients, 23 non-HBV-LC patients, and 42 HCs. Among the available spleens, the splenic cells were further comprehensively analyzed for the expression of PD-1 and ICOS among the CXCR5+CD4+ T cells which were defined Tfh cells.



Cell Stimulation

To evaluate the IFN-γ, IL-17a, and IL-21 secreting function of CD4+CXCR5+PD-1high Tfh cells, spleen cells (1 × 106) were cultured in a medium alone or with PMA (50 ng/ml) and ionomycin (1 μg/ml) in 96-well plate for 6 h. After 6 h incubation, the cells were collected and stained with surface and intracellular antibodies with anti-IFN-γ, anti-IL-17a, or anti-IL-21. Then the percentages of IFN-γ-, IL-17a-, or IL-21-producing cells were analyzed between HC subjects and HBV-LC patients.



Cell Sorting

Peripheral blood mononuclear cells (1 × 107) were first used for CD4+ T cell enrichment using microbeads (Cat# 130-096-533, Miltenyi Biotec, Germany). Then the isolated CD4+ T cells are stained with optimal concentrations of AmCyan-conjugated anti-CD3, PerCP-conjugated anti-CD4, FITC-conjugated anti-CXCR5, and PE-conjugated anti-PD-1 antibodies for 25 min. Alternatively, PBMCs were also stained with APC-conjugated anti-CD19. A FACS Aria II cell sorter was used to purify CD4+CXCR5+PD-1high cells, CD4+CXCR5+PD-1+ cells, CD4+CXCR5+PD-1− cells, and CD4+CXCR5− cells as well as CD19+ B cells. The purity of the sorted cell subsets was more than 90%.



The Co-culture of Tfh Cells With B Cells

Similar to previous studies (17), the sorted CD4+CXCR5+PD-1high cells, CD4+CXCR5+PD-1+ cells, CD4+CXCR5+PD-1− cells, and CD4+CXCR5− cells from 4 HBV-LC patients or 4 HC donors were co-cultured with allogeneic or autologous CD19+ B cells at the ratio of 1:1 in RPMI-1640 medium containing 10% fetal bovine serum (FCS) and staphylococcal enterotoxin B (SEB) (100 ng/ml). Alternatively, rIL-21R-Fc chimera (10 μg/mL; R&D Systems, Minneapolis, MN) was added when the CD4+CXCR5+PD-1high cells co-cultured with B cells (24). After 7–8 day culture, the cells were collected to assess the generation of plasma cells.



Enzyme-Linked Immunosorbent Assays (ELISA)

An ELISA quantitative kit for the detection of human IgG and IgM (Bethyl Laboratories, Montgomery, TX) was used to measure the concentrations of total IgG and IgM from culture supernatants and plasma. The ELISA kits of human fatty acid binding protein 2 (FABP2, Cat#: DY3078) and CXCL13 (Cat#: DCX130) were purchased from R&D System Inc (Minneapolis, MN, USA), and were used measure their concentration in the plasma from LC and HC subjects.



Immunohistochemistry

Hematoxylin-eosin (HE) and immunohistochemistry staining were performed using paraffin-embedded 4 μm tissue sections. The sections were first incubated with optimal concentrations of primary mAbs, including anti-IL-21 (abcam, ab118510), anti-CD20 (clone L26), anti-CD4 (clone IF6), and anti-PD-1 (clone NAT105) (Zhongshan Goldenbridge Biotech, Beijing, China) for 1 h at RT. Then the sections were incubated with biotinylated goat-rabbit, goat anti-rat, or biotinylated rabbit anti-mouse antibodies (Zhongshan Goldenbridge Biotech, Beijing, China), respectively. The GC was observed independently by two pathologists from 5 of representative high-power fields (200 × magnification) (24).



Correlation Analysis of Splenic Tfh Cells and B Cell Subsets

To analyze the correlation between splenic PD-1highICOS+CXCR5+CD4+ Tfh cells and relevant B-cell subsets, 28 of HBV-LC patients with available spleen were studied. The correlations between the percentage of Tfh cells and total B cells or B cell subsets or plasma IgG and IgM levels were analyzed. CD19+CD10−CD38lo mature B cells were divided into IgD+CD27− naïve B cells (naïve B cells), IgD+CD27+ marginal zone B cells (MZBs), and IgD−CD27+ class-switched memory B cells (cMBCs) and IgD−CD27− atypical memory B cells (aMBCs). CD19+IgD−CD38high phenotype defined the plasmablasts (24).



Correlation Analysis of Splenic Tfh Cells and Liver Functions

The correlations between the percentage of spleen Tfh cells and several clinical biochemical parameters including serum albumin (ALB), total bilirubin (TBIL), and prothrombin activity (PTA) and Child-Pugh scores were analyzed in the 28 HBV-LC patients. In addition, we also evaluated the levels splenic Tfh percentages in HBV-LC patients with various Child-Pugh scores.



Statistical Analysis

All statistics were analyzed using SPSS 16.0 software. The data are presented as mean values and standard deviations. Multiple comparisons were first performed among the different groups using the non-parametric Kruskal–Wallis H-test. Comparisons between various groups were made using the Mann–Whitney U-test, whereas comparisons between the same individual were made using the Wilcoxon's matched-pairs test. The correlations between two variables were analyzed using the Spearman rank correlation test. P < 0.05 at two-sides was considered to be significant for all analyses.




RESULTS


CXCR5+ CD4 Tfh-like Cells Are Enriched in Spleen and Peripheral Blood in LC Patients

We first analyzed the frequencies of peripheral and splenic CD4+ Th (Figure 1A) and CD8+ Tc (Supplemental Figure 1A) cell subsets using flow cytometry according to the expression of chemokine receptors CXCR5, CCR6, and CXCR3. As shown in Figure 1B, among peripheral CD4 T cells, the percentages of Tfh-like cells, Th1/Th17 cells, and Th17 cells in HBV-LC and non-HBV-LC patients were all significantly higher than those in HC subjects (P < 0.05). By contrast, Th2 cell percentages were significantly decreased (P < 0.001) and Th1 cells were comparable between LC patients and HC subjects. Similar trends were also found among peripheral CD8+ Tc subsets (Supplemental Figure 1B). Notably, when splenic CD4+ and CD8+ T cell subsets were analyzed, it is found that only Tfh-like cell proportions were significantly increased in LC patients than those in HC subjects; while other CD4+ and CD8+ T cell subsets were unchanged (Figure 1B and Supplemental Figure 1B). These data indicate that CXCR5+CD4+ Tfh-like cells are preferentially enriched in both peripheral blood and spleen from HBV-LC and non-HBV-LC patients.
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FIGURE 1. Disruption of Th cell subset distribution in patients with liver cirrhosis. (A) Representative dot plots show the gating strategy of different CD4+ subsets basing on CXCR5, CCR6, and CXCR3 expression in spleen and peripheral blood. Values in the quadrants represent the percentages of each subset. Among CD4+ T cells, CXCR5+ marks Tfh-like cells. For CXCR5−CD4+ T cells, CCR6+CXCR3− Th17 cells, CCR6+CXCR3+ Th1/Th17cells, CCR6−CXCR3+ Th1 cells, CCR6−CXCR3− Th2 cells were defined, respectively. (B) Summarized data show the percentages of CD4+ T cell subsets in the peripheral blood from HC (n = 42), HBV-LC (n = 24), and Non-HBV-LC groups (n = 23) and in the spleen from HC (n = 22), HBV-LC (n = 27), and Non-HBV-LC groups (n = 13). Each dot represents one subject, and line represents mean value. *P < 0.05, **P < 0.01, ***P < 0.001, Mann–Whitney U-test.





Tfh Cells Are Significantly Expanded With High Levels of CXCR3 Expression in the Spleen of LC Patients

PD-1 and ICOS are recognized as main markers to define Tfh cells, we therefore analyzed their expression in these CD4+ Th cell and CD8+ Tc cell subsets from both peripheral blood and spleen (Supplemental Figure 2). PD-1highICOS+ cells formed a distinct population within the splenic Tfh-like cells; their numbers in peripheral Tfh-like cells and splenic Tfc cells were much fewer and almost absent from other peripheral and splenic CD4+ and CD8+ T cell subsets (Supplemental Figure 2). We then compared the percentages of PD-1highICOS+CXCR5+ Tfh cells in LC patients and HC subjects (Figure 2A and Supplemental Figure 3A). We found that the proportion of PD-1highICOS+CXCR5+ Tfh cells was significantly increased in both spleen (Figure 2B) and peripheral blood (Supplemental Figure 3B) from LC patients compared to HC subjects (both P < 0.01). PD-1highICOS+CXCR5+ Tfc cells were also significantly increased in the spleen of LC patients (Figure 2B) compared to those from HC subjects (P < 0.01) but not in blood (Supplemental Figure 3B). These data indicated that PD-1highICOS+CXCR5+ Tfh cells are preferentially enriched in the splenic CD4+ T cells, which is further increased in LC patients.
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FIGURE 2. Splenic Tfh cells were preferentially expanded in LC patients. (A) Representative dot plots show the proportion of PD-1highICOS+ cells among CXCR5+CD4+ Tfh-like cells and CXCR5+CD8+ Tfc-like cells in spleen from a LC patient. Values in the quadrants represent the percentages of splenic Tfh and Tfc cell subset. (B) Summarized data show the percentages of PD-1highICOS+ CXCR5+CD4+ T cells and PD-1highICOS+ CXCR5+CD8+ T cells in the spleen from HC (n = 22), HBV-LC (n = 27), and Non-HBV-LC groups (n = 13). (C) CCR6 and CXCR3 expression within splenic PD-1highICOS+CD185+CD4+ Tfh cells. Representative dot plots show the expression of CCR6 and CXCR3 when gated on splenic PD-1highICOS+CXCR5+CD4+ cells in spleen from a LC patient (Left). Values in the quadrants represent the percentages of each subset. Summarized data (Right) show the percentages of Tfh cell subsets in the spleen from HC (n = 22), HBV-LC (n = 27), and Non-HBV-LC groups (n = 13). (B,C) Each dot represents one subject, and line represents mean value. *P < 0.05, **P < 0.01, ***P < 0.001, Mann–Whitney U-test.



We further analyzed the proportion of CXCR3- and CCR6-expressing cells in splenic Tfh cells from LC and HC subjects (Figure 2C). It is found that CXCR3+ cells and CCR6+ cells account for nearly 80 and 10% of splenic PD-1highICOS+ Tfh cells, respectively, regardless of disease status (Figure 2C). The proportion of CXCR3−CCR6− Tfh2 cells was higher among CXCR5+ Tfh-like cells in both spleen and blood from HC donors vs. LC patients. The CXCR3+CCR6− Tfh1 cells was significantly expanded in the spleen of LC patients. While in peripheral blood, the proportion of CCR6+ cells (including both CXCR3+CCR6+Tfh1/Tfh17 cells and CXCR3−CCR6+ Tfh17 cells) were significantly increased in LC patients (Supplemental Figures 4A,B). These data indicated that splenic Tfh-like cells expressed higher levels of CXCR3 in LC patients.



Splenic Tfh Cells From LC Patients Produced Higher Levels of IL-21

Next, we analyzed cytokine production by splenic Tfh cells including IL-21, IFN-γ, and IL-17a in responses to PMA/ionomycin in vitro (Figure 3A). As shown in Figure 3B, the levels of IL-21 produced by splenic Tfh cells in HBV-LC patients were significantly higher than those in HCs (P < 0.05). IFN-γ production by splenic Tfh cells was significantly reduced in HBV-LC patients as compared to HC subjects. There is no significant difference for IL-17a production by splenic Tfh cells in LC patients as compared to those in HC subjects. These data indicated the splenic Tfh cells produced more IL-21 in LC patients, which may shape the specific microenvironment promoting humoral immunity when liver disease progresses into cirrhotic phases.
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FIGURE 3. Increased IL-21 production by splenic PD-1highICOS+CXCR5+CD4+ Tfh cells in LC patients. (A) Representative histograms from 3 HBV-LC and 3 HC subjects reflect IL-21, IFN-γ, and IL-17a production by splenic PD-1hiICOS+CXCR5+CD4+ Tfh cells in responses to PMA/ionomycin. (B) Pool data indicated that splenic PD-1hiICOS+CXCR5+CD4+ Tfh cells release more IL-21, less IFN-γ, and similar levels of IL-17a in HBV-LC (n = 18) than in HCs (n = 10) when stimulated with PMA/ionomycin. Each dot represents one subject, and line represents mean value. **P < 0.01, Mann–Whitney U-test.





More Splenic Tfh Cells Moved Into B Cell Zone and Shaped Active Germinal Centers (GCs) in LC Patients

We investigated the distribution of splenic Tfh cells using immunohistochemical staining. More follicle-like structure showing larger active GCs was present in the spleen of LC patients than that in HC spleen where the GCs were mostly degenerative. Outside of the GCs, a ring-like layer densely populated by smaller-sized cells (likely the reported mantle zone formed mostly by naive B cells) was present in LC spleen and absent from HC spleen (Figure 4A). We further stained several classical markers for Tfh cells and B cells in spleen including CD4, PD-1, and IL-21 as well as CD20 using continuous section so as to observe the localization of Tfh cells and B cells in-situ from LC patients vs. HC subjects. CD20 staining indicated that the follicles were indeed splenic B cell zones. It is found that less CD4+, PD-1+, and IL-21+ Tfh cells were present in healthy spleen. By contrast, more PD-1+ and IL-21+ cells were accumulated within the GC area in LC patients (Figure 4B). Consistent with the role of Tfh cells in promoting GC responses, we observed significantly increased follicular Ki67+ B cells in LC spleens as compared to HCs (Figure 4C). Plasma CXCL13, a B cell attracting cytokine, has been considered as a marker indicating GC activity (25). We measured the CXCL13 levels in the plasma of HBV-LC and HC subjects, and found that plasma CXCL13 levels was significantly higher in HBV-LC patients than that in HC subjects (Figure 4D). Simultaneously, the levels of plasma FABP2, a marker indicating active bacterial translocation, were also increased in HBV-LC patients than that in HC subjects (Figure 4D). These data clearly indicated that more splenic Tfh cells moved into B cell zone in the spleen and shaped more active GCs in LC patients.
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FIGURE 4. More splenic Tfh cells are migrated in the MZ region in LC patients. (A) Representative HE staining indicated obvious follicular-like structure in the spleen of 2 LC patients as compared to 2 HC subjects. (B) Immunohistochemical staining detected the expression of CD4, PD-1, IL-21, and CD20 in the continuous tissue sections from an HC subject and an HBV-LC patient (magnification, 200 ×). Obvious CD4+, PD-1+, and IL-21+ cells infiltrated into B cell MZ region in LC patients. Similar data were also found in more LC patients (n = 19) and HC donors (n = 8). (C) Representative Ki67 staining indicated obvious proliferation of GC B cells in the spleen of 2 LC patients as compared to 2 HC subjects. (D) Plasma CXCL13 and FABP2 concentrations in HBV-LC (n = 27) and HC subjects (n = 22). The data are shown as means and standard deviations. **P < 0.01, ***P < 0.001, Mann–Whitney U-test.





The Levels of Tfh Cells Were Positively Correlated With Increased Plasma Cells in the Spleen of HBV-LC Patients

To further explore the relationships between the increased Tfh cells and perturbated B cells, we analyzed the proportion of splenic B cell subsets in LC patients and HC subjects. CD19+ B cells include IgD−CD38high plasma cells, IgD−CD27+ cMBCs, IgD+CD27+ MZBs, IgD+CD27− naïve B cells, and IgD−CD27− aMBCs (Figure 5A). Pooled data indicated that the percentages of plasma cells and naïve B cells are significantly increased in the spleen of LC patients as compared to those in HC subjects. In contrast, the percentages of MZBs and cMBCs were significantly decreased in the LC patients (Figure 5B), indicating that splenic B cell subsets were perturbed in LC patients.
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FIGURE 5. Disruption of B cell subset distribution in LC patients. (A) Representative dot plots show the gating strategy of B cell subsets in spleen from an LC patient. Values in the quadrants represent the percentages of each subset. Within CD3−CD19+ B cells, IgD−CD38high plasma cells, IgD−CD27+ cMBC cells, IgD+CD27+ MZB cells, IgD+CD27− naïve B cells, and IgD−CD27− aMBC cells were defined, respectively. (B) Summarized data show the percentages of B cell subsets in the spleen from HC (n = 15) and HBV-LC groups (n = 20). Each dot represents one subject, and line represents mean value. *P < 0.05, ***P < 0.001, ****P < 0.0001, Mann–Whitney U-test. (C) Correlation analysis between splenic Tfh cells and B cell subsets. The percentages of splenic Tfh cells were significantly positively with plasma cell proportion and plasma IgG levels but not with MZB, aMBC, cMBC, naïve B, splenic CXCR5+ CD4 T cell subsets, and plasma IgM levels in HBV-LC patients (n = 20). Each dot represents one subject. Spearman rank correlation test was used: r, correlation coefficient; P-values are shown.



We then investigated whether the disturbed B cell proportion was associated with the increased Tfh cells in these HBV-LC patients. It is found that the levels of splenic Tfh cells were positively associated with plasma cells (defined as IgD−CD38highCD19+ B cells) in LC patients (r = 0.7053, P = 0.0005, n = 20; Figure 5C). Although, splenic cMBC and MZB cell percentages were decreased in HBV-LC patients, there was no significant correlation between the percentages of splenic Tfh cells and the percentages of most of B cell subsets including MZBs, aMBCs, cMBCs, naïve B cells, and CXCR5+CD4+ T cells. In addition, we also found that splenic Tfh cell proportion was correlated with plasma total IgG (r = 0.4158, P = 0.0346, n = 20) but not IgM levels (Figure 5C). These data suggested that splenic B cell subsets were disturbed in LC patients, particularly the increased plasma cells were found to be positively associated with increased Tfh cells in the spleen of HBV-LC patients.



Splenic Tfh Cells Promote Plasma Cell Differentiation Dependent on IL-21 in LC Patients

The immunological outcome of functionally increased splenic Tfh cells remains unclear in LC patients. Tfh cells moved to the B-cell follicles in LC patients where Tfh cells may interact with GC-B cells. A significantly positive correlation between splenic Tfh cells with plasma cells and serum IgG levels also indicated that splenic Tfh cells have potentials to induce naive B cells to differentiate into plasmablasts in HBV-LC patients. We therefore investigated the influence of expanded splenic Tfh cells on B cells in LC patients. Splenic CXCR5−CD4 T cells, CXCR5+PD-1+ CD4 T cells, CXCR5+PD-1− CD4 T cells, and CXCR5+PD-1high Tfh cells were co-cultured with allogeneic or autologous CD19+ B cells from LC or HC donors for 7 days, respectively (Figure 6A). rIL-21R-Fc fusion protein was added in CXCR5+PD-1high Tfh cells co-culturing wells to block IL-21 signal. As shown in Figure 6B, plasma cell proportion was significantly increased in both CXCR5+PD-1+ CD4+ T cell and Tfh cell co-culture systems compared to CXCR5−CD4+ T cell and CXCR5+PD-1− CD4+ T cell with autologous (Figure 6B) and allogeneic (Figure 6C) B cells. Blocking IL-21 signaling using rIL-21R-Fc led to the decreased proportion of plasma cells in both autologous and allogeneic B cell co-cultures in vitro (Figures 6B,C). Compared to HC subjects, we noted that splenic Tfh cells from LC patients induced more plasma cells differentiation in both autologous and allogeneic co-culture systems than that from healthy subjects (P < 0.05, Figure 6D). Similar data were also found when splenic CXCR5+ CD4 Tfh-like cells from LC or HC subjects were co-cultured with autologous or allogeneic B cells (Figure 6E). These data suggest that splenic Tfh cells from LC patients could promote more plasma cell differentiation dependent on IL-21.
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FIGURE 6. Splenic Tfh cells from HBV-LC patients have more potential to induce B cell differentiation into plasma cells in vitro. (A) Flowchart indicated that splenic CXCR5−CD4+ T cells, CXCR5+PD-1+CD4+ T cells, CXCR5+PD-1−CD4+ T cells, and CXCR5+PD-1high Tfh cells were sorted and co-cultured with allogeneic or autologous CD19+ B cells at the ratio of 1:1 for 7 days, respectively. Then the percentage of C19+CD38high plasma cells was detected. (B,C) Summary data indicated that the proportion of plasma cells induced by each type of CD4+ T cell subsets from HBV-LC patients (n = 5) and HC subjects (n = 4) in autologous (B) or allogeneic (C) CD19+ B cell co-culture. *P < 0.05, **P < 0.01, Wilcoxon's matched-pairs test. (D,E) Pool data showed that the proportion of plasma cells induced by Tfh cells (D) and CXCR5+CD4 Tfh-like cells (E) and in autologous or allogeneic CD19+ B cell co-culture in HBV-LC patients (n = 5) and HC subjects (n = 4). The data are shown as means and standard deviations. *P < 0.05, Mann–Whitney U-test.





The Increased Splenic Tfh Cells Are Correlated With Disease Severity in HBV-LC Patients

We finally analyzed the correlations between splenic Tfh cell proportion and several clinical markers reflecting disease severity such as Child-Pugh score, ALB, PTA, TBIL, et al. We found that HBV-LC patients with higher Child-Pugh scores displayed more splenic Tfh cell proportion than those with lower scores (Figure 7A), although there were no significant correlations between splenic Tfh cell proportion and the levels of ALB, PTA, and TBIL (Figures 7B–D). These data indicated that expanded splenic Tfh cells are positively correlated with cirrhotic-complications in HBV-LC patients.
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FIGURE 7. Splenic Tfh cells correlate with disease severity in HBV-LC patients. (A) Higher frequencies of splenic Tfh cells were present in HBV-LC patients with child score more than 5 (n = 19) than in those with child score <5 (n = 8). The data are shown as means and standard deviations. *P < 0.05, Mann–Whitney U-test. (B–D) The correlation analysis between the percentages of splenic Tfh cells and clinical markers such as ALB (B), PTA (C), and TBIL (D) levels in HV-LC patients (n = 27). Spearman rank correlation test was used: r, correlation coefficient; P-values are shown.






DISCUSSION

Little is known about the immune characteristics of CAID in the SLO such as spleen in cirrhotic patients, especially for Tfh and B cells acting as two important arms in the human immune system. Here, we demonstrated that splenic Tfh cells were expanded in B cell follicular region of cirrhotic patients, where they expressed higher levels CXCR3 and produced more IL-21. Thus, splenic Tfh cells induced B cells to robustly differentiate into plasma cells through IL-21, and correlated with cirrhotic severity in LC patients. This study revealed novel immune properties of CAID and highlighted the immune consequences of the interaction between Tfh and B cells in LC patients.

Our data provides novel insights to the splenic Tfh cell compartments in cirrhosis. We examined the splenic and peripheral CD4 and CD8 T cell subsets based on CXCR5, CXCR3, and CCR6 expression from LC and HC subjects. In the spleen, CXCR5+CD4+ Tfh-like cells were significantly increased in LC patients as compared to those in HC subjects. More important, PD-1highICOS+ Tfh cells are specifically accumulated within the splenic Tfh-like cell subset rather than other Th and Tc subsets including the CXCR5+ CD8 T cells which play antiviral roles in SLOs (26). Although these splenic PD-1highICOS+ Tfh cells showed substantial heterogeneity, they preferentially expressed higher levels of CXCR3. In addition, these splenic Tfh cells are largely expanded and produced more IL-21 in LC patients than those from HC subjects regardless of cirrhosis-associated etiology. This comprehensive analysis highlights splenic Tfh cells from LC patients are expanded and hyper-activated.

The immunological consequences of the increased splenic Tfh cells remained unclear in LC patients. Previous studies have indicated that the decreased T cell immunity was generally accompanied by enhanced humoral immune responses in various chronic inflammatory conditions (18). Here, our data support the notion that the expanded splenic Tfh cells may promote B cell differentiation in LC patients. We provide several evidences including the extensive co-localization and the significant positive correlation between splenic Tfh cells and plasma cell subsets as well as the potential of Tfh cells inducing B cell differentiation in vitro. The contribution of hyperactive Tfh cells to plasma cell differentiation may lead to the increased levels of non-specific antibodies and autoimmune antibodies during cirrhosis. It is reported that cirrhotic patients manifested hyper-immunoglobnemia (9) and had more anti-microbial antibodies than control subjects (27). Therefore, the enhanced systemic inflammation and Tfh cell immunity in cirrhotic patients may break the barrier tolerance and facilitate the induction of anti-microbial antibodies, which consequently affect the normal symbiosis of gut flora and lead to the increased microbial translocation. The reported dominant elevation of IgA type antibodies over IgG and IgM also suggested that compromised mucosal immunity could play roles in inducing anti-microbial antibodies during cirrhosis (27). Enhanced Tfh cell responses may also result in increased autoantibodies production, and HBV-infected patients with autoantibodies also showed more activated Tfh cell phenotypes than the patients without autoantibodies (20). Whether the increased non-specific and autoantibodies have detrimental impact on cirrhosis associated pathophysiology needs future studies.

Enhanced Tfh immune responses may deplete memory B cell pool through inducing more B cells differentiating into plasma cells. Recently, extra-follicular Tfh-like cells located at the border of the T cell zone and B cell follicle in human tonsils were reported to promote memory B cells to produce antibodies via CD40L and IL-21 (17). Here, we observed that Tfh cells in both follicular and extra-follicular regions in spleen from cirrhotic patients are significantly expanded and may hasten the B cell differentiation process. This finding was reminiscent with the observations in other chronic autoimmune diseases. For instance, patients with primary Sjogren's syndrome and systemic lupus erythermatosus had an expansion of peripheral Tfh-like cells with the increased IL-21 production, along with decreased CD27+ memory B cells and increased plasma cells, indicating prominent role of Tfh cells in aberrant distribution of B cell subsets (28, 29). These data suggest that splenic functionally enhanced Tfh cells may expedite memory B cell differentiating into plasma cells, deplete memory B cell pool, and induce non-specific antibody production.

The factors leading to functional activation of Tfh cells in cirrhotic spleen are unclear, however, it likely relates to systemic inflammatory responses in LC. Recently, the bacterial mRNA recognition is reported to increase Tfh cell differentiation, and enhances antibody responses (30, 31). The activation of the MyD88-dependent TLR8 signaling on human monocytes initializes the expression of IL-12, a main cytokine inducing Tfh cell differentiation. Human IL-1β is produced in response to bacteria and affects Tfh differentiation (32). Therefore, sensing viable bacteria by monocytes may serve as a trigger to induce Tfh cell differentiation, subsequent class-switch of B cells and antibody production. During cirrhosis, there is episodic bacterial translocation and persistent immune cell activation, as indicated by the increased FABP2 and CXCL13 levels in our study. In addition, the expansion of the Tfh cells could also be driven by IL-6 signaling derived from follicular dendritic cells and the persistent viral antigen in the host environment (33). Thus, the activation of innate immune cells including activated dendritic cells, increased inflammatory cytokines and viable microbes are all present during liver cirrhosis. We think that these combined effects may eventually promote an enhanced Tfh cell response in LC patients, especially during advanced diseases.

This study is limited by several aspects. First, we have not performed the functional and clinical analysis of splenic Tfh cells from non-HBV-LC patients although splenic Tfh cells were significantly increased in both HBV-LC patients and non-HBV-LC patients. Second, it is unclear whether the increased Tfh cells correlated with the levels of autoantibodies in LC patients, which may generate a novel understanding on CAID. Third, clinical significance has not been fully addressed in the study. Nonetheless, we reported that the hyperactive Tfh cells contribute to dysregulated humoral immunity in LC patients. Our study indicated that targeting Tfh cells may provide a way to ameliorate CAID.
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Chronic hepatitis B virus (HBV) infection is one of the high-risk factors for human HCC. Despite the integration of virus DNA and the oncoprotein HBx, chronic necroinflammation and hepatocellular regeneration account for hepatocarcinogenesis. As a non-cytopathic virus, HBV is extensively recognized to mediate chronic liver damage through abnormal immune attack. However, the mechanisms driving HBV infection to HCC are poorly understood. During chronic HBV infection in humans, the adaptive immunity changes from immune tolerance to progressive immune activation, inactivation, reactivation and exhaustion, all of which may be the immune pathogenic factors for the development of HCC. Recently, the immunopathogenic mechanisms were described in mouse HBV-induced HCC models, which is absolutely dependent on the presence of HBV-specific T cell response and NK cell-derived IFN-γ, findings which are consistent with the observations from CHB and HCC patients. In this review, we summarize recent research progression on the HBV-specific CD8+ T cells, and also CD4+ T cells, B cells and non-specific immune cells and molecules underlying chronic HBV infection and eventual HCC development to demonstrate the pathogenesis of HBV-induced immune imbalance. Based on the progression, we discussed the potential of immune-based therapies and their challenges in the treatment of HBV-related HCC, including the checkpoint inhibition, genetically modified T cell transfer, therapeutic vaccines and metabolic modulation.
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INTRODUCTION

Chronic hepatitis B virus (HBV) infection is one of the high-risk factors for human HCC, responsible for 50~80% of HCC cases worldwide. As one of the leading causes of cancer death, HCC represents an important human health problem (1). It has been an urgent issue how chronic HBV infection promotes hepatocarcinogenesis. In adults, HBV infection causes a rapid immune response, typically resulting (more than 95% patients) in life-long immunity with acute self-limited infection; while in infants and children, HBV infection has the potential to become chronic with life-long HBV persistence (2).

Despite the direct gene activation and transactivation by the integration of HBV DNA into hepatocyte genome and the oncoprotein HBx and preS/S, HBV-inflicted DNA damage due to hepatocellular regeneration associated with chronic necroinflammation accounts for hepatocarcinogenesis (3–6). In the cytoplasm of infected hepatocytes, HBV has its own nucleocapsids in which HBV completes its replication as a stealth virus without type I IFN-mediated responses (2). As a non-cytopathic virus, HBV-induced liver damage is extensively recognized to be mediated by abnormal immune attack. A dynamic balance between immune clearance and immune tolerance accounts for the outcome in patients with chronic HBV infection. It has been increasingly accepted that immunopathogenesis plays a critical role in HBV-related HCC development; however, the precise mechanisms by which HBV drives to HCC remain poorly understood. Here, the recent progress was summarized in understanding the adaptive and innate immune responses underlying chronic HBV infection that can lead to HCC development and examine the critical pathogenesis of HBV-induced immune imbalance. Further, the cross-talk and network regulation among these immune cells and their released key factors was discussed. Additionally, we discuss the potential of immune-based therapies and their challenges for HBV-related HCC.


Immune Response Is Related to Disease Progress During HBV Infection

During self-limited acute HBV infection, the efficient HBV-specific immune response is essential. A vigorous response of CD4+ T and CD8+ T cells was generated to control and clear HBV. HBV-specific CD8+ T cells exhibit anti-viral activity by producing IFN-γ and TNF-α (7, 8) or by directly killing the infected hepatocytes (9–11). B cells are co-stimulated by T cells and subsequently produce antibodies to HBV surface antigen (HBsAg), HBV e antigen (HBeAg) and HBV core antigen (HBcAg). These antibodies act to clear antigens and HBV virus from the circulation, preventing or limiting HBV reinfection (12). In addition, NK cells and NKT cells efficiently control HBV, the activities of which peak earlier than that of HBV-specific T cells (12).

During chronic HBV infection, the early phase termed “immune tolerant” stage with a high-replication of HBV-DNA and low-inflammation during childhood (13). The progressive loss of immune tolerance leads to the “immune active” stage with HBV-specific CD8+ T cell responses during adolescence, which results in chronic liver injuries, inflammation and liver regeneration. Patients may subsequently enter an “immune inactive” stage with low level of HBV replication and limited inflammation. Particularly, approximately 20~30% of patients in the inactive carrier stage are subject to a viral relapse, displaying replicative HBV and thus enter the “immune reactive” stage with chronic hepatitis that progress to liver fibrosis, cirrhosis and HCC. In the late stage, a series of oncogenic signaling pathways activated by HBV result in immune escape, and promotes the finally developing HCC (14). More recently, studies show that HBV-immunotolerant patients develop HCC (~12% in 10 years), while treated “immune active” patients develop HCC (~6% in 10 years) with a lower rate. Notably, patients with more cumulative immune-mediated hepatocyte damage would be more susceptible to HCC (15, 16). The patient consequences of HBV infection relate to the magnitude and quantity of anti-HBV immune responses (Figure 1). As one of the hallmarks of cancer, chronic inflammation is considered to be an important element and contributes to changing the tumor microenvironment during this process (17).


[image: image]

FIGURE 1. HBV infection relates to the magnitude and quantity of anti-viral immune response. (A) Self-limited acute HBV infection. NK cells and NKT cells play important roles in early control of HBV, and then a robust response of CD4+ T cells and CD8+ T cells is generated to control and eliminate HBV. B cells co-stimulated by T cells produce anti-HBs, anti-HBe and anti-HBc. These protective antibodies clear HBV antigens and virus from the circulation, and prevent or limit HBV reinfection. (B) Chronic HBV infection. Five stages are identified including “immune tolerant” stage with a high-replication of HBV-DNA and low-inflammation, “immune active” stage with HBV-specific CD8+ T cell response and antibody production which results in chronic liver injuries, inflammations and liver regeneration, “immune inactive” stage with low-replication of HBV and limited inflammation, “immune reactive” stage with chronic hepatitis progressed to liver fibrosis, cirrhosis and HCC, and in the late stage of “immune exhaustion.”





HBV-Specific CD8+ T Cell Response in HBV-Related HCC

During acute HBV infection, potent HBV-specific CD8+ T cell responses control HBV, typically reducing its titer to undetectable levels. Furthermore, HBV-specific memory T cells with an activated phenotype was persistent after resolving acute HBV infection (18). However, during chronic HBV infection, HBV replication levels as ranging from 103 to 109 HBV DNA copies/mL in peripheral blood of patients with chronic HBV, significantly affected HBV-specific CD8+ T cell responses. HBV DNA load of 107 copies/ml was suggested as a threshold, below which multiple HBV-specific CD8+ T cells, including env-specific, pol-specific and core-specific CD8+ T cells are consistently detected in the peripheral blood; while above the threshold of HBV replication level, env-specific CD8+ T cells and pol-specific CD8+ T cells can occasionally be found (19). The role and function of highly heterogeneous HBV-specific CD8+ T cell are diverse in the development of HBV-related HCC (Figure 2).
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FIGURE 2. CD8+ T cell response in HBV-related HCC. In the HBV-infected individuals, there are several kinds of CD8+ T cell populations including exhausted HBV-specific CD8+ T cells, HBV core-specific and polymerase-specific CD8+ T cells with long-term memory-like phenotype, effector CD8+ T cells and HBV non-specific CD8+ T cells. The function of each CD8+ T cell population is different but possibly promote the development of HCC together. Additionally, regulatory CD4+ T cells (Tregs) also play a critical role in the stage of HCC for immune escape, for example inducing CD8+ T cell exhaustion.



The decrease of HBV-specific CD8+ T cell functions in CHB patients is mainly shown by the low frequency due to antigen-specific deletion and restricted proliferation, and also the high expression levels of inhibitory receptors such as CTLA-4, PD-1, and TIM-3 (12, 20–23). The higher expression levels of TIM-3 in active CHB patients compared to inactive CHB patients suggest that CD8+TIM-3+ T cells are functionally exhausted during the active state of chronic HBV infection (24). Oncofetal gene SALL4 reactivation by HBV-induced STAT3 signal in adulthood counteracts miR-200c, which accounted for PD-L1-induced CD8+ T cell exhaustion (25). Exhausted CD8+ T cells were unable to effectively produce cytokines and exert anti-viral activity when re-exposure to HBV in an acute immune active state, indicating that exhausted CD8+ T cells displaying dysfunctional differentiation are associated with chronic HBV replication and the resulting disease progression (26). Furthermore, CD8+ resident memory T cells (TRM) were enriched with higher expression levels of PD-1 in the tumor tissue of HBV-related HCC, which were functionally more suppressive and exhausted (27). Single-cell RNA-sequencing demonstrated that there was higher frequency of exhausted CD8+ T cells and regulatory T cells (Tregs) with clonally expansion in HCC patients, and layilin (LAYN) was related to the suppressive function of Tregs and exhausted CD8+ T cells in HCC (28).

In addition to the inhibitory pathways, a more complex mechanism of energetic and metabolic impairment accounted for CD8+ T cell exhaustion during HBV infection. In patients with chronic HBV infection, exhausted HBV-specific CD8+ T cells with high ROS level showed extensive downregulation of mitochondrial functions including electron transport, mt DNA transcription and translation, membrane transport and metabolism, and marked downregulation of proteasome subunits and proteins involved in DNA repair (29). Additionally, HBx protein dysregulated glucose metabolism with increased lactate production, which impaired the migration of T cells in the liver and their cytolytic activity (30).

Recently, numerous HBV-specific T cell populations including HBV core-specific and HBV polymerase-specific CD8+ T cells were detected in the circulation of CHB patients, and these cells exhibited a long-term memory-like phenotype and poly-functionality, which was not terminally exhausted (31–34). Clinical observation demonstrated that when residual antigen-specific CD8+ T cells were persistently activated but unable to control HBV replication, they might contribute to sustain liver inflammations predisposing patients to HCC development (11, 13, 15, 16, 19).

To reveal the exact immunopathogenic mechanisms of CD8+ T cells in HBV-related HCC, murine HBV-induced HCC models were generated for analysis. In 1998, Nakamoto et al. (35, 36) demonstrated that HBsAg-specific cytotoxic T lymphocytes (CTLs) constantly attacked HBsAg-expressing hepatocytes, eventually triggering HCC in HBV transgenic mice via thymectomy, bone marrow reconstruction and adoptive transfer of splenic HBsAg-specific CD8+ T cells from HBsAg-immunized mice. Using this model, they further demonstrated that use of an anti-FasL neutralizing antibody could attenuate the hepatotoxicity of HBsAg-specific CTLs and prevented the chronic hepatitis and eventual HCC (36). Studies in our lab have also illustrated that breakdown of adaptive immune tolerance by blockade of TIGIT (T cell immunoglobulin and ITIM domains, a checkpoint receptor involved in mediating T cell exhaustion in tumors) combined with HBsAg vaccination is able to recover the anti-HBV function of autologous HBsAg-specific CTLs including IFN-γ and TNF-α prodction, which was responsible for mediating HCC progression in HBs-Tg mice (37). To mimick naturally occurring anti-HBV immunity and immunopathology, we generated a novel HBV mouse model by transferring HBsAg+ hepatocytes from HBs-Tg mice into an immunocompetent recipient mouse (Fah−/− mouse) with the same genetic background. In this mouse model, HBsAg-specific CD8+ T cells were naturally generated and responsible for mediating hepatocyte apoptosis and chronic hepatitis, eventually leading to HCC (unpublished data).

Additionally, non-specific CD8+ T cells with memory phenotypes secreted IFN-γ when activated by anti-CD137 mAb in HBV transgenic mice, and played a central role in the subsequent development of chronic inflammation, fibrosis, cirrhosis and HCC progression. During this process, non-specific CD8+ T cells preferentially recruited hepatic macrophages, which promoted the development of HCC through secreting TNF-α, IL-6, and MCP-1 (38). In patients with chronic HBV infection, circulating CD14+ monocytes with elevated expression of the natural ligand of CD137 might contribute to the sustained CD137 stimulation of CD8+ T cells for the liver immunopathology (38).



HBV-Specific CD4+ T Cell Response in HBV-Related HCC

CD4+ T cells are considered to contribute to anti-viral and anti-tumor immune responses by producing cytokines that activate CD8+ T cells and B cells. Patient circulating and liver-infiltrating CD4+ CTLs were increased in the early stage of HCC, which was significantly higher than that of CHB patients (39). This finding indicated that chronic HBV infection may not be the principal element accounting for the observed increase in CD4+ CTLs in HBV-related HCC. Both CD4+ CTL number and activity decreased in progressive stages of HCC due to the increased Tregs, and the progressive deficit in CD4+ CTLs was linked to the high recurrence and poor survival of HCC patients (39).

Tregs are known to exert their suppressive function via cell-to-cell contact or through cytokines such as IL-2, IL-10, TGF-β, and IL-35 (40). Noticeably, in HBV-related HCC patients, Tregs were enriched and showed greater expression of PD-1 with increased suppressive function, which accounted for the more immunosuppressive and exhausted microenvironment of HBV-related HCC compared to the non-virus-related HCC (27). Increased Tregs in HBV-related HCC patients have also been implicated in the reduction of the function of CD8+ T cells, as demonstrated by the inhibited proliferation and activation of CD8+ T cells and attenuated cytotoxicity of CD8+ T cells with less production of granzymeA/B and perforin (41). Persistent presence of HBV led to elevated TGF-β which suppressed miR-34a expression and enhanced CCL22 expression, thus recruiting Tregs in the liver tissue (42). Tregs facilitated the immune escape of HBV+HCC, resulting in the development of portal vein tumor thrombus in HCC patients (42). The increased Tregs not only suppressed HBV antigen-specific immune responses, but also suppressed HCC tumor antigen-specific immune responses (43). Further, it was found that compared with the healthy donors and patients of chronic HBV infection, the frequency of circulating CD4+CD25+CD127− Tregs was much lower in HCC patients, but surgery resulted in significantly increasing the frequency of circulating CD4+CD25+CD127− Tregs in HCC patients, correlating with tumor aggressiveness (44). These results suggest a therapy targeted to reduce Treg activity may prove beneficial for HCC patients (45).

The frequency of circulating CD4+ T follicular helper cells (CXCR5+CD4+ Tfh) decreased and their function was impaired with disease progression in HBV-related HCC patients (46). Further, the infiltrated CXCR5+CD4+ T cells was demonstrated to be significantly less in HCC tumor regions than that of non-tumor regions (46). These Tfh cells from HCC patients resulted in less effective induction of the differentiation of plasmablasts from naive B cells, since they reduced ICOS expression and the ability to produce IL-10 and IL-21 with less proliferation activity (47).



HBV-Specific B Cell and Antibody Responses in HBV-Related HCC

In patients of HBV infection, serological biomarkers changed from HBsAg+ and HBeAg+ to anti-HBs+ and anti-HBe+ are used to describe the recovery of HBV infection. HBV is never completely eliminated from the patients system, due to the persistence of a little of covalently closed circular DNA (cccDNA) and integrated DNA of HBV in infected individuals (18). The integrated DNA can express HBV antigens including HBsAg. It is increasingly recognized that humoral immune responses involving anti-HBs antibody production exhibit an important activity in the process of controlling HBV (48, 49). Lack of effective B cell and neutralizing antibody responses promote the disease progression of chronic HBV infection (48). Recently, fluorochromes-labled HBsAg was utilized as “baits” to specifically detect HBsAg-specific B cells in vitro by using a dual-staining method. Studies by using this method demonstrated that there was no significant difference in the number of circulating HBsAg-specific B cells among patients with chronic HBV infection, patients with acute HBV infection and vaccinated subjects. Furthermore, the frequency of HBsAg-specific B cells did not correlate to the quantity of HBsAg or HBV-DNA during chronic HBV infection (50). B cells from CHB patients exhibit an atypical phenotype (CD21− CD27−) and show functional alterations with PD-1 expression, resulting in the reduction of antibody production (50, 51). When supplemented with cytokine (IL-2 and IL-21) signals and costimulatory signals-derived from CD40L-expressing feeder cells, the maturation of these HBsAg-specific B cells from CHB patients could be partially restored; and functional blockade of the PD-1 expressed on these HBsAg-specific B cells could partially rescue their functions (50, 51). Depletion of B cells by antibody treatment reactivated HBV in patients with chronic HBV infection with a high rate to 60%, even in the subjects with resolved infection years earlier, and this reactivation may lead to severe disease (52).

Beyond the production of HBV-specific antibodies, significantly higher frequencies of IL-10-expressing B cells (Bregs) were observed in HCC patients than that of healthy controls. Furthermore, these Bregs preferentially expressed TIM-1, negatively correlating with the expression of granzyme A/B and perforin in CD4+ T cells (53). The different immune phases of patients with chronic HBV infection changes in the Breg frequency, with elevated serum levels of IL-10 observed in the immune active patients when compared to the immune tolerant patients (54). Additionally, the frequency of circulating Bregs was significantly increased after surgery, which was associated with the levels of HBeAg and HBV-DNA copy number (44). These results suggest a potential therapy against Bregs may offer improved outcomes for HCC patients.



Innate Immune Responses in HBV-Related HCC

The liver as a lymphoid organ has an overwhelming innate immune system, including several kinds of innate immune cells with high frequency such as NK and NKT cells (55–57). Among total intrahepatic lymphocytes, the frequency of NK cells is as high as 25–40 and 10–20% in human and mouse livers, respectively. It is well-known that NK cells exhibit early anti-viral and anti-tumor activities (58); however many mechanisms are involved in the alterations of NK cell functions during the progression of HBV infection.

NK cells participate in controlling HBV replication in mice (59), but within patients with chronic HBV infection their anti-viral activity is suppressed in the presence of IL-10 and transforming growth factor β (TGF-β) (60). Further, in NK cells from patients with chronic HBV infection, inhibitory receptors NKG2A, TIM-3, and PD-1 expression was up-regulated and the ability of IFN-γ and TNF-α secretion was reduced, which was involved in the HCC progression (61–63). Additionally, HBV was reported to secrete exosomes, which play a critical role in mediating HBV transmission in NK cells and consequently impairing NK cell functions, proliferation and survival (61). Furthermore, compared with healthy individuals, NK cells from CHB and HCC patients show significant increases in the expression of microRNA (miR)-146a, which related to the downregulation of NK cell function including reduced cytotoxicity and decreased IFN-γ and TNF-α production (64). In HCC patients, the presence of infiltrating CD11b−CD27− NK subsets in the tumor origins was positively correlated with the clinical outcomes, since a substantial proportion of these cells exhibited inactive and immature phenotypes with weak cytotoxicity and poor IFN-γ production (63). In addition to their anti-viral and anti-tumor activities, activated NK cells may also mediate HBV-associated hepatocyte damage (56, 65). Recently, our study demonstrated that NK cells mediate liver inflammation by secreting IFN-γ, which promote the development of HCC through the epithelial cell adhesion molecule (EpCAM)-epithelial cell to mesenchymal transition (EMT) axis in HBs-Tg mice (66). In HCC patients, increased levels of IFN-γ also mediated liver dysfunction and associated with HCC progression (67).

Activation of non-virus-specific cells may result in widespread inflammation, promoting HCC development. NKT cells promoted hepatic stellate cells (HSCs) activation in liver fibrogenesis through producing the inflammatory cytokines IL-4 and IL-13, accounting for the spontaneous liver fibrosis in HBV-Tg mice (68). HSCs upregulated the level of Tregs in the liver, which was involved in the occurrence of HCC following fibrosis and cirrhosis (69). Activation of NKT cells could be augmented by CD205+ Kupffer cells through IL-12 production during HBV infection (70). Hepatic macrophages recruited by CD8+ T cell-derived IFN-γ subsequently produced TNF-α, IL-6 and MCP-1 to mediate chronic hepatits and HCC progression (38). Circulating CD14+ monocytes may contribute to the activation of CD8+ T cells through CD137 ligand upregulation in patients with chronic HBV infection (38). Ly6C+ monocytes-secreted TNF-α also played the critical role in enhacing CD8+ T cell response for HBV clearance (71). Althogh hepatic macrophages promote the development of HCC during chronic HBV infection, they have also shown opposite roles. Kupffer cell-derived IL-10 operates to maintain humoral immune tolerance and induce anti-HBV CD8+ T cell exhaustion in chronic HBV carrier (72, 73). Additoanlly, maternal HBeAg-predisposed hepatic macrophages may mediate immune tolerance to HBV (74).

As an important population of liver-resident innate immune cells, γδT cells-drived myeloid-derived suppressor cell (MDSC) accumulation in the HBV-tolerant liver strongly suppressed CD8+ T cell function and promoted systemic CD8+ T cell exhaustion (75). Recent stuidies demonstrated the circulating γδT cells showed distinct phenotypes and functions with higher frequency of T-bethi Emosdim Vδ2+ γδT cells in patients of chronic HBV infection compared with uninfected control subjects (76). Further, IFNγ/TNF responses were weaker in Vδ2+ γδT cells from chronic HBV infected patients with hepatitis flare when compared to those without hepatitis flare (76).

Complement system is a vital part of the innate immune system, comprising a variety of different proteins including complements, complement receptors and the regulatory protein. In CHB patients, elevated C5a promoted HSC activation and inhibited HSC apoptosis, which positively correlated with disease severity demonstrated by the clinical parameters of liver fibrosis (77). Gene polymorphisms of complement receptor 1 (CR1) contributed to the risk of HBV-related HCC in males (78). Additionally, HBx increased the expression of complement regulatory protein CD59, which prevented the formation of terminal membrane attack complex C5b-9 on the hepatoma cells (79). Thus, the dysregulation of complement system induced by chronic HBV infection promoted the development of HCC in several manners.



Cross-Talk and Regulation Among Different Immune Cells in HBV-Related HCC

HBV-induced immune imbalance leads to the development of HCC as described above. We further summarized the HBV-induced changed immune cells and their released cytokines (Table 1). Complicated cross-talk and regulation among these immune cells further makes it difficult to control and regulate the immune disorders. A variety of cytokines and other molecules are involved in this process (Figure 3). When these immune cells including CD4+T, CD8+T, NK, NKT, monocytes/macrophages, and HSCs are activated, they participate in mediating the liver inflammation during chronic HBV infection, which eventually promote the development of HCC. Moreover, interactions among these activated cells through producing cytokines such as TNF-α, IFN-γ, IL-12, IL-4, and IL-13 aggravate the chronic hepatitis (38, 68, 70). On the other hand, several kinds of immunosuppressive cells including Treg, Breg, MDSC, and Kupffer cells negatively regulate those activated immune cell especially by producing cytokines such as TGF-β and IL-10 (27, 41, 53, 54, 60, 75). Noticeably, the negative regulation is also a key factor in inducing the exhaustion of CD8+ T and NK cells, resulting in the immune escape of HBV and HCC tumor cells (26, 40, 63, 73). Additionally, the protective antibody production of B cells was also inhibited by Kupffer cell-derived IL-10 (72). How to control and maintain the immune balance is a key issue in the treatment of HBV-related HCC.



Table 1. HBV-induced changed immune cells and released cytokines.
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FIGURE 3. Cross-talk among immune cells in the development of HBV-related HCC. During chronic HBV infection, there are complicate interactions among immune cells. Activation of CD8+ T cells is enhanced by CD4+ T and monocytes; and then activated CD8+ T cells recruit and activate macrophages. Activation of NKT cells can be promoted by Kupffer cells, and further activate NK cells and HSCs. On the other hand, suppressive Tregs, Kupffer cells and Bregs inhibit the activation of CD4+ T, CD8+ T, and NK cells. Furthermore, Tregs, Kupffer cells, and MDSCs contribute to the formation of exhausted CD8+ T and NK cells. A variety of cytokines including IFN-γ, TNF-α, IL-6, MCP-1, IL-4, IL-13, IL-12, IL-17, IL-10, and TGF-β are involved in the cross-talk between immune cells. Additionally, complement protein such as C5a positive regulate the activation of HSCs.





Immune-Based Approaches to HBV-Related HCC Therapy

When the disease cycle of inflammation, progressive fibrosis, cirrhosis and regeneration is broken, the pathways to HCC development are interrupted. It has been recognized that immune balance is important to the outcome of HBV infection, and the effective immune responses with sufficient magnitude and quality of the HBV-specific immune cells is able to adequately control HBV (12). Two clinical cases have further confirmed this speculation. HBV can be eliminated from the infected liver in the recipients with pre-existing HBV immunity when transplanted with a liver from the donor of chronic HBV infection (91). Moreover, after bone marrow transplantation, patients with chronic HBV infection develop an effective anti-HBV immune response in their body and clear HBV (92, 93). Based on these increasing understanding of the mechanisms of immune pathogenesis in patients with chronic HBV infection and HBV-associated HCC, immune-based therapies able to restore immunity and consequently eliminate HBV has been proposed and promoted. Such strategies include checkpoint inhibition, genetically modified T cell transfer, therapeutic vaccines and metabolic modulation.

Checkpoint Inhibition

In HBV-infected patients, the function of PD-1+ HBV-specific CD8+ T cells and PD-1+ HBV-specific CD4+ T cells were suppressed by the expression of inhibitory ligands on several kinds of immune cells including HSCs, liver endothelial sinusoidal cells, liver-resident macrophages and dendritic cells. By using checkpoint inhibitors to block PD-1/PD-L1 function, HBV-specific T cells were reactivated and their functions were improved (21, 22). Furthermore, a combination therapy involving simultaneous stimulation of OX40 and blockade of PD-L1 functionally augmented HBV-specific CD4+ T cells to produce IFN-γ and IL-21 (84). HBV-specific B cell response would be promoted by the activated CD4+ T cells in patients with chronic HBV infection (50, 51). CTLA-4 and TIM-3 may offer alternative potential immunotherapeutic targets for patients with HBV chronic infection, since these immune inhibitory receptors also correlated to the inactivation of HBV-specific T cells (94). Higher TIGIT expression was observed in the tumor region of HCC patients and was potentially linked to tumor progression. However, prior to the appearance of a tumor in the liver tissue, TIGIT maintains hepatic adaptive immunotolerance and delays tumor initiation (37). Consequently, the distinct roles of TIGIT in the various stages of tumor initiation and progression should be accounted for the use of checkpoint inhibitors.

Genetically Modified T Cell Therapy

In HBV-related HCCs, the HBV DNA integration into the host genomes leads to the expression of HBV antigens on HCC cells, which can be presented by specific MHC molecules and subsequently recognized by HBV-specific CD8+ T cells. Autologous T cells that are genetically modified to express HBV antigen-specific T cell receptor (TCR) were used to control HBV-related HCC in patients, such as HBsAg-specific TCR-redirected T cells targeted HBsAg+ HCC tumor cells and reconstitute anti-tumoral immune responses (95, 96). HLA-A*02-restricted HBV envelope- or core-specific TCRs cloned from patients with acute or resolved HBV infection were used to genetically modify T cells with high functional avidity, demonstrating these envelope- or core-specific TCR-transduced T cells could effectively kill hepatoma cells replicating HBV (97). Further work showed that persistently infected hepatocytes carrying HBV cccDNA could be eliminated by redirecting cytolytic T cells against HBsAg-producing cells (98). The first successful clinic trial of HBV-TCR redirected T cell therapy was from a liver transplant patient with extrahepatic HCC metastasis which produced HBsAg due to the HBV DNA integration of tumor cells (96). Since HLA mismatched in the transplant liver, the HBV-TCR redirected T cells only attacked the extrahepatic tumor cells but not the normal hepatocytes. However, in HBV-related HCC patients there are HBsAg+ normal hepatocytes and HBsAg+ transformed cells, thus HBV-TCR redirected T cells may induce sever liver damage by targeting HBsAg+ normal hepatocytes. How to reduce this risk and overcome the drawback deserves further investigation (99). Additionally, non-lytic lymphocytes engineered to express HBV-specific TCR could reduce HBV replication and limit HBV infection by activating apolipoprotein B mRNA editing enzyme, catalytic polypeptide 3 (APOBEC3) (100). These findings suggest that redirecting T cells genetically modified with high functional TCRs may be therapeutic potential in the treatment of CHB and HBV-related HCC.

Therapeutic Vaccines

In chronic HBV infection, a therapeutic vaccine against HBV is primarily able to break HBV-specific immune tolerance and elicit an effective immune response. The combination of a therapeutic vaccine (GS-4774) that HBV antigens were engineered to express in yeast and tenofovir disoproxil fumarate (TDF) was shown to improve HBV-specific CD8+ T cell responses, strongly with increased cytokine production of IFN-γ, TNF-α and IL-2 to boost the anti-virus immune responses in CHB patients (80). Treatment of GS-4774 resulted in the reduction of Treg numbers in these patients, potentially offering beneficial effects from both single and combination therapy for CHB patients (80).

Metabolic Modulation

In tumor microenvironment, the suppression of T cell metabolism by lack of nutrients or accumulation of lactate, lactic acid and kynurenine resulted in the inhibited effector T cell activity and the promoted suppressive Treg cell function (101). Consistent with the progression on the metabolic dysregulation on immune cells by chronic HBV infection, a novel reconstitution therapy by metabolic modulation might be promising for HBV-related HCC. Targeting exhausted CD8+ T cells by mitochondrion-targeted antioxidants such as mitoquinone (MitoQ) and piperidine-nitroxide (Mito Tempo) rescued their anti-viral activity demonstrated by significantly enhanced production of IFN-γ and TNF-α, especially the presence of double positive IFN-γ+TNF-α+ CD8+ T cells (29). Similar effects of the metabolic modulation were also observed in CD4+ T cells. Regarding the restoration, metabolic modulation by mitochondrion-targeted antioxidants was effective on exhausted T cells in patients with chronic HBV infection, but not on function-competent T cells, which will reduce the risk of indiscriminate T cell amplification and antoimmune reactions in vivo when patients were treated. Additionally, the metabolic status of the T cells significantly affects their anti-viral and anti-tumor activity, such as in adoptive transfer of genetically modified T cells. Thus, the effects of immunotherapy may be improved by combination of these two strategies.




SUMMARY

During chronic HBV infection, the immune imbalance at a cellular and molecular level is highly complex. Although our understanding of HBV immunopathogenesis has improved in recent years, the precise mechanisms governing this disease progression require further investigation. HBV-specific CD8+ T cells, HBV-non-specific CD8+, CD4+T, B, NK/NKT, Kupffer cells, and HSCs are all involved in the development of HBV-related HCC. Furthermore, cell-to-cell interactions and the regulations between these immune cells increase the complexity of HBV immunopathogenesis. Based on these progression, the potential strategies for the intervention and treatment of HBV-related HCC operate to boost the magnitude and quality of the HBV-specific immune responses with the aim of eliminating HBV and maintaining immune homeostasis in patients.
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Chronic hepatitis B virus (HBV) infection is a major global health burden affecting around 257 million people worldwide. The consequences of chronic HBV infection include progressive liver damage, liver cirrhosis, and hepatocellular carcinoma. Although current direct antiviral therapies successfully lead to suppression of viral replication and deceleration of liver cirrhosis progression, these treatments are rarely curative and patients often require a life-long therapy. Based on the ability of the immune system to control HBV infection in at least a subset of patients, immunotherapeutic approaches are promising treatment options to achieve HBV cure. In particular, T cell-based therapies are of special interest since CD8+ T cells are not only capable to control HBV infection but also to eliminate HBV-infected cells. However, recent data show that the molecular mechanisms underlying CD8+ T-cell failure in chronic HBV infection depend on the targeted antigen and thus different strategies to improve the HBV-specific CD8+ T-cell response are required. Here, we review the current knowledge about the heterogeneity of impaired HBV-specific T-cell populations and the potential consequences for T cell-based immunotherapeutic approaches in HBV cure.
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INTRODUCTION

Infection with Hepatitis B virus (HBV) represents one of the major causes of morbidity and mortality worldwide. Despite the availability of a prophylactic vaccine for over 30 years, the number of infections remains dramatically high. Approximately, 257 million people globally suffer from chronic HBV infection (1). Current antiviral treatments such as nucleos(t)ide analogous (NUCs) can effectively inhibit HBV polymerase activity and decelerate the disease progression (2). However, there is a low prevalence of HBs antigen loss and anti-HBs seroconversion in patients undergoing NUC therapies and therefore a continuous clinical follow-up is necessary (3). In the clinical setting, HBs antigen persistence is a key marker for the diagnosis of chronic HBV infection. Anti-HBs seroconversion in turn is a marker for sustained viral control by the cellular and humoral immune response and thus is defined as “functional cure”. Identification of new therapeutic targets and development of additional therapeutic approaches are urgently needed. Antibody-mediated depletion studies in acutely HBV infected chimpanzees highlighted HBV-specific CD8+ T cells as the main effector cells that contribute to immunological control. In fact, in this study, a prolonged viremia was observed until the reappearance of HBV-specific CD8+ T cells in the blood and liver (4). In contrast, the development of a persistent HBV infection is associated with a compromised HBV-specific CD8+ T-cell response (5). The mechanisms underlying the impaired HBV-specific CD8+ T-cell dysfunction are still not completely understood. Recently, it was shown that the dysfunctional HBV-specific CD8+ T cells differ with respect to the targeted HBV antigens. Therefore, different strategies may be required to improve the HBV-specific CD8+ T-cell response. In this article, we focus on the heterogeneity of HBV-specific CD8+ T cells and the potential for reinvigoration of these populations during chronic HBV infection.



MECHANISMS OF T-CELL EXHAUSTION IN CHRONIC HBV INFECTION

Chronic HBV infection is associated with an impaired HBV-specific CD8+ T-cell response. Although the HBV-specific CD8+ T-cell response is initially induced, several phenotypic and functional deficiencies can be observed under the conditions of antigen persistence. These so-called exhausted CD8+ T cells represent a unique immune cell differentiation stage that was first described in mice chronically infected with the lymphocytic choriomeningitis virus (LCMV). In chronic HBV, early studies analyzing HBV-specific CD8+ T cells during persistent HBV infection also showed an compromised functionality of HBV-specific CD8+ T cells including reduced production of the antiviral cytokine interferon γ (IFNγ) and the immunomodulatory cytokine interleukin 2 (IL-2), as well as the loss of cytotoxicity and impaired proliferative capacities (6–8). Further studies showed that these functionally exhausted HBV-specific CD8+ T cells displayed a high expression of multiple inhibitory receptors like programmed cell death protein 1 (PD1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), lymphocyte-activation gene 3 (LAG3), T-cell immunoglobulin mucin domain-3 (TIM3), CD244/2B4, or CD160. The co-expression of these markers contributes to T-cell dysfunction by excessive T-cell suppression (6, 9–14). Moreover, HBV-specific CD8+ T cells are characterized by an impaired T-cell homeostasis. In particular, the intracellular expression of the pro-apoptotic protein BCL2-interacting mediator (BIM) has been shown to be increased in chronically HBV-infected patients and to drive the decline of HBV-specific CD8+ effector T cells (15). A specific transcriptional profile has also been ascribed to the exhausted HBV-specific CD8+ T-cell phenotype (8, 16). In fact, the expression patterns of T-bet and Eomesodermin (Eomes) have been shown to tightly regulate differentiation of exhausted HBV-specific CD8+ T cells. Specifically, a dysregulated T-bet expression was found in exhausted HBV-specific CD8+ T cells, whereas Eomes was shown to compensate for the lack of T-bet (8). Recently, ex vivo transcriptome analysis of exhausted HBV-specific CD8+ T cells in chronically infected patients also revealed substantial mitochondrial dysfunction and impaired metabolism (16). These mitochondrial alterations contribute to the functional exhaustion in these patients (16, 17). Noteworthy, in vitro manipulation reinvigorated the antiviral activity of exhausted HBV-specific CD8+ T cells in short-term cultures. In these experiments, the addition of mitochondrion-targeted antioxidants or cytokines partly restored the cytokine production of these cells (16, 17).

Although excessive antigen triggering seems to be a main driver of T-cell exhaustion, several other factors may also play an important role (18). These include limited CD4+ T-cell help (19–23), the induction of suppression by regulatory T cells (Tregs) (24–27) and an immunosuppressive liver environment which is also characterized by the action of immunosuppressive cytokines such as IL-10 and transforming growth factor β (TGFβ) (23, 28).

Taken together, HBV-specific CD8+ T cells clearly show phenotypic and functional evidence of T-cell exhaustion in chronically infected patients. Noteworthy, recent studies demonstrated that exhausted CD8+ T cells do not represent a homogeneous T-cell population but are rather heterogeneous in phenotype and function.



T-CELL HETEROGENEITY—LESSONS FROM LCMV MOUSE MODEL

The LCMV mouse model first strongly contributed to dismiss the initial view about exhausted T cells to be a homogeneous dysfunctional population. Early studies have reported different subsets of exhausted LCMV-specific CD8+ T cells with distinct phenotypic and functional characteristics (Figure 1). The classification of these subsets is based on distinct expression patterns of the inhibitory receptors PD1 and CD44. In fact, two distinct exhausted LCMV-specific CD8+ T-cell subpopulations can be distinguished: the less functionally exhausted PD1intCD44hi T-cell subset and the terminally exhausted PD1hiCD44int counterpart (29, 30). Subsequently, by studying co-expression of the two T-box transcription factors T-bet and Eomes (31), it could be shown that the PD1int T-cell subset was largely T-bethi and Eomeslo. This exhausted CD8+ T-cell subset functions as a progenitor population with improved proliferative capacity and cytokine production. In contrast, the terminally exhausted PD1hi T-cell population has a quite unique expression pattern with a particularly high expression of Eomes and low expression of T-bet. Interestingly, some functionality was also retained from this PD1hiT-betintEomeshi T-cell subset indicating that both exhausted CD8+ T-cell subsets are required to sustain viral control (31). Additional studies provided further evidence that these two exhausted CD8+ T-cell subsets are in a progenitor/progeny relationship. For example, the transcription factor T-cell factor 1 (TCF1) plays a central role (32, 33), as it is important for the establishment of CD8+ T-cell memory and for T-cell proliferation (34). Thereby, TCF1+PD1int LCMV-specific CD8+ T cells represent a circulating T-cell subpopulation that sustains the LCMV-specific CD8+ T-cell pool during chronic viral infection (32, 33). Additionally, in lymphoid tissue, a population of chemokine receptor CXCR5 expressing TCF1+PD1int LCMV-specific CD8+ T cells has been described that gives rise to the terminally exhausted T-cell pool in the periphery (35, 36). Overall, these combined findings revealed the functional T-cell heterogeneity within exhausted LCMV-specific CD8+ T cells. The biological importance of this T-cell heterogeneity in chronic infections was demonstrated by immunotherapeutic interventions, where the proliferative burst upon PD1 pathway blockade was almost exclusively restricted to the less differentiated progenitor/memory-like populations. In contrast, the terminally differentiated subset of exhausted LCMV-specific CD8+ T cells showed only a slight improvement in the T-cell response to PD1 pathway blockade that was associated with protective immunity (29, 31, 35, 36). However, PD1 pathway blockade does not fully restore exhausted CD8+ T cells due to an epigenetic imprinting of T-cell exhaustion (37–39). In fact, exhausted LCMV-specific CD8+ T cells differ from effector and memory CD8+ T cells by ~6,000 open chromatin regions. The comprehensive characterization of the genomic profile revealed significant alterations in the expression of genes encoding inhibitory receptors as well as transcription factors and genes controlling TCR signaling pathways, costimulatory and cytokine signaling, and cellular metabolism (38, 39). Furthermore, in several recent studies, the HMG box transcription factor TOX was identified as master regulator of T-cell exhaustion (40–42). In particular, a robust expression of TOX induces the fate commitment of an exhausted and dysfunctional phenotype in CD8+ T cells by driving epigenetic remodeling events at key gene loci (40, 41). Of note, despite this TOX-mediated epigenetic fingerprint of T-cell exhaustion, there are still differences in the epigenetic landscape of TCF1−PD1hi vs. TCF1+PD1int cells pointing toward stem-cell like characteristics of the latter subset within the exhausted LCMV-specific CD8+ T-cell population (43). In sum, these data clearly show that CD8+ T-cell exhaustion represents a distinct and stable differentiation lineage comprising different subsets that respond differently to therapeutic stimuli.
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FIGURE 1. Heterogeneity of exhausted LCMV-specific CD8+ T cells. The identification of functionally distinct T-cell subpopulations within exhausted LCMV-specific CD8+ T cells has enabled the definition of their lineage dynamics. Despite the epigenetic fingerprint of T-cell exhaustion, the expression patterns of several phenotypical and transcriptional markers can discriminate between less exhausted and terminally exhausted LCMV-specific CD8+ T cells. While the early differentiated LCMV-specific CD8+ T-cell subpopulation is defined by co-expression of PD1, CXCR5, and TCF1 and provides a strong response to therapeutic stimuli, the more differentiated PD1int TCF1+ LCMV-specific CD8+ T-cell subpopulation still harbors some effector function. In contrast, the terminally exhausted PD1hi, Eomeshi LCMV-specific CD8+ T-cell population exhibit a more severely impaired functionality and is unresponsiveness to immunotherapies.





HETEROGENEITY OF EXHAUSTED HBV-SPECIFIC CD8+ T CELLS

Recently, the co-existence of heterogeneous and distinctly differentiated exhausted virus-specific CD8+ T-cell subsets in human chronic viral infections such as human immunodeficiency virus (HIV) (44, 45) and chronic Hepatitis C virus (HCV) infection (46) have also been reported. Specifically, HCV-specific CD8+ T cells can be divided in distinct subsets based on the CD127/PD1 co-expression patterns. The CD127−PD1hi HCV-specific CD8+ T-cell subpopulation clearly showed hallmarks of terminal differentiation, such as high levels of inhibitory receptors, indicating severe exhaustion in this subset. In contrast, the CD127+PD1+ HCV-specific CD8+ T-cell subset remarkably shared phenotypic and molecular properties with conventional memory CD8+ T cells. However, this subset also displayed characteristics of T-cell exhaustion such as an expression of PD1 and low functionality in terms of proliferation and cytokine production. Therefore, this population is referred to as memory-like (46). In HBV, previous studies on the phenotype of HBV-specific CD8+ T cells were often hampered by the low frequency of CD8+ T cells present in the peripheral blood of chronically HBV-infected patients (14). Recently, we have deployed pMHC I tetramer-based magnetic bead enrichment approaches to increase the number of detectable HBV-specific CD8+ T cells and thereby improving the potential for analyzing their phenotype, function, and subset distribution. By using this approach, we were able to detect HBV-specific CD8+ T cells in the majority of chronically HBV-infected patients with low viral load. Subsequently performed in-depth analyses revealed that HBV-specific CD8+ T-cell populations are indeed also heterogeneous on a subset level (Figure 2). Based on the CD127/PD1 co-expression analyses, we were able to ascribe the existence of distinct HBV-specific CD8+ T-cell subsets including less differentiated memory-like CD127+PD1+ and terminally exhausted CD127−PD1+ subpopulations. Interestingly, in contrast to HCV-specific CD8+ T cells, the memory-like CD127+PD1+ subset predominates in chronically HBV-infected patients with low viral load. This subset is further defined by markers characteristic for memory T cells like BCL2 and TCF1. Importantly, in contrast to conventional memory CD8+ T cells, HBV-specific CD8+ T cells also uniformly express PD1. Altogether, HBV-specific CD8+ T cells exhibit a distinct subset distribution in the setting of chronic HBV infection (47).
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FIGURE 2. Exhausted HBV-specific CD8+ T-cell subsets. CD127/PD1 co-expression analysis of exhausted HBV-specific CD8+ T cells showed the existence of distinct subsets. While HBV-specific CD8+ T cells were predominant in the CD127+PD1+ memory-like subset, the more severely exhausted CD127−PD1+ subset was also found in a small proportion.



Heterogeneity of HBV-specific CD8+ T cells is also existent on the level of the targeted antigens. Indeed, immunological characterization of transgenic mice has already shown a hierarchy of dominant and subdominant HBV antigens with various frequencies and antiviral activity (48–50). Recently, studies in chronically HBV-infected patients also observed different properties of HBV-specific CD8+ T cells targeting different HLA-A*02:01 restricted epitopes located in the core (core18−27: FLPSDFFPSV), envelope (env183−191: FLLTRILTI), and polymerase (pol455−463: GLSRYVARL) proteins (Table 1). First, the frequencies of HBV-specific CD8+ T cells targeting the different epitopes varied significantly. Core18-specific CD8+ T cells were present in a higher frequency compared to pol455-specific CD8+ T cells, whereas env183-specific CD8+ T cells were rarely detectable in patients with chronic HBV infection (47, 51). The low frequency of env183-specific CD8+ T-cell responses was generally related to the high levels of HBs antigen and is thus most likely caused by deletion as a consequence of hyperactivation. Second, differences within the CD127/PD1-based subset distribution were observed between core18- and pol455-specific CD8+ T cells in chronically HBV-infected patients. Precisely, pol455-specific CD8+ T cells showed a diminished proportion of the memory-like CD127+PD1+ subset compared to core18-specific CD8+ T cells (47). This finding together with the distinct expression of killer cell lectin like receptor G1 (KLRG1), Eomes and CD38 on pol455-specific CD8+ T cells reflected a higher degree of terminal T-cell exhaustion compared with core18-specific CD8+ T cells (47, 51). The different exhaustion profile of both HBV-specific CD8+ T-cell subpopulations was further underpinned by the functional analyses revealing decreased expansion capacity of pol455-specific CD8+ T cells which was linked to a dysregulated TCF1/BCL2 expression (47). Thus, these findings give a first hint that T-cell failure of HBV-specific CD8+ T-cell populations may occur due to different molecular mechanisms. Additionally, in both studies (47, 51), phenotypic and functional differences of HBV-specific CD8+ T cells targeting core vs. polymerase epitopes were also evident in the context of non-HLA-A*02 alleles (HLA-A*01:01: core30−38: LLDTASALY; HLA-A*11:01: core88−96: YVNVNMGLK; core141−150: STLPETVVRR; HLA-A24:02: core117−125: EYLVSFGVW, pol756−764: KYTSFPWLL; HLA-B*08:01: core123−130: GLKILQLL; HLA-B*35:01: core19−27: LPSDFFPSV, pol173−181: SPYSWEQEL; HLA-B51:01: core19−27: LPSDFFPSV; HLA-B*40:01: pol40−48: AEDLNLGNL) indicating an antigen-related phenomena. In line with this observation, another recent study also highlighted different exhaustion profiles of HBV-specific CD8+ T cells targeting different HLA-A*11:01 restricted epitopes within the core and polymerase antigens (core169−179: STLPETAVVRR and pol387−396: LVVDFSQFSR) (52). Furthermore, Cheng et al. showed that HBV-specific CD8+ T-cell heterogeneity is also associated with the status of HBV infection (52). Still, a more comprehensive study is required to precisely dissect the impact of epitope, HLA-restriction, antigen, and disease status on HBV-specific CD8+ T-cell heterogeneity. Another open point that needs to be addressed in future studies is the HBV-specific CD8+ T-cell heterogeneity within the liver since current studies have focused on circulating lymphocytes within the blood and thus the effect of a possible compartmentalization has not been taken into account. This knowledge might be of particular importance for immunotherapeutic approaches since different strategies have potentially to be applied to boost the heterogeneous HBV-specific CD8+ T-cell populations.



Table 1. Different facets of exhausted HBV-specific CD8+ T cells targeting different antigens.
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The mechanisms responsible for different exhaustion profiles of circulating HBV-specific CD8+ T cells specific for distinct HBV antigens are still unclear (Figure 3). Nevertheless, one hypothesis is that different quantities of HBV antigens produced in infected hepatocytes may play a role in this process. In particular, in the infected liver, HBc antigen is present in higher amounts compared to polymerase antigen (53). This seems contradictory to the less exhausted phenotype of core18- vs. pol455-specific CD8+ T cells (47, 51). Since antigen recognition is one of the main drivers of T-cell exhaustion, one possible explanation for this phenomenon is that the processing and presentation of core peptides is altered which may affect the core18-specific CD8+ T-cell activation. Thus, HBV antigen presentation rather than solely the antigen level may contribute to HBV-specific CD8+ T-cell heterogeneity. A recent study showed that HBV antigen presentation is also heterogeneous within an HBV-infected liver. Indeed, HBV-infected hepatocytes expressed antigens in different quantities and localizations and from different sources resulting in a non-uniformal HLA class I/HBV epitope presentation in the liver and thereby triggering different level of HBV-specific CD8+ T-cell activation (54). Moreover, antigens produced and secreted in high quantities by HBV-infected hepatocytes such as HBc antigen may be presented either by hepatocytes themselves or cross-presented by other professional antigen-presenting cells (55). Thus, the different initial CD8+ T-cell priming process along with differences in quality and dynamics of epitope processing may lead to different antiviral efficacies of HBV-specific CD8+ T cells targeting different specificities. Additionally, viral escape also affects antigen recognition and thus may contribute to HBV-specific CD8+ T-cell heterogeneity. Of note, in contrast to the previous studies on escaped epitopes in chronic HCV (56), the presence of HBV sequence variations within the core18 epitope did not alter the functional or phenotypic fingerprints of core18-specific CD8+ T cells at all (47, 51). Several other mechanisms probably may also favor HBV-specific CD8+ T-cell heterogeneity such as different TCR affinity/avidity, a poor or missing CD4+ T-cell help or immunosuppressive cytokines produced by Tregs and dendritic cells (DCs) (57). Hence, further studies are required to identify and dissect the determinants of HBV-specific CD8+ T-cell heterogeneity. Overall, these new findings showed that circulating HBV-specific CD8+ T cells are not equal and in fact are differentially characterized depending on their antigen specificity.
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FIGURE 3. Possible mechanisms that drive HBV-specific CD8+ T-cell heterogeneity. First, HBV-infected hepatocytes produced varying amounts of HBV antigens resulting in different quantities of HBV peptide/HLA complexes on these cells. This difference may modulate the heterogeneity of HBV-specific CD8+ T cells targeting different antigens (1). Second, HBV antigen processing and presentation may also impact the phenotype and function of core18- and pol455-specific CD8+ T cells. In fact, HBV core antigens are secreted in high quantities by HBV-infected hepatocytes and are therefore more likely cross-presented by antigen-presenting cells, whereas the low amount of HBV polymerase antigens are primarily presented by HBV-infected hepatocytes (2). Third, the phenomenon of viral escape also affects antigen recognition by HBV-specific CD8+ T cells and thus may also contribute to HBV-specific CD8+ T-cell heterogeneity (3). Moreover, several other factors are also likely to promote HBV-specific CD8+ T-cell heterogeneity such as TCR affinity/avidity (4), a poor or missing CD4+ T-cell help (5) and the presence of immunosuppressive cytokines produced by Tregs and DCs (6).





APPLICATION OF EXHAUSTED HBV-SPECIFIC CD8+ T-CELL HETEROGENEITY TO IMMUNOTHERAPY

Since the discovery of T-cell exhaustion, researchers are investigating the potential for functional restoration of exhausted T-cell populations. Such approaches aim to restore an endogenous dysfunctional antiviral immune response. Indeed, great efforts have been made to boost HBV-specific CD8+ T-cell responses by blocking the interactions of inhibitory receptors with their ligands (e.g., PD1, CTLA-4, or CD244/2B4 pathway blockade). In vitro studies have shown an at least partial restoration of HBV-specific CD8+ T cells including an enhanced proliferative potential and increased cytokine production upon checkpoint pathway blockade (6, 9, 11–14). Recently, a pilot study performed in HBeAg negative chronically HBV-infected patients treated with nivolumab (PD-1 pathway blockade) showed a modest decline of HBsAg in most of the patients, while one patient even achieved a sustained HBs antigen loss and anti-HBs seroconversion (58). However, treatment of patients with advanced hepatocellular carcinoma and HBeAg negative chronic HBV infection with nivolumab in a phase 1/2 clinical trial had no effect on antiviral immune response and caused no anti-HBs seroconversion (59). The above reviewed recent research offers a novel perspective on the complexity of the T-cell response present in chronically HBV-infected patients that needs further investigation in light of immunotherapy, in particular with respect to responsiveness and antiviral efficacy. So far, it is still not understood which HBV-specific CD8+ T-cell subpopulation might endow with a better antiviral activity. The current findings suggest that core18-specific CD8+ T cells have a less impaired functionality than pol455-specific CD8+ T cells reflected by their mildly exhausted phenotype. Thus, this finding indicates that core18-specific CD8+ T cells may show an improved responsiveness to PD1 pathway blockade. In contrast, pol455-specific CD8+ T cells which exhibit a terminally exhausted phenotype may only poorly respond to PD1 pathway blockade as already described in the chronic LCMV mouse model (29, 31, 35, 36). However, reinvigoration of the pol455-specific CD8+ T-cell response might be an efficient approach to achieve HBV cure. It is known that the pol455-specific CD8+ T-cell response is particularly impaired in chronic HBV infection compared to acutely resolved infection, whereas core18-specific CD8+ T cells are similar in their expansion capacity in both HBV infection settings (47). Moreover, metabolic alterations of HBV-specific CD8+ T cells highlight the difficulty of boosting HBV-specific CD8+ T cells. Interestingly, a marked recovery of antiviral capacity was achieved by treating core18-specific CD8+ T cells with mitochondrion-targeted antioxidant compounds in vitro (16). Further studies are now needed to investigate the effect of metabolic reprogramming on pol455-specific CD8+ T-cell responses since the combination of compounds targeting both, the impaired metabolism together with checkpoint blockade, provides a promising option in HBV treatment. In light of the recent finding that TOX represents a master regulator of T-cell exhaustion (40–42), it is tempting to speculate that TOX-mediated epigenetic changes are also involved in HBV-specific CD8+ T-cell dysfunction. Hence, to boost the defective pol455-specific CD8+ T-cell response, combining the PD1 pathway blockade with epigenetic modifications might be necessary. Early studies on the manipulation of epigenetic pathways have shown promising results to overcome T-cell exhaustion in chronic viral infections. Indeed, treatment of exhausted LCMV-specific CD8+ T cells with either histone deacetylate inhibitors (60) or the blockade of de novo DNA methylation (61) rescued LCMV-specific CD8+ T cells from functional exhaustion. Thus, attempts to manipulate the epigenetic signature could have important clinical implications. However, such studies investigating therapeutic manipulations of epigenetic changes have not been performed yet in chronic viral hepatitis and probably face safety issues due to the broadly acting characteristics of currently available reagents. As a consequence of the terminally exhausted phenotype of pol455-specific CD8+ T cells and the complexity in restoring pol455-specific CD8+ T-cell immunity, another immunotherapeutic strategy is based on adoptive transfer of engineered T cells. Recently, it was demonstrated by Kah et al. that engineered T cells that transiently express HBV-specific T-cell receptors exert a great antiviral effect in HBV-infected humanized chimeric mice (62). The extreme rarity of env183-specific CD8+ T cells might be caused by the induction of T-cell tolerance which results in reduced T-cell expansion and elevated T-cell apoptosis (63). Thus, for env183-specific CD8+ T cells in chronic HBV patients, the usage of adoptive transfer is also implicated. However, the induction of novel env183-specific CD8+ T-cell responses by therapeutic vaccines should additionally be considered. So far, different therapeutic vaccines are already used in several clinical trials with limited effect on chronic HBV infection (64–67). In sum, the heterogeneity of HBV-specific CD8+ T cells suggest that HBV cure can probably not be achieved by only one single approach. Therefore, a combination of different immunotherapeutic interventions might be necessary to induce viral elimination or at least T cell-based control in chronic HBV infection.



CONCLUSION

Exhausted T cells consist of functionally diverse T-cell subpopulations that co-exist during chronic HBV infection. These findings revealed that HBV-specific CD8+ T cells specific for different HBV proteins harbor distinct phenotypical and more importantly functional features in chronically HBV-infected patients. This knowledge allows specializing future immunotherapeutic approaches to target the specific T-cell subpopulation and its molecular pathway that is suitable for the desired kind of immunomodulation. However, the current state of immunotherapeutic treatments suggests that the task of controlling chronic HBV infection is quite difficult. Further characterization of the recently discovered HBV-specific CD8+ T-cell subpopulations are needed to uncover new molecular pathways that could be additionally targeted by immunotherapeutic interventions.
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The central role of the cellular immune response in the control and clearance of the hepatitis B virus (HBV) infection has been well-established. The contribution of humoral immunity, including B cell and antibody responses against HBV, has been investigated for a long time but has attracted increasing attention again in recent years. The anti-HBs antibody was first recognized as a marker of protective immunity after the acute resolution of the HBV infection (or vaccination) and is now defined as a biomarker for the functional cure of chronic hepatitis B (CHB). In this way, therapies targeting HBV-specific B cells and the induction of an anti-HBs antibody response are essential elements of a rational strategy to terminate chronic HBV infection. However, a high load of HBsAg in the blood, which has been proposed to induce antigen-specific immune tolerance, represents a major obstacle to curing CHB. Long-term antiviral treatment by nucleoside analogs, by targeting viral translation by siRNA, by inhibiting HBsAg release via nucleic acid polymers, or by neutralizing HBsAg via specific antibodies could potentially reduce the HBsAg load in CHB patients. A combined strategy including a reduction of the HBsAg load via the above treatments and the therapeutic targeting of B cells by vaccination may induce the appearance of anti-HBs antibodies and lead to a functional cure of CHB.
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INTRODUCTION

It is estimated that more than 250 million people worldwide are chronically infected with the hepatitis B virus (HBV), and over 887,000 deaths are caused by HBV infection annually due to the disease's complications, such as cirrhosis and hepatocellular carcinoma (HCC) (1, 2). Up to 95% of adults are spontaneously cleared of the virus after an acute self-limiting HBV infection, while 90% of newborns develop a chronic infection. The outcome of acute HBV infection is mainly determined by the strength and breadth of the host's adaptive immune responses against the virus (3). An acute resolving HBV infection is always associated with multi-specific and vigorous HBV-specific CD8+ T cell responses (4–6), which are functionally exhausted during chronic HBV infection partly due to the high load of viral antigens in the blood (7–9). While the central role of the CD8+ T cell response in the control of HBV infection is well-established, the contribution of humoral immunity (including B cell and antibody responses) has largely been neglected. Recently, several groups have addressed this question and highlighted that HBV-specific B cells are present in the blood and liver but functionally impaired during chronic HBV infection (10–12). Moreover, the level of the serum hepatitis B core antigen (HBcAg) antibody (anti-HBc) was to be found positively correlated with HBV-induced liver disease or inflammation (13, 14) and predicted the therapeutic efficacy of peginterferon (Peg-IFN) and nucleos(t)ide analogs (NAs) in hepatitis B e antigen (HBeAg)-positive chronic hepatitis B (CHB) patients (15–17).

Currently, Peg-IFN and NAs are approved and recommended as first-line therapies for CHB in clinical guidelines (18). However, it is difficult to cure CHB with these drugs, which means achieving sustained undetectable HBV surface antigen (HBsAg) and HBV DNA levels in serum, with or without the appearance of antibodies to the HBsAg (anti-HBs) (19). Anti-HBs antibodies were initially recognized as a diagnostic marker, indicating protective immunity after acute-resolving HBV infection or vaccination. Now, they are considered a biomarker for a functional cure of CHB. Thus, the therapeutic targeting of HBV-specific B cells and the induction of an anti-HBs antibody response are essential parts of a rational strategy to cure CHB. Knowledge of the features of B cell responses against HBV during acute and chronic viral infections is needed to rationally design strategies that target B cells in CHB patients. In this review, we summarize the currently available information about host B-cell and antibody responses in HBV infections, as well as their relationship with HBV pathogenesis, the pivotal role of HBsAg in HBV pathogenesis, and immunotherapeutic approaches to induce HBV-specific immunity and anti-HBs antibodies in chronic HBV infection.



DOES B CELL-MEDIATED HUMORAL IMMUNITY PLAY A KEY ROLE IN HBV CONTROL AND CLEARANCE?

Unlike HBV-specific CD8+ T cells, which can be detected by tetramer staining ex vivo or after in vitro expansion, the specific B cells that target HBV have only been studied recently by using fluorochrome-labeled HBV proteins (10–12). However, several clinical observations suggest that B cell response may have an important role in the control of HBV infection. Rituximab, an antibody of CD20, is widely used to deplete B cells during chemotherapy in B cell lymphomas or autoimmune diseases. If these patients have a previously controlled HBV infection, the clinical application of rituximab may cause HBV reactivation, indicating that B cell responses against HBV are essential to maintaining effective host immune control over HBV (20–22). Moreover, anti-HBs positivity is associated with a decreased risk of HBV reactivation in these patients, suggesting that anti-HBs may also prevent the HBV reactivation (23). Indeed, anti-HBs are known as protective antibodies, which block HBV entry into host hepatocytes and clear infectious HBV particles in vivo (24). Several B cell epitopes have been identified on three large, middle, and small HBV surface proteins. One well-defined region called the a-determinant comprises a number of conformation-dependent epitopes, which are located within the first loop amino acid (aa)124-137 and the second loop aa139-147 of HBsAg. The majority of anti-HBs antibodies developed by vaccination recognize the a-determinant. Another important region is located within the sequence aa21-47 of the HBV large surface protein, which contains the binding site of the HBV cellular receptor, sodium-taurocholate co-transporting polypeptide (NTCP). Thus, the antibodies specific to this region may have potent neutralization activities (24, 25). These studies imply that the B cell-mediated humoral immune response represents an important component in the sustained control of HBV infection.

However, whether the B cell-mediated immune response directly influences the HBV immunopathogenesis remains unclear. In patients with HBeAg-positive CHB, the appearance of the HBeAg antibody (anti-HBe) has been known to be an indicator of a low level of hepatic HBV replication, which is usually associated with the clinical remission of liver disease and a favorable outcome (2). Recently, the level of the hepatitis B core antigen (HBcAg) antibody (anti-HBc) in CHB patients was found to be positively correlated with HBV-induced liver disease or inflammation in CHB patients (13, 14). Consistently, the baseline anti-HBc level was found to be a useful predictor of Peg-IFN and NAs therapy efficacy in HBeAg-positive CHB patients (15–17). In a recent study, a higher baseline anti-HBc titer could predict a higher rate of spontaneous HBeAg seroconversion in HBeAg-positive children with a normal alanine aminotransferase (ALT) level. The anti-HBc level could reflect the strength of the anti-HBV immune response in the HBeAg-positive normal ALT phase of CHB (26). A study using liver samples from different phases of CHB was performed to determine the intrahepatic gene signatures. The results demonstrated that a high up-regulation of immunoglobulin-encoding genes and B-cell function-related genes was found in the immune active phase compared with the immune tolerant and inactive carrier phases (27). Moreover, a powerful B cell response with a massive accumulation of plasma cells secreting IgG and IgM to HBcAg was found in the liver of two patients with HBV-related acute liver failure (28, 29). In a very recent study, Le Bert et al. showed that the frequencies of HBcAg-specific B cells, but not HBsAg-specific B cells, were temporarily increased in the blood during hepatic flares in four CHB patients (12), again indicating a possible link between HBcAg-specific B cells and liver damage in CHB patients. These data suggest that humoral immunity may participate in the pathogenesis of HBV infection. It remains to be investigated whether the anti-HBc antibody response is, indeed, the initial trigger of the host's immune attack against HBV in the liver, thereby leading to inflammation and immunopathological processes in chronically HBV infected patients.

Given the importance of anti-HBs in preventing and curing HBV infection, several groups have attempted to detect the HBsAg-specific memory B cell response using different methods in vaccinated people and CHB patients. An HBs-ELISPOT assay has been developed to identify anti-HBs secreting B cells by culturing enriched CD19+ cells with stimulation of CD40-CD40L for 5 days (30, 31). Another group directly detected HBsAg-specific memory B cells by FACS analysis ex vivo utilizing HBsAg-conjugated microbeads in an enriched CD19+ cell population (32). Apparently, the frequency of HBsAg-specific memory B cells was extremely low. These two methods efficiently detected HBsAg-specific B cells in HBsAg-vaccinated individuals but not in patients with chronic HBV infection. Recently, two groups utilized fluorochrome-labeled recombinant HBsAg as “bait” to detect and characterize HBsAg-specific B cells by flow cytometric analysis ex vivo in HBV-infected patients (10, 11). Similar results were obtained from the two studies, demonstrating that the frequencies of HBsAg-specific B cells in the blood were similar in acute, chronic, and resolved HBV infection, and have no correlation with the serum levels of HBsAg, HBV DNA, and ALT. The phenotype of HBsAg-specific B cells from CHB patients resembled “atypical memory B cells” that are characterized by a low expression of CD21 and CD27 but a high expression of inhibitory markers, such as programmed cell death receptor-1 (PD-1) and the transcription factor, T-bet. Moreover, HBsAg-specific B cells from CHB patients were unable to mature into anti-HBs-secreting cells in vitro. However, their function could be partially restored by specific culture conditions, such as a PD-1 blockade or the addition of IL-2, IL-21, and CD40L-expressing feeder cells (10, 11, 33). The dysfunction and phenotype change of B cell responses during chronic HBV infection were also confirmed by other groups (34–36). Le Bert et al. conducted a more comprehensive characterization of B cell responses against HBsAg and HBcAg in CHB patients (12). They found that HBcAg-specific B cells are present at a higher frequency than HBsAg-specific B cells in CHB patients. Furthermore, nearly all HBcAg-specific B cells are the IgG+ memory B cell phenotype and mature efficiently into antibody-secreting cells in vitro. The differences in the phenotype and function between HBsAg- and HBcAg-specific B cells in the same patient suggest that a high level of HBsAg might cause dysfunctional programming of HBsAg-specific B cells through persistent stimulation (12). The characterization of the HBsAg-specific B cell response in chronic HBV infection facilitates the development of strategies that target B cell responses to induce anti-HBs antibodies for the functional cure of CHB.

Using highly sensitive immunoassays, previous studies demonstrated the existence of anti-HBs antibodies in CHB patients, but they are mainly detected as being complexed to HBsAg (37, 38). This result may suggest that anti-HBs antibodies are produced by HBV-specific B cells in chronic HBV infection but masked by the high level of circulating HBsAg. This may lead to the coexistence of HBsAg and anti-HBs antibodies in CHB patients when their specificity does not match, as shown by several studies (39, 40). In some cases, the appearance of anti-HBs antibodies alone may clear HBsAg in the peripheral blood, but they do not terminate chronic HBV infection in the liver (41). Thus, the HBV-specific B cell response is an integrative part of the host's defense and contributes to HBV pathogenesis, clearance, and protective immunity but is not sufficient to control HBV infection alone.



THE EFFICACY OF ANTIBODY-MEDICATED IMMUNOTHERAPY OR TRIGGERING B-CELL RESPONSE TO CURE CHRONIC HEPATITIS B: RESULTS FROM CLINICAL STUDIES

Polyclonal hepatitis B immunoglobulins (HBIG) are prepared from the pooled plasma of vaccine recipients with a high titer of anti-HBs antibodies. HBIG has been widely used in clinical environments for post-exposure prophylaxis against HBV infection in neonates born to HBsAg carriers (42), as well as in HBV infected liver transplant patients (43). The success of HBIG in these conditions raises the possibility of antibody-mediated immunotherapy against chronic HBV infection (25). Indeed, three pioneering studies tested the efficacy of anti-HBs monoclonal antibodies or HBIG in CHB patients, alone or in combination with alpha-interferon (44–46). All these studies demonstrated the temporary reduction of HBsAg and HBV DNA after a high dose of anti-HBs antibody treatment, though the long-term clearance of HBsAg was not observed. Particularly, in a phase I clinical study, a mixture of two monoclonal antibodies, named HBV-ABXTL, was well-tolerated and led to a significant reduction of serum HBsAg and HBV-DNA after repeat administration (45). A phase II clinical study was also conducted to evaluate the therapeutic efficacy of a combination of HBV-ABXTL with antiviral treatment in chronic HBV-infected patients. However, the results have not yet been released. In a recent pilot study, eight lamivudine-treated CHB patients received monthly HBIG injections followed by an HBV vaccination, which led to a significant decrease of serum HBsAg in half of the patients after 1-year of treatment (47). Importantly, three patients became anti-HBs positive, thereby achieving the goal of a functional cure (47). This study implied that a combination strategy with antiviral treatment and antibody mediated immunotherapy, followed by triggering a B cell response through vaccination may lead to a sustained loss of HBsAg and a functional cure for CHB. However, further clinical trials are needed to test and confirm the therapeutic efficacy of this combination strategy.

As mentioned above, the majority of patients with persistent HBV infections are always linked with the dysfunction of HBV-specific T-cell and B-cell responses (3). During the past two decades, repeated attempts have been made to restore efficient HBV-specific T-cell and B-cell responses in such patients, using conventional or modified HBV vaccines. These attempts have been called “therapeutic vaccination,” with the goal of stopping chronic HBV infection. Using a mammalian cell expressed recombinant Pre-S2/S protein, Pol et al. were the first to demonstrate that vaccination with this protein leads to a significant decrease, or the disappearance, of serum HBV DNA in 50% of treated patients in a pilot study (48). However, the treatment's therapeutic efficacy was not confirmed in a multicenter study including 118 CHB patients (49). Six immunizations with a vaccine consisting of recombinant HBsAg with anti-HBs immune complexes (HBsAg-IC) induced a higher rate of HBeAg seroconversion in HBeAg-positive CHB patients compared to the control group (50). However, in a larger scale phase III study, the therapeutic efficacy of HBsAg-IC was not confirmed, though the vaccination was performed at a high dose and given 12 times (51). Antiviral therapy with NAs could partially restore the HBV-specific T cell response in CHB patients (52–54), so it is rational to enhance the efficacy of therapeutic vaccination through combination with antiviral therapy.

Co-administration of the HBsAg/AS02B adjuvant candidate vaccine with lamivudine induced a vigorous HBsAg-specific T cell response in patients with HBeAg positive CHB. However, this vaccination strategy did not demonstrate superior clinical efficacy to improve the HBeAg seroconversion rate when compared to treatment with lamivudine alone (55). In another study, 180 HBeAg positive patients were randomly assigned into three groups to receive a mammalian cell-derived vaccine containing PreS1/PreS2/S proteins (named Sci-B-Vac™), lamivudine monotherapy, or a combination treatment. The PreS1/PreS2/S vaccine showed improved immunogenicity and could rapidly induce higher levels of anti-HBs antibodies than the conventional HBsAg vaccines in previous studies (56, 57). The results demonstrated that a combination treatment with the PreS1/PreS2/S vaccine and lamivudine led to enhanced efficacy in viral inhibition, although the HBeAg seroconversion rate was not different. Moreover, anti-HBs antibodies were detected in 55/120 vaccine recipients. The appearance of anti-HBs was associated with significantly higher HBeAg seroconversion rates and a greater suppression of HBV DNA levels in these patients (58). This study highlighted that anti-HBs antibodies could be induced by therapeutic vaccination and might play an important role in the suppression of viral replication.

Taken together, these various clinical trials mentioned suggest that antibody-mediated immunotherapy or targeting B cells by therapeutic vaccination may reconstitute the HBV-specific immune response and lead to a reduction of HBV replication in some CHB patients. However, the efficacy of these treatments is low, and further efforts are needed to optimize the therapeutic efficacy.



THE PIVOTAL ROLE OF HBSAG IN THE PATHOGENESIS OF CHRONIC HBV INFECTION AND THE SUPPRESSION OF EFFECTIVE HOST IMMUNITY

Following viral entry into the hepatocytes, the HBV relaxed circular DNA (rcDNA) is converted into a covalently closed circular DNA (cccDNA) minichromosome, which is serviced as a template for subsequent transcription and translation of viral proteins. Many viral proteins were synthesized and secreted into the serum, including three HBV surface proteins and the hepatitis B core-related antigen (HBcrAg), which contains HBeAg (59). The serum level of HBcrAg has been shown to correlate with HBV cccDNA transcriptional activity in CHB patients (60, 61). Furthermore, CHB patients with a persisting high level of HBcrAg during antiviral therapy have an increased risk to develop HCC despite sustained viral suppression via long-term NAs treatment (62, 63). The clinical significance of HBsAg quantification during chronic HBV infection and antiviral treatment has been studied extensively (64–66). The HBsAg level is the highest in the immune tolerance phase and starts to decline slowly during the immune clearance phase. The HBsAg level progressively decreases after spontaneous or antiviral therapy induced HBeAg seroconversion. Accumulating evidence suggests that high levels of HBsAg may have an immunosuppressive role on both innate and adaptive immunity against HBV (67–69). Indeed, HBsAg has been shown to suppress innate hepatic immunity by inhibiting the toll-like receptor (TLR) mediated signal pathways in Kupffer cells (KCs) and sinusoidal endothelial cells (LSECs) (70, 71). The function of myeloid dendritic cells (DCs) was also impaired to stimulate T cell responses in the presence of HBsAg in vitro (72). However, in another study, the DCs isolated from CHB patients showed a normal ability to stimulate the expansion of autologous HBV-specific T cells through the cross presentation of circulating HBsAg (73). The available results about the HBsAg-mediated suppression of innate immunity need to be carefully interpreted, because the majority of experiments were performed in vitro. In general, CHB patients are immunologically intact and do not show a higher susceptibility to bacterial or other opportunistic infections. The dysfunction and exhaustion of HBV-specific CD8+ T cell responses is a hallmark of chronic HBV infection. The high load of circulating and hepatic HBsAg may contribute to the impairment of HBsAg-specific CD8+ T cell response through persistent antigen stimulation (74–76). Moreover, HBsAg may suppresses T cell responses by promoting the differentiation of monocytes into myeloid-derived suppressor cells (MDSCs) and enhance the regulatory T cell response (77, 78). In a woodchuck hepatitis virus (WHV) transgenic mouse model, the high level of virus replication and protein expression in male mice induced the expansion of intrahepatic regulated T cells, leading to the impairment of WHV-specific CD8+ T cell responses and gender-related differences in the outcomes of viral infection (79). As mentioned above, a high level of HBsAg might lead to the dysfunctional differentiation of HBsAg-specific B cells, but not HBcAg-specific B cells in CHB patients (12). These studies demonstrated that the high HBsAg load may induce HBsAg-specific immune tolerance through different mechanisms and may represent a main obstacle in curing CHB (Figure 1).
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FIGURE 1. High load of HBsAg suppresses innate and adaptive immune responses through different mechanisms. (1–2) Persistent stimulation of HBsAg leads to exhaustion of HBsAg-specific T-cell and B-cell responses, which are characterized by upregulation of inhibitory molecules, such as PD-1, cytotoxic T-lymphocyte associated protein 4 (CTLA-4), and T cell immunoglobulin domain and mucin domain-containing molecule- (TIM-) 3. (3–4) High level of HBsAg attenuates hepatic innate immunity through inhibition of TLR-mediated signal pathway and induction of interleukin-10 in LSECs and KCs. SVPs, subviral particles.



Several studies demonstrated that quantitative baseline HBsAg levels and their changes during the early phase of antiviral therapy could predict therapeutic efficacy, as well as the clearance of HBsAg in CHB patients (64, 65, 80–83). Moreover, lower levels of serum HBsAg at the end of antiviral therapy were associated with a higher rate of HBsAg loss in HBeAg-negative CHB patients after the cessation of long term NAs treatment (84, 85). Although NAs treatment efficiently inhibits HBV replication, it has little effect on the secretion and clearance of HBsAg (86, 87). Peg-IFN therapy may increase the rate of HBsAg loss in low level HBsAg patients, which, in previous studies, has been highlighted in both switch to or add-on strategies combining IFN and NAs to cure CHB (88–90). In patients experiencing HBsAg seroclearance, the Peg-IFN therapy or a cessation of NAs treatment enhanced the natural killer cell's functionality and increased HBV-specific T cell responsiveness (90–94). These results suggest that a sequential combinatorial therapy should ideally cause a precipitous decrease in HBsAg that, when followed by an immunomodulatory therapy, leads to sustained HBsAg loss (95).



HOW TO OPTIMIZE THE THERAPEUTIC EFFICACY OF STRATEGIES TARGETING B CELL RESPONSES IN CHB PATIENTS

Due to the low efficacy of therapeutic vaccination targeting B cell responses in chronic HBV infection, we need to optimize the efficacy of this strategy to achieve a functional cure for CHB. Several approaches, including the reduction of circulating HBsAg, improvement of B-cell targeting vaccines, a combination with immunomodulation, and a rational selection of patients could be employed to boost the therapeutic efficacy of B cell targeting vaccination in CHB patients.

Currently, long-term NAs treatment in CHB patients can lead to a gradual decrease in the serum level of HBsAg. However, only a few patients can reach a significant decrease in serum HBsAg (86, 87). Thus, we need more potent strategies to reduce the serum level of HBsAg. Several approaches were developed to allow a temporary reduction of circulating HBsAg, including targeting viral translation via siRNA, inhibiting HBsAg release via nucleic acid polymers (NAPs), or neutralizing HBsAg with specific antibodies (Figure 2) (68). Recently, an RNA interference based therapeutic agent ARC-520 has been developed. ARC-520 shows a strong efficacy in reducing HBsAg levels in treatment-naïve CHB patients who are positive for HBeAg. However, their therapeutic efficacy is compromised in patients who are HBeAg-negative or have received long-term therapy with NAs (96, 97). Moreover, the clinical development of ARC-520 was put on hold by the U.S. Food and Drug Administration (FDA) due to the delivery vehicle EX1, which probably led to the deaths of non-human primates in another study (98). NAPs are single stranded phosphorothioate oligonucleotides that can block viral entry in many viruses, including the hepatitis B and hepatitis D virus (HDV), and also have the unique ability to inhibit the release of HBsAg from HBV-infected hepatocytes (99, 100). One NAP named REP 2139 was selected and evaluated in clinical studies for its therapeutic efficacy in CHB patients (101, 102). In an open label, non-randomized study, weekly intravenous administration of REP 2139 led to a dramatic decrease of serum HBsAg and HBV DNA in 12 HBeAg-positive CHB patients, accompanied by HBsAg seroconversion (101). In another study with 12 HBV and HDV co-infection patients, the combination of REP 2139 and peg-IFN led to a reduction of HBsAg by 2–7 logs and undetectable HDV RNA in 11 patients during therapy. One year after treatment, five patients maintained negative HBsAg, five patients had high titer anti-HBs, and seven patients remained HDV RNA negative (102). These results suggest that REP 2139 has a strong ability to decrease circulating HBsAg. However, the treatment's efficacy and side effects should be further evaluated in larger scale, blind, and randomized or real-world studies. The efficacy of specific antibody mediated reduction of HBsAg has been described in a previous section of this review. It is shown that using HBIG or monoclonal antibodies against HBsAg can efficiently decrease the serum level of HBsAg in CHB patients (44–47). In addition, high affinity human anti-HBs and anti-Pre-S1-monoclonal antibodies have been developed recently, and these antibodies have shown an excellent ability to efficiently clear circulating HBsAg in different mouse models (103–106). These studies emphasize the new interest in developing neutralizing antibodies as a therapeutic strategy to reduce circulating HBsAg.
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FIGURE 2. HBV life cycle is shown and different approaches are developed to reduce high level of HBsAg in CHB patients. (1) Antiviral treatment by NAs and Peg-IFN, which suppress HBV reverse transcription and target the epigenetic regulation of HBV covalently closed circular DNA (cccDNA). (2) Suppression of HBsAg expression by HBV-targeting siRNA. (3) Inhibition of HBsAg release by NAPs. (4) Antibody mediated reduction and clearance of HBsAg. SVPs, subviral particles; NTCP, sodium-taurocholate co-transporting polypeptide; HBcrAg, hepatitis B core-related antigen.



Besides the reduction of circulating HBsAg to overcome immune tolerance in CHB patients, the improvement of B-cell targeting vaccines is the second step to optimize the therapeutic efficacy of this combination strategy. Therapeutic vaccination with conventional yeast derived HBsAg vaccines showed limited efficacy for HBsAg seroclearance in CHB patients, even when combined with antiviral treatment (55, 107). New generation HBV vaccines containing one (PreS2) or two (PreS1 or PreS2) additional envelope proteins have been developed in transfected mammalian cells. Compared with conventional vaccines, new generation vaccines display more immunogenic properties and rapidly induce higher levels of anti-HBs antibodies both in healthy individuals and in non-responders to yeast-derived vaccines (49, 57, 108). As described in the previous section of this review, the PreS2 containing HBV vaccine had limited therapeutic efficacy in HBeAg positive CHB patients in the absence of antiviral treatment (49, 109, 110). In another study, a PreS2-S vaccine combined with IFN-alpha-2b showed a better potential benefit in children with CHB than IFN-alpha-2b monotherapy (111). In contrast, the PreS1-PreS2-S vaccine Sci-B-Vac™induced anti-HBs antibodies in nearly 50% of vaccine recipients in HBeAg positive CHB patients, even though these antibodies had a poor ability to neutralize the circulating HBsAg (58). However, the appearance of anti-HBs was associated with significantly higher HBeAg seroconversion rates and a greater suppression of HBV DNA levels in these patients (58). A nasal vaccine candidate (NASVAC), comprising HBsAg and HBcAg, has been shown to be safe and highly immunogenic in healthy volunteers (112). The administration of NASVAC through intranasal and subcutaneous routes led to sustained negative HBV DNA in 50% patients with CHB (113). In a phase III clinical study, the therapeutic efficacy of NASVAC was comparable to Peg-IFN in reducing HBV DNA under the limits of detection (114). It is necessary to further confirm the therapeutic efficacy of NASVAC on a large scale and in multicenter studies. Current studies have demonstrated the importance of improving the therapeutic efficacy of B-cell targeting vaccines.

The crosstalk of TLR7/9 and the B cell receptor (BCR) signal pathway in B cells has been previously described; this crosstalk may modulate the B cell's response to foreign or endogenous antigens (115, 116). The stimulation of B cells with a TLR7 ligand and antigen induced a more robust increase in germinal center B cells, plasmablasts, plasma cells, and serum antibodies, compared to their cohorts who received antigen alone (117). A similar intrinsic signal pathway via TLR9 in B cells was also described. This pathway increased production of IgG, in particular, with a shift to the IgG2a subclass (118, 119). These results support the use of TLR7/9 ligands as adjuvants to enhance the therapeutic efficacy of B-cell targeting vaccination (120). Indeed, the immunogenicity of HBsAg was enhanced by a mixture of TLR9 agonists CPG 7909 and 1018 ISS. New vaccines induced a higher titer of anti-HBs accompanied by increased avidity through modulation of the late affinity maturation process (121–124). Importantly, this new vaccine formula proved more effective in immune-suppressed populations (125–127). Further studies are needed to explore the therapeutic efficacy of these improved vaccines on CHB patients.

The lessons from clinical studies suggest that patients with low levels of HBsAg easily reach the goal of HBsAg loss after ceasing long-term NAs treatment (84, 85) or switching to Peg-IFN therapy (82, 83). Thus, the rational selection of patients with low levels of serum HBsAg after long term NAs treatment could be employed to optimize the therapeutic efficacy of B cell targeting vaccination. Indeed, in a recent study, conventional HBsAg-based vaccination in 20 HBeAg-negative patients with HBsAg <1,000 IU/ml, resulted in a significant HBsAg decline in 14 patients and HBsAg loss in 2 patients (128). In another study, the switch from long-term entecavir (ETV) treatment to a combined therapy with IFN-alpha-2b, HBsAg-based vaccination, and IL-2 resulted in a higher HBsAg loss rate (9.38%) compared to IFN-alpha-2b (3.03%) alone or continued entecavir (3.70%) therapy in HBeAg-negative patients. Moreover, among patients with baseline HBsAg titers ranging from 100 to 1,500 IU/mL, the HBsAg loss rate was 27.3% in the combination therapy group (90). These studies suggest that in long-term NAs treated CHB patients, particularly those with low baseline HBsAg levels, therapeutic vaccination with conventional HBsAg may enhance HBsAg loss. In a recent study, CHB patients under NAs treatment (and with low HBsAg levels) were selected for a pilot immunization study with Sci-B-Vac™ (129). Three vaccinated patients developed anti-HBs and were cleared of HBsAg after the vaccination. Though this study only involved a few patients, the result is encouraging and hints at the potential usefulness of this approach.



CONCLUSIONS

HBV affects more than 250 million people worldwide and represents a major global public health concern. Current antiviral therapies with Peg-IFN and NAs can suppress HBV replication and improve the prognosis of CHB, but they can hardly clear HBsAg to achieve a functional cure of CHB. During chronic HBV infection, HBV-specific T-cell and B-cell responses are functionally impaired, which leads to a limited efficacy of B-cell targeting therapeutic vaccination in CHB patients. A high level of circulating and hepatic HBsAg may contribute to HBV-specific immune tolerance and represents a main obstacle in curing CHB. Declining HBsAg levels were found to be associated with a higher chance to achieve a sustained response in CHB patients under IFN treatment (130). Moreover, a lower level of serum HBsAg at the end of the NAs treatment was associated with a higher rate of HBsAg loss in HBeAg-negative CHB patients after cessation of NAs treatment or a switch to Peg-IFN therapy. The reduced HBsAg level in these patients is attributed to the effective removal of HBV cccDNA in patients and considered to be a useful biomarker. At the same time, a reduced serum HBsAg level may also facilitate the recovery of the host's immune system and help control HBV. Thus, the reduction of HBsAg by siRNA, NAPs, antibody-mediated neutralization, or long-term NAs treatment may overcome HBsAg-specific immune tolerance and optimize the therapeutic efficacy of B-cell targeting vaccination in CHB patients. Therefore, a sequential combination therapy strategy with antiviral treatment, a reduction of HBsAg, and therapeutic vaccination against envelope proteins may induce the appearance of anti-HBs antibodies and lead to a functional cure for CHB.
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Despite the availability of an effective prophylactic vaccine leading to sterilizing immunity, hepatitis B virus (HBV) is responsible for chronic liver disease in more than 250 million individuals, potentially leading to cirrhosis and hepatocellular carcinoma. Antiviral drugs able to completely suppress virus replication are indeed available but they are, by and large, unable to eradicate the virus. Several alternative new treatment approaches are currently being developed but none have so far captured the interest of clinicians for possible clinical development. A constant feature of chronic HBV infection is T-cell exhaustion resulting from persistent exposure to high antigen concentrations as shown by the high expression of programmed cell death protein 1 (PD-1) by HBV-specific CD8 T cells. One way of tackling this problem is to develop HBV-specific neutralizing antibodies that would clear excess envelope proteins from the circulation, allowing for nucleos(t)ide analogs or other antiviral drugs now in preclinical and early clinical development to take advantage of a reconstituted adaptive immunity. Several fully human monoclonal antibodies (mAb) have been developed from HBV-vaccinated and subjects convalescent from acute hepatitis B that show different properties and specificities. It is envisaged that such neutralizing mAb may be used as adjuvant treatment to reduce viral protein load, thus rescuing adaptive immunity in an effort to optimize the effect of antiviral drugs.
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ADAPTIVE IMMUNITY: THE MAIN PLAYER IN HBV CONTROL

Hepatitis B virus (HBV) is responsible for acute and chronic hepatitis, potentially leading to cirrhosis and hepatocellular carcinoma [reviewed in (1)]. Hepatitis B can be effectively prevented by a prophylactic vaccine (2), whereas, antiviral drugs are virtually unable to eradicate the virus in chronically infected individuals despite efficient suppression of HBV DNA replication (3). Adaptive immunity plays a major role to provide long-term control of infection; however, the very low frequency of circulating HBV-specific T cells in chronic infection contributes to the inability to clear the virus (4). Indeed, HBV may settle for life in occult form in the nuclei of hepatocytes as minichromosome (covalently closed circular DNA, cccDNA), despite apparent recovery, potentially reactivating in case of immune suppression (5). The persistence of cccDNA in hepatocytes is the main hurdle to eradicate HBV infection. The problem is further compounded by the rapid decline of T-cell and B-cell responses as a result of exhaustion induced by production of large amounts of excess HBV envelope proteins (6), largely resulting from integration of HBV DNA sequences into the host genome particularly in the HBeAg-negative chronic HBV infection [reviewed in (7)]. Of note, there is evidence that increased levels of HBsAg may contribute the CD8+ T cell dysfunction (8), and that HBsAg induces disruption of TLR9-mediated Interferon-alpha production by circulating plasmacytoid dendritic cells (9, 10). Moreover, HBV-specific T cells are mainly concentrated in the intrahepatic compartment together with a large number of HBV non-specific T cells (11), which may contribute to maintain liver inflammation via antigen-independent by-stander activation (12). Exhaustion caused by persistent exposure to high antigen concentrations provides the basis for T cell dysfunction, and results in up-regulation of programmed cell death protein 1 (PD-1) and other check-point molecules by HBV-specific CD8 T cells (13, 14). In line with this interpretation, the intensity of the T cell response appears inversely correlated with HBV DNA levels, with more intense HBV-specific responses detectable in patients with lower viral loads.

B-cell responses also play a fundamental role in HBV infection. Antibodies specific for HBsAg are critical for the neutralization of free extracellular HBV, thus preventing viral entry into susceptible hepatocytes (15). However, antibodies are unable to eradicate intracellular virus, a task fulfilled by MHC class I-restricted virus-specific CD8+ T cells by lytic and non-lytic mechanisms (16). Anti-HBs antibodies are also produced during the chronic phase of the infection in minimal amount, most likely complexed by the large amount of the HBV envelope proteins present in the serum. Antibodies to the viral nucleoprotein, anti-HBc and anti-HBe, instead persist during chronic infection and detection of anti-HBe is linked to the emergence of the e-minus variant. The finding of undetectable HBV DNA by standard assays and anti-HBc in the absence of HBsAg is taken as surrogate evidence of occult HBV infection (17).

Current evidence supports the view that a coordinated activation of both T and B cells is critical for eradication of infection. Of note, CD4+ T cells control CD8+ T cell activity and antibody production (18), and the inability of the infected host to mount robust virus-specific antibody responses correlates with a premature loss of CD4+ T cell responsiveness during the establishment of viral persistence in a chimpanzee model of HBV infection (19, 20). Interestingly, sera containing high-titer anti-HBs antibodies provide protection upon exposure to HBV (21), the eradication of which is closely related to the development of neutralizing anti-HBs antibodies. The discovery of the sodium taurocholate cotransporting polypeptide (NTCP) as the receptor used by HBV to bind and infect liver cells allowed identification of the preS1 sequence which is used by HBV to bind liver cells and to characterize the role of anti-preS1 antibodies in the inhibition of HBV entry and infectivity (22). The potency and efficiency of anti-hepatitis B surface antibodies in controlling HBV also comes from early evidence showing that hepatitis B vaccines may be efficacious even when given after exposure (2) and that administration of anti-HBs immunoglobulin can prevent reinfection of liver grafts (23).



THE NEGLECTED ROLE OF B-CELL RESPONSES IN CHRONIC HBV INFECTION

Humoral immunity seems to play an important, but only partially understood role in the control of HBV infection (24). This is also exemplified by the observation that treatment of individuals with manifest or occult chronic HBV infection with specific anti-B cell therapy, e.g., the anti-CD20 monoclonal antibody rituximab, to treat autoimmune disease or non-Hodgkin lymphomas, may carry a substantial risk of HBV reactivation, even those who achieved HBsAg clearance and seroconversion to anti-HBs. Indeed, the rate of reactivation after rituximab is higher than for similarly matched patients treated with T cell immunosuppressive agents (25, 26), pointing to the importance of B cell responses in the control of HBV.

In contrast with the wealth of studies on antibody responses to HBV proteins, there is limited information on the B-cell phenotypic and functional features during HBV infection, particularly during the chronic phase. Of note, and in contrast with evidence of exhausted T cells in the peripheral blood of patients with chronic HBV infection, bulk peripheral blood B cells express several activation markers and produce large amounts of immunoglobulin in response to innate and adaptive immunity signals, significantly more than B cells from patients with chronic HCV infection (27). In agreement with this vigorous polyclonal B-cell activation there was no evidence of upregulation of B-cell exhaustion markers, i.e., FcRL4, adding further support to the concept that the bulk B cell population apparently remains functionally intact in this setting. This would explain why in common practice patients with chronic HBV infection maintain the ability to produce antibodies to recall antigens and are able to respond to soluble protein vaccines. However, recent evidence indicates that, after enrichment, HBsAg-specific B cells show a phenotype of atypical memory B cells, a functionally defective subset which lack expression of CD21 and CD27 resulting from chronic pathogen exposure, particularly HIV infection (28). These B cells demonstrated altered signaling, homing, differentiation into antibody-producing cells, survival and antiviral/proinflammatory cytokine production, that could be partially rescued by PD-1 blockade (29). These findings suggest that persistent HBV infection drives an accumulation of atypical antigen-specific B cells with impaired antiviral capacity. These findings were akin to a simultaneously published study (30), which suggested that B cell alterations were not limited to HBsAg-specific B cells but affected the global B cell population. However, this last finding would apparently be difficult to reconcile with previous evidence of conserved global B-cell function in chronic HBV infection (27). Recent, interesting work from one of these two highly reputed laboratories shed light on the matter. Indeed, a comparative characterization of B cells specific for the HBV nucleocapsid and envelope proteins showed that HBcAg-specific B cells prevailed over HBsAg-specific in patients with chronic HBV infection and were able to efficiently differentiate into immunoglobulin-secreting cells, compared with HBsAg-specific B cells. Moreover, HBcAg-specific B cells have a classical phenotypic and transcriptome profile of IgG+ memory B cells, whereas HBsAg-specific B cells were confirmed to have an atypical memory B cell profile. This is one of the first reports of dichotomous B-cell differentiation according to antigenic specificity in viral infections and provides a plausible explanation for the higher anti-HBc titers, relative to low anti-HBs titers observed in sera from patients with chronic hepatitis B (31).

A recently identified family of regulatory cells, regulatory B cells (Bregs), was reported to control immune responses at the innate and the adaptive levels, and only a few studies have investigated the role of Bregs in chronic hepatitis B. Bregs classically suppress immune function through secretion of the inhibitory cytokine IL-10, which inhibits the production of pro-inflammatory cytokines and supports regulatory T cell differentiation. One study reported increased Breg cells in PBMC of patients with chronic HBV infection during spontaneous hepatic flares, demonstrating suppressive IL-10 mediated activity of Bregs on HBV-specific CD8 cells in vitro (32). Enhanced serum levels of IL-10 have indeed been described in chronic hepatitis B, particularly in the so-called immune activation phase (33). However, such temporal association with necro-inflammatory flares may either suggest a direct Breg responsibility via suppression of HBV-specific CD8 T cells, therefore diminishing viral control, or a secondary Breg-mediated modulation of the inflammatory flare induced by a virus-specific CD8 T cell response, to switch-off the exaggerated immune activation. Both scenarios probably apply to most chronic infections but further data are needed to better understand the role of Breg cells in this clinical setting.



HUMAN MONOCLONAL ANTIBODIES TO TREAT HBV INFECTION?

Human memory B cells and plasma cells are a major source of antibodies. Indeed, B cells undergo somatic mutations and selection by antigen and T-cell help in response to pathogens and persist for life as memory cells in a given individual, rapidly responding to booster immunization to yield a large number of plasma cells. Even though long-lived plasma cells are the main source of serum antibodies, these terminally differentiated cells are certainly not ideal for long-term culture. Several methods have been developed to isolate human monoclonal antibodies (humAbs). The original relatively simple approach consists of the isolation of single antigen-specific Epstein-Barr virus (EBV)-immortalized B cells from donors with high-titer specific immunoglobulin (Ig) after labor-intensive, time-consuming rounds of cloning steps (34). This approach is limited by the instability of the cell lines, the low level of specific antibody secretion, and the poor cloning efficiency, yielding low numbers of Ag-specific clones, usually <0.5% of the initially seeded wells. Improvements of the original methodology are represented by enrichment of antigen-specific B cells using fluorochrome-conjugated antigen to capture B cells of interest, thus increasing the chances of obtaining specific antigen-specific B-cell clones [reviewed in (35)]. This method has been successfully used, but potential technical issues pertaining to the antigen used may represent an unsurmountable hurdle. Another technique that has been extensively used includes phage-displayed antibody libraries with random pairs of antibody heavy and light chains, enabling the use of appropriate target antigens to screen specific antibodies with high affinity to the antigen (35). Humanized transgenic mice may also provide an alternative option to obtain fully human therapeutic antibodies. In humanized transgenic mice, the endogenous murine antibody gene is replaced by human Ig loci (36). Transgenic mice are then immunized with Ag to elicit specific human antibodies. Alternative approaches to improve the cloning efficiency of the original methodology have been considered, including selection of memory (CD27+) B cells and EBV immortalization and delivering an innate immunity signal, with a TLR9 agonist, such as CpG oligodeoxynucleotides, for potent activation of memory B cells (37). EBV-transformed B-cells can then be further stabilized by fusion with non-Ig secreting mouse-human myeloma heterohybrids (34). Using this approach, we have generated a number of humAbs specific for hepatitis C virus (HCV) (38–40) and more recently for HBV (41). Among the HBV-specific humAbs developed, one derived from a vaccinated individual showed extremely potent neutralizing activity in a Tupaia belangeri model of HBV infection in vivo, whereas others apparently did not or had a low neutralization titer (41). Interestingly, the humAb showing the highest neutralizing activity recognized a conformational epitope within the common “a” determinant in the major envelope protein (S), whereas, the remainder obtained from acute hepatitis B convalescents recognized linear epitope(s) in the same envelope polypeptide (41). The data were not entirely superimposable to those obtained with a NTCP-expressing HepG2 cell line, as some of the in vivo poorly neutralizing humAbs were, instead, efficiently neutralizing in the NTCP-expressing cell line in vitro system (unpublished data). The anti-HBV humAbs were originally developed to obtain sustainable reagents for immunoprophylaxis of HBV re-infection in liver transplant recipients and other settings, such as treatment of accidental needle-sticks and in the prevention of vertical-perinatal HBV transmission. Anti-HBs antibodies are usually administered as an additional prophylactic measure while waiting for the appearance of neutralizing anti-HBs antibodies. However, it has not escaped our attention that another potentially important application may emerge in the future as an adjuvant treatment of chronic HBV infection.



PERSPECTIVE FOR A COMBINED USE OF HUMABS AND NUCLEOS(T)IDE ANALOGS FOR HBV TREATMENT

Antibodies are usually effective in prophylaxis if given shortly after viral exposure, their efficiency declining after infection. However, highly potent and/or broadly cross-reactive human monoclonal antibodies may counteract viral escape mechanisms and open new avenues for intervention. For instance, potent HIV-1 envelope-specific broadly neutralizing antibodies (super-antibodies) have been identified that may have potential therapeutic applications (42). In chronic hepatitis B, the potential advantage of anti-HBs humAb therapy relies on the possibility to regenerate effective T cell responses in patients with chronic HBV infection whose T cells are dysfunctional as a result of exposure to very large amounts of HBV envelope proteins produced in excess during viral replication. Indeed, removal of circulating HBsAg by neutralizing anti-HBs mAb was reported to rescue the exhausted adaptive immune responses to hepatitis B vaccination, eventually leading to anti-HBs seroconversion in a murine model (43). It may, thus, be possible to apply this concept to treatment of chronic hepatitis B (Figure 1). Notably, a murine anti-HBs mAb was employed to treat hypogammaglobulinemic HBV-infected individuals yielding reduced HBV DNA levels (44). Moreover, a human anti-HBs mAb, alone or in combination with interferon-α, was used in patients with chronic HBV infection, resulting in a substantial decrease in HBsAg titers (45). Interestingly, combination therapy with interferon-α successfully cleared HBsAg. Therefore, combined use with HBV nucleos(t)ide analogs can be definitely envisaged (Figure 2). It is important to emphasize that a potentially dangerous effect of immune complex formation following intravenous injection of monoclonal or polyclonal anti-HBs antibodies in HBsAg positive mice, chimpanzees and human subjects has so far not been convincingly demonstrated. Indeed, no renal complications or immune complex disease has been described in this setting. Similarly, no untoward effects were reported in HBV-infected individuals receiving high doses of polyclonal hepatitis B immunoglobulin (46). It is anyway important, in principle, that anti-HBs humAbs be administered in molar excess to ensure the presence of excess uncomplexed humAbs for effective neutralization and elimination of circulating HBV.
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FIGURE 1. Effect of HBV infection on immune responses. (A) Infected hepatocytes produce and release large amounts of HBV envelope polypeptides also expressed on HB virions which suppress adaptive immune responses. (B) Human monoclonal antibodies specific for HBV envelope proteins (HBs-humAbs) may reduce peripheral protein load allowing restoration of B and T cell-mediated immune responses.
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FIGURE 2. Combined or sequential treatment of chronic HBV infection with HBsAg-specific humAbs and nucleos(t)ide analogs. Patients with chronic HBV infection (gray) can be treated with HBs-humAbs to rescue T and B cell exhaustion caused by HBV envelope proteins, either sequentially or in combination with nucleos(t)ide analogs (NUCs). Reconstitution of HBV-specific adaptive immunity would ultimately increase NUC efficacy and result in viral clearance (green). T-eff, T effector cells.



Cooperation between the humoral and cellular arms of adaptive immunity is required for efficient elimination of pathogens. To this end, antiviral humAbs can be exploited to mediate antibody-dependent cell-mediated cytotoxicity (ADCC), which takes place via specific receptors recognizing the Fc fragment of IgGs (FcγRs) expressed on the membrane of several cells involved in innate and adaptive immune responses. The FcγR family includes several classes of receptors that show different affinity for the Fc fragment. One of these, the low affinity FcγRIII (CD16), is the most potent activating receptor of NK cells mediating ADCC (47). To evaluate the potential to mediate ADCC, an assay has been developed to measure the ability of antiviral IgG triggering activation of cells expressing Fcγ receptors (48). This is obtained by the interaction of chimeric Fcγ receptors with immune complexes formed on the surface of IgG-coated target cells resulting in FcγR-mediated activation, which makes use of IL-2 secretion by a mouse hybridoma as a surrogate readout. It is thus possible to screen different humAbs for their potential to efficiently mediate ADCC. Whether ADCC plays a role in the setting of HBV infection is presently unclear, but would also depend on the ability of NK cells and other innate lymphoid cells to perform this function, as well as on the affinity of FcγRIII (CD16). Of note, studies using a mAb targeting a linear epitope (aa 119–125 of HBsAg on the first loop N-terminus located at the major hydrophilic region of HBsAg) promoted HBV clearance and blockade of viral infection (49). Even more interestingly, other humAbs targeting the NTCP-binding site of preS1 (50) were able to reduce HBV DNA and HBsAg levels in murine models of established HBV infection and efficiently mediated ADCC, which was abolished when these antibodies were engineered in the Fc to prevent binding to FcγRs.

The findings discussed above suggest that humAbs targeting HBV envelope epitopes might indeed have a potential for combination therapies in chronically infected individuals. Phase I clinical trials are therefore eagerly awaited in this setting.
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The liver is an immunologically tolerant organ that is uniquely equipped to limit hypersensitivity to food-derived antigens and bacterial products through the portal vein and can feasibly accept liver allografts. The adaptive immune response is a major branch of the immune system that induces organ/tissue-localized and systematic responses against pathogens and tumors while promoting self-tolerance. Persistent infection of the liver with a virus or other pathogen typically results in tolerance, which is a key feature of the liver. The liver's immunosuppressive microenvironment means that hepatic adaptive immune cells become readily tolerogenic, promoting the death of effector cells and the “education” of regulatory cells. The above mechanisms may result in the clonal deletion, exhaustion, or inhibition of peripheral T cells, which are key players in the adaptive immune response. These tolerance mechanisms are believed to be responsible for almost all liver diseases. However, optimal protective adaptive immune responses may be achieved through checkpoint immunotherapy and the modulation of hepatic innate immune cells in the host. In this review, we focus on the mechanisms involved in hepatic adaptive immune tolerance, the liver diseases caused thereby, and the therapeutic strategies needed to overcome this tolerance.
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INTRODUCTION

As the largest organ in the body, the liver has a rich circulatory supply, receiving blood from both the hepatic artery and the portal vein. As a result, the liver comes into contact with a large proportion of microbial products, as well as harmless food-derived antigens, via the intestines. A high level of exposure to these antigens endows the liver with a distinctive form of immune privilege. This so-called immunotolerance ensures that the liver does not mount a strong immune response against gastrointestinal tract-derived molecules and pathogens. This tolerance effect is also evidenced by the fact that the liver readily accepts allografts, despite a major histocompatibility complex (MHC) mismatch, as seen early on in the pig model of transplantation (1).

Later studies have shown that the liver can accept subsequent non-hepatic allografts from the same donor by inducing systemic immune tolerance (2). Similarly, the tolerance induced via the liver-mediated expression of exogenous proteins is used in gene therapy for hemophilia, metabolic disorders, lysosomal storage disorders (3), and even autoimmune diseases (4). However, the hepatic immune tolerogenic environment is also exploited by hepatitis viruses, parasites, and tumors and can lead to persistent infection and rapid cancer progression.

Adaptive immunity plays a key role in defending the host against pathogens and tumors. The liver determines organ/tissue-localized and systematic adaptive immune responses, highlighting the link between adaptive immune responses and the hepatic microenvironment (5). Evidence also suggests that relationships exist between adaptive immune responses and the hepatic tolerogenic microenvironment (6). This tolerogenic microenvironment leads to liver T cell dysfunction, including clonal deletion, anergy, senescence, deviation, and exhaustion. The liver is home to large numbers of hepatocytes, nonparenchymal cells, and lymphocytes (7). This means that complex interactions between these cells contribute to the induction of adaptive immune tolerance in the liver. For example, parenchymal and nonparenchymal cells suppress the adaptive immune response, leading to hepatic T cell dysfunction, partially as a result of inhibitory receptor and anti-inflammatory cytokine expression (8).

Here, we describe hepatic adaptive immune cell-related dysfunction in the context of liver-mediated adaptive immune tolerance. We focused on: (i) T cell dysfunction, including anergy, exhaustion, and apoptosis, (ii) the regulatory mechanisms involved in the induction of T cell dysfunction, (iii) the current understanding of the role of T cell dysfunction in liver disease, and (iv) the therapeutic strategies developed to counteract adaptive immune tolerance, to illustrate the complexity of and challenges related to liver-mediated adaptive immune tolerance.



THE ADAPTIVE IMMUNE TOLERANCE MECHANISMS

How does the liver tolerize adaptive immune cells? Since adaptive immune cells are easier to render tolerant in the liver than in other organs, the liver has been classically referred to as a “graveyard” for effector T cells and a “school” for regulating cells. In this regard, several reports demonstrate that local antigen presentation in the liver results in T cell apoptosis (9, 10).


The Liver Acts as a T Cell “Graveyard”

The classic hypothesis that the liver functions as a “graveyard” for T cells suggests that the liver represents a specific site for the apoptosis of activated T cells (11) that become trapped and eventually destroyed in the liver by clonal deletion, clonal anergy, clonal deviation, and T cell exhaustion.

Clonal deletion is a process whereby T and B cells expressing antigen-specific receptors with self-reactive specificities are deleted during their development. Huang and colleagues used T cell receptor (TCR) transgenic mice to show that activated T cells could be programmed to undergo apoptosis in the liver through peptide injection (12). Another study suggested that the liver trapped and passively sequestered activated CD8+ T cells (13). In line with these findings, another transgenic mouse model indicated that hepatocyte-activated CD8+ T cells with increased expression of Bim were associated with premature death (14). A landmark study by the Bertolino group demonstrated that CD8+ T cells undergoing emperipolesis were endocytosed and deleted by hepatocytes, suggesting that “suicidal emperipolesis” is a unique mechanism of peripheral deletion (15). Thus, this “suicidal emperipolesis” plays an important role in liver-activated autoreactive CD8+ T cell clearance and immune homeostasis in the liver (16).

Clonal anergy refers to a state of inactivation experienced by self-reactive lymphocytes. Anergic lymphocytes cannot induce strong immunity in healthy individuals. Liver sinusoidal endothelial cells (LSECs), acting as antigen-presenting cells, in the absence of accessory signals reportedly induce anergy in T cells within the hepatic microenvironment (17). Another study supports the idea that plasmacytoid dendritic cells (pDCs) may also lead to the inhibition of T cell activity in the liver, resulting in the anergy or deletion of antigen-specific T cells (18).

Clonal deviation is the process whereby naïve CD4+ T cells preferentially assume the Th2 but not the Th1 or the Th17 phenotype during differentiation in the liver. The priming of naïve CD4+ T cells by liver sinusoidal endothelial cells (LSECs) fails to promote their differentiation into Th1 cells, even with the exogenous administration of the cytokines IL-1β, IL-12, and IL-18 (19). Thus, LSECs suppress the IFN-γ-producing Th1 cells in favor of the IL-4-expressing Th2 cells, contributing to the process of immune T cell deviation in the liver (20).

Another form of T cell dysfunction, T cell exhaustion, is often associated with chronic infection and tumorigenesis (21). An exhausted T cell is characterized by impaired effector functions and proliferative capacity, as well as altered transcriptional, epigenetic, and metabolic signatures, including the overexpression of inhibitory receptors and a dysregulated cytokine milieu (22, 23). The first report of T cell exhaustion occurred in a mouse model of noncytopathic lymphocytic choriomeningitis virus (LCMV) infection, in which exhausted CD8+ T cells displayed impaired effector functions compared to functional CD8+ T cells (24). This begs the question of what causes T cell exhaustion in the first place.

Firstly, persistently high levels of antigen contribute to T cell exhaustion (25). A threshold of intrahepatic antigen levels tunes the fate of cytotoxic T lymphocyte (CTL) function, and high levels of antigen maintain an exhausted T cell phenotype (26). Secondly, altered inflammatory and tissue microenvironments play an important role in inducing T cell tolerance (22). In such circumstances, T cells lose their robust effector functions, accompanied by an increase in the expression of multiple inhibitory receptors, such as PD-1, CTLA-4, LAG-3, and TIM-3.

In addition, T cells receive inhibitory signals from various immunosuppressive cytokines. The phenomenon of T cell exhaustion has been reported both in chronic infections and cancer of the liver. Exhausted hepatic T cells are closely related to inefficient clearance of persisting pathogens and tumorigenesis in chronic liver diseases, including hepatitis B and C, malaria, schistosomiasis, and liver cancers. Thus, T cell exhaustion is considered to be associated with hepatic tolerogenic characteristics in liver diseases. Recently, the signal-regulatory protein α was shown to act as an inhibitory receptor when expressed on CD8+ T cells during chronic exhaustion in chronic hepatitis C virus (HCV) infection (27).



The Liver Acts as a School to Educate T Cells

The coordination between innate and adaptive immune cells often occurs when confronting liver disease, as the unique structure of this organ facilitates interactions between these cells. There are several hepatic antigen presenting cells (APCs) including resident hepatocytes and non-parenchymal cells like DCs, LSECs, Kupffer cells, and hepatic stellate cells (HSCs) involved in antigen presentation, which facilitate adaptive immune tolerance in the liver (28). During the induction of liver immune tolerance, cytokines like IL-10, TGF-β, and IFN-γ are thought to be involved in the development of chronic liver disease and T cell dysfunction (29–31). In the liver environment, multiple factors, including APCs, the site of primary T cell activation, and altered inflammation, dictate the immune outcomes of intrahepatic T cells (32, 33).

Hepatocytes, which do not normally express MHC class II molecules, acquire the ability to express MHC II and activate CD4+ T cells during hepatitis (34). Under specific circumstances, however, antigen presentation by hepatocytes can promote immune tolerance. For instance, MHC II-expressing hepatocytes seem to be associated with defective CD4+ and CD8+ T cell function and higher LCMV titers in class II transactivator molecule (CIITA)-transgenic mice compared with nontransgenic mice (35). Furthermore, the adeno-associated viral vector-mediated expression of a single MHC I allele in hepatocytes induced tolerance toward an allogeneic graft in a transfer experiment involving liver-generated CD8+ regulatory T cells (Tregs) (36).

A recent study showed that Qa-1 expression in hepatocytes with NKG2A+ natural killer (NK) cells induced CD8+ T cell exhaustion and persistent HCV infection in humanized C/OTg mice (37). Interestingly, hepatocytes are also capable of converting CD4+ T cells into Foxp3+ Tregs in vitro, resulting in the Treg-mediated suppression of the CD4+ T cell response via the Notch signaling pathway (38). Together, these observations indicate that hepatocytes mediate T cell dysfunction in the liver.

The DCs are professional antigen-presenting cells (APCs) that migrate to the draining lymph node and present antigens to T cells (39, 40). Hepatic DCs exhibit an immature phenotype, thus maintaining liver tolerance (41). More importantly, tolerogenic DCs, associated with low MHC class I and II levels and a high expression of T cell coinhibitory ligands, mediate tolerogenic effects, including T cell deletion, anergy, Th2 polarization, and the induction of Tregs (42). Tolerogenic DCs also show considerable promise in the control of autoimmune diseases and allograft rejection (43, 44) by promoting tolerance within the hepatic microenvironment. Liver DCs secrete IL-10 and are associated with reduced T cell proliferation and function compared to blood DCs (45).

Kupffer cells account for the largest population of macrophages in the liver. Under many circumstances, Kupffer cells play an important role in antigen uptake and pathogen clearance. However, during homeostasis, Kupffer cells secrete anti-inflammatory soluble factors, such as IL-10, to maintain hepatic tolerance (46, 47). In addition, Kupffer cells reportedly mediate T cell suppression, without the need for cytokines like IL-10, TGF-β, and nitric oxide (48).

The hepatic stellate cells (HSCs) and LSECs are well-characterized liver-resident APCs that are capable of tolerizing T cells. For example, TGF-β1 produced by HSCs inhibits T cells via glycoprotein A repetitions predominant (GARP)-dependent expression on HSCs (49). Moreover, the expression of B7-H1 on HSCs contributes to the regulation of T cell responses by promoting their apoptosis (50). Within the hepatic microenvironment, LSECs can also tolerize both CD4+ and CD8+ T cells. Furthermore, while LSECs can prime CD4+ T cells, these CD4+ T cells do not acquire a Th1 phenotype (19). Antigen cross-presentation by LSECs to CD8+ T cells also leads to tolerance rather than CD8+ T cell activation (51).

The NK cells, which belong to a major group of innate immune cells in the liver, contribute to host defense against virally infected cells and tumors. Mice reportedly contain two liver NK cell subsets, which are referred to as conventional NK cells (which enter the circulation) and tissue-resident NK cells (52, 53). The markers CD49a and DX5 can be used to subdivide murine NK cells into conventional (CD49a+DX5-) and liver-resident (CD49a-DX5+) NK cells (54). Similarly, human livers are also populated with two overlapping NK cell subsets (55).

Generally, NK cell function is controlled by a diverse set of activating and inhibitory receptors, the balance between which also contributes to the regulation of T cells (56, 57). For example, hepatic conventional NK cells contribute to effective anti-hepatitis B virus (HBV) T cell responses, while liver-resident NK cells directly suppress T cell responses through the programmed cell death-1 ligand-receptor (PDL1-PD1) axis (58, 59). Impaired NK cell function is accompanied by weakened cytotoxic CD8+ T cell activity in persistent viral infections (60). Indirectly, NK cells also diminish CD8+ T cell responses during chronic infection by interacting with DCs (61).

Interestingly, the hepatic NK cell-associated modulation of the effector T cell response is, in turn, regulated by the liver microenvironment, such as the presence of IL-10 (62). In addition, HBV-specific CD8+ T cells become susceptible to TNF-related apoptosis-inducing ligand (TRAIL)-expressing NK cell-mediated killing by upregulated TRAIL-R2 expression in patients with chronic HBV infection (CHB), indicating that NK cells downregulate HBV-specific CD8+ T cell responses (63, 64). In this scenario, upon TRAIL and NKG2D blockade, NK cell-mediated HBV-specific T cell function is also enhanced in patients with CHB who are treated with a nucleos(t)ide analog (65).

Also residing in the liver are natural killer T (NKT) cells, innate-like T cells that modulate the hepatic immune response by producing pro- and anti-inflammatory cytokines upon activation. There are two types of NKT cells, type I and type II NKT cells. Type I NKT cells express a semi-invariant TCR and is also referred to as invariant (i) NKT cells. By contrast, type II NKT cells express a relatively diverse TCR repertoire. Type II NKT cells conversely appear to be more abundant than type I NKT cells in humans, but in liver diseases, they are similar to type I NKT cells in phenotype and function (66).

By bridging the innate and adaptive responses, NKT cells act as immunoregulators during immunological liver disease. Lan et al. (67) revealed that the pyroptosis of iNKT cells through OX40 signaling can lead to liver inflammation and damage, suggesting that NKT cells play an important role in liver homeostasis. On the other hand, activated NKT cells contribute to the recruitment of Tregs via the CXCR3-CXCL10 pathway (68). The NKT cells also reportedly promote the priming of IL-10-producing CD8+ T cells by hepatocytes in order to limit liver injury (69).

Similar to NKT cells, mucosal-associated invariant T (MAIT) cells are the T cell subpopulation restricted to the MHC-I-related (MRI) molecule MRI populated in humans that produces a Th1 and Th17 cytokine milieu (70). The presence of highly enriched MAIT cells in the human liver suggests the importance of these innate cells in the control of liver infections (71, 72). However, in patients with chronic HCV infections, CD8+CD161++TCRVa7.2+ MAIT cells exhibit exhausted features, thereby contributing to HCV persistence (73). In line with these findings, MAIT cells from patients with chronic hepatitis delta virus (HDV) are functionally impaired and subsequently lost during HDV infection (74). In patients with hepatocellular carcinoma (HCC), tumor-educated MAIT cells upregulate inhibitory receptors and display functional impairment, both of which correlate with HCC progression (75).

The Tregs negatively regulate effective T cell immune responses via the production of immunosuppressive cytokines (including IL-10 and TGF-β) during chronic infection and are considered to be a potential target for the treatment of patients with CHB (7). Through upregulated Tregs, IL-33 exerts a negative effect on CD4+ T cell proliferation and alleviates hepatitis (76). Similarly, it was found that Tregs orchestrate CD8+ T cell exhaustion by engaging the PD-1 inhibitory pathway during LCMV infection (77). However, circulating CD4+CD25+ regulatory T cells exist in patients with resolved HBV infection (78). Furthermore, the numbers of these regulatory cells are increased and correlate with hepatic inflammation in patients with hepatitis B (79). Therefore, Tregs might play a role in anti-inflammatory activity and need to be more thoroughly assessed (80).

In contrast to T cell tolerance, antibody response to HBV proteins does not provide evidence for B cell tolerance during HBV infection. For example, antibodies specific to the HBV core antigen (anti-HBc) are clearly detectable during acute HBV infection (81). Interestingly, anti-HBc antibodies can be elicited in patients with CHB and are more abundant in CHB infection compared with in patients with self-limited infections (82, 83). Furthermore, highly active B cell responses are indicated during chronic HBV infection through gene expression profiling (84). In contrast, hepatitis B surface antibodies (anti-HBs) are considered to be protective and are commonly associated with viral control and the resolution of clinical disease. A recent study demonstrated that HBcAg-specific B cells and HBsAg-specific B cells were different in phenotype and function but shared an increased mRNA expression of genes linked with the role of cross-presentation and innate immunity in patients with CHB (85). Overall, the above results indicate that HBV-specific humoral responses are apparently not suppressed in the liver.



The Role of Liver-Draining Lymph Nodes (LNs) in the Induction of Hepatic Immune Tolerance

Although the “graveyard” and “school” models are adequate under certain circumstances, some argue that T cell tolerance is not the direct consequence of local antigen-presentation (86), and that the “graveyard” theory cannot account for the existence of efficient immune responses under different conditions (87). Since many other factors are involved, the two models may not present full explanations of the tolerogenic mechanisms at play in the liver, and additional hypotheses may be required.

The liver produces considerable amounts of lymphatic fluid, which is one of the two major sources of abdominal lymph. Hepatic lymph is thought to originate from the filtration of the sinusoids into the space of Disse, even before the lymph drains from the liver through the lymphatic vessels to the draining LN (88). Although the liver-draining LNs are well-reported in humans, the portal and celiac liver-draining LNs in the mouse have only recently been clearly described in studies that used Evans blue dye or infection with an adenovirus vector carrying the enhanced green fluorescent protein gene (Ad-EGFP) to track hepatic lymphatic draining (89, 90). These studies also show that DCs exit the liver and migrate to the liver-draining LNs, where they prime and facilitate specific T cell responses.

Interestingly, portal and celiac LNs appear to be independent liver-draining LNs, with different cellular compositions and modes of organogenesis. Furthermore, the portal LN participates in oral tolerance via Treg induction, while the celiac LN facilitates effective T cell responses (91). The immune response that occurs in liver-draining LNs is associated with the liver microenvironment, which is considerably different from that of the spleen. Importantly, liver-draining LNs are implicated in chronic human disease (92, 93). Recent progress in research studies related to the association between the liver and human portal LNs indicates that a paucity of DCs in human portal LNs contributes to hepatic immune tolerance (94). In addition, the regional immunity implicated in liver homeostasis and disease is associated with tissue-specific immune cell subsets and their interactions with the liver (7). Thus, a major aspect of liver function is dependent on specific hepatic immune cell subsets, which may, in turn, be influenced by the immune responses modulated by liver-draining LNs.

Moreover, studies indicate that liver inflammation is also involved in liver tolerance. Patients with chronic hepatitis B have fewer signs of inflammation than those with acute hepatitis B who clear the viral infection and display significant inflammation (95). Furthermore, circulating monocytes under inflammatory stimuli can activate autologous HBV-specific T cells during chronic HBV infection, suggesting that inflammatory conditions might have an impact on intrahepatic HBV-specific T cells (80, 96).

In a study conducted in chimpanzees with chronic infections, agonists of toll-like receptor (TLR) 7 activated TLR-7 signaling and reversed immune tolerance associated with significant intrahepatic inflammation (97). Similarly, TLR 7 agonists appear to enhance T cell and NK cell activities in patients with CHB who are subjected to nucleos(t)ide therapy (98). The above results, taken together, support the hypothesis that inflammatory events in the liver might alter the features of liver tolerance. However, liver tolerance is not absolute during viral hepatitis infection. For example, patients with acute hepatitis elicit an effective adaptive immune response but lack immune tolerance to hepatitis A, B, and C (99–101).

In summary, several mechanisms are involved in the induction of T cell dysfunction in the liver. On the one hand, the liver is seen as a “graveyard” or killing field for activated T cells, because it can induce T cell dysfunction in the local microenvironment. On the other hand, the large population of liver APCs, and cytokines like IL-10, TGF-β, and IFN-γ lead to the negative regulation and further dysfunction of T cells. Additionally, the celiac and portal liver-draining LNs apparently play key roles in promoting liver-mediated adaptive immune tolerance through the induction of Tregs and paucity of DCs. Moreover, a lack of inflammatory events under certain circumstances is also associated with T cell dysfunction (Figure 1).
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FIGURE 1. Mechanisms involved in liver-mediated adaptive immune tolerance. The diagram outlines that the liver acts as a “graveyard” or killing field for activated T cells, leading to the apoptosis of activated T cells through clonal deletion, clonal anergy, clonal deviation, or exhaustion (a). Alternatively, the liver can act as a school to educate T cells, which means that T cells can be subjected to regulation by liver APCs, including dendritic cells (DCs), hepatocytes, Kupffer cells, liver sinusoidal endothelial cells (LSECs), regulatory T cells (Tregs), and NK cells, and cytokines like IL-10, TGF-β, and IFN-γ, which promote T cell dysfunction (b). Furthermore, dysfunctional T cells may be induced by the liver-draining LN environment through antigen presentation. The liver-draining portal and celiac lymph nodes (LNs) play an important role in regulating hepatic immune tolerance (c). Moreover, mild or absent signs of liver inflammation, as evidenced by reduced levels of IFN-α, IL-12, and TNF-α cytokines, are also associated with the scenario of liver tolerance.





ADAPTIVE IMMUNE TOLERANCE IN LIVER DISEASE

Under certain pathological circumstances, pathogens, including HBV, HCV, malaria, and schistosomes, exploit the liver's tolerogenic mechanisms to establish persistent infections. For the same reason, the hepatic immunotolerant microenvironment further facilitates the progression of chronic infection to liver fibrosis, cirrhosis, and cancer. Based on the mechanisms involved in liver tolerance, the presence of dysfunctional adaptive immune cells and immunosuppressive regulatory cells is a hallmark of chronic liver disease, including chronic infections and HCC.


Chronic Liver Infection

Effective T cell responses mediate viral clearance in murine models of HBV infection (58). Intrahepatic HBV-specific CD8+ T cells contribute to viral elimination and disease pathogenesis in chimpanzees acutely infected with HBV (102). Similarly, patients with acute HBV infection reportedly have enhanced HBV-specific CD8+ T cell responses, which are associated with viral control (103, 104).

Conversely, patients with chronic HBV exhibit HBV-specific CD8+ T cell dysfunction, with increased frequencies and intensities of PD-1 expression (105). These findings were reported in the first study to show that HBV-specific CD8+ T cells in humans can be exhausted. A recent study using peptide-loaded MHC I tetramers suggests that the phenotypic and functional differences of HBV-specific CD8+ T cells can be detected by targeting core vs. polymerase antigen epitopes in patients with CHB, indicating that the molecular mechanisms underlying dysfunctional CD8+ T cell populations are not homogeneous in patients with CHB patients (106).

Intrahepatic HCV-specific CD8+ T cells have an impaired ability to produce IFN-γ, resulting in a failure to control HCV infection in patients in whom the infection is chronic (107). In addition, it is found that HBV clearance can be achieved by the reconstitution of HBV-specific CD8+ T cells, thereby reestablishing adaptive immune responses and reversing HBV-specific tolerance (108). The upregulation of inhibitory receptors on T cells in chronic infection is indicative of T cell exhaustion during viral persistence. For instance, T cell dysfunction is associated with the increased expression of PD-1 and CTLA-4 in patients with CHB compared with in healthy controls (109). Furthermore, in chronic HCV infection, HCV-specific CD8+ T cell exhaustion is associated with high expression of inhibitory receptors, while the population of PD-1−TIM-3−HCV-specific CD8+ T cells outnumbers the frequency of PD-1+TIM-3+T cells in acute resolving HCV infection (110).

Regarding parasitic infections, malaria, and schistosomiasis also establish pathogen persistence and liver tolerance. The CD8+ T cells generated in the liver fail to eliminate malaria-causing sporozoites owing to hepatic immune tolerance (111). Moreover, the poor effector functions of exhausted parasite-specific T cells during malaria infection are also linked to PD-1 expression (112). During hepatic schistosomiasis, Th2 cells and Tregs dominate the immune response and release immunosuppressive cytokines, including IL-10 and TGF-β in the liver (113, 114). In addition, many other factors, including the ligands of inhibitory receptors expressed on APCs, account for the failure of dysfunctional T cells to eliminate pathogenic infections in the liver. For example, owing to the selective overexpression of PD-L1 on the surface of macrophages, both CD4+ T and CD8+ T cells become anergized by the Schistosoma mansoni parasite (115).



Liver Cancer

Antigen-specific T cells play a key role in controlling cancer, but similar to chronic viral infections, persistent tumor cell stimulation causes T cell exhaustion (25). A single T cell database revealed that exhausted tumor-infiltrating CD8+ T cells preferentially accumulate in the HCC tumor microenvironment (116). In addition, the epigenetic profile of exhausted T cells is distinct from that of functional effector and memory T cells (117). In the context of the tumor microenvironment, exhausted CD8+ T cells exhibit reduced effector functions and proliferative capacity. Furthermore, in HCC tissue, CD4+ and CD8+ T cells display increased expression of inhibitory receptors such as PD-1, TIM-3, LAG-3, and CTLA-4 (118).

Moreover, HCC specimens reportedly harbor exhausted CD8+ T cells with varying levels of PD-1 expression. The PD-1High CD8+ T cell subset co-expresses high levels of TIM-3 and LAG-3, as is characterized by low IFN-γ and TNF production, indicating that the expression of PD-1 on CD8+ T cells arises as a result of the HCC microenvironment (119). A previous study has shown that the upregulation of Lnc-TIM-3, which specifically binds to TIM-3, can result in CD8+ T cell exhaustion in HCC (120). During chronic liver diseases, CD8+ T cells with upregulated TIM-3 expression contribute to CD8+ T cell exhaustion. The membrane-bound TIM-3 can be cleaved from the cell membrane and yield serum soluble TIM-3, which is associated with liver dysfunction in patients with HCC (121).

Professional or conventional APCs, which can negatively affect T cell function, also play important roles in the regulation of the immune response. Recently, myeloid (m)DCs were found to be functionally impaired in patients with HCC (122), while PD-1 expression on mDCs contributed to the inhibition of CD8+ T cell function (123). Kupffer cells also mediate the suppression of CD8+ T cells in human HCC, via the B7-H1/PD-1 axis, whereby tumor-associated IL-10 production contributes to the increased B7-H1 expression on Kupffer cells (124).

An important subset of innate immune cells, dysfunctional NK cells are also associated with tumor development (125) and are implicated in the development of HCC. For example, the high expression of NKG2A on NK cells contributes to NK cell exhaustion, which correlates with a poor prognosis for patients with HCC (126). Similarly to NKG2A+ NK cells, the HCC microenvironment harbors high numbers of functionally exhausted CD96+ NK cells and a few functionally active CD160+ NK cells in patients with HCC (127, 128).

Liver-infiltrating CD11b−CD27−NK cells represent another dysfunctional subset, closely associated with HCC progression (129). In line with the above findings, dysfunctional DCs, Kupffer cells, and NK cells are associated with T cell dysfunction in the HCC microenvironment. Further study is required to delineate the molecular mechanisms involved in the induction of T cell dysfunction, since the heterogeneity of various innate immune cell phenotypes and functions have been well-described.




STRATEGIES FOR REVERSING T CELL DYSFUNCTION IN LIVER DISEASE

In the liver, T cell-mediated immune tolerance is associated with chronic liver disease. Therefore, reversing immunotolerance is thought to be an effective strategy for restoring effective T cell function, and several approaches have been proposed. For example, novel T cell-based vaccines counteract T cell anergy and restore normal CD8+ T cell function, contributing to therapeutic immunity in chronic infection (130). A promising report showed that human redirected T cells with HBV-specific TCR can induce antiviral effects in HBV-infected human liver chimeric mice (131). Furthermore, TCR-redirected T cells exhibited the potential for functional degranulation and reduced HBsAg levels in a patient with HBV-related HCC (132).

Interestingly, clinical evidence supports the theory that leukemia recipients with HBV infection undergoing bone marrow transplantation can be cured of functional HBV after bone marrow transfer from naturally HBV-immune or actively immunized donors (133, 134). Using IL-12-based vaccination to counteract liver-induced immunotolerance is also an effective strategy for eliciting robust HBV-specific T cell immunity in an HBV-carrier mouse model (135). Moreover, the blockade of inhibitory signaling pathways to reinvigorate exhausted T cell immune responses is thought to be a promising therapeutic strategy, with the blockade of PD-1 signaling proving the most effective to date in the context of HBV infection (136). Notably, IL-12, as the third signal cytokine, enhances the ability of PD-1 signaling blockade to promote the recovery of functional HBV-specific CD8+T cells in patients with chronic HBV (137). The addition of CTLA-4 blocking antibodies can partially lead to the rescue of the effective HBV-specific CD8+T cell response in patients with persistent HBV infection (138).

The year 2013 marked a major breakthrough for cancer immunotherapy (139). Among effective cancer immunotherapies, blockage of the checkpoint inhibitors, CTLA-4 and PD-1, has shown the most promise, with many HCC patients increasingly benefiting from more treatment options and combinatorial immune checkpoint inhibitor blockade (140). For instance, blocking NKG2A potentiates tumor-infiltrating CD8+ T cell immunity but not NK cells (141). However, this immunosuppressive strategy is hindered by some immunological obstacles, thus resulting in only a minority of tumor patients achieving durable immune responses. Moreover, under certain conditions, CD8+ T cell exhaustion may occur in the absence of PD-1 upregulation (142). Therefore, other viable strategies for reversing T cell dysfunction are required to supplement immunotherapy in the context of liver disease.

Several types of parenchymal and nonparenchymal cells also exhibit immunomodulatory functions through their association with T cells in the liver. Therefore, the targeting of immune regulation between APCs or innate immune cells and dysfunctional T cells is expected to have a positive effect on the treatment of liver disease. Evidence suggests that the impairment of DC function is associated with exhausted T cell responses and that CD40-mediated mDC activation rescues intrahepatic anti-HBV CD8+ T cells from PD-1-mediated exhaustion (143).

In patients with HCC, both the peripheral and blood DCs co-express PD-1, while the intratumoral transfer of PD-1-deficient DCs elicits tumor-specific CD8+ T cell immune responses and restricts tumor growth (123). In chronic HBV infection, HBV-induced monocytes educate NK cells to produce IL-10 via the PDL1/PD-1 pathway, which then contributes to autologous CD4+ and CD8+ T cell inhibition (144). This suggests that NK cells could be targeted for CHB therapy. Furthermore, the blockade of the checkpoint receptor, TIGIT, promotes NK cell-based tumor-specific T cell immunity, further highlighting the contribution of NK cells to the restoration of tumor-specific CD8+ T cell immune responses (145). In particular, the blockade of the inhibitory receptor NKG2A increases NK cell effector function and the associated anti-viral and anti-tumor immunity in chronic liver diseases, such as CHB infection and HCC (126, 146).

Interestingly, the same anti-NKG2A blocking mAb was recently reported to enhance anti-tumor immune responses by unleashing both NK and T cell effector functions (147). In patients with CHC, TRAF1lowHCV-specific CD8+ T cell function is restored through IL-7 plus 4-1BBL and PD-1 blockade treatment, indicating a promising immunotherapy for patients with CHC (148).



CONCLUDING REMARKS

The liver has developed various mechanisms for the induction and maintenance of immune tolerance. Hepatic immunotolerance is associated with the presence of dysfunctional T cells, and the processes of clonal deletion, anergy and exhaustion, dysfunctional regulatory cells, and altered liver inflammatory processes. During chronic liver disease, this tolerogenic state prevents the mounting of an effective adaptive immune cell response against pathogens or tumor cells.

In addition to the immunotherapeutic strategies employed to overcome tolerance in liver disease, several approaches have been developed to reverse T cell dysfunction. For instance, Knolle and colleagues found that even in chronic viral infection, antigen-activated intrahepatic CD8+ T cell proliferation was induced by intrahepatic myeloid-cell aggregates for T cell expansion (iMATEs) without causing liver immune pathology via the TLR pathway (149). Although it has not been determined whether iMATEs have a similar structure to that of tertiary lymphoid tissue in local presentation and priming of CD8+ T cells, such findings may provide a new way to break T cell tolerance and induce effective anti-pathogen immune responses.

Furthermore, as secondary lymphoid organs, the liver-draining LNs help to shape immune responses in the liver and may play a role in reversing T cell dysfunction by modulating antigen presentation. Moreover, liver-resident NK cell subsets also inhibit T cell function via the PD-L1/PD-1 pathway, while the blockade of PD-L1 abrogates the suppression of T cell function (59). Recent advances in the field of innate immune cell biology, focusing on specific innate immune cell subsets and their different phenotypes and functions, will likely further clarify the regulatory mechanisms and molecular regulators needed to break liver-mediated immune tolerance and reverse adaptive immune cell dysfunction in liver disease. The questions of where and how hepatic immune subsets interact to generate dysfunctional T cells in the context of hepatic immunotolerance remain to be addressed. In summary, additional research is required to identify the innate immune subsets that are involved in inducing T cell dysfunction, the site of their interaction with T cells to render them dysfunctional, and the specific molecular mechanisms that are involved in this complex process (Figure 2).


[image: Figure 2]
FIGURE 2. Potential strategies for reversing adaptive immune tolerance in chronic infection or cancer of the liver. During chronic pathogenic infection or tumorigenesis in the liver, dysfunctional adaptive immune responses may be associated with dysfunctional antigen-presenting cells (APCs), natural killer (NK) cell subsets, or T cells. Moreover, mild or absent inflammation may also result in a failure to clear/restrict pathogenic infection or tumor formation. Potential strategies for reversing adaptive tolerance might include checkpoint inhibitor blockade, modulation of specific immune subsets, intrahepatic myeloid-cell aggregates for T cell expansion (iMATES) formation, or liver-draining lymph nodes (LNs) to shape antigen presentation. As a result of these interventions, the restoration of effective immune responses may help to clear or restrict pathogenic infections or tumors with effective T cell function, efficient regulation by specific APC or NK cell subsets, and moderate liver inflammation.
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“Functional cure” is being pursued as the ultimate endpoint of antiviral treatment in chronic hepatitis B (CHB), which is characterized by loss of HBsAg whether or not anti-HBs antibodies are present. “Functional cure” can be achieved in <10% of CHB patients with currently available therapeutic agents. The dysfunction of specific immune responses to hepatitis B virus (HBV) is considered the major cause of persistent HBV infection. Thus, modulating the host immune system to strengthen specific cellular immune reactions might help eliminate HBV. Strategies are needed to restore/enhance innate immunity and induce HBV-specific adaptive immune responses in a coordinated way. Immune and resident cells express pattern recognition receptors like TLRs and RIG I/MDA5, which play important roles in the induction of innate immunity through sensing of pathogen-associated molecular patterns (PAMPs) and bridging to adaptive immunity for pathogen-specific immune control. TLR/RIG I agonists activate innate immune responses and suppress HBV replication in vitro and in vivo, and are being investigated in clinical trials. On the other hand, HBV-specific immune responses could be induced by therapeutic vaccines, including protein (HBsAg/preS and HBcAg), DNA, and viral vector-based vaccines. More than 50 clinical trials have been performed to assess therapeutic vaccines in CHB treatment, some of which display potential effects. Most recently, using genetic editing technology to generate CAR-T or TCR-T, HBV-specific T cells have been produced to efficiently clear HBV. This review summarizes the progress in basic and clinical research investigating immunomodulatory strategies for curing chronic HBV infection, and critically discusses the rather disappointing results of current clinical trials and future strategies.
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INTRODUCTION

The rate of newly acquired hepatitis B virus (HBV) infection is well-controlled by prophylaxis with conventional HBsAg vaccines; however, the vast reservoir of nearly 300 million chronic HBV-infected individuals worldwide still represents a serious threat to humans, leading to up to about 900,000 deaths every year (1–3). Persistent HBV infection could result in liver cirrhosis and/or failure, and liver cancer, accounting for most end-stage liver diseases (4, 5).

Currently, PEGylated interferon-α (PEG-IFN-a) and nucleos(t)ide analogs (NUCs) are available antiviral drugs for the effective treatment of chronic HBV infection (5–8). NUCs, with daily oral administration, are widely welcomed by chronic hepatitis B (CHB) patients, and suitable for individuals with liver cirrhosis, liver failure, and pregnancy, due to their excellent safety profiles. Although NUCs can control HBV replication profoundly, and reduce the HBV associated end-stage liver disease and liver cancer, hepatitis B surface antigen (HBsAg) clearance, suppression, and/or seroconversion seldom occur in patients administered monotherapy with NUCs. The discontinuation of NUC treatment might result in liver flare or failure. Thus, an uncertain or even lifelong period of NUC treatment may be needed for most patients with chronic HBV infection. Alternatively, PEG-IFN-α treatment can lead to HB e-antigen (HBeAg) clearance and HBsAg seroconversion in 10–30% of cases within a definite duration of therapy (6, 9, 10). Beside direct antiviral effects, the immunomodulatory property of IFN-α may ultimately induce an immune control of HBV. Meanwhile, poor tolerability with frequent severe undesirable effects and the requirement for subcutaneous administration limit PEG-IFN-a application.

Recently, “functional cure,” which is characterized by loss of HBsAg whether or not anti-HBs antibodies are detected, is becoming an accessible ideal endpoint of antiviral treatment in CHB (3, 11). “Functional cure” represents continued suppression of the activity of covalently closed circular DNA (cccDNA) in the patient liver without the serum markers of viral replication. The remaining cccDNA may be reactivated once the immune system is deeply damaged, leading to the recurrence of hepatitis B. Thus, cccDNA eradication is being pursued intensively as an ultimate therapeutic goal. It is believed that host immune control of HBV infection implies complete elimination or functional inactivation of HBV cccDNA though the underlying molecular mechanisms are not fully understood (12). Based on this assumption, enhancing host immunity to HBV is rationally an attractive approach to cure chronic HBV-infected patients.

In this review, we summarized the available information about strategies for enhancing host innate and adaptive immunity for controlling HBV infection. The relevant basic research resulting from preclinical studies is reviewed in sections enhancing innate immunity to establish an antiviral state: results from preclinical studies and induction of HBV-specific immune responses. The available results of clinical trials are presented in sections current clinical trials based on immunotherapy and IFN-α-based immunotherapy plays an important role in HBV “cure” in individuals with functional intrinsic immune responses. A critical consideration of the results of current clinical trials and discussion about the future strategies are included in section conclusions and future perspectives.



IMMUNE PATHOGENESIS OF PERSISTENT HBV INFECTION

The molecular mechanisms accounting for HBV persistence are not fully elucidated. It is generally accepted that dysfunctional immune responses play an essential role in persistent HBV infection as well as liver inflammation, when comparing the characteristics of immune responses in acute hepatitis B and CHB (3, 13–16). Immune responses during CHB are characterized by (1) dysfunctions and exhaustion of HBV-specific CD4+ and CD8+ T cells (2, 17–19) decreased numbers and dysfunction of DCs and NKs/NKTs (3, 13, 20–23) up-regulated/enhanced expression of regulatory factors, including the immune checkpoint proteins PD-1, CTLA-4, and T cell immunoglobulin domain and mucin domain-3 (Tim-3) (24–26); and (4) impaired innate immune response, especially toll-like receptor (TLR) downregulation and dysfunction (27–32).

To maintain homeostasis, the hepatic immune system preferentially induces tolerance to antigens flushed from the portal vein. In CHB, the suppressive mechanisms in the liver regulate and inhibit T cell functions. It has been confirmed that intrahepatic inflammatory reactions induce multiple suppressive pathways in situ in the liver, leading to T cell function suppression (25). Enzymes such as arginase (33) and IDO (34) are released by damaged hepatocytes and cause depletion of amino acids, which are important in maintaining T cell functions (35). Arginine depletion leads to reduction of CD3ζ levels in T cells, subsequently causing TCR-pathway dysfunction (36). Intrahepatic inflammation recruits regulatory T cells (37–41), B cells, and myeloid-derived suppressor cells (42–44), and activate stellate cells, leading to IL-10 and TGF-β production (25). The suppressive events in the liver are vital for protection from severe damage primed by inflammation, while further impairing the functionality of HBV-specific T cells.

In general, high HBV DNA, HBsAg, and HBeAg levels contribute to maintain HBV-specific immune tolerance in chronically HBV-infected individuals. Reduction of both circulating and intrahepatic HBV virions and proteins is a prerequisite for (re-)establishing efficient HBV-specific T-cell responses (45–48). The first evidence that HBV clearance can be achieved by adoptive transfer of bone marrow from anti-HBs-positive donors (49) provides a certain way to cure HBV infection through immune modulation. Liver transplantation may also transfer immune cells from vaccinated donors to recipients, and partially control reinfection of the liver (50). An increasing number of studies have been carried out to explore therapeutic strategies including those involving small molecules to boost HBV immunity in patients, aiming to a functional cure for HBV infection (51–53).



THERAPEUTIC STRATEGIES FOR CHB

Based on the knowledge about the immune pathogenesis of chronic HBV infection, a number of innovative strategies may be applied to enhance HBV-specific immune responses in patients (Figure 1). On one hand, oral, intranasal, or subcutaneous application of agonists of pathogen recognition receptors (PRRs), including TLRs, retinoic acid-inducible gene 1 (RIG-I), and stimulator of interferon genes (STING), activates host immune cells and hepatocytes/non-parenchymal liver cells, leading to the production of IFN/expression of interferon-stimulated genes (ISGs) and proinflammatory cytokines, which jointly mount an antiviral state (Figure 2). On the other hand, HBV-specific CTLs can be induced by therapeutic vaccines, boosted through checkpoint blockade, or renewed by adoptive transfer of in vitro activated T/NKT cells or genetically edited HBV-specific T cells such as chimeric antigen receptor T (CAR-T) or T cell receptor (TCR)-T cells (Figure 3). These strategies have been explored in the past years. Though their potential usefulness is partly proven, many obstacles hindering the clinical use of these approaches are still to be overcome in the future.
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FIGURE 1. Approaches for the treatment of chronic HBV infection. Available knowledge about HBV immune control and immunopathogenesis; a number of immunomodulatory strategies have been tested to enhance innate and adaptive immunity in preclinical models and clinical trials. TLR, toll-like receptor; RIG-I, retinoic acid-inducible gene 1; STING, stimulator of interferon genes; APOBEC, apolipoprotein B mRNA-editing enzyme catalytic subunit; PBMC, peripheral blood mononuclear cell; DC, dendritic cell; CIK, cytokine-induced killer; CAR-T, chimeric antigen receptor T-cell; TCR, T cell receptor. Dots in various colors indicate different cytokines.
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FIGURE 2. Options for enhancing innate immunity and establish an antiviral state. Oral, intranasal, or subcutaneous application of agonists of PARs, including TLRs, RIG-I, and STING, activates host immune cells and hepatic parenchymal and non-parenchymal cells, leading to the production of IFN and proinflammatory cytokines as well as ISG expression. TLR, toll-like receptor; RIG-I, retinoic acid-inducible gene 1; STING, stimulator of interferon genes; NF-κB, nuclear factor kappa-B; ISG, interferon-stimulated gene; cGAS, cyclic GMP-AMP synthetase. Dots in various colors indicate different cytokines. STING expression in hepatocytes remains controversial.
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FIGURE 3. Strategies for inducing HBV-specific immune responses and regaining immunological control of HBV infection. HBV-specific CD8+ T cell responses can be induced by therapeutic vaccines, boosted through checkpoint blockade, or renewed by adoptive transfer of in vitro activated T/NKT cells or genetically edited HBV-specific CAR-T or TCR-T cells. CTLA-4, cytotoxic T-lymphocyte-associated protein 4; LAG-3, lymphocyte activation gene-3; PD-1, programmed death-1; TIM-3, T-cell immunoglobulin and mucin-domain containing-3; APC, antigen-presenting cell; DC, dendritic cell; CIK, cytokine-induced killer; CAR-T, chimeric antigen receptor T-cell; TCR, T cell receptor. Dots in various colors indicate different cytokines; [image: yes], Hepatitis B surface antigen/epitopes; [image: yes] Hepatitis B core antigen/epitopes; [image: yes], Major Histocompatibility Complex class I molecule; [image: yes], Major Histocompatibility Complex class II molecule.




ENHANCING INNATE IMMUNITY TO ESTABLISH AN ANTIVIRAL STATE: RESULTS FROM PRECLINICAL STUDIES


TLR Ligands

TLRs play an important role in the innate immune response through sensing viral and bacterial PAMPs and bridging to adaptive immunity. TLRs are widely expressed in immune cells, hepatocytes, and non-parenchymal liver cells (NPCs), which contribute to immune control of HBV (32, 51, 52, 54, 55).

Isogawa and collaborators firstly demonstrated that single application of ligands specific to TLRs-3, 4, 5, 7, and 9 trigger non-cytopathic, IFN-dependent suppression of hepatic HBV replication in HBV transgenic mouse models within 24 h (56). These interesting results ignited hope in treating chronic HBV infection by activating TLR-dependent signaling pathways. Thereafter, various TLR ligands have been tested in cell and animal models with HBV replication, as reviewed previously (52, 57, 58). Direct application of TLR ligands can potently inhibit HBV replication in primary hepatocytes and hepatoma cells through IFN-dependent and -independent pathways. TLR-2 and−4 activation triggers IFN-independent pathways and leads to a robust inhibition of hepadnaviral replication by various intracellular pathways in hepatoma cells and woodchuck hepatocytes harboring woodchuck hepatitis virus (WHV) (57). On the other hand, stimulating NPCs (KCs and LSECs) and DCs with TLR ligands could induce a panel of antiviral mediators (e.g., type I IFN), which inhibit HBV replication in vitro (59, 60). Thus, TLR stimulation may not only activate resident parenchymal cells, NPCs, and infiltrated immune cells in the liver but also recruit circulating immune cells to establish an antiviral state (Figure 2). Recently, TLR stimulation has also been found to directly promote T cell functionality via metabolic regulation, adding to its capacity for immunomodulation (61–65). Meanwhile, systemic inflammatory responses after TLR stimulation should be taken into account.

In woodchucks chronically infected with WHV, weekly subcutaneous injection of CpG ODN for 16 weeks induces IFN synthesis with transient and weak viral inhibition (55). When combined with entecavir, potent inhibition of WHV was evidenced by early viral responses and a significant decrease in serum woodchuck hepatitis surface antigen (WHsAg). However, WHsAg seroconversion was not attained (55). Further data analysis suggested that CpG ODN application enhances viral suppression by antiviral treatment.

GS-9620, a TLR7 ligand, has shown great therapeutic potential in woodchuck and chimpanzee models (54, 57). In chronically WHV-infected woodchucks, GS-9620 monotherapy for 4–8 weeks led to continued, significant decrease of serum WHV DNA and sustained WHsAg loss after cessation of treatment in 13/15 animals. Moreover, 7 of the 13 animals developed an antibody response against WHV surface antigen (66). In chronically HBV-infected chimpanzees, reduced HBV viral load and serum HBsAg level were recorded but without HBsAg loss (67). A recent study showed that GS-9620 could induce multiple HBV suppressive factors in human PBMCs, leading to prolonged type I IFN-associated HBV suppression in primary human hepatocytes (PHH) and HepaRG cells, as well as enhanced biosynthesis of immunoproteasome subunits and display of an immunodominant viral peptide in PHH with HBV-infection. The latter may promote T cell recognition and activation in the host and viral control, though GS-9620 itself could not reduce cccDNA levels in hepatocyte culture systems (68).



RIG-I Activator

SB9200, an activator of RIG-I and nucleotide-binding oligomerization domain-containing protein 2 (NOD2), can induce prolonged IFN-α/β and ISG activation in blood/liver in WHV-infected woodchucks, leading to a 3.7 log10 decrease of serum WHV DNA and an 1.6 log10 decline in serum WHsAg when orally dosed with 30 mg/kg for 12 weeks (69). Interestingly, SB 9200 treatment sequentially followed by ETV administration induces a much more potent suppression of WHV, with a 6.4 log10 decrease in serum WHV DNA load and a 3.3 log10 decline in WHsAg level, delaying the recurrence of viral replication. Thus, SB 9200-induced host responses potentiate the antiviral efficacy of NUCs (70).



STING Activator

An alternative host factor, cyclic GMP-AMP synthetase (cGAS), was reported to be involved in HBV recognition. Indeed, cGAS can recognize HBV DNA and activate its adaptor protein—STING, leading to ISG56 expression and resulting in the suppression of viral assembly (71). Activation of the cGAS-STING pathway by dsDNA or cGAMP markedly inhibits HBV replication in cell and mouse models (72). An agonist of mouse STING, 5,6-dimethylxanthenone-4-acetic acid (DMXAA) significantly induces the expression of ISGs and reduces hepatic HBV DNA production in hydrodynamic HBV mouse models. DMXAA induces a type I IFN-dominated cytokine response, in contrast to TLR agonists which predominantly trigger inflammatory cytokine and chemokine responses (73). A recent study reported that human hepatocytes do not express STING (74). Nevertheless, treatment of HBV-infected hepatoma cells in culture with cGAMP or DMXAA leads to a significant inhibition of HBV replication, evidenced by concentration-dependent reductions in intracellular HBV mRNA, core-associated DNA, and secreted HBsAg, yet without apparent alteration in the amount of cccDNA (75). A splice isoform of MITA/STING, referred to as MITA-related protein (MRP), specifically blocks MITA-associated IFN activation while still inducing the NF-κB pathway. MRP overexpression significantly inhibits HBV replication by activating the NF-κB pathway in a hydrodynamic injection mouse model. MITA/STING deficiency (MITA/STING−/−) enhances HBV replication in mice. Moreover, HBV-specific humoral and CD8+ T cell responses are reduced in MITA/STING-deficient animals, indicating an important role for MITA/STING in anti-HBV immunity in innate and adaptive responses (76). Altogether, STING might be a potential target for CHB immunotherapy.



APOBEC-Mediated Deamination

APOBEC-3 enzymes are involved in host innate immunity against HBV. It was firstly reported in 2005 that human APOBEC3 enzymes are able to extensively edit HBV DNA strands via cytidine deamination (77). In HBV-harboring HepAD38 and HepG2.2.15 cells, cytidine deaminases found endogenously could edit 10–25% of the HBV rcDNA genome within the viral capsid (78). Meanwhile, Hsp90 enhances APOBEC-3-mediated DNA deamination activity in HBV (79). Recent reports also indicated that APOBEC-3 enzymes may mediate the antiviral activity of type I IFN and lymphotoxin by cytidine deamination, leading to cccDNA degradation (80).

Preclinical studies revealed that triggering of innate immunity leads to the production of antiviral and inflammatory mediators, with viral suppression to various extents. However, activation of innate immunity alone presumably does not control HBV infection, unless the adaptive branch of host immunity subsequently comes into play. Among the tested agonists, only the TLR7 ligand GS-9620 has been tested in clinical trials (see below). Other candidate drugs are not yet ready for clinical testing. It will be useful to characterize such candidates not only for activating innate immunity but also for their ability to bridge to adaptive immunity, given that the specific immune response to HBV is critical for effective HBV control.




INDUCTION OF HBV-SPECIFIC IMMUNE RESPONSES


Protein/Polypeptide Vaccines
 
HBsAg/preS Vaccine

Conventional HBsAg vaccines failed to achieve a significant therapeutic effect in either preclinical animal models or patients with CHB. This failure was attributed to HBsAg-specific immune tolerance. Using IL-12 as an adjuvant, Zeng et al. showed that HBsAg immunization efficiently reverses systemic tolerance toward HBV proteins, with enhanced HBV-specific CD8+/CD4+ T cell responses and reduced CD4+Foxp3+ Treg cell frequency in HBV-harboring mice (81). The majority of animals administered IL-12-based vaccine acquired HBsAg seronegativity, and hepatitis B core antigen (HBcAg) became undetectable in hepatocytes. Meanwhile, preS1-polypeptide has been shown in HBV carrier mice to induce robust immune responses. Anti-preS1 antibody could clear HBV virions and even lead to HBsAg/HBsAb seroconversion through sequential administration of preS1 and HBsAg vaccines (82).



HBcAg Vaccine

Markedly elevated frequencies of HBcAg-specific CTLs have been found in CHB cases capable of controlling HBV replication in comparison with those who did not (83). Thus, HBcAg-based vaccines are considered a promising candidate for CHB treatment. In a pilot study, a peptide-based vaccine containing HBcAg amino acids 18–27 in combination with a Th epitope initiated a low-level CTL activity in CHB patients but failed to clear HBV (84). A synthetic HBcAg vaccine, originally designed to reduce the risk of liver tumors by Inovio Pharmaceuticals Inc., was also reported to be highly potent. However, only very limited information about this vaccine candidate is available.



HBsAg/HBcAg Compound Vaccines

Therapeutic vaccines comprising HBsAg and HBcAg and the CpG adjuvant have been shown to elicit strong HBsAg/HBcAg-specific humoral responses and balanced Th1/Th2 responses to HBsAg as well as Th1-type responses to HBcAg in wild-type C57BL/6 mice and HBV transgenic animals. Enhanced HBsAg/HBcAg-specific cellular immune responses lead to significantly reduced serum HBsAg levels without liver injury in HBV transgenic mice (85). A particulate vaccine composed of HBsAg, HBcAg, and the adjuvant ISCOMATRIXTM could induce multi-specific and multi-functional T cells in HBV-Tg mice, especially HBc-specific CD8+ T cells with elevated IFN-γ, TNF-α, and IL-2 production. Anti-HBsAg titers reached >10,000 IU/L in 7/8 animals after 4 vaccinations. However, titers of circulating HBV DNA decreased in vaccinated HBV-Tg mice after two and four vaccinations although statistical significance was not reached. HBcAg-positive hepatocytes were also dramatically decreased without obvious liver damage (86).



Anti-HBsAg Antibody

Antibody-mediated immunotherapy has been assessed in several preclinical and clinical studies but failed to achieve long-lasting HBV suppression. Zhang et al. developed a new monoclonal antibody (mAb) against HBsAg (mAb E6F6) with remarkable effects in the treatment of persistent HBV replication in several mouse models (87). Indeed, a single dose of E6F6 markedly reduced HBsAg and HBV DNA amounts by over 3 logs for many weeks in HBV-transgenic animals. E6F6 could not only potently prevent primary HBV infection but also reduce secondary spread of HBV from infected hepatocytes in the human-liver-chimeric mouse model. After E6F6-based immunotherapy, anti-HBV T-cell response was restored in mice with persistent HBV replication established by hydrodynamic injection. Fcγ receptor-dependent phagocytosis is considered to play the most critical role in E6F6-associated viral immune clearance, independently on ADCC and CDC (88).



DNA Vaccines

DNA vaccines encoding HBsAg and HBcAg induce both humoral and cellular immunity against both HBV antigens, constituting a promising approach for the control of HBV infection (89–93). Upon intramuscular or intradermal injection, in situ expressed HBsAg and HBcAg in transfected cells such as myocytes and APCs are processed and presented to host immune cells, resulting in specific B and T cell activation (94, 95). Encouraging results were obtained in pre-clinical studies in the mouse and woodchuck models assessing diverse technologies to improve the efficacy of DNA vaccines, including (i) integration of immunostimulatory cytokines (96); (ii) combination with NUCs (97, 98); (iii) prime-boost immunization regimens (98, 99); (iv) electroporation delivery of DNA vaccines (93, 100); and (v) combination with checkpoint inhibition (93, 100).

In a recent study, Chuai et al. vaccinated rhesus macaques using a complex procedure. Four animals received three doses of HBV DNA vaccines encoding HBsAg, PreS1, and HBcAg for priming, followed by two boosts with recombinant vaccinia viral vectors encoding HBsAg, PreS1, and HBcAg, with a final boost using fusion protein including HBsAg and PreS1. Anti-PreS1 antibodies were induced quickly upon initial priming with DNA vaccination, followed by anti-HBsAg and anti-HBcAg antibodies. Upon boosting with recombinant vaccinia, both humoral and cellular immune responses to HBsAg, PreS1, and HBcAg were markedly induced, with HBcAg-specific CTL response being the most robust and durable. Further boosting with the fusion protein maintained the immune responses to all three HBV antigens until week 98 after the first vaccination. These results suggested that incorporation of PreS1 and HBcAg may improve the effects of therapeutic vaccines (101).



Vaccines Based on Viral Vectors

As mentioned in the previous section, Kosinska et al. tested therapeutic vaccines based on adenoviral vectors in the mouse and woodchuck models and obtained very promising results (98, 99). Moshkani et al. reported a vesicular stomatitis virus (VSV)-based vaccine platform (102). Using a highly attenuated VSV strain expressing MHBs by either intranasal or intramuscular application, they successfully induced MHB-specific CD8+ T cell and humoral responses in naive mice capable of preventing HBV replication after challenge by adeno-associated virus harboring HBV (AAV-HBV). In mice with persistent HBV replication, the VSV-MHB system could also induce significant multi-specific T cell responses, leading to decreased serum and hepatic HBV antigen and DNA levels and transient elevation of serum alanine aminotransferase activity. These data provide evidence for the potential utility of vaccine platforms based on viral vectors as alternative therapeutic vaccines against CHB.

The design and effectiveness of HBV vaccines have been improved over the years. Clearly, HBV-specific T cells have been stimulated by these vaccine candidates in different experimental settings with variable levels of HBV suppression. The most effective vaccines are those based on viral vectors, which show superiority over other types in terms of T cell induction. Nevertheless, other types such as DNA vaccines could be applied repeatedly without limitation and used in combination with viral vectors. Currently, preclinical and clinical studies using the available vaccine candidates have been rather unfruitful, leaving the major question as to whether the currently available HBV vaccines are potent enough for immunotherapeutic approaches. The hurdles to be overcome likely lie in the recruitment of activated immune cells into the liver and the maintenance and amplification of primed HBV-specific immunity within the liver. Thus, combinations of antiviral treatment and additional immunomodulatory drugs including TLR ligands and checkpoint inhibitors may be necessary to achieve effective, long-lasting T cell immunity.




HBV-Specific T-Cell Therapy

Recently, useful technologies to induce or generate antigen-specific T cells were developed. This is a fast-growing research field with great potential for the treatment of chronic viral infections. HBV-specific T cells could be induced by DC vaccines, boosted by checkpoint blockade, or renewed by adoptive transfer of lab-produced HBV-specific T cells like CAR-T and TCR-T cells (103).


DC Vaccines

As the most powerful professional antigen-presenting cells, DCs play vital roles in bridging the innate immunity and the adaptive immunity. Meanwhile, myeloid DCs (mDCs) were found to regulate the functional differentiation of HBV-specific CD8+ T cells in immune transfer experiments (104). While PD-1 was identified to mediate functional exhaustion of HBV-specific CD8+ T cells, T cell functions could be restored by CD40 stimulation of mDCs. This has been validated from bench to bedside in CHB treatment using HBsAg/HBcAg-pulsed DCs. In HBV transgenic mouse models, HBsAg-pulsed DCs could induce HBsAg-specific immune responses. Interestingly, HBcAg-pulsed DCs induce both HBsAg- and HBcAg-specific T cell responses, leading to loss of HBsAg with anti-HBsAg seroconversion (105, 106).



CIK/DC-CIK

Cytokine-induced killer (CIK) cells, produced ex vivo via treatment of PBMCs or cord blood mononuclear cells with IFN-γ, anti-CD3 antibody, IL-1, and IL-2, are featured as cells with a mixed T- and NK cell-like phenotype (CD3+CD56+). CIK cells target infected and cancer cells in both MHC-restricted and MHC-unrestricted manners, inducing rapid and unbiased immune reactions. Therefore, CIK cells attract attention as a potential therapeutic tool in malignancies and viral infections (107, 108).

DC-CIK refers to the co-culture of CIK cells with DCs or sequential adoptive transfusion of autologous DCs and CIKs, engaging the crosstalk between DCs and CIKs. DCs, especially antigen pulsed ones, can stimulate NK cells and initiate antigen-specific T- and B-cell responses (109). Increasing evidence shows that combination of DCs can reduce the frequencies of regulatory T cells in CIK cell cultures and increase the rate of CD3+CD56+ cells (110).



Immune Checkpoint Inhibitors

Blockade of immune checkpoints such as PD-1/PD-L1 signaling may relieve the negative regulation of specific T cells or even revive exhausted T cells. Application of antibodies targeting PD-L1 in woodchucks with WHV infection, combined with ETV administration and DNA immunization, successfully enhanced virus-specific T cells, resulting in continued inhibition of viral replication, production of anti-WHsAg antibodies, and complete viral clearance in certain woodchucks (100). A recent ex vivo study showed that HBV-specific CD4+ T cells isolated from individuals with HBeAg-negative HBV infection could be activated by OX40 stimulation combined with PD-L1 blockade, with remarkably increased IFN-γ and IL-21 production in vitro. Functional boost of HBV-specific CD4+ T cells via both treatment with OX40 and PD-1 pathway blockade might be useful in curing CHB (111).

Checkpoint inhibitors alone have shown only limited efficacy in chronic HCV patients (112). Virus-specific CD8+ T cells could be restored through PD-1 blockade in latent HBV carriers (113). Similarly, blockade of other checkpoint molecules such as Tim-3 and CTLA-4 can also restore virus-specific CD8+ T-cell responses in CHB patients (114, 115).



Genetically Edited T Cells (CAR/TCR-T)

Spontaneous HBsAg clearance is observed in more than 90% of adults with acute HBV infection accompanied by strong intrinsic or adaptive immune responses (116, 117). Patients with CHB lack effective T cell responses for viral clearance due to various immune tolerance mechanisms. Current T-cell-based therapy uses different types of engineered T cells, which express predefined antiviral characteristics. The basic principle of this process is the use of a new well-functioning T-cell library to replace or enhance the low or depleted energy T-cell library of the host and target the virus-specific immunodominant epitopes (118, 119). Therefore, this strategy may lead to immunological control of HBV infection in patients and CHB cure in long term. However, there are several points that need to be addressed for establishing its effectiveness and safety for CHB cure. First, strong T-cell-mediated killing may lead to severe liver damage and acute liver failure; secondly, it is necessary to demonstrate that engineered T cells indeed have improved functionalities and are able to remain functional under immune tolerizing conditions in the liver.

CAR-T cells can be engineered to identify antigens in an MHC non-dependent manner, providing a wider range of targets compared with natural T-cells. CAR-T cells show highly effective anti-tumor activities in a variety of tumors, including CD19+ acute leukemia, and may be developed into a safe and effective tumor treatment strategy (120). Bohne et al. firstly generated CAR-T cells targeting HBsAg. CAR-T cells directed against the “a” determinant of HBsAg and aa37-43 in the preS1 protein were able to recognize HBsAg-positive primary human hepatocytes and HepG2.2.15 cells, and specifically eliminate HBV-infected target cells (118).

A couple of studies have assessed the in vivo effects of CAR-T/TCR-T cells directed to HBV in mouse models (121–124). Kah et al. showed that HBV-TCR-T cells could lyse cultured HBV-harboring hepatoma cells, and viral loads were reduced within 12 days of treatment with three injections of HBV-TCR-T cells in HBV-infected human liver chimeric mice (122). Three reports about HBsAg-CAR-T cells are available. Krebs et al. showed that CD8+ T cells expressing HBsAg-specific CARs recognize different HBV subtypes and could be expanded in immunocompetent HBV transgenic mouse models, resulting in efficient control of HBV replication with only transient liver damage (121). Kruse et al. tested HBsAg-CAR T cells in HBV-infected human liver chimeric mice. As a result, an average of 4.7-fold reduction of serum HBsAg, 3.0-fold decrease in viral load, and 70% reduction of HBcAg-positive hepatocytes were found 36 days after adoptive transfer of HBsAg-CAR T cells (123). Meanwhile, human plasma albumin levels were unaltered, suggesting non-cytopathic viral clearance. Festag et al. engineered fully human, second-generation CAR T cells targeting HBsAg and tested them in an AAV-HBV mouse model with specific tolerance to human HBsAg-CAR. In this system, long-lasting antiviral effects were demonstrated with 2 log10 decrease of HBsAg and 60% reduction of HBV-DNA for up to 110 days upon adoptive transfer. However, HBsAg-CAR T cells failed to completely clear HBV in the animals (124). Recently, HBV-specific T cells produced by lymphocytes using HBV-T cell receptor mRNA could reduce the viral load of HepG2.2.15 cells by 50% with no overt liver toxicity (125). Whether HBV-specific T cells could indeed suppress HBV efficiently while not directly killing hepatocytes requires further investigation. The approach with HBV-specific CAR/TCR-T cells represents a technology with great therapeutic potential.

Though DC-CIK based therapy has been applied in patients in China, its systematic analysis has not been performed. It is important to follow up patients administered DC-CIK treatment and determine the actual usefulness of this approach. The recent progress in T-cell-based therapies for tumor treatment is encouraging and provides therapeutic guidance for major chronic viral infections with HIV and HBV. Unlike in tumor treatment, the safety issue in antiviral therapy is significantly stricter and any risk of uncontrolled overshooting immune responses in patients is not acceptable. Similarly, the application of immune checkpoint inhibitors faces similar challenges and needs to balance the enhancement of host immune responses and the control of the risk of undesired immunopathology.





CURRENT CLINICAL TRIALS BASED ON IMMUNOTHERAPY

Many immunotherapeutic approaches have been tested in diverse animal models; however, only few of these attempts reached the phase of clinical trials (Table 1). It should be pointed out that combination therapy with potent antivirals and therapeutic DNA and viral-vector-based vaccines was partially successfully tested in the woodchuck model, with complete viral control and induced anti-surface antibody. Yet, similar approaches failed in chronically HBV-infected patients.


Table 1. Current clinical trials based on immunotherapy.
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GS-4774

GS-4774 is a recombinant yeast-based vaccine that contains HBV-specific antigens such as HBx protein and large HBsAg (126). Its safety, tolerability, and immunogenicity have been verified in normal healthy individuals. However, GS-4774 showed no clinical benefit in virally suppressed individuals with CHB in a Phase II study. There was no significant decrease in mean HBsAg levels, with ≥0.5 log10 IU/ml reductions in HBsAg in only three patients administered a high GS-4774 dose of 40 YU, and no case of HBsAg clearance. Five HBeAg-positive individuals administered GS-4774 had HBeAg loss, with none recorded among control patients (127).

Recently, the results of an open-label, multicenter, randomized study (http://clinicaltrials.gov no: NCT02174276) of CHB patients using tenofovir disoproxil fumarate (TDF) alone or combined with GS-4774 were published (128). Significantly increased IFN-γ, TNF, and IL2 production was evidenced in HBV-specific CD8+ T cells from individuals administered GS-4774 and TDF at weeks 24 and 48, but not in those under TDF monotherapy. Increased T-cell functions were correlated with reduced numbers of regulatory T cells. Again, GS-4774 treatment resulted in no reduction of HBsAg levels in patients. Thus, GS-4774 is able to stimulate host CD8+ T cell responses but not sufficient to control HBV.



NASVAC

The nasal vaccine candidate (NASVAC) is composed of HBsAg and HBcAg. In Phase I experiments, nasal spray with NASVAC was shown to induce anti-HBcAg antibodies in all subjects 30 days after administration of 3 doses. Seventy-five percent of the tested subjects developed anti-HBsAg antibodies at the latest time point of 90 days upon the start of vaccination (139). NASVAC was also well-tolerated after intramuscular application, with all the 14 enrolled patients developing HBV-specific lymphoproliferative responses. A total of 80 CHB patients were administered NASVAC intranasally or subcutaneously in a Phase III, randomized, controlled clinical trial. Compared with Peg-IFN treatment, NASVAC therapy resulted in a similar proportion of patients with viral load under the detection limit at the end of treatment (59.0 vs. 62.5%, p > 0.05). A higher percentage (57.7% vs. 35.0%) of patients had sustained HBV load under the detection limit at 24 weeks of follow-up (130). However, these results need to be verified in future clinical trials.



YIC

The HBsAg-hepatitis B immunoglobulin (HBIG) complex (YIC) has been tested in HBeAg-positive CHB patients in a Phase II clinical trial with six doses. Compared with the control group administered alum only, the patients vaccinated with YIC showed improved HBeAg seroconversion (9% in the control group vs. 21.8% in the YIC group), enhanced anti-HB production, and decreased viral load (140, 141). However, a Phase III clinical trial with 12 doses failed to show satisfying results (142). Indeed, the trial exploring the immunological mechanisms of YIC (clinical registration number: ChiCTR-TRC-11003189) showed that CHB patients immunized with YIC in combination with adefovir treatment exhibit increased CD4+ and CD8+ T cell responses. A significant increase in IFN-γ production and reduced expression of inhibitory factors including IL-10, TGF-β, and Foxp3 were detected in CD4+ T cells from individuals immunized with YIC (143).



HepTcell

HepTcell is a mixture of nine synthetic peptides comprising HBV-specific T-cell epitopes. In a Phase I trial performed in the United Kingdom and South Korea, HepTcell was tested in HBeAg-negative CHB cases treated with entecavir or TDF. Three monthly injections of HepTcell were well tolerated and induced cellular immune responses against HBV antigens in patients (131). A Phase II trial is anticipated to start in 2020 to evaluate the immune responses of HepTcell with more injections in an expanded patient cohort with chronic HBV infection.



DNA Vaccines

At the moment, a number of clinical studies on DNA-based HBV vaccines are still ongoing (Table 1). In an early French Phase I/II clinic trials, therapeutic DNA vaccines have been confirmed as safe in CHB patients (132, 133). However, satisfying results have not been obtained even in combination with NUCs, with only transient/weak T cell responses, increase in NK cells, and no sustained virological responses. In HBV carriers receiving lamivudine treatment, a DNA vaccine containing the majority of HBV genes in addition to IL-12 DNA could induce HBV-specific IFN-γ secreting T-cells, maintained for 40 weeks or more upon therapy and correlating with virological responses (144). A non-replicative adenoviral vector harboring HBsAg, HBcAg, and Polymerase (TG1050) was shown to induce strong HBV multi-specific and prolonged T-cell responses in the mouse model (145). A Phase Ib study was performed in CHB patients and demonstrated the safety and immunogenicity of TG1050, supporting future testing in combination with antivirals (146).



The Anti–PD-1 Antibody Nivolumab

In a Phase Ib study (ACTRN12615001133527), the anti–PD-1 antibody nivolumab was tested at a single dose in HBeAg-negative CHB cases with viral suppression, either alone or in combination with GS-4774. Reduced HBsAg levels were detected in all 22 individuals administered 0.3 mg/kg nivolumab alone or with GS-4774 at week 12. Interestingly, 2/10 patients in the GS-4774 + nivolumab group and 1/12 of the nivolumab monotherapy group had serum HBsAg reductions ≥ 0.5 log10 IU/ml at 24 weeks. A single individual with significantly decreased HBsAg levels in the nivolumab arm showed HBsAg loss at week 16, and anti-HBsAg responses at 10 weeks upon trial completion with anti-HB titers surpassing 500 IU/L 12 months after treatment (138).



Oral TLR-7/8 Agonists

There are currently several oral TLR-7/8 agonists in clinical trials, including GS-9620, RO7020531, RG7795 (ANA773), RG7854, JNJ-4964 (AL-034/TQ-A3334), and GS-9688 (Table 1). GS-9620 represents an effective, selective, and orally active TLR7 agonist. Its safety has been confirmed in treatment-naïve or currently treated individuals with chronic HBV infection. No marked circulatory IFN-a increase and associated symptoms were observed, although ≥2-fold ISG15 increase was evidenced in serum samples from individuals administered 2- or 4-mg GS-9620 (136, 147). Twelve-week GS-9620 administration in CHB patients with HBV well suppressed by NUCs resulted in increased T- and NK-cell responses and decreased NK cell-mediated T cell inhibition, while no significant decrease in serum HBsAg levels was achieved. The beneficial effect of GS-9620 in strengthening HBV-specific immune responses needs to be validated with a longer assessment period or combination with IFN therapy (148). In another Phase II study, GS-9620 treatment of naïve CHB patients, even after combination with tenofovir (TDF), did not significantly decrease HBsAg levels (135). Another TLR 7 agonist, RO7020531, is being assessed in a Phase I study.



AIC649

AIC649 is a patented inactivated parapox virus (iPPVO) and a novel biological immunomodulator. AIC649 could induce natural, self-limiting immune responses and boost immune responses to unrelated pathogens. A preclinical study in the woodchuck model demonstrated that AIC649 administration leads to a significant decrease in WHsAg even after cessation of treatment (149). Continuous WHsAg suppression as well as anti-WHsAg antibodies and cell-mediated immune responses were measured in combination with ETV (Poster AASLD 2017-10-24), indicating a potential for treatment of chronic HBV infection.



DC/DC-CIK

Clinical examination indicated that HBsAg-pulsed DCs induce anti-HBsAg antibody and HBsAg-specific cellular immunity in 2/5 and 1/5 CHB patients, respectively, without obvious liver damage. Anti-HB antibodies were detectable 1 month after administration of HBsAg-pulsed DCs and increased progressively for 5 months in one patient (105). HBsAg-pulsed DC vaccines could accelerate HBsAg clearance as well as HBsAg/HBsAb seroconversion in patients with low HBsAg levels (Meng et al. unpublished data). Autologous DC-vaccines could efficiently inhibit HBV replication, decrease the viral load, clear HBeAg, and induce HBeAg/anti-HBe seroconversion, even leading to loss of HBsAg (150). However, randomized controlled studies are required for further validation of DC vaccines for treatment of CHB.

In a clinical study, over 2 log 10 fold decrease in HBV load was detected in 21/33 (63.6%) of CHB patients administered HBsAg activated autologous DC-CIK (151). CIK without HBsAg pulse could also reduce serum HBV load and promote HBeAg clearance in patients with high ALT levels. At 36 weeks of follow-up, HBeAg negativity and HBeAg seroconversion were found in 33.3 and 9.5% of CHB patients who received CIKs, respectively (152).

Yet, clinical trials based on immunotherapy did not show satisfactory results. The trials with DNA vaccines and YIC failed to deliver positive results, reducing the hope placed in immunotherapy. However, the rather negative results in these studies are not surprising as therapeutic immunomodulation is not simply the induction of adaptive immunity but needs to tackle negative immune regulation established during chronic viral infections. It is important to test these approaches in cohorts of patients under antiviral treatment and suppressed HBV replication. In such patients, the host immune system may recover to some extent from HBV-mediated impairment and respond more robustly to immune stimulation. There are patients with sustained low HBV loads, which may hint to naturally enhanced immune control of HBV infection. It would be useful to select such patients for future clinical trials. There are still a great number of options and combinations of these approaches to be considered, along with new innovations from future research.




IFN-α-BASED IMMUNOTHERAPY PLAYS AN IMPORTANT ROLE IN HBV “CURE” IN INDIVIDUALS WITH FUNCTIONAL INTRINSIC IMMUNE RESPONSES

PEG-IFN-α possesses antiviral and immunomodulatory effects, and remains the most effective drug for the treatment of CHB patients. In the treatment of naïve CHB patients, Peg-IFN-α administration for 48 weeks achieves superior efficacy over lamivudine, as reflected by HBeAg seroconversion, HBV DNA clearance, and HBsAg seroconversion. Although only 4% of HBsAg loss was reported at 6 months off-therapy, this rate reached 11% after 4 years of follow-up (153, 154).

PEG-IFN-α has been demonstrated to enhance HBsAg loss, especially in patients administered NUCs with HBsAg titers of <1,000 IU/ml. HBsAg clearance rates at 48 weeks were 9% (2 out of 22) and 15% (4 out of 26), in switch-to and add-on therapy CHB patients, respectively (155). A systematic review revealed that CHB patients treated with NUCs for at least 48 weeks are more likely to achieve HBsAg loss (11%), using a PEG-IFN-α-based combination treatment (10). HBsAg loss occurred significantly often in selected CHB patients in a new SWITCH study with initial administration of NUCs and switch to PEG-IFN-α-2a (155). Another study demonstrated the effectiveness of PEG-IFN-α-2a for the treatment of inactive HBsAg carriers, resulting in high rates of HBsAg depletion and seroconversion (9). PEG-IFN-α treatment showed enhanced HBsAg seroconversion rate in CHB cases with low HBsAg and HBV DNA levels. Therefore, more clinical trials (e.g., NCT02745704, NCT02893124, and NCT02838810) are currently on the way to identify the optimal usage of Peg-IFN-α treatment in CHB patients with low HBsAg levels. Peg-IFN-α may contribute significantly to the cure of HBV infection if diversely integrated in multi-drug regimens, e.g., with lower dosage or intermittent application to avoid severe adverse effects.

Peg-IFN-lambda (Peg-IFN-λ), a type-III IFN, has been attributed dual immunomodulatory effects on both innate and adaptive immune responses in chronic HBV infection. IFN-λ shares similar ISG induction pathways as IFN-α, and Peg-IFN-λ exerts antiviral effects similar to those of Peg-IFN-α. Interestingly, Peg-IFN-λ showed substantially improved tolerability than Peg-IFN-α, since IFN-λ binds to type III interferon receptors, which are restricted to cells of epithelial origin, including hepatocytes (156, 157). Thus, the clinical application of Peg-IFN-λ may benefit CHB patients.



CONCLUSIONS AND FUTURE PERSPECTIVES

Chronic HBV infection is considered a result of HBV-specific immune tolerance. Based on this concept, breaking immune tolerance and restoring HBV-specific immune responses may ultimately lead to HBV control and clearance in patients. It becomes possible to induce HBV-specific immune responses in patients, yet not with the desired results of HBV control. Immunotherapeutic approaches are also hampered by the risk of overshooting immune responses in CHB patients and causing uncontrolled liver damage. Thus, combinations of potent antiviral treatment and carefully adjusted immune modulation may achieve a “cure” of CHB, without severe liver damage and disease progression. Nevertheless, HBV-specific CAR-T/TCR-T cells in combination with checkpoint inhibitors may be a potential strategy for HBV control.

In the past years, an essential role for HBV-specific T cell responses in viral control has been emphasized. Though functional T cell response is required for HBV control, it is definitely not sufficient for a successful immunotherapeutic approach. Given that the various therapeutic vaccines tested so far were highly effective in priming specific T and B cell responses to HBV antigens, they generally do not achieve significant and long-lasting viral suppression in animal models and patients. These rather disappointing results may have diverse reasons but the potential conceptual problem should not be ignored. Transfer of large numbers of activated CD8+ T cells to HBsAg in HBV Tg mice only led to transient suppression of HBV replication (158). Transfer of splenocytes from HBsAg-vaccinated mice to HBsAg Tg mice resulted in sustained production of anti-HBsAg antibodies and HBsAg clearance in the peripheral blood of recipient mice (159). However, HBsAg-specific CD8+ T cells became undetectable, while HBsAg production in the liver continued in recipients. Importantly, no inflammation and T cell infiltration in the liver of Tg mice were observed. Further, HBV-specific T cells could be detected in mice with persistent HBV replication after hydrodynamic injection, but did not enter the liver unless an intrahepatic immune activation was triggered by TLR3 stimulation (160). A recent report also showed that HBV-specific T cells are detectable in the peripheral blood of young patients in the immune tolerant phase (103, 161). HBV-specific T cells were found to possess the ability to proliferate and produce cytokines (162). Specific CD8+ T cells in all mentioned cases apparently could not cause chronic liver inflammation, consistent with the findings reported by other immune transfer studies (163). Therefore, the antiviral effects of HBV-specific T cells may require appropriate conditions in the liver. TLR agonists may be useful for the promotion of T cell functions in the liver (160, 164, 165), by recruiting various immune cells into the liver to form tertiary lymphoid structures (166–168). These aspects have been discussed in recent reviews and need to be investigated in future studies (32, 52, 58, 92).

Beside T cell-mediated antiviral effects, other mechanisms for HBV control need to be considered in future approaches. The roles of other immune cell types are not yet well studied in the context of HBV immunity. NK cells may contribute significantly to HBV control during acute and chronic infection (22, 169, 170), playing an important role for successful IFN-α therapy (171, 172). At the moment, modulation of the NK cell activity to control HBV infection has only been tested in few studies and needs more attention (173). Recently, the function of HBV-specific B cells in HBV infection has been characterized by using fluorescently labeled HBV proteins, showing impairment in chronically infected patients (174–176). Modulation of B cell function and antibody production may represent another option for immunotherapy (87, 177). A number of host genetic determinants have been identified to contribute to HBV control and pathogenesis (178). Many of these determinants play a role in immune control of HBV infection. However, there are other factors such as UBE2L3 gene that regulate HBV replication by controlling cccDNA stability and yet unknown processes (179). By comparing hepatic gene expression profiles in patients from different phases of the natural course of chronic HBV infection, a number of differently expressed host genes were found to contribute to HBV control in inactive carriers with low HBV loads (180). This result is somewhat relevant as no immune-related gene was actually found to be active in such patients, indicating that immune mechanisms may not be effective in patients with low HBV replication and gene expression. This is rational as antigen-specific T cells may target infected cells only with sufficient levels of antigen production and would ignore hepatocytes with HBV production below the recognition threshold. Apparently, there are diverse non-immune host restrictions for HBV replication that are important for achieving long-term, non-cytotoxic HBV control.

While we appreciate the great relevance of host immune responses for HBV control, successful therapy of chronic HBV infection may require combinations of antiviral treatment with NUCs, activation of intrahepatic innate immunity, stimulation of specific T cell responses, and finally switching on of non-immune mechanisms for sustained HBV control without undesired side effects. Recent findings pointed out the central role of cccDNA and/or integrated HBV DNA in hepatocytes for “functional cure” of chronic HBV infection. It is yet unknown whether HBsAg seroconversion/clearance alone would protect against HCC with cccDNA or integrated HBV DNA still present in hepatocytes. Likely, immunotherapeutic approaches may clear at least a great part of infected hepatocytes with cccDNA and/or integrated HBV DNA if they express HBV proteins, thereby reducing the risk of HCC development. These aspects deserve further investigation.



AUTHOR CONTRIBUTIONS

ZM searched the literature, performed review design, and wrote the manuscript. YC designed the figures and contributed to manuscript preparation. ML contributed to review conception and manuscript revision.



FUNDING

This study was partially funded by the Foundation for Innovative Research Groups of Natural Science Foundation of Hubei Province of China (2018CFA031), the National Key R&D Program of China (2017YFC0908104), and National Science and Technology Major Project (Grant Nos. 2018ZX10302206 and 2018ZX10723203).



REFERENCES

 1. Collaborators GBDCOD. Global, regional, and national age-sex specific mortality for 264 causes of death, 1980-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet. (2017) 390:1151–210. doi: 10.1016/S0140-6736(17)32152-9

 2. Polaris Observatory C. Global prevalence, treatment, and prevention of hepatitis B virus infection in 2016: a modelling study. Lancet Gastroenterol Hepatol. (2018) 3:383–403. doi: 10.1016/S2468-1253(18)30056-6

 3. Revill PA, Chisari FV, Block JM, Dandri M, Gehring AJ, Guo H, et al. A global scientific strategy to cure hepatitis B. Lancet Gastroenterol Hepatol. (2019) 4:545–58. doi: 10.1016/S2468-1253(19)30119-0

 4. Chen CJ, Yang HI. Natural history of chronic hepatitis B REVEALed. J Gastroenterol Hepatol. (2011) 26:628–38. doi: 10.1111/j.1440-1746.2011.06695.x

 5. Tang LSY, Covert E, Wilson E, Kottilil S. Chronic hepatitis B infection: a review. JAMA. (2018) 319:1802–13. doi: 10.1001/jama.2018.3795

 6. Lok AS, Mcmahon BJ, Brown RSJr, Wong JB, Ahmed AT, Farah W, et al. Antiviral therapy for chronic hepatitis B viral infection in adults: a systematic review and meta-analysis. Hepatology. (2016) 63:284–306. doi: 10.1002/hep.28280

 7. Polish Group of Experts For HBV, Flisiak R, Halota W, Jaroszewicz J, Juszczyk J, Malkowski P, et al. Recommendations for the treatment of hepatitis B in 2017. Clin Exp Hepatol. (2017) 3:35–46. doi: 10.5114/ceh.2017.67626

 8. Terrault NA, Lok ASF, Mcmahon BJ, Chang KM, Hwang JP, Jonas MM, et al. Update on prevention, diagnosis, and treatment of chronic hepatitis B: AASLD 2018 hepatitis B guidance. Hepatology. (2018) 67:1560–99. doi: 10.1002/hep.29800

 9. Cao Z, Liu Y, Ma L, Lu J, Jin Y, Ren S, et al. A potent hepatitis B surface antigen response in subjects with inactive hepatitis B surface antigen carrier treated with pegylated-interferon alpha. Hepatology. (2017) 66:1058–66. doi: 10.1002/hep.29213

 10. Qiu K, Liu B, Li SY, Li H, Chen ZW, Luo AR, et al. Systematic review with meta-analysis: combination treatment of regimens based on pegylated interferon for chronic hepatitis B focusing on hepatitis B surface antigen clearance. Aliment Pharmacol Ther. (2018) 47:1340–8. doi: 10.1111/apt.14629

 11. Petersen J, Thompson AJ, Levrero M. Aiming for cure in HBV and HDV infection. J Hepatol. (2016) 65:835–48. doi: 10.1016/j.jhep.2016.05.043

 12. Hu J, Protzer U, Siddiqui A. Revisiting hepatitis B virus: challenges of curative therapies. J Virol. (2019) 93:e01032–19. doi: 10.1128/JVI.01032-19

 13. Rehermann B. Pathogenesis of chronic viral hepatitis: differential roles of T cells and NK cells. Nat Med. (2013) 19:859–68. doi: 10.1038/nm.3251

 14. Tseng TC, Huang LR. Immunopathogenesis of hepatitis B virus. J Infect Dis. (2017) 216:S765–70. doi: 10.1093/infdis/jix356

 15. Peeridogaheh H, Meshkat Z, Habibzadeh S, Arzanlou M, Shahi JM, Rostami S, et al. Current concepts on immunopathogenesis of hepatitis B virus infection. Virus Res. (2018) 245:29–43. doi: 10.1016/j.virusres.2017.12.007

 16. Rehermann B, Thimme R. Insights from antiviral therapy into immune responses to hepatitis B and C virus infection. Gastroenterology. (2019) 156:369–83. doi: 10.1053/j.gastro.2018.08.061

 17. Schurich A, Pallett LJ, Jajbhay D, Wijngaarden J, Otano I, Gill US, et al. Distinct metabolic requirements of exhausted and functional virus-specific CD8 T cells in the same host. Cell Rep. (2016) 16:1243–52. doi: 10.1016/j.celrep.2016.06.078

 18. Fisicaro P, Barili V, Montanini B, Acerbi G, Ferracin M, Guerrieri F, et al. Targeting mitochondrial dysfunction can restore antiviral activity of exhausted HBV-specific CD8 T cells in chronic hepatitis B. Nat Med. (2017) 23:327–36. doi: 10.1038/nm.4275

 19. Yong YK, Saeidi A, Tan HY, Rosmawati M, Enstrom PF, Batran RA, et al. Hyper-expression of PD-1 is associated with the levels of exhausted and dysfunctional phenotypes of circulating CD161(++)TCR iValpha7.2(+) mucosal-associated invariant T cells in chronic hepatitis B virus infection. Front Immunol. (2018) 9:472. doi: 10.3389/fimmu.2018.00472

 20. Martinet J, Dufeu-Duchesne T, Bruder Costa J, Larrat S, Marlu A, Leroy V, et al. Altered functions of plasmacytoid dendritic cells and reduced cytolytic activity of natural killer cells in patients with chronic HBV infection. Gastroenterology. (2012) 143:1586–96 e1588. doi: 10.1053/j.gastro.2012.08.046

 21. Shi CC, Tjwa ET, Biesta PJ, Boonstra A, Xie Q, Janssen HL, et al. Hepatitis B virus suppresses the functional interaction between natural killer cells and plasmacytoid dendritic cells. J Viral Hepat. (2012) 19:e26–33. doi: 10.1111/j.1365-2893.2011.01496.x

 22. Maini MK, Peppa D. NK cells: a double-edged sword in chronic hepatitis B virus infection. Front Immunol. (2013) 4:57. doi: 10.3389/fimmu.2013.00057

 23. Ouaguia L, Leroy V, Dufeu-Duchesne T, Durantel D, Decaens T, Hubert M, et al. Circulating and hepatic BDCA1+, BDCA2+, and BDCA3+ dendritic cells are differentially subverted in patients with chronic HBV infection. Front Immunol. (2019) 10:112. doi: 10.3389/fimmu.2019.00112

 24. Schurich A, Khanna P, Lopes AR, Han KJ, Peppa D, Micco L, et al. Role of the coinhibitory receptor cytotoxic T lymphocyte antigen-4 on apoptosis-Prone CD8 T cells in persistent hepatitis B virus infection. Hepatology. (2011) 53:1494–503. doi: 10.1002/hep.24249

 25. Bertoletti A, Ferrari C. Adaptive immunity in HBV infection. J Hepatol. (2016) 64:S71–83. doi: 10.1016/j.jhep.2016.01.026

 26. Shin EC, Sung PS, Park SH. Immune responses and immunopathology in acute and chronic viral hepatitis. Nat Rev Immunol. (2016) 16:509–23. doi: 10.1038/nri.2016.69

 27. Visvanathan K, Skinner NA, Thompson AJ, Riordan SM, Sozzi V, Edwards R, et al. Regulation of Toll-like receptor-2 expression in chronic hepatitis B by the precore protein. Hepatology. (2007) 45:102–10. doi: 10.1002/hep.21482

 28. Chen Z, Cheng Y, Xu Y, Liao J, Zhang X, Hu Y, et al. Expression profiles and function of Toll-like receptors 2 and 4 in peripheral blood mononuclear cells of chronic hepatitis B patients. Clin Immunol. (2008) 128:400–8. doi: 10.1016/j.clim.2008.04.006

 29. Huang Z, Ge J, Pang J, Liu H, Chen J, Liao B, et al. Aberrant expression and dysfunction of TLR2 and its soluble form in chronic HBV infection and its regulation by antiviral therapy. Antiviral Res. (2015) 118:10–9. doi: 10.1016/j.antiviral.2015.03.004

 30. Zhang E, Lu M. Toll-like receptor (TLR)-mediated innate immune responses in the control of hepatitis B virus (HBV) infection. Med Microbiol Immunol. (2015) 204:11–20. doi: 10.1007/s00430-014-0370-1

 31. Romani S, Hosseini SM, Mohebbi SR, Boonstra A, Sharifian A. Differential expression of innate immune response genes in clinical phases of chronic hepatitis B infection. J Viral Hepat. (2017) 24:776–88. doi: 10.1111/jvh.12699

 32. Ma Z, Cao Q, Xiong Y, Zhang E, Lu M. Interaction between hepatitis B virus and toll-like receptors: current status and potential therapeutic use for chronic hepatitis B. Vaccines. (2018) 6:E6. doi: 10.3390/vaccines6010006

 33. Sandalova E, Laccabue D, Boni C, Watanabe T, Tan A, Zong HZ, et al. Increased levels of arginase in patients with acute hepatitis B suppress antiviral T cells. Gastroenterology. (2012) 143:78–87 e73. doi: 10.1053/j.gastro.2012.03.041

 34. Yoshio S, Sugiyama M, Shoji H, Mano Y, Mita E, Okamoto T, et al. Indoleamine-2,3-dioxygenase as an effector and an indicator of protective immune responses in patients with acute hepatitis B. Hepatology. (2016) 63:83–94. doi: 10.1002/hep.28282

 35. Bronte V, Zanovello P. Regulation of immune responses by L-arginine metabolism. Nat Rev Immunol. (2005) 5:641–54. doi: 10.1038/nri1668

 36. Kumar D, Chaudhury I, Kar P, Das RH. Site-specific cleavage of HCV genomic RNA and its cloned core and NS5B genes by DNAzyme. J Gastroenterol Hepatol. (2009) 24:872–8. doi: 10.1111/j.1440-1746.2008.05717.x

 37. Franzese O, Kennedy PT, Gehring AJ, Gotto J, Williams R, Maini MK, et al. Modulation of the CD8+-T-cell response by CD4+ CD25+ regulatory T cells in patients with hepatitis B virus infection. J Virol. (2005) 79:3322–8. doi: 10.1128/JVI.79.6.3322-3328.2005

 38. Stoop JN, Van Der Molen RG, Baan CC, Van Der Laan LJ, Kuipers EJ, Kusters JG, et al. Regulatory T cells contribute to the impaired immune response in patients with chronic hepatitis B virus infection. Hepatology. (2005) 41:771–8. doi: 10.1002/hep.20649

 39. Xu D, Fu J, Jin L, Zhang H, Zhou C, Zou Z, et al. Circulating and liver resident CD4+CD25+ regulatory T cells actively influence the antiviral immune response and disease progression in patients with hepatitis B. J Immunol. (2006) 177:739–47. doi: 10.4049/jimmunol.177.1.739

 40. Dietze KK, Schimmer S, Kretzmer F, Wang J, Lin Y, Huang X, et al. Characterization of the treg response in the hepatitis B virus hydrodynamic injection mouse model. PLoS ONE. (2016) 11:e0151717. doi: 10.1371/journal.pone.0151717

 41. Kosinska AD, Pishraft-Sabet L, Wu W, Fang Z, Lenart M, Chen J, et al. Low hepatitis B virus-specific T-cell response in males correlates with high regulatory T-cell numbers in murine models. Hepatology. (2017) 66:69–83. doi: 10.1002/hep.29155

 42. Fang Z, Li J, Yu X, Zhang D, Ren G, Shi B, et al. Polarization of monocytic myeloid-derived suppressor cells by hepatitis B surface antigen is mediated via ERK/IL-6/STAT3 signaling feedback and restrains the activation of T cells in chronic hepatitis B virus infection. J Immunol. (2015) 195:4873–83. doi: 10.4049/jimmunol.1501362

 43. Pallett LJ, Gill US, Quaglia A, Sinclair LV, Jover-Cobos M, Schurich A, et al. Metabolic regulation of hepatitis B immunopathology by myeloid-derived suppressor cells. Nat Med. (2015) 21:591–600. doi: 10.1038/nm.3856

 44. Yang F, Yu X, Zhou C, Mao R, Zhu M, Zhu H, et al. Hepatitis B e antigen induces the expansion of monocytic myeloid-derived suppressor cells to dampen T-cell function in chronic hepatitis B virus infection. PLoS Pathog. (2019) 15:e1007690. doi: 10.1371/journal.ppat.1007690

 45. Thimme R, Wieland S, Steiger C, Ghrayeb J, Reimann KA, Purcell RH, et al. CD8(+) T cells mediate viral clearance and disease pathogenesis during acute hepatitis B virus infection. J Virol. (2003) 77:68–76. doi: 10.1128/JVI.77.1.68-76.2003

 46. Yang PL, Althage A, Chung J, Maier H, Wieland S, Isogawa M, et al. Immune effectors required for hepatitis B virus clearance. Proc Natl Acad Sci USA. (2010) 107:798–802. doi: 10.1073/pnas.0913498107

 47. Bility MT, Cheng L, Zhang Z, Luan Y, Li F, Chi L, et al. Hepatitis B virus infection and immunopathogenesis in a humanized mouse model: induction of human-specific liver fibrosis and M2-like macrophages. PLoS Pathog. (2014) 10:e1004032. doi: 10.1371/journal.ppat.1004032

 48. Dembek C, Protzer U, Roggendorf M. Overcoming immune tolerance in chronic hepatitis B by therapeutic vaccination. Curr Opin Virol. (2018) 30:58–67. doi: 10.1016/j.coviro.2018.04.003

 49. Lau GK, Lok AS, Liang RH, Lai CL, Chiu EK, Lau YL, et al. Clearance of hepatitis B surface antigen after bone marrow transplantation: role of adoptive immunity transfer. Hepatology. (1997) 25:1497–501. doi: 10.1002/hep.510250631

 50. Schumann A, Lindemann M, Valentin-Gamazo C, Lu M, Elmaagacli A, Dahmen U, et al. Adoptive immune transfer of hepatitis B virus specific immunity from immunized living liver donors to liver recipients. Transplantation. (2009) 87:103–11. doi: 10.1097/TP.0b013e31818bfc85

 51. Gehring AJ. New treatments to reach functional cure: rationale and challenges for emerging immune-based therapies. Best Pract Res Clin Gastroenterol. (2017) 31:337–45. doi: 10.1016/j.bpg.2017.05.004

 52. Du K, Liu J, Broering R, Zhang X, Yang D, Dittmer U, et al. Recent advances in the discovery and development of TLR ligands as novel therapeutics for chronic HBV and HIV infections. Expert Opin Drug Discov. (2018). 13:661–70. doi: 10.1080/17460441.2018.1473372

 53. Zhu W, Liu H, Zhang X. Toward curative immunomodulation strategies for chronic hepatitis B virus infection. ACS Infect Dis. (2019) 5:703–12. doi: 10.1021/acsinfecdis.8b00297

 54. Chang J, Guo JT. Treatment of chronic hepatitis B with pattern recognition receptor agonists: current status and potential for a cure. Antiviral Res. (2015) 121:152–9. doi: 10.1016/j.antiviral.2015.07.006

 55. Meng Z, Zhang X, Pei R, Zhang E, Kemper T, Vollmer J, et al. Combination therapy including CpG oligodeoxynucleotides and entecavir induces early viral response and enhanced inhibition of viral replication in a woodchuck model of chronic hepadnaviral infection. Antiviral Res. (2016) 125:14–24. doi: 10.1016/j.antiviral.2015.11.001

 56. Isogawa M, Robek MD, Furuichi Y, Chisari FV. Toll-like receptor signaling inhibits hepatitis B virus replication in vivo. J Virol. (2005) 79:7269–72. doi: 10.1128/JVI.79.11.7269-7272.2005

 57. Zhang X, Kraft A, Broering R, Schlaak JF, Dittmer U, Lu M. Preclinical development of TLR ligands as drugs for the treatment of chronic viral infections. Expert Opin Drug Discov. (2012) 7:597–611. doi: 10.1517/17460441.2012.689281

 58. Ma Z, Zhang E, Yang D, Lu M. Contribution of Toll-like receptors to the control of hepatitis B virus infection by initiating antiviral innate responses and promoting specific adaptive immune responses. Cell Mol Immunol. (2015) 12:273–82. doi: 10.1038/cmi.2014.112

 59. Wu J, Lu M, Meng Z, Trippler M, Broering R, Szczeponek A, et al. Toll-like receptor-mediated control of HBV replication by nonparenchymal liver cells in mice. Hepatology. (2007) 46:1769–78. doi: 10.1002/hep.21897

 60. Wu J, Meng Z, Jiang M, Zhang E, Trippler M, Broering R, et al. Toll-like receptor-induced innate immune responses in non-parenchymal liver cells are cell type-specific. Immunology. (2010) 129:363–74. doi: 10.1111/j.1365-2567.2009.03179.x

 61. Salerno F, Guislain A, Cansever D, Wolkers MC. TLR-mediated innate production of IFN-gamma by CD8+ T cells is independent of glycolysis. J Immunol. (2016) 196:3695–705. doi: 10.4049/jimmunol.1501997

 62. Li Q, Yan Y, Liu J, Huang X, Zhang X, Kirschning C, et al. Toll-like receptor 7 activation enhances CD8+ T cell effector functions by promoting cellular glycolysis. Front Immunol. (2019) 10:2191. doi: 10.3389/fimmu.2019.02191

 63. Salerno F, Freen-Van Heeren JJ, Guislain A, Nicolet BP, Wolkers MC. Costimulation through TLR2 drives polyfunctional CD8(+) T cell responses. J Immunol. (2019) 202:714–23. doi: 10.4049/jimmunol.1801026

 64. Zhang E, Ma Z, Li Q, Yan H, Liu J, Wu W, et al. TLR2 stimulation increases cellular metabolism in CD8(+) T cells and thereby enhances CD8(+) T cell activation, function, and antiviral activity. J Immunol. (2019) 203:2872–86. doi: 10.4049/jimmunol.1900065

 65. Zhang E, Yan H, Li Q, Dittmer U, Yan H, Lu M. Activation of the TLR signaling pathway in CD8+ T cells counteracts liver endothelial cell-induced T cell tolerance. Cell Mol Immunol. (2019) 16:774–6. doi: 10.1038/s41423-019-0255-8

 66. Menne S, Tumas DB, Liu KH, Thampi L, Aldeghaither D, Baldwin BH, et al. Sustained efficacy and seroconversion with the Toll-like receptor 7 agonist GS-9620 in the Woodchuck model of chronic hepatitis B. J Hepatol. (2015) 62:1237–45. doi: 10.1016/j.jhep.2014.12.026

 67. Lanford RE, Guerra B, Chavez D, Giavedoni L, Hodara VL, Brasky KM, et al. GS-9620, an oral agonist of Toll-like receptor-7, induces prolonged suppression of hepatitis B virus in chronically infected chimpanzees. Gastroenterology. (2013) 144:1508–17:1517 e1501–10. doi: 10.1053/j.gastro.2013.02.003

 68. Niu C, Li L, Daffis S, Lucifora J, Bonnin M, Maadadi S, et al. Toll-like receptor 7 agonist GS-9620 induces prolonged inhibition of HBV via a type I interferon-dependent mechanism. J Hepatol. (2018) 68:922–31. doi: 10.1016/j.jhep.2017.12.007

 69. Korolowicz KE, Iyer RP, Czerwinski S, Suresh M, Yang J, Padmanabhan S, et al. Antiviral efficacy and host innate immunity associated with SB 9200 treatment in the woodchuck model of chronic hepatitis B. PLoS ONE. (2016) 11:e0161313. doi: 10.1371/journal.pone.0161313

 70. Suresh M, Korolowicz KE, Balarezo M, Iyer RP, Padmanabhan S, Cleary D, et al. Antiviral efficacy and host immune response induction during sequential treatment with SB 9200 followed by entecavir in woodchucks. PLoS ONE. (2017) 12:e0169631. doi: 10.1371/journal.pone.0169631

 71. Dansako H, Ueda Y, Okumura N, Satoh S, Sugiyama M, Mizokami M, et al. The cyclic GMP-AMP synthetase-STING signaling pathway is required for both the innate immune response against HBV and the suppression of HBV assembly. FEBS J. (2016) 283:144–56. doi: 10.1111/febs.13563

 72. He J, Hao R, Liu D, Liu X, Wu S, Guo S, et al. Inhibition of hepatitis B virus replication by activation of the cGAS-STING pathway. J Gen Virol. (2016) 97:3368–78. doi: 10.1099/jgv.0.000647

 73. Guo F, Han Y, Zhao X, Wang J, Liu F, Xu C, et al. STING agonists induce an innate antiviral immune response against hepatitis B virus. Antimicrob Agents Chemother. (2015) 59:1273–81. doi: 10.1128/AAC.04321-14

 74. Thomsen MK, Nandakumar R, Stadler D, Malo A, Valls RM, Wang F, et al. Lack of immunological DNA sensing in hepatocytes facilitates hepatitis B virus infection. Hepatology. (2016) 64:746–59. doi: 10.1002/hep.28685

 75. Guo F, Tang L, Shu S, Sehgal M, Sheraz M, Liu B, et al. Activation of stimulator of interferon genes in hepatocytes suppresses the replication of hepatitis B virus. Antimicrob Agents Chemother. (2017) 61:e00771–17. doi: 10.1128/AAC.00771-17

 76. Liu S, Zhao K, Su X, Lu L, Zhao H, Zhang X, et al. MITA/STING and its alternative splicing isoform MRP restrict hepatitis B virus replication. PLoS ONE. (2017) 12:e0169701. doi: 10.1371/journal.pone.0169701

 77. Suspene R, Guetard D, Henry M, Sommer P, Wain-Hobson S, Vartanian JP. Extensive editing of both hepatitis B virus DNA strands by APOBEC3 cytidine deaminases in vitro and in vivo. Proc Natl Acad Sci USA. (2005) 102:8321–6. doi: 10.1073/pnas.0408223102

 78. Nair S, Zlotnick A. Asymmetric modification of hepatitis B virus (HBV) genomes by an endogenous cytidine deaminase inside HBV cores informs a model of reverse transcription. J Virol. (2018) 92:e02190–17. doi: 10.1128/JVI.02190-17

 79. Chen Z, Eggerman TL, Bocharov AV, Baranova IN, Vishnyakova TG, Kurlander R, et al. Heat shock proteins stimulate APOBEC-3-mediated cytidine deamination in the hepatitis B virus. J Biol Chem. (2017) 292:13459–79. doi: 10.1074/jbc.M116.760637

 80. Lucifora J, Xia Y, Reisinger F, Zhang K, Stadler D, Cheng X, et al. Specific and nonhepatotoxic degradation of nuclear hepatitis B virus cccDNA. Science. (2014) 343:1221–8. doi: 10.1126/science.1243462

 81. Zeng Z, Kong X, Li F, Wei H, Sun R, Tian Z. IL-12-based vaccination therapy reverses liver-induced systemic tolerance in a mouse model of hepatitis B virus carrier. J Immunol. (2013) 191:4184–93. doi: 10.4049/jimmunol.1203449

 82. Bian Y, Zhang Z, Sun Z, Zhao J, Zhu D, Wang Y, et al. Vaccines targeting preS1 domain overcome immune tolerance in hepatitis B virus carrier mice. Hepatology. (2017) 66:1067–82. doi: 10.1002/hep.29239

 83. Maini MK, Boni C, Lee CK, Larrubia JR, Reignat S, Ogg GS, et al. The role of virus-specific CD8(+) cells in liver damage and viral control during persistent hepatitis B virus infection. J Exp Med. (2000) 191:1269–80. doi: 10.1084/jem.191.8.1269

 84. Heathcote J, Mchutchison J, Lee S, Tong M, Benner K, Minuk G, et al. A pilot study of the CY-1899 T-cell vaccine in subjects chronically infected with hepatitis B virus. The CY1899 T cell vaccine study group. Hepatology. (1999) 30:531–6. doi: 10.1002/hep.510300208

 85. Li J, Ge J, Ren S, Zhou T, Sun Y, Sun H, et al. Hepatitis B surface antigen (HBsAg) and core antigen (HBcAg) combine CpG oligodeoxynucletides as a novel therapeutic vaccine for chronic hepatitis B infection. Vaccine. (2015) 33:4247–54. doi: 10.1016/j.vaccine.2015.03.079

 86. Buchmann P, Dembek C, Kuklick L, Jager C, Tedjokusumo R, Von Freyend MJ, et al. A novel therapeutic hepatitis B vaccine induces cellular and humoral immune responses and breaks tolerance in hepatitis B virus (HBV) transgenic mice. Vaccine. (2013) 31:1197–203. doi: 10.1016/j.vaccine.2012.12.074

 87. Zhang TY, Yuan Q, Zhao JH, Zhang YL, Yuan LZ, Lan Y, et al. Prolonged suppression of HBV in mice by a novel antibody that targets a unique epitope on hepatitis B surface antigen. Gut. (2016) 65:658–71. doi: 10.1136/gutjnl-2014-308964

 88. Gao Y, Zhang TY, Yuan Q, Xia NS. Antibody-mediated immunotherapy against chronic hepatitis B virus infection. Hum Vaccin Immunother. (2017) 13:1768–73. doi: 10.1080/21645515.2017.1319021

 89. Lu M, Menne S, Yang D, Xu Y, Roggendorf M. Immunomodulation as an option for the treatment of chronic hepatitis B virus infection: preclinical studies in the woodchuck model. Expert Opin Investig Drugs. (2007) 16:787–801. doi: 10.1517/13543784.16.6.787

 90. Cova L. Advances and challenges in the development of therapeutic DNA vaccines against hepatitis B virus infection. Curr Gene Ther. (2014) 14:149–60. doi: 10.2174/1566523214666140509102644

 91. Kosinska AD, Liu J, Lu M, Roggendorf M. Therapeutic vaccination and immunomodulation in the treatment of chronic hepatitis B: preclinical studies in the woodchuck. Med Microbiol Immunol. (2015) 204:103–14. doi: 10.1007/s00430-014-0379-5

 92. Zhang E, Kosinska A, Lu M, Yan H, Roggendorf M. Current status of immunomodulatory therapy in chronic hepatitis B, fifty years after discovery of the virus: Search for the “magic bullet” to kill cccDNA. Antiviral Res. (2015) 123:193–203. doi: 10.1016/j.antiviral.2015.10.009

 93. Cova L. Present and future DNA vaccines for chronic hepatitis B treatment. Expert Opin Biol Ther. (2017) 17:185–95. doi: 10.1080/14712598.2017.1265940

 94. Michel ML, Davis HL, Schleef M, Mancini M, Tiollais P, Whalen RG. DNA-mediated immunization to the hepatitis B surface antigen in mice: aspects of the humoral response mimic hepatitis B viral infection in humans. Proc Natl Acad Sci USA. (1995) 92:5307–11. doi: 10.1073/pnas.92.12.5307

 95. Schirmbeck R, Bohm W, Ando K, Chisari FV, Reimann J. Nucleic acid vaccination primes hepatitis B virus surface antigen-specific cytotoxic T lymphocytes in nonresponder mice. J Virol. (1995) 69:5929–34. doi: 10.1128/JVI.69.10.5929-5934.1995

 96. Geissler M, Schirmbeck R, Reimann J, Blum HE, Wands JR. Cytokine and hepatitis B virus DNA co-immunizations enhance cellular and humoral immune responses to the middle but not to the large hepatitis B virus surface antigen in mice. Hepatology. (1998) 28:202–10. doi: 10.1002/hep.510280126

 97. Lu M, Yao X, Xu Y, Lorenz H, Dahmen U, Chi H, et al. Combination of an antiviral drug and immunomodulation against hepadnaviral infection in the woodchuck model. J Virol. (2008) 82:2598–603. doi: 10.1128/JVI.01613-07

 98. Kosinska AD, Zhang E, Johrden L, Liu J, Seiz PL, Zhang X, et al. Combination of DNA prime–adenovirus boost immunization with entecavir elicits sustained control of chronic hepatitis B in the woodchuck model. PLoS Pathog. (2013) 9:e1003391. doi: 10.1371/journal.ppat.1003391

 99. Kosinska AD, Johrden L, Zhang E, Fiedler M, Mayer A, Wildner O, et al. DNA prime-adenovirus boost immunization induces a vigorous and multifunctional T-cell response against hepadnaviral proteins in the mouse and woodchuck model. J Virol. (2012) 86:9297–310. doi: 10.1128/JVI.00506-12

 100. Liu J, Zhang E, Ma Z, Wu W, Kosinska A, Zhang X, et al. Enhancing virus-specific immunity in vivo by combining therapeutic vaccination and PD-L1 blockade in chronic hepadnaviral infection. PLoS Pathog. (2014) 10:e1003856. doi: 10.1371/journal.ppat.1003856

 101. Chuai X, Xie B, Chen H, Tan X, Wang W, Huang B, et al. The immune response of rhesus macaques to novel vaccines comprising hepatitis B virus S, PreS1, and Core antigens. Vaccine. (2018) 36:3740–6. doi: 10.1016/j.vaccine.2018.05.061

 102. Moshkani S, Chiale C, Lang SM, Rose JK, Robek MD. A highly attenuated vesicular stomatitis virus-based vaccine platform controls hepatitis B virus replication in mouse models of hepatitis B. J Virol. (2019) 93:e01586–18. doi: 10.1128/JVI.01586-18

 103. Bertoletti A, Tan AT, Koh S. T-cell therapy for chronic viral hepatitis. Cytotherapy. (2017) 19:1317–24. doi: 10.1016/j.jcyt.2017.07.011

 104. Isogawa M, Chung J, Murata Y, Kakimi K, Chisari FV. CD40 activation rescues antiviral CD8(+) T cells from PD-1-mediated exhaustion. PLoS Pathog. (2013) 9:e1003490. doi: 10.1371/journal.ppat.1003490

 105. Akbar SM, Furukawa S, Horiike N, Abe M, Hiasa Y, Onji M. Safety and immunogenicity of hepatitis B surface antigen-pulsed dendritic cells in patients with chronic hepatitis B. J Viral Hepat. (2011) 18:408–14. doi: 10.1111/j.1365-2893.2010.01320.x

 106. Akbar SM, Chen S, Al-Mahtab M, Abe M, Hiasa Y, Onji M. Strong and multi-antigen specific immunity by hepatitis B core antigen (HBcAg)-based vaccines in a murine model of chronic hepatitis B: HBcAg is a candidate for a therapeutic vaccine against hepatitis B virus. Antiviral Res. (2012) 96:59–64. doi: 10.1016/j.antiviral.2012.07.011

 107. Zhang Q, Liu XY, Zhang T, Zhang XF, Zhao L, Long F, et al. The dual-functional capability of cytokine-induced killer cells and application in tumor immunology. Hum Immunol. (2015) 76:385–91. doi: 10.1016/j.humimm.2014.09.021

 108. Gao X, Mi Y, Guo N, Xu H, Xu L, Gou X, et al. Cytokine-induced killer cells as pharmacological tools for cancer immunotherapy. Front Immunol. (2017) 8:774. doi: 10.3389/fimmu.2017.00774

 109. Mu Y, Zhou CH, Chen SF, Ding J, Zhang YX, Yang YP, et al. Effectiveness and safety of chemotherapy combined with cytokine-induced killer cell /dendritic cell-cytokine-induced killer cell therapy for treatment of gastric cancer in China: a systematic review and meta-analysis. Cytotherapy. (2016) 18:1162–77. doi: 10.1016/j.jcyt.2016.05.015

 110. Schmidt J, Eisold S, Buchler MW, Marten A. Dendritic cells reduce number and function of CD4+CD25+ cells in cytokine-induced killer cells derived from patients with pancreatic carcinoma. Cancer Immunol Immunother. (2004) 53:1018–26. doi: 10.1007/s00262-004-0554-4

 111. Jacobi FJ, Wild K, Smits M, Zoldan K, Csernalabics B, Flecken T, et al. OX40 stimulation and PD-L1 blockade synergistically augment HBV-specific CD4 T cells in patients with HBeAg-negative infection. J Hepatol. (2019) 70:1103–13. doi: 10.1016/j.jhep.2019.02.016

 112. Fuller MJ, Callendret B, Zhu B, Freeman GJ, Hasselschwert DL, Satterfield W, et al. Immunotherapy of chronic hepatitis C virus infection with antibodies against programmed cell death-1 (PD-1). Proc Natl Acad Sci USA. (2013) 110:15001–6. doi: 10.1073/pnas.1312772110

 113. 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. (2014) 61:1212–9. doi: 10.1016/j.jhep.2014.07.005

 114. Kumar S, Naqvi RA, Khanna N, Pathak P, Rao DN. Th3 immune responses in the progression of leprosy via molecular cross-talks of TGF-beta, CTLA-4 and Cbl-b. Clin Immunol. (2011) 141:133–42. doi: 10.1016/j.clim.2011.06.007

 115. Wu W, Shi Y, Li S, Zhang Y, Liu Y, Wu Y, et al. Blockade of Tim-3 signaling restores the virus-specific CD8(+) T-cell response in patients with chronic hepatitis B. Eur J Immunol. (2012) 42:1180–91. doi: 10.1002/eji.201141852

 116. Loggi E, Gamal N, Bihl F, Bernardi M, Andreone P. Adaptive response in hepatitis B virus infection. J Viral Hepat. (2014) 21:305–13. doi: 10.1111/jvh.12255

 117. Tan A, Koh S, Bertoletti A. Immune response in hepatitis B virus infection. Cold Spring Harb Perspect Med. (2015) 5:a021428. doi: 10.1101/cshperspect.a021428

 118. Bohne F, Chmielewski M, Ebert G, Wiegmann K, Kurschner T, Schulze A, et al. T cells redirected against hepatitis B virus surface proteins eliminate infected hepatocytes. Gastroenterology. (2008) 134:239–47. doi: 10.1053/j.gastro.2007.11.002

 119. Gehring AJ, Xue SA, Ho ZZ, Teoh D, Ruedl C, Chia A, et al. Engineering virus-specific T cells that target HBV infected hepatocytes and hepatocellular carcinoma cell lines. J Hepatol. (2011) 55:103–10. doi: 10.1016/j.jhep.2010.10.025

 120. Dai H, Wang Y, Lu X, Han W. Chimeric antigen receptors modified T-cells for cancer therapy. J Natl Cancer Inst. (2016) 108:djv439. doi: 10.1093/jnci/djv439

 121. Krebs K, Bottinger N, Huang LR, Chmielewski M, Arzberger S, Gasteiger G, et al. T cells expressing a chimeric antigen receptor that binds hepatitis B virus envelope proteins control virus replication in mice. Gastroenterology. (2013) 145:456–65. doi: 10.1053/j.gastro.2013.04.047

 122. Kah J, Koh S, Volz T, Ceccarello E, Allweiss L, Lutgehetmann M, et al. Lymphocytes transiently expressing virus-specific T cell receptors reduce hepatitis B virus infection. J Clin Invest. (2017) 127:3177–88. doi: 10.1172/JCI93024

 123. Kruse RL, Shum T, Tashiro H, Barzi M, Yi Z, Whitten-Bauer C, et al. HBsAg-redirected T cells exhibit antiviral activity in HBV-infected human liver chimeric mice. Cytotherapy. (2018) 20:697–705. doi: 10.1016/j.jcyt.2018.02.002

 124. Festag MM, Festag J, Frassle SP, Asen T, Sacherl J, Schreiber S, et al. Evaluation of a fully human, hepatitis B virus-specific chimeric antigen receptor in an immunocompetent mouse model. Mol Ther. (2019) 27:947–59. doi: 10.1016/j.ymthe.2019.02.001

 125. Koh S, Tham CYL, Tanoto AT, Pavesi A, Kamm RD, Bertoletti A. Engineered Hbv-specific T cells: disentangling antiviral from killing capacity. J Hepatol. (2015) 62:S188. doi: 10.1016/S0168-8278(15)30005-2

 126. Gaggar A, Coeshott C, Apelian D, Rodell T, Armstrong BR, Shen G, et al. Safety, tolerability and immunogenicity of GS-4774, a hepatitis B virus-specific therapeutic vaccine, in healthy subjects: a randomized study. Vaccine. (2014) 32:4925–31. doi: 10.1016/j.vaccine.2014.07.027

 127. Lok AS, Pan CQ, Han SH, Trinh HN, Fessel WJ, Rodell T, et al. Randomized phase II study of GS-4774 as a therapeutic vaccine in virally suppressed patients with chronic hepatitis B. J Hepatol. (2016) 65:509–16. doi: 10.1016/j.jhep.2016.05.016

 128. Boni C, Janssen HLA, Rossi M, Yoon SK, Vecchi A, Barili V, et al. Combined GS-4774 and tenofovir therapy can improve HBV-specific T-cell responses in patients with chronic hepatitis. Gastroenterology. (2019) 157:227–41 e227. doi: 10.1053/j.gastro.2019.03.044

 129. Spellman M, Martin JT. Treatment of chronic hepatitis B infection with Dv-601, a therapeutic vaccine. J Hepatol. (2011) 54:S302. doi: 10.1016/S0168-8278(11)60753-8

 130. Al Mahtab M, Akbar SMF. Treatment of chronic hepatitis B naive patients with a therapeutic vaccine containing HBs and HBc antigens (a randomized, open and treatment controlled phase III clinical trial). (2018) 13:e0201236. doi: 10.1371/journal.pone.0201236

 131. Lim Y-S, Mutimer D, Heo J, Tak WY, Rosenberg W, Kukjang B, et al. PS-078-A phase 1b evaluation of HepTcell HBV-specific immunotherapy in nuc-controlled, eAg negative chronic HBV infection. J Hepatol. (2019) 70:e50–1. doi: 10.1016/S0618-8278(19)30090-8

 132. Mancini-Bourgine M, Fontaine H, Scott-Algara D, Pol S, Brechot C, Michel ML. Induction or expansion of T-cell responses by a hepatitis B DNA vaccine administered to chronic HBV carriers. Hepatology. (2004) 40:874–82. doi: 10.1002/hep.20408

 133. Mancini-Bourgine M, Fontaine H, Brechot C, Pol S, Michel ML. Immunogenicity of a hepatitis B DNA vaccine administered to chronic HBV carriers. Vaccine. (2006) 24:4482–9. doi: 10.1016/j.vaccine.2005.08.013

 134. Ibironke A, Alen J, Thomas B, Florian vB, Dirk K, Christiane V, et al. FRI-199-First in Human, single ascending dose clinical trial of AIC649 in patients with chronic hepatitis. J Hepatol. (2019) 70:e478–9. doi: 10.1016/S0618-8278(19)30944-2

 135. Agarwal K, Ahn SH, Elkhashab M, Lau AH, Gaggar A, Bulusu A, et al. Safety and efficacy of vesatolimod (GS-9620) in patients with chronic hepatitis B who are not currently on antiviral treatment. J Viral Hepat. (2018) 25:1331–40. doi: 10.1111/jvh.12942

 136. Janssen HLA, Brunetto MR, Kim YJ, Ferrari C, Massetto B, Nguyen AH, et al. Safety, efficacy and pharmacodynamics of vesatolimod (GS-9620) in virally suppressed patients with chronic hepatitis B. J Hepatol. (2018) 68:431–40. doi: 10.1016/j.jhep.2017.10.027

 137. Gane E, Pastagia M, Creus AD, Schwabe C, Vandenbossche J, Slaets L, et al. FRI-198-A Phase, double-blind, randomized, placebo-controlled, first-in-human study of the safety, tolerability, pharmacokinetics and pharmacodynamics of oral JNJ-64794964, a toll-like receptor-7 agonist, in healthy adults. J Hepatol. (2019) 70:e478. doi: 10.1016/S0618-8278(19)30943-0

 138. Gane E, Verdon DJ, Brooks AE, Gaggar A, Nguyen AH, Subramanian GM, et al. Anti-PD-1 blockade with nivolumab with and without therapeutic vaccination for virally suppressed chronic hepatitis b: a pilot study. J Hepatol. (2019) 71:900–7. doi: 10.1016/j.jhep.2019.06.028

 139. Betancourt AA, Delgado CA, Estevez ZC, Martinez JC, Rios GV, Aureoles-Rosello SR, et al. Phase I clinical trial in healthy adults of a nasal vaccine candidate containing recombinant hepatitis B surface and core antigens. Int J Infect Dis. (2007) 11:394–401. doi: 10.1016/j.ijid.2006.09.010

 140. Yao X, Zheng B, Zhou J, Xu DZ, Zhao K, Sun SH, et al. Therapeutic effect of hepatitis B surface antigen-antibody complex is associated with cytolytic and non-cytolytic immune responses in hepatitis B patients. Vaccine. (2007) 25:1771–9. doi: 10.1016/j.vaccine.2006.11.019

 141. Xu DZ, Zhao K, Guo LM, Li LJ, Xie Q, Ren H, et al. A randomized controlled phase IIb trial of antigen-antibody immunogenic complex therapeutic vaccine in chronic hepatitis B patients. PLoS ONE. (2008) 3:e2565. doi: 10.1371/annotation/8b913538-74f4-4560-b700-0936a8e35847

 142. Xu DZ, Wang XY, Shen XL, Gong GZ, Ren H, Guo LM, et al. Results of a phase III clinical trial with an HBsAg-HBIG immunogenic complex therapeutic vaccine for chronic hepatitis B patients: experiences and findings. J Hepatol. (2013) 59:450–6. doi: 10.1016/j.jhep.2013.05.003

 143. Zhou C, Li C, Gong GZ, Wang S, Zhang JM, Xu DZ, et al. Analysis of immunological mechanisms exerted by HBsAg-HBIG therapeutic vaccine combined with Adefovir in chronic hepatitis B patients. Hum Vaccin Immunother. (2017) 13:1989–96. doi: 10.1080/21645515.2017.1335840

 144. Yang SH, Lee CG, Park SH, Im SJ, Kim YM, Son JM, et al. Correlation of antiviral T-cell responses with suppression of viral rebound in chronic hepatitis B carriers: a proof-of-concept study. Gene Ther. (2006) 13:1110–7. doi: 10.1038/sj.gt.3302751

 145. Martin P, Dubois C, Jacquier E, Dion S, Mancini-Bourgine M, Godon O, et al. TG1050, an immunotherapeutic to treat chronic hepatitis B, induces robust T cells and exerts an antiviral effect in HBV-persistent mice. Gut. (2015) 64:1961–71. doi: 10.1136/gutjnl-2014-308041

 146. Zoulim F, Fournier C, Habersetzer F, Sprinzl M, Pol S, Coffin CS, et al. Safety and immunogenicity of the therapeutic vaccine TG1050 in chronic hepatitis B patients: a phase 1b placebo-controlled trial. Hum Vaccin Immunother. (2019). doi: 10.1080/21645515.2019.1651141. [Epub ahead of print]. 

 147. Gane EJ, Lim YS, Gordon SC, Visvanathan K, Sicard E, Fedorak RN, et al. The oral toll-like receptor-7 agonist GS-9620 in patients with chronic hepatitis B virus infection. J Hepatol. (2015) 63:320–8. doi: 10.1016/j.jhep.2015.02.037

 148. Boni C, Vecchi A, Rossi M, Laccabue D, Giuberti T, Alfieri A, et al. TLR7 agonist increases responses of hepatitis B virus-specific T cells and natural killer cells in patients with chronic hepatitis B treated with Nucleos(T)Ide analogues. Gastroenterology. (2018) 154:1764–77 e1767. doi: 10.1053/j.gastro.2018.01.030

 149. Paulsen D, Weber O, Ruebsamen-Schaeff H, Tennant BC, Menne S. AIC649 induces a Bi-Phasic treatment response in the woodchuck model of chronic hepatitis B. PLoS ONE. (2015) 10:e0144383. doi: 10.1371/journal.pone.0144383

 150. Sun HH, Zhou DF, Zhou JY. The role of DCs in the immunopathogenesis of chronic HBV infection and the methods of inducing DCs maturation. J Med Virol. (2016) 88:13–20. doi: 10.1002/jmv.24306

 151. Ma YJ, He M, Han JA, Yang L, Ji XY. A clinical study of HBsAg-activated dendritic cells and cytokine-induced killer cells during the treatment for chronic hepatitis B. Scand J Immunol. (2013) 78:387–93. doi: 10.1111/sji.12097

 152. Shi M, Fu J, Shi F, Zhang B, Tang Z, Jin L, et al. Transfusion of autologous cytokine-induced killer cells inhibits viral replication in patients with chronic hepatitis B virus infection. Clin Immunol. (2009) 132:43–54. doi: 10.1016/j.clim.2009.03.001

 153. Marcellin P, Lau GK, Bonino F, Farci P, Hadziyannis S, Jin R, et al. Peginterferon alfa-2a alone, lamivudine alone, and the two in combination in patients with HBeAg-negative chronic hepatitis B. N Engl J Med. (2004) 351:1206–17. doi: 10.1056/NEJMoa040431

 154. Lau GK, Piratvisuth T, Luo KX, Marcellin P, Thongsawat S, Cooksley G, et al. Peginterferon Alfa-2a, lamivudine, and the combination for HBeAg-positive chronic hepatitis B. N Engl J Med. (2005) 352:2682–95. doi: 10.1056/NEJMoa043470

 155. Hu P, Shang J, Zhang W, Gong G, Li Y, Chen X, et al. HBsAg loss with peg-interferon Alfa-2a in hepatitis B patients with partial response to Nucleos(t)ide analog: new switch study. J Clin Transl Hepatol. (2018) 6:25–34. doi: 10.14218/JCTH.2017.00072

 156. Phillips S, Mistry S, Riva A, Cooksley H, Hadzhiolova-Lebeau T, Plavova S, et al. Peg-interferon lambda treatment induces robust innate and adaptive immunity in chronic hepatitis B patients. Front Immunol. (2017) 8:621. doi: 10.3389/fimmu.2017.00621

 157. Koh C, Da BL, Glenn JS. HBV/HDV coinfection: a challenge for therapeutics. Clin Liver Dis. (2019) 23:557–72. doi: 10.1016/j.cld.2019.04.005

 158. Guidotti LG, Ishikawa T, Hobbs MV, Matzke B, Schreiber R, Chisari FV. Intracellular inactivation of the hepatitis B virus by cytotoxic T lymphocytes. Immunity. (1996) 4:25–36. doi: 10.1016/S1074-7613(00)80295-2

 159. Schirmbeck R, Zheng X, Roggendorf M, Geissler M, Chisari FV, Reimann J, et al. Targeting murine immune responses to selected T cell- or antibody-defined determinants of the hepatitis B surface antigen by plasmid DNA vaccines encoding chimeric antigen. J Immunol. (2001) 166:1405–13. doi: 10.4049/jimmunol.166.2.1405

 160. Wu J, Huang S, Zhao X, Chen M, Lin Y, Xia Y, et al. Poly(I:C) treatment leads to interferon-dependent clearance of hepatitis B virus in a hydrodynamic injection mouse model. J Virol. (2014) 88:10421–31. doi: 10.1128/JVI.00996-14

 161. Hong M, Bertoletti A. Tolerance and immunity to pathogens in early life: insights from HBV infection. Semin Immunopathol. (2017) 39:643–52. doi: 10.1007/s00281-017-0641-1

 162. Kennedy PTF, Sandalova E, Jo J, Gill U, Ushiro-Lumb I, Tan AT, et al. Preserved T-cell function in children and young adults with immune-tolerant chronic hepatitis B. Gastroenterology. (2012) 143:637–45. doi: 10.1053/j.gastro.2012.06.009

 163. Vo M, Holz LE, Wong YC, English K, Benseler V, Mcguffog C, et al. Effector T cell function rather than survival determines extent and duration of hepatitis in mice. J Hepatol. (2016) 64:1327–38. doi: 10.1016/j.jhep.2016.01.040

 164. Cebula M, Riehn M, Hillebrand U, Kratzer RF, Kreppel F, Koutsoumpli G, et al. TLR9-mediated conditioning of liver environment is essential for successful intrahepatic immunotherapy and effective memory recall. Mol Ther. (2017) 25:2289–98. doi: 10.1016/j.ymthe.2017.06.018

 165. Huang S, Zou S, Chen M, Gao X, Chen L, Yang X, et al. Local stimulation of liver sinusoidal endothelial cells with a NOD1 agonist activates T cells and suppresses hepatitis B virus replication in mice. J Immunol. (2018) 200:3170–9. doi: 10.4049/jimmunol.1700921

 166. Neyt K, Perros F, Geurtsvankessel CH, Hammad H, Lambrecht BN. Tertiary lymphoid organs in infection and autoimmunity. Trends Immunol. (2012) 33:297–305. doi: 10.1016/j.it.2012.04.006

 167. Huang LR, Wohlleber D, Reisinger F, Jenne CN, Cheng RL, Abdullah Z, et al. Intrahepatic myeloid-cell aggregates enable local proliferation of CD8(+) T cells and successful immunotherapy against chronic viral liver infection. Nat Immunol. (2013) 14:574–83. doi: 10.1038/ni.2573

 168. Li L, Barry V, Daffis S, Niu C, Huntzicker E, French DM, et al. Anti-HBV response to toll-like receptor 7agonist GS-9620 is associated with intrahepatic aggregates of T cells and B cells. J Hepatol. (2018) 68:912–21. doi: 10.1016/j.jhep.2017.12.008

 169. Peppa D, Gill US, Reynolds G, Easom NJ, Pallett LJ, Schurich A, et al. Up-regulation of a death receptor renders antiviral T cells susceptible to NK cell-mediated deletion. J Exp Med. (2013) 210:99–114. doi: 10.1084/jem.20121172

 170. Tian Z, Chen Y, Gao B. Natural killer cells in liver disease. Hepatology. (2013) 57:1654–62. doi: 10.1002/hep.26115

 171. Micco L, Peppa D, Loggi E, Schurich A, Jefferson L, Cursaro C, et al. Differential boosting of innate and adaptive antiviral responses during pegylated-interferon-alpha therapy of chronic hepatitis B. J Hepatol. (2013) 58:225–33. doi: 10.1016/j.jhep.2012.09.029

 172. Stelma F, De Niet A, Tempelmans Plat-Sinnige MJ, Jansen L, Takkenberg RB, Reesink HW, et al. Natural killer cell characteristics in patients with chronic Hepatitis B Virus (HBV) infection are associated with HBV surface antigen clearance after combination treatment with pegylated interferon Alfa-2a and Adefovir. J Infect Dis. (2015) 212:1042–51. doi: 10.1093/infdis/jiv180

 173. Li F, Wei H, Wei H, Gao Y, Xu L, Yin W, et al. Blocking the natural killer cell inhibitory receptor NKG2A increases activity of human natural killer cells and clears hepatitis B virus infection in mice. Gastroenterology. (2013) 144:392–401. doi: 10.1053/j.gastro.2012.10.039

 174. Burton AR, Pallett LJ, Mccoy LE, Suveizdyte K, Amin OE, Swadling L, et al. Circulating and intrahepatic antiviral B cells are defective in hepatitis B. J Clin Invest. (2018) 128:4588–603. doi: 10.1172/JCI121960

 175. Salimzadeh L, Le Bert N, Dutertre CA, Gill US, Newell EW, Frey C, et al. PD-1 blockade partially recovers dysfunctional virus-specific B cells in chronic hepatitis B infection. J Clin Invest. (2018) 128:4573–87. doi: 10.1172/JCI121957

 176. Le Bert N, Salimzadeh L, Gill US, Dutertre CA, Facchetti F, Tan A, et al. Comparative characterization of B cells specific for HBV nucleocapsid and envelope proteins in patients with chronic hepatitis B. J Hepatol. (2019) 72:34–44. doi: 10.1016/j.jhep.2019.07.015

 177. Ma Z, Zhang E, Gao S, Xiong Y, Lu M. Toward a functional cure for hepatitis B: the rationale and challenges for therapeutic targeting of the B cell immune response. Front Immunol. (2019) 10:2308. doi: 10.3389/fimmu.2019.02308

 178. Zhang Z, Wang C, Liu Z, Zou G, Li J, Lu M. Host genetic determinants of hepatitis B virus infection. Front Genet. (2019) 10:696. doi: 10.3389/fgene.2019.00696

 179. Zhou L, Ren JH, Cheng ST, Xu HM, Chen WX, Chen DP, et al. A functional variant in ubiquitin conjugating enzyme E2 L3 contributes to hepatitis B virus infection and maintains covalently closed circular DNA stability by inducing degradation of apolipoprotein B mRNA editing enzyme catalytic subunit 3A. Hepatology. (2019) 69:1885–902. doi: 10.1002/hep.30497

 180. Liu H, Li F, Zhang X, Yu J, Wang J, Jia J, et al. Differentially expressed intrahepatic genes contribute to control of hepatitis B virus replication in the inactive carrier phase. J Infect Dis. (2018) 217:1044–54. doi: 10.1093/infdis/jix683

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Meng, Chen and Lu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	REVIEW
published: 12 May 2020
doi: 10.3389/fimmu.2020.00849





[image: image]

Pathogenetic Mechanisms of T Cell Dysfunction in Chronic HBV Infection and Related Therapeutic Approaches

Paola Fisicaro1,2†, Valeria Barili1,2†, Marzia Rossi1,2, Ilaria Montali1, Andrea Vecchi1, Greta Acerbi1,2, Diletta Laccabue1, Alessandra Zecca1, Amalia Penna1, Gabriele Missale1,2, Carlo Ferrari1,2 and Carolina Boni1*

1Laboratory of Viral Immunopathology, Unit of Infectious Diseases and Hepatology, Azienda Ospedaliero-Universitaria di Parma, Parma, Italy

2Department of Medicine and Surgery, University of Parma, Parma, Italy

Edited by:
Seung Kew Yoon, The Catholic University of Korea, South Korea

Reviewed by:
Claudia Feriotti, Queen’s University Belfast, United Kingdom
Kyong-Mi Chang, University of Pennsylvania, United States

*Correspondence: Carolina Boni, cboni@ao.pr.it

†These authors have contributed equally to this work

Specialty section: This article was submitted to Viral Immunology, a section of the journal Frontiers in Immunology

Received: 12 November 2019
Accepted: 14 April 2020
Published: 12 May 2020

Citation: Fisicaro P, Barili V, Rossi M, Montali I, Vecchi A, Acerbi G, Laccabue D, Zecca A, Penna A, Missale G, Ferrari C and Boni C (2020) Pathogenetic Mechanisms of T Cell Dysfunction in Chronic HBV Infection and Related Therapeutic Approaches. Front. Immunol. 11:849. doi: 10.3389/fimmu.2020.00849

A great effort of research has been devoted in the last few years to developing new anti-HBV therapies of finite duration that also provide effective sustained control of virus replication and antigen production. Among the potential therapeutic strategies, immune-modulation represents a promising option to cure HBV infection and the adaptive immune response is a rational target for novel therapeutic interventions, in consideration of the key role played by T cells in the control of virus infections. HBV-specific T cells are severely dysfunctional in chronic HBV infection as a result of several inhibitory mechanisms which are simultaneously active within the chronically inflamed liver. Indeed, the liver is a tolerogenic organ harboring different non-parenchymal cell populations which can serve as antigen presenting cells (APC) but are poorly efficient in effector T cell priming, with propensity to induce T cell tolerance rather than T cell activation, because of a poor expression of co-stimulatory molecules, up-regulation of the co-inhibitory ligands PD-L1 and PD-L2 upon IFN stimulation, and production of immune regulatory cytokines, such as IL10 and TGF-β. They include resident dendritic cells (DCs), comprising myeloid and plasmacytoid DCs, liver sinusoidal endothelial cells (LSECs), Kupffer cells (KCs), hepatic stellate cells (HSCs) as well as the hepatocytes themselves. Additional regulatory mechanisms which contribute to T cell attrition in the chronically infected liver are the high levels of soluble mediators, such as arginase, indoleamine 2,3-dioxygenase (IDO) and suppressive cytokines, the up-regulation of inhibitory checkpoint receptor/ligand pairs, the expansion of regulatory cells, such as CD4+FOXp3+ Treg cells, myeloid-derived suppressor cells and NK cells. This review will deal with the interactions between immune cells and liver environment discussing the different mechanisms which contribute to T cell dysfunction in chronic hepatitis B, some of which are specifically activated in HBV infection and others which are instead common to chronic inflammatory liver diseases in general. Therapeutic interventions targeting dysregulated pathways and cellular functions will be also delineated.
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INTRODUCTION

Chronic HBV infections remain a major public health problem worldwide (1). Currently, there are no curative treatments and available therapies are effective in inhibiting HBV replication, but are of limited efficacy on cccDNA and HBsAg concentrations, thereby requiring long-lasting administrations to avoid the risk of HBV reactivation at withdrawal (2–4). In the search for more effective therapies, possible candidates are compounds with direct anti-viral or immune modulatory activity. The latter strategy is supported by the evidence of dysfunctional innate and adaptive immune responses in chronic active hepatitis B (CHB), which contribute to HBV persistence (5, 6). Recent studies unveiled a number of altered regulatory mechanisms which are key for the impairment of anti-viral immune responses in chronic infections, involving different cellular populations of the immune system, suppressive soluble mediators, up-regulation of co-inhibitory molecules (7, 8). Most of these inhibitory mechanisms take place within the liver which is a tolerogenic organ that must prevent excessive immune responses against pathogens and antigens derived from the gut, to protect the host against severe immune-mediated damage (8). The tolerogenic properties of the liver are further enhanced by chronic inflammation which can trigger several regulatory mechanisms that make T cell exhaustion in HBV infection particularly severe, allowing HBV to acquire survival advantage over the immune system and to persist in the infected host.

This review will elucidate the relationship between adaptive anti-viral immune responses and the different virus- and host-related mechanisms particularly active within the chronically inflamed liver which favor HBV persistence. We will focus on: (i) T cell dysfunction, including up-regulation of co-inhibitory signaling pathways, metabolic alterations, apoptotic cell death and phenotypic/functional heterogeneity of HBV-specific T cells; (ii) the effect of the persistent exposure of immune cells to high antigen loads; (iii) the features of the liver environment, comprising tolerogenic antigen presenting cells (APC), suppressive soluble factors, local induction of suppressive regulatory cells; (iv) potential immune-therapeutic strategies based on functional T cell reconstitution.



T CELL EXHAUSTION IN HEPATITIS B

During chronic HBV infections virus-specific T-cells appear deeply exhausted (5). Both CD8 and CD4 T cells, up-regulate co-inhibitory receptors which can inhibit the T cell function upon cross linking of their corresponding ligands (9–16). Overexpression of such co-inhibitory molecules was originally described in exhausted T cells from LCMV-chronically infected mice (17, 18), although up-regulation of inhibitory receptors is known to play a physiological role in the contraction of effector acute phase responses to avoid excessive immune pathology and autoimmune disorders. Indeed, during acute, self-limited HBV infection activated functional effector T cells display high PD-1 levels, as expression of activation, which tend to decrease during the recovery phase (9, 19–22) (Figure 1). However, in the setting of virus persistence, chronic antigen stimulation leads to the sustained expression of inhibitory receptors in association with T cell dysfunction (23). Liver-infiltrating HBV-specific T cells show maximal up-regulation of PD-1 and to a lesser extent of other co-inhibitory receptors, such as 2B4, LAG3, and CD160 (10, 11, 24) (Figure 1). On the other hand, overexpression of several checkpoint ligands, such as PD-L1 and galectin-9, has been observed on circulating and intrahepatic antigen-presenting cells and on liver resident Kupffer cells (KCs), respectively (14, 25, 26). Mechanistically, PD-1 engagement causes the de-phosphorylation of the costimulatory receptor CD28 and of other TCR-associated components, thereby leading to the attenuation of the corresponding signaling and to up-regulation of inhibitory genes (27–30). Moreover, PD-1 and CTLA-4 signalings also intervene in T cell metabolism, by inhibiting glycolysis (31).
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FIGURE 1. Relationship between antigen persistence and anti-viral T cell responses in the liver. Priming of naïve CD8 T cells can occur in lymph nodes (LNs) or within the liver. In the lymph nodes naïve CD8 T cells differentiate into functional effectors; after migration to the liver, if the majority of hepatocytes are infected and express high antigen levels, virus-specific CD8 T cells undergo functional impairment or physical deletion. Some specific features of exhausted HBV-specific CD8 T cells are the over-expression of multiple inhibitory receptors and pro-apoptotic molecules, CD3ζ chain down-regulation and various metabolic alterations (left panel). If only a minor proportion of liver cells express limited amounts of viral antigens, virus specific CD8 cells can maintain efficient anti-viral activity and can promote virus control and antigen clearance (right panel). This model of T cell activation derives form studies performed in mouse models of HBV infection, but no definitive evidence is available in human infection to confirm that induction of functionally efficient effector CD8 T cells is driven by the amount of antigen (number of infected hepatocytes and amount of antigen expressed by individual liver cells) and that decline of antigen can allow restoration of functionally efficient HBV-specific CD8 T cell responses.


Exhausted HBV-specific T cells have also been depicted as more prone to apoptosis, mediated by the up-regulation of the death receptor TRAIL-2 and the pro-apoptotic mediator BIM (32–34). They harbor dysfunctional mitochondria with an abnormally elevated ROS content, have a poor capacity to use oxidative phosphorylation but are instead strictly dependent on glycolysis to meet cell energy demands (35, 36) (Figure 1). The relevance of these metabolic defects to T cell exhaustion is confirmed by the effect of mitochondria-targeted anti-oxidant compounds in the reconstitution of the anti-viral T cell function in vitro (36).

As described for CD8 T cells in cancer and in other viral infections, also HBV-specific CD8 T cells from chronically infected patients are not a functionally homogeneous population of exhausted cells, because distinct T cell subsets with different degrees of dysfunction have been identified (37, 38). Moreover, different levels of exhaustion have been reported for T cell subsets of different HBV antigen specificity. Higher expression of exhaustion markers, associated with a lower expansion capacity has been reported for polymerase-specific compared to core-specific CD8 cells from chronic HBV patients with low viral load (39, 40). Such heterogeneity has been associated to variable levels of sensitivity to functional restoration treatments in other models of T cell exhaustion (41–46). Thus, analysis of CD8 T cell heterogeneity in individual chronic patients is worth being investigated as a possible tool to identify those patient populations that are more likely to respond to immune therapeutic interventions.

Inhibitory checkpoint blockade has been widely studied as a strategy for immune reconstitution in chronic HBV infection. Many in vitro studies showed that PD-1/PD-L1 blockade, alone or in combination with the manipulations of other pathways, can induce variable levels of improvement of both T and B cell responses, because high PD-1 levels have also been detected in dysfunctional HBV-specific B cells from chronic HBV patients (9–12, 14, 15, 24, 47–50). A reduction of the pro-apoptotic Bim molecule expression and an increase in cytokine-producing CD8 T cells have been observed upon CTLA-4 blockade (15) and manipulation of the 2B4 and Tim-3 pathways as well (14, 16). All different checkpoint modulation approaches, however, are not free of toxicities or immune-related adverse events, as reported in cancer patients (51–54). Moreover, additional limitations to the in vivo use of checkpoint inhibitors is the wide heterogeneity of T cell responses reported in vitro to this treatment (11), and the lack of simple predictors to identify with some level of accuracy those patients who could benefit from PD-1 blockade either alone or in association with other costimulatory (for example, CD137 or OX40 stimulation) (10, 48), or co-inhibitory (CTLA-4 or TIM-3) (14, 15), pathway manipulation. The in vitro study of HBV-specific T cell functionality cannot be widely used to predict response to therapeutic immune modulation in vivo because of its complexity and the need of a better standardization of functional assays. A much simpler possibility, which is being explored in different laboratories, consists in the use of phenotypic panels, including exhaustion and memory molecules, to study total, unfractionated T cells, in view of data indicating that exhaustion can partially affect also the overall CD4 and CD8 T cell populations. In this regard, the downregulation of CD3ζ and CD28 has been associated to functional defects in total non-antigen-specific CD8 T cells in vitro and in vivo in CHB patients with high viral load (55). Besides, a more recent investigation confirmed the presence of both HBV-specific and global T cell dysfunction mediated by multiple regulatory mechanisms, including overexpression of PD-1 and CTLA-4 by CD4 T cells (47). Moreover, additional studies have highlighted also the unconventional γδ T cell role in HBV pathogenesis both in acutely infected chimpanzees (56) and in acute and chronic patients (57). Despite some controversial findings (58–61), a recent report described innate-like phenotypes based on the expression of Tbet/Eomes, and reduced PD-1, in association with a functional alteration in circulating Vδ2 + γδ T cells during ALT flares in CHB patients (57).

In spite of the multifaceted nature of the immune dysfunction, an improvement of the virus-specific immunity has been detected in nucleoside analog (NUC)-treated chronically infected woodchucks upon the association of PD-L1 blockade with therapeutic DNA vaccination, leading to suppression of viral replication and anti-WHs antibody seroconversion in two out of three animals (62). In another study, a durable control of viremia and antigenemia was induced in 2 of 11 WHV-infected woodchucks when anti-PD-L1 was associated to NUC treatment (63).

In a recent study in human HBV infection a single dose anti-PD-1 (Nivolumab) was administered to NUC treated, virally suppressed HBeAg negative chronic HBV patients who were compared to NUC treated patients who received anti-PD-1 plus therapeutic vaccination. Reduction of HBsAg titers was detected only in a limited proportion of patients who received NUC combined with anti-PD-1, with a total and persistent HBsAg loss in only one of them. Remarkably, no severe adverse events were reported, but, disappointingly, no additional effect was observed on serum HBsAg concentrations as well as on strength and quality of anti-viral T cell responses in the cohort of patients treated also with therapeutic vaccination (64). Low dose and short time administration of anti-PD-1 in this study don’t allow, however, to draw definitive conclusions about possible future applications of this potential treatment.

In summary, in vitro data support the concept that only a proportion of patients should partially benefit from check-point blockade because only a limited percentage of patients respond in vitro and very rarely functional restoration involves simultaneously all important anti-viral cell-mediated immunological parameters. Moreover, in view of the multi-factorial nature of T cell exhaustion pathogenesis in HBV infection, the possibility to reconstitute T cell functionality with a single intervention selectively focused on immune check-points seems to be highly unlikely.

This conclusion is further reinforced by the recent finding that PD-1 blockade doesn’t allow complete correction of the specific epigenetic profiles which are associated with CD8 T cell exhaustion (65, 66). This finding gives theoretical supports to the concept that inhibition of the PD-1 pathway cannot allow persistent and complete correction of T cell dysfunction in chronic viral infections. Based on our present understanding of HBV-specific T cell exhaustion, PD-1/PD-L1 blockade should be likely seen as a possible adjuvant therapy to be used only in a selected group of HBV infected patients to improve T cell function and antigen responsiveness before the use of more specific HBV antigen-based therapies, such as vaccination with an appropriate antigenic composition. Moreover, the lack of an epigenetic effect provides the rationale for combining checkpoint blockade with epigenetic drugs, a therapeutic strategy already tested in the setting of anti-tumor immunotherapy.



PERSISTENT T CELL EXPOSURE TO HIGH VIRAL ANTIGEN CONCENTRATIONS

The amount of antigen expressed by liver cells is believed to influence the fate of effector CD8 cells but available data do not allow to draw definitive conclusions on this issue.

In vitro studies have addressed the interplay between infected hepatocytes and anti-viral T cells, showing the strengthening of the T cell function as antigen expression increases, suggesting that high viral antigen production is needed for efficient T-cell activation within the liver (67). On the same line, an antigen dose-dependent anti-viral T cell function increment has been observed also in an infectious HCV-hepatoma cell co-culture model, in which a cognate epitope expression threshold has been investigated, indicating a peptide concentration range for effector T cell activation (68). Also the effector:target ratio has been shown to modulate the HCV-specific T cell function in an HCV replicon system, with non-cytolytic mechanisms prevailing at lower ratio values (69). However, as in vivo high antigen loads are associated to co-inhibitory receptor/ligand overexpression, when PD-L1 expressing hepatoma cells were used, recapitulating more closely the liver environment, the T cell cytolytic activity resulted significantly inhibited (68). Indeed, experiments performed in animal models, evidenced a more complex T cell regulation in the liver environment.

By exploiting a recombinant adeno-associated viral vector system (rAAV8 transduction) to obtain selective antigen expression in mouse hepatocytes in vivo, a threshold of antigen in the liver was identified by the Bertolino’s group as a crucial factor tuning T cell differentiation. In this model, persistent cytotoxic T lymphocyte (CTL) function was maintained only when less than 25% of hepatocytes were transduced, indicating that low frequencies of antigen-expressing hepatocytes can elicit a functional CD8 T cell response (70, 71). Conversely, when antigen was expressed by a high percentage of hepatocytes, virus-specific CD8 T cells became less responsive and over time underwent T-cell exhaustion and deletion. The phenotypic analysis of intrahepatic T cells isolated from mice treated with high doses of rAAV revealed that T cell exhaustion was associated with high levels of the inhibitory PD-1 and Tim-3 receptors as well as with a deficiency in cytotoxic activity and anti-viral cytokine production (71). Therefore, these data suggest that the level of antigen expression and the proportion of infected hepatocytes represent key factors in driving the development of adaptive T cell responses in chronic viral hepatitis.

These results are consistent with previous findings in a transgenic mouse model where intrahepatic antigen presentation triggered negative regulatory signals leading to a dysfunctional differentiation of naïve CD8+ T lymphocytes. Indeed, naïve HBV-specific CD8 T cells adoptively transferred into transgenic mice with high intrahepatic HBV antigen expression displayed proliferative responses but lacked the capacity to differentiate into functional effector T cells. The mechanism of CD8 T cell dysfunction involved PD-1 signaling and could be rescued by CD40-dependent mDC activation (72, 73).

More recently, intrahepatic T cell differentiation was studied in a HBV transgenic mouse system in which T cell priming was restricted to the liver. In this model, naive CD8+ TCR transgenic T cells specific for HBV core were injected into major urinary protein (MUP)-core transgenic mice which exclusively expressed a non-secretable version of the HBV core protein in 100% of hepatocytes. Naïve T cells primed in the presence of high levels of HBV core antigen expressed proliferative function but failed to differentiate into functionally competent effector cells. Remarkably, even when CD8 T cell priming occurred within a liver environment where HBV core antigen expression, induced by injection with a low dose of a hepatotropic adeno-associated viral vector (AAV) encoding the HBV core protein, was limited to less than 5% of hepatocytes, effector differentiation was not supported despite much lower levels of antigen expression (74). These different T cell differentiation fates observed in different experimental models may likely be related not only to variable thresholds of antigen expression within the liver in different infection/transfection models, but may also depend upon TCR affinity which may restrict effector priming to high affinity TCR/MHC interactions. The evidence that a substantial reduction of hepatic antigen expression by more than 15-fold in individual hepatocytes was still insufficient to induce a functionally efficient effector CD8 T cell differentiation, force some caution in predicting what antigen decline induced by therapy can actually do on the T cell function in chronic hepatitis patients. Future experiments in chronic patients treated with anti-viral drugs able to diminish the antigen load are mandatory to address this fundamental issue because no evidence is available at present in natural HBV infection of whether decline of antigen can actually cause functional T cell improvement, and, if so, which magnitude of antigen decline is required for induction of a biological effect. This is particularly puzzling in a clinical setting where multiple factors simultaneously contribute to T cell exhaustion and where individual patients harbor a widely heterogeneous HBV-specific CD8 T cell population comprising cells with different levels of functional impairment and different degrees of affinity for target cell recognition.

In another HBV-transgenic (tg) mouse model of therapeutic vaccination, based on a heterologous vaccination strategy with initial protein priming followed by recombinant Modified Vaccinia Ankara virus (MVA) vector-boost, serum HBV antigen levels have been reported to influence the immunological responsiveness to therapeutic vaccination. Indeed, vaccine-induced HBV-specific CD8+ T cell responses inversely correlated with antigenemia levels before vaccination. In mice with high antigen levels both HBsAg/MVA-S and HBcAg/MVA-core immunization failed to induce envelope and core-specific CD8 T cell responses in the spleen and in the liver, while vaccination in mice with low or intermediate antigen levels allowed expansion of anti-viral T cell responses and control of infection (75). Interestingly, HBV-specific CD8 T-cells were induced efficiently by therapeutic vaccination after RNAi-mediated suppression of hepatic antigen expression in highly antigenemic mice which were non-responsive to antigen stimulation before anti-viral therapy (76). Although very promising, translation of this therapeutic approach to the human natural infection may be not so easy because antigenemia in chronic patients is generally much higher and of longer duration than in this mouse model and because exposure to high antigen loads is only one of the multiple mechanisms of T cell inhibition which are simultaneously in place after decades of infection in chronic hepatitis patients.

In the setting of natural human HBV infection, a hierarchy of T cell functional efficiency was described in different conditions of HBV control in relation to serum HBsAg concentration (77). For example, maximal T cell functional efficiency was observed in the resolution phase of an acute self-limited hepatitis, associated with complete control of infection and lack of HBsAg in the serum, followed by intermediate levels of T cell functionality in chronic inactive carriers with partial control of infection and low levels of HBsAg, and finally maximal impairment of T cell responses in chronic active hepatitis patients with high levels of viremia and antigenemia (77).

Although level of antigen and duration of T cell exposure to antigenic epitopes certainly affect T cell functionality and responsiveness to exogenous stimulation, we must consider, however, that the level of functional T cell efficiency is the final result of the interplay between T cells and a wide range of inhibitory mechanisms (Figures 1, 2). Thus, the presence of a high antigen load in chronically infected hosts certainly represents an important obstacle for curative immunotherapeutic approaches but we must be aware that decline of antigen alone is unlikely to be sufficient for successful recovery of protective immune responses because multiple mechanisms contribute simultaneously to T cell exhaustion in chronic HBV infection (78).
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FIGURE 2. Immunosuppressive circuits in the liver. Within the infected liver, persistent expression of viral antigens in concert with different immunoregulatory pathways drive T cell differentiation toward exhaustion. Upon inflammation, IFN-γ stimulation activates immunosuppressive mechanisms that can be mediated by soluble factors or require cell to cell contact. (A) Soluble factors: immunosuppressive cytokines, such as TGF-β and IL-10 can be produced by expanded regulatory T cells (Treg) as well as by stellate cells (HSCs), dendritic cells (DCs) and Kupffer cells (KCs). In addition, a number of liver infiltrating cells, such as monocytes, macrophages and dendritic cells, can release the tryptophan-degrading enzyme indoleamine 2,3-dioxygenase (IDO), which causes either tryptophan depletion with consequent dampening of T cell proliferation and function or the generation of toxic catabolites, such as kynurenines, which can cause T cell apoptosis and CD4 differentiation in Treg cells. Another key soluble mediator is represented by arginase, released by damaged hepatocytes and myeloid-derived suppressor cells (MDSC), inducing arginine depletion. Lack of arginine determines CD3ζ downregulation and suppression of T cells proliferation. Moreover, the enzyme cyclooxygenase-2 produced by activated KCs participates in the synthesis of the immunosuppressive prostaglandin E2 (PGE-2). (B) Contact-dependent mechanisms: antigen-specific CD8 T cells can be killed by NK cells through NKG2D- and TRAIL-dependent lysis. Over-expression of inhibitory ligands (e.g., PD-L1, Galectin-9) on liver endothelial sinusoidal cells (LSECs), dendritic cells, KCs, and stellate cells facilitates the triggering of T cell inhibitory pathways. In addition, inflammatory monocytes recruited into the liver through ICAM-1 expression on LSECs can differentiate into myeloid-derived suppressor cells by a CD44-dependent mechanism driven by activated stellate cells. Finally, Treg cell expansion and IL-10 production can be caused by pDCs and mDCs via the ICOS/ICOSL-mediated interaction or IDO secretion.




THE LIVER ENVIRONMENT

A number of inhibitory mechanisms are active within the liver making the intrahepatic environment highly tolerogenic. The unique composition of the hepatic cell population, the expression of inhibitory checkpoint ligands and the presence of soluble regulatory mediators are some of the factors which contribute to the tolerogenic nature of the liver, which is maximal in the presence of chronic inflammation, irrespective of the etiology. Therefore, most of the mechanisms which will be described in this section are common to different chronic inflammatory liver diseases and are not specifically expressed only in chronic HBV infection (Figure 2).


Tolerogenic APC

Liver APC are not functionally mature as their counterparts in other organs (79). Hepatic dendritic cells (HDCs) and liver resident macrophages, known as KCs, which represent conventional APC, but also non-professional, unconventional APC, such as liver sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs), as well as the hepatocytes themselves, contribute to immune tolerance, because they differ significantly from cells present in the circulation or in secondary lymphoid organs (80).

Hepatic dendritic cells show an immature phenotype, with a lower expression of MHC and costimulatory molecules (i.e., CD40, CD86, and CD80), poor endocytotic capacity and low IL-12 production, compared to their peripheral counterparts (81, 82). As reported for HDCs, low level expression of co-stimulatory and MHC class I and II molecules at the steady state makes also KCs, LSECs, and HSCs poorly efficient in T cell stimulation (83–88). They can also induce CD8 T cell apoptosis by Fas-FasL interaction, as described for KCs following reactive-oxygen species (ROS) production induced by FasL up-regulation on their surface (80, 89), and for HSCs through induction of intracellular signaling pathways triggered by PD-L1 and B7-H4 crosslinking (90–93). Hepatocyte priming of CD8 T cells generally results either in clonal T cell deletion by BIM-mediated apoptosis (90, 94), or in dysfunctional CD8 T cells without effector functions (74), as already discussed in detail in the previous section. HSCs and LSECs can also inhibit CD8 T cell priming/activation through a TRAIL and ICAM-dependent mechanism or through LSECtin-CD44 interaction, respectively (95). Moreover, antigen presentation by all these cells is often associated to the secretion of immune-regulatory mediators, such as IL-10, TGF-β, prostaglandin E2 (PGE2), and to the up-regulation of PD-L1 (87, 96–100).

High co-inhibitory molecule expression by HDCs can be induced by the nucleotide-binding oligomerization domain 2 (NOD2) signaling, significantly more expressed in hepatic plasmacytoid (pDCs) than in conventional or myeloid (mDCs) dendritic cells, which is also responsible for their low IFN-α secretion (101). The CD141+ subset of mDCs, which produces IL-12 and plays a central role in antigen cross-presentation (102), have also been reported in healthy human livers to express high levels of the tolerogenic molecules immunoglobulin-like transcript 3 (ILT3) and ILT4 (103), which can inhibit T cell activation through tyrosine-based inhibitory motifs (ITIMs) contained in their cytoplasmic tails (104, 105).

In chronic HBV patients hepatic and peripheral dendritic cells have been reported by several studies to be functionally impaired, with a possible inhibitory effect of viral antigens on their function (106–112). However, this concept is still widely debated (113) because other studies did not observe any significant alterations of the DC function (114, 115).

Among the possible DC defects in chronic hepatitis B, a reduced production of the immunoregulatory cytokine osteopontin (OPN) has been described and suggested to represent a potential cause of TH1 response impairment (116). Impaired DCs maturation and function in chronically HBV-infected patients has also been associated with an altered expression of innate sensors, such as TLRs (117–120).

Although most studies on DCs in chronic HBV infection have been performed on peripheral cells, a recent report shows alterations in frequency and basal activation status of DC subsets from both blood and liver of chronic HBV patients compared to healthy controls. In addition, also a defective up-regulation of maturation markers upon TLRs triggering was reported in this study, but only circulating DCs displayed a significant impairment of cytokine production in response to TLR agonist stimulation (118). The poor effect on the NK cell cytolytic function by TLR9 ligand stimulation of HDCs was related to reduced OX40L expression as well as to high plasma IP-10 and HBV antigen levels (121). Mechanistically, HBV particle internalization can block pDCs IFNα production by inhibiting TLR9 signaling, through down-regulation of TLR9 transcription (122), which can also be indirectly caused by TNFα and IL-10 production induced by HBsAg on monocytes (123).

Also KCs have a role in the induction of tolerance to HBV. This is supported by the observation in a mouse model of HBV infection that earlier HBV clearance in older mice was accompanied by a severe reduction in KC numbers, concomitant with a sharp induction of TNFα-producing Ly6C+ monocytes, followed by the proliferation of IFNγ+TNFα+ CD8 T cells. Instead, younger mice, which failed to clear the virus, maintained high frequencies of IL-10-secreting KCs (124).

Functional skewing of the T cell response toward a TH2 profile can also be supported by macrophages with a predominant M2-like phenotype, known to be potent immune suppressor cells (125), detected at high frequencies in a humanized mouse model of persistent HBV infection (126). The evidence that KCs and liver infiltrating macrophages show up-regulation of the CD86 co-stimulatory molecule, which is known to drive T cell differentiation toward a functional TH2 profile (127), detected by immunohistochemistry staining of liver biopsies from chronic HBV patients, further support this finding (128). A direct interaction between HBsAg and KCs with HBsAg uptake, was documented both in vitro and in ex vivo isolated KCs from CHB patients (129). In vitro exposure to HBV antigens preferably induced TGF-β, rather than pro-inflammatory cytokine secretion by primary rat KCs (130); moreover, HBV antigen interaction with TLR2 on KCs caused T cell inhibition through IL-10 secretion (131, 132) and TLR2 knockout or KC depletion resulted in enhanced HBV elimination and improved CD8+ T cell responses in mice (131). This inhibitory effect mediated by HBV proteins was further documented by more recent studies showing that HBV protein uptake by intrahepatic macrophages from CHB patients can favor anti-inflammatory over pro-inflammatory functions and can ultimately promote hepatocyte infection (133).

Despite these tolerogenic features, the liver environment must ensure a fine tuning of divergent functions to guarantee tolerance to antigens introduced through the gut, but also to initiate efficient immune responses needed for pathogen control. For example, in case of liver inflammation KCs secrete pro-inflammatory cytokines and can mediate full CD8 T cell differentiation (83, 134), while the propensity of hepatic DCs toward immunogenicity or tolerance has been associated to their lipid content and metabolism. Indeed, high lipid content can make HDCs able to secrete high levels of pro-inflammatory cytokines and to efficiently activate T or NK cells, while low lipid content is associated with tolerance induction (135).

Overall, many pieces of evidence indicate a preferential anti-inflammatory response induction by antigen-presenting cells in chronic HBV infection, suggesting the possibility of a direct innate immunity inhibition by the virus itself (119), which has also been reported to be poorly sensed by innate immunity sensors, behaving as a stealth virus (136). Interference of viral proteins with innate signaling pathways (119) represents another theoretical reason why reduction of antigenemia may be relevant in the perspective of therapeutic strategies for CHB based on functional immune reconstitution. In addition to novel direct anti-viral agents acting at different levels of the HBV life cycle (see below in the “Perspectives for novel therapeutic strategies” section), stimulation of pathogen recognition receptors, such as TLRs and Retinoic acid-Inducible Gene I (RIG)-like receptors (137) represents a possible strategy, currently under evaluation, to increase the efficiency of anti-viral immune activation.

Dendritic cells manipulation has also been proposed. Indeed, administration of HBV peptide-loaded DCs was reported to elicit functional HBV-specific CD8 cells and to reduce the viral load in Hepato-HuPBL mice (138) and a targeted antigen delivery to DCs was proven to efficiently induce local immunity to hepatotropic viruses in mice (139). Interestingly, in the context of cancer immunotherapy, PD-L1 silenced DCs were used for a DC vaccine that induced potent T cell responses (140). Finally, IL-2 administration could recover dysfunctional HBV-specific CD8 cells originated by an inefficient hepatocyte priming in HBV transgenic mice (74).



Soluble Factors

As a result of its peculiar cell population, the liver microenvironment is enriched in soluble factors with immunosuppressive function (Figure 2A). Not only the immunoregulatory cytokines IL-10 and TGF-β are preferentially secreted over other pro-inflammatory cytokines by several types of hepatic cells (i.e., dendritic cells, macrophages/monocytes, LSECs) (141), but also an abundance of other regulatory mediators has been detected within the liver. Indeed, constitutive expression by different liver infiltrating cells (e.g., dendritic cells, regulatory myeloid cells) (141, 142), of tryptophan-2,3-deoxygenase (TDO), or Indoleamine 2,3-dioxygenase (IDO) which are tryptophan-degrading enzymes, can lead to tryptophan depletion and the formation of toxic metabolites, such as kynurenines (143, 144). These factors have been shown to constrain T and NK cell proliferation (145) and to induce T cell apoptosis (143, 144).

The shortage of another essential amino acid, i.e., L-arginine, causing T cell arrest in the G0/G1 phase and CD3ζ chain down-regulation, is due to an excess of arginase derived from damaged hepatocytes (146) and other liver-infiltrating cells (147). In HBV-infected patients the latter mechanism was demonstrated both in acutely and in chronically infected subjects and could be corrected in vitro by T cell transfection of CD3ζ or replenishment of the amino acid arginine required for its expression (19, 55).

Interestingly, a granulocytic subset of myeloid-derived suppressor cells (gMDSC), which release arginase I upon degranulation, was demonstrated to be expanded in CHB patients with high HBV replication levels without liver necro-inflammation, highlighting the capacity of these cells to contain tissue damage by limiting arginine supply to T cells (148).



Local Induction of Regulatory Cells

In addition to HSCs, KCs, and macrophages, the liver is enriched in populations of regulatory cells, such as myeloid derived suppressor cells (MDSCs) and regulatory T cells (Tregs), that can promote tolerance by producing immunosuppressive cytokines (IL-10 and TGF-β) and by expressing high levels of co-inhibitory ligands, such as PD-L1 and Galectin-9 (Figures 2A,B). Importantly, the direct contact between circulating T cells and resident regulatory cells is favored by the slow blood flow in liver sinusoids and by the unique liver architecture, which is characterized by the presence of sinusoidal wall fenestrations which facilitate cell to cell contact (85).


Myeloid Derived Suppressor Cells

Myeloid cells play a key regulatory role within the liver contributing to the outcome of immune responses, thanks to their functional plasticity. In fact, they can differentiate from monocytes into macrophages, monocyte-derived dendritic cells or myeloid suppressor cells. During liver inflammation, inflammatory monocytes can be recruited into the liver as a result of ICAM-1 (CD54) expression on LSECs (141). They can subsequently differentiate into myeloid-derived suppressor cells by a CD44-dependent mechanism driven by activated stellate cells (141), as shown by the possibility to prevent acquisition of the suppressive phenotype by blocking CD44-mediated interaction between monocytes and HSCs (149). During prolonged hepatic inflammation, MDSCs inhibit immune responses through different mechanisms, including IL10 and TGF-β secretion, as well as production of arginase 1 and reactive oxygen species (ROS) (150). Expansion and suppressive function of MDSCs was reported to be modulated by cysteine-rich protein 61 (CCN1), a multifunctional protein highly expressed in impaired cholangiocytes and hepatocytes. This has been described in primary biliary cholangitis (PBC) but it may likely represent a general mechanism of MDSC modulation shared by chronic liver inflammations of different etiology (151).

As already mentioned, the immunosuppressive function of MDSCs was described in chronic HBV infection where gMDSC could dampen HBV-specific T cell responses in a arginase-dependent manner, documenting the capacity of expanded arginase-expressing gMDSCs to regulate liver immunopathology (148). A recent study in chronically HBV infected patients with high levels of HBsAg revealed the capacity of MDSCs to promote immune dysfunction through the induction of regulatory T cells, primarily via TGF-β and IL-10 dependent signaling pathways. Interestingly, a year tenofovir treatment did not result in the immune restoration of the regulatory MDSC and Treg populations (152). In addition, circulating MDSCs were significantly expanded in patients with HBV-related acute-on-chronic liver failure (ACLF) and closely associated with disease progression and severity. In this setting, CD3ζ chain expression was decreased in T cells and negatively correlated with MDSC frequency (153).

Monocyte differentiation within the liver can also be driven by TLR-9 signaling toward the acquisition of anti-viral protective properties through the formation of inflammatory monocyte aggregates, called iMATEs, where virus-specific CD8 cells can expand upon OX40- and CD28-mediated signaling initiated by inflammatory dendritic cells of monocyte origin (154). This unique iMATEs structure, which, however, seems to be generated selectively in the mouse liver, can contribute to chronic virus infection control. iMATE formation induced by systemic TLR-9 treatment has also been reported to induce effector CD8 T cell expansion and control of tumor growth in a murine hepatoma model (155).

Such functional plasticity of MDSCs represents a unique challenge for future therapeutic interventions in the setting of chronic liver disease (156). Indeed, all these results suggest that a therapeutic regiment that either blocks MDSC suppressive functions and Treg amplification or supports iMATES formation facilitating CD8 T cell proliferation might represent a potential strategy to cure HBV-related liver disease. However, further studies of this unique regulatory cell population are needed to better characterize its real therapeutic potential.



Treg Expansion

During viral infection, regulatory T cells are recruited into the inflamed liver and compete with effector CD8 T cells for IL-2, limiting the amplification of virus-specific T cell responses (8). Both mDCs and pDCs have been described to promote Treg proliferation through a mechanism mediated by STAT3 signaling (102, 157–159). Specifically, the expansion of Treg cells, which can inhibit T cell responses either by direct cell-cell contact or by secretion of suppressive cytokines, can be caused by plasmacytoid dendritic cells (pDCs) through an IL27-based circuit which can lead to PD-L1 expression and subsequent Treg proliferation (158, 160). pDCs further foster T cell tolerance by stimulating IL-10 producing Tregs via an ICOS/ICOSL-mediated interaction (102, 159). In parallel, mDCs can also promote Treg expansion and T cell apoptosis as a result of the cross-talk with HSCs, leading to PD-L1 up-regulation and IDO induction, and subsequent generation of immunosuppressive kynurenine compounds (161–163). Recent findings highlighted a novel OX40L + DC subset able to selectively expand Tregs, which plays an essential role in Treg homeostasis maintenance under inflammatory conditions; indeed, co-culture of DCs from GM-CSF treated mice and CD4+ T cells induced an increase in Treg proliferation in an OX40L dependent manner (164). Treg cell expansion can be also stimulated by LSECs and IFN-γ activated stellate cells in a PD-L1 independent manner (141, 161). LSECs are the major liver cells responsible for TGF-β dependent hepatic FoxP3+ Treg induction, thanks to their unique capacity to secrete TGF-β and to bind exogenous LAP/TGF-β to their membrane through the anchor molecule GARP. By this mechanism, LSEC-induced Tregs have been reported to become functional suppressor cells in a mouse model of autoimmune encephalomyelitis (165). Beyond this tolerogenic role, LSECs have been recognized as a population that can efficiently stimulate naïve CD8 T cells to differentiate into a liver-primed memory T cell population providing protection and contributing to clearance of viral infections (8, 166).

Also HSCs can function as tolerogenic regulators in the liver, by enhancing TGF-β-dependent Treg generation and inhibiting TGF-β dependent Th17 differentiation, via a retinoic acid (RA)-mediated mechanism (167). HSCs have been associated with the production of TGF-β and all-trans retinoic acid (ATRA), both important for Treg differentiation (168). In particular, generation of FoxP3+ Tregs have been reported to occur in the presence of DCs and low concentrations of TGF-β in an ATRA-dependent manner, since blocking experiments of RA-RA receptor interaction inhibited HSC-induced FoxP3 expression (169). Furthermore, a recent report indicates that HSCs from HBV patients with advanced liver fibrosis play an important role in modulating the intrahepatic Treg population via a PGE2/EP2 and EP4 pathway (170).



T Cell Killing by NK Cells

NK cells are highly enriched within the liver where they exert a key role in anti-viral control but can also exert a regulatory effect with possible inhibition of adaptive immune responses (32, 34) (Figure 2B). Initial studies performed in LCMV-infected mice demonstrated that T cells are susceptible to NK-cell-mediated killing (171, 172). The elimination of activated T lymphocytes by NK cells can be mediated by NKG2D- and TRAIL-dependent mechanisms, as demonstrated in vitro (34, 173–175) and in LCMV infected mice in vivo (172). Moreover, regulation of T-cell responses by a direct perforin-dependent NK-cell-mediated elimination of CD4 T cells leading to the loss of help for CD8 T cells was observed in the same murine model of chronic viral infection (171).

In this negative modulation of T cell responses by NK cell killing, the NK cell NCR1 (NKp46)-receptor may have an important role and inhibition of NCR1 ligand expression on T cells by type I IFN signaling can protect T cells from NK cell killing allowing T cell evasion from NCR1 mediated NK cell attack (176).

In chronic HBV patients NK cells are more pathogenic than protective because defective in cytokine production but efficiently able to express cytolytic function (32, 34). Moreover, apoptosis of HBV-specific CD8 T cells up-regulating the death-inducing receptor TRAIL-R2 can be caused by TRAIL-positive NK cells in chronically infected HBV patients (34). By these mechanisms NK cells can deeply impair T cell responses, protecting the host from fatal immunopathology during viral infections but also diminishing the anti-viral activity of effector T cells, thereby contributing to the exhausted T cell phenotype of chronic infections. Thus, therapeutic strategies aimed at promoting the protective over the pathogenic and inhibitory effects of NK cells may represent potential options to treat chronic HBV infection.



PERSPECTIVES FOR NOVEL THERAPEUTIC STRATEGIES

Immune reconstitution of functionally efficient T cell responses can be crucial for the cure of chronic HBV infection. An efficient strategy to improve the HBV-specific T cell function should probably target multiple mechanisms, because the protective anti-viral T cell response is affected by multiple factors simultaneously during chronic infections. Decline of antigen can allow correction of a single inhibitory mechanism and is expected for this reason to be insufficient alone for successful immune restoration. It thus represents only a part of the overall functional reconstitution strategy which should be put in place to cure HBV infection. Instead of currently available NUCs, which are poorly effective in diminishing HBV antigen concentrations, new and more efficient antivirals should be employed in the future, once clinically available, to reduce more rapidly and more efficiently the antigen load and the number of infected hepatocytes. They include RNA interference (RNAi) molecules, which can directly target HBV mRNAs, allowing reduction in HBsAg serum titers (177), HBV capsid assembly inhibitors and nucleic acid polymers (NAPs), as HBsAg release inhibitors (178–180). Since decline of antigen alone is expected to be insufficient, additional mechanisms should be targeted to further improve T cell responsiveness. Immune checkpoint blockade represents a possibility, but also metabolic and epigenetic modulations are very promising. In addition, recent studies performed in a transgenic mouse model of neonatal HBV infection, which closely recapitulates the immunological events occurring in the early immune tolerant phase of chronic HBV infection, indicate that IL-2, rather than checkpoint blockade, can improve defective T cell responses (74). As predictable, IL-2 treatment induced functional improvement only of HBV-specific CD8 T cells from immune-tolerant, but not immune-active chronic HBV patients.

In the perspective of a therapeutic correction of T cell exhaustion, a crucial limitation is represented by the incomplete information we have on level and quality of T cell functional reconstitution which is needed to achieve control of chronic HBV infection.

In order to address this issue, the optimal comparator to define level and quality of the T cell response to be restored for control of infection would be represented by patients able to resolve an acute infection spontaneously. However, one major limitation to the definition of the immune parameters in these subjects is represented by the heterogeneity of T cell reactivities in relation to the time elapsed from the initial exposure to the virus, which is generally undefined. Certainly the study of adult-onset infections with known duration evolving either toward resolution or chronicization would be crucial for the identification of T cell features associated to virus control. Nonetheless, the paucity of clinically overt acute HBV infections nowadays and the much greater rarity of those chronically evolving make such a study hardly feasible. In addition, difficult recruitment of a significant control patient cohort is further compounded by technical curbs due to patients’ HLA heterogeneity, as most of the studied T cell epitope specificities are mainly limited to the HLA-A∗02 restriction, which is only prevalent in the Caucasian population.

Even more important, still unknown, is whether the maximal improvement of T cell responses that a given chronic patient can reach after long-term exposure to HBV and its antigens is sufficient for complete and durable HBV cure. In the lack of definitive data ruling out the possibility that T cell functional defects derived from decades of T cell/virus interplay are only partially and insufficiently reversible by therapeutic T cell correction strategies, an alternative possibility to overcome T cell exhaustion is represented by the in vitro generation and expansion of functionally efficient, genetically engineered HBV-specific T cells for adoptive transfer to chronically infected patients. To this purpose, autologous T cells of HBV-unrelated specificity have been engineered to express HBV-specific TCR able to recognize HLA/peptide complexes in a HLA restricted manner (TCR-redirected T cells) or chimeric antigen receptors (CAR) composed of synthetic antibody fragments, combined with costimulatory domains, such as the CD28 and the CD3 zeta molecules, that allow the receptor to recognize viral antigens on infected cells in a HLA independent way, without the need of antigen processing (181–184). Thus, an important advantage of CAR T cells over TCR-redirected T cells is that CAR T cells can be used in all patients, irrespective of their HLA profile, while TCR-redirected T cells can only be used in patients with the appropriate HLA haplotype and can recognize only individual epitopes generated by intracellular antigen processing.

Potential problems related to these T cell transfer approaches are the possible risk of severe liver damage and the possible inhibitory effect on transferred effector T cells of the tolerogenic liver environment. To reduce cell lifespan and limit the risk of uncontrolled proliferation with progressive liver damage, a transient expression of the modified TCR has been developed by mRNA electroporation (185). Moreover, combination of checkpoint blockade and CAR T cell therapy (186), as well as shRNA knockdown of PD-1 in TCR-redirected T cells (187) have been used to prevent immunosuppressive mechanisms mediated by inhibitory co-receptors (188). In addition, CAR T cells have recently been further engineered by over-expressing the canonical AP-1 transcription factor c-Jun to render them resistant to exhaustion. These cells showed different chromatin accessibility, enhanced expansion and functional capacity, and improved anti-tumor activity in five different tumor mouse models in vivo (189).

In summary, T cell modulation remains a promising therapeutic strategy to cure chronic HBV infection, but the proof of concept that it can actually work in this clinical context still remains to be provided. A number of different elements contribute to the complexity of its practical application: first of all, the still partial knowledge of the immunological correlates of protection in HBV infection. The functional efficiency of HBV-specific T cell responses is certainly essential for a final and persistent control of infection, but we don’t know whether a selective improvement of the T cell function can be sufficient to cure infection. This uncertainty raises the issue of which other effectors of the immune system should be modulated in combination with a functional T cell reconstitution, in consideration of the evidence that also intracellular innate responses and NK cells are defective in chronic HBV infection (32, 190). This opens in turn a series of additional questions. In particular, the number of different therapeutic interventions to be used simultaneously or sequentially in order to restore a functional immune system, considering that T cell dysfunction per se is multifactorial and may require for its correction the coordinated application of different therapeutic approaches. This is particularly relevant in consideration of the fact that available therapies are easy to take and almost totally free of side effects and that chronic HBV patients under therapy feel absolutely well (191). This implies that new therapies should be easy to take, free of important side effects, and highly effective against the virus in a short time. In light of these considerations, all different strategies exposing the patient to the risk of a strong stimulation of T cells of HBV-unrelated specificity (i.e., epigenetic therapies, checkpoint inhibition) or of extensive and severe liver damage (i.e., therapeutic vaccines) or the combination of different approaches may be ethically problematic. This concern may also apply to the adoptive T cell transfer of genetically engineered T cells which is also technically very complex for a wide application in the clinical practice.



FINAL REMARKS

A number of specific drugs able to intervene on the different steps of the HBV life cycle and on different mechanisms involved in the pathogenesis of T cell exhaustion are now available and under clinical evaluation. In a first step of therapy, new direct anti-viral drugs acting on HBV replication, antigen production and liver inflammation may be needed to make immune therapies more effective, because their efficacy in improving the T cell function is believed to be affected by the negative regulatory mechanisms triggered by the exposure to high antigen quantities and by the environment of the chronically inflamed liver. This initial step of anti-viral therapy may be also essential to diminish the risk of severe liver pathology which may follow a strong activation of anti-viral effector T cells induced when the percentage of infected liver cells is elevated. Assuming that decline of antigen and control of liver inflammation may be insufficient for optimal restoration of anti-viral T cell functions, the possible choice for a second step of therapy to further overcome T cell exhaustion is in principle between checkpoint blockade, metabolic correction and epigenetic modulation strategies. On one hand, correction of mitochondrial and proteasomal defects in chronic HBV infection by the use of mitochondrial targeted anti-oxidants and polyphenolic compounds seems to be comparably or even more efficient than PD-1/PD-L1 blockade in functional T cell restoration in vitro with very limited effects on T cells of HBV-unrelated specificity (192). On the other hand, epigenetic modulators are expected to be highly effective on T cell responses given the massive transcriptional down-regulation detected in exhausted HBV-specific CD8 cells (36), but their use in vivo may be precluded by their potentially severe side effects.

Once T cell exhaustion is maximally corrected and responsiveness to antigen stimulation is optimally reacquired, effector T cell responses will likely need to be boosted in a third step of therapy by vaccines containing not only HBsAg and HBcAg but also polymerase, in consideration of its high immunogenicity and the severe level of exhaustion of pol-specific CD8 T cells reported in chronic HBV infection (39, 40).

Finally, an important goal for future research will be also to develop reliable predictors of response to immune therapies to be used in individual patients. Indeed, it is becoming increasingly clear that chronic patients are a heterogeneous population with variable levels of T cell functionality, which can probably confer propensity to respond more or less efficiently to immune modulation (37, 38). Identification of cell-mediated immunologic profiles predictive of response to immune modulation will be pivotal for the success of immune therapies because we can predict that only a proportion of chronic HBV patients will take advantage from immune modulation.

Thus, the possible scenario that recent research results allow to depict for a near future would be a therapy for chronic hepatitis B with new direct anti-viral compounds started after an immunological characterization of individual treated patients to predict their likelihood of responsiveness to immune therapies aimed at functional T cell reconstitution. Only patients predicted to be immunologically responsive will receive this second step of therapy based on immune modulation (i.e., metabolic or checkpoint modulators) and therapeutic vaccination, either sequentially or simultaneously.
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Woodchuck infected with woodchuck hepatitis virus (WHV) represents the pathogenically nearest model of hepatitis B and associated hepatocellular carcinoma (HCC). This naturally occurring animal model also is highly valuable for development and preclinical evaluation of new anti-HBV agents and immunotherapies against chronic hepatitis (CH) B and HCC. Studies in this system uncovered a number of molecular and immunological processes which contribute or likely contribute to the immunopathogenesis of liver disease and modulation of the systemic and intrahepatic innate and adaptive immune responses during hepadnaviral infection. Among them, inhibition of presentation of the class I major histocompatibility complex on chronically infected hepatocytes and a role of WHV envelope proteins in this process, as well as augmented hepatocyte cytotoxicity mediated by constitutively expressed components of CD95 (Fas) ligand- and perforin-dependent pathways, capable of eliminating cells brought to contact with hepatocyte surface, including activated T lymphocytes, were uncovered. Other findings pointed to a role of autoimmune response against hepatocyte asialoglycoprotein receptor in augmenting severity of liver damage in hepadnaviral CH. It was also documented that WHV in the first few hours activates intrahepatic innate immunity that transiently decreases hepatic virus load. However, this activation is not translated in a timely manner to induction of virus-specific T cell response which appears to be hindered by defective activation of antigen presenting cells and presentation of viral epitopes to T cells. The early WHV infection also induces generalized polyclonal activation of T cells that precedes emergence of virus-specific T lymphocyte reactivity. The combination of these mechanisms hinder recognition of virus allowing its dissemination in the initial, asymptomatic stages of infection before adaptive cellular response became apparent. This review will highlight a range of diverse mechanisms uncovered in the woodchuck model which affect effectiveness of the anti-viral systemic and intrahepatic immune responses, and modify liver disease outcomes. Further exploration of these and other mechanisms, either already discovered or yet unknown, and their interactions should bring more comprehensive understanding of HBV pathogenesis and help to identify novel targets for therapeutic and preventive interventions. The woodchuck model is uniquely positioned to further contribute to these advances.

Keywords: woodchuck model of hepatitis B, virus-hepatocyte interaction, major histocompatibility complex presentation, asialoglycoprotein receptor, hepatocyte as cytotoxic immune effector, intrahepatic innate and adaptive immune responses, pre-acute infection, toll-like receptors


INTRODUCTION

Woodchuck hepatitis virus (WHV) was discovered in wild-caught woodchucks housed at the Philadelphia Zoological Garden (Pennsylvania, USA) where chronic hepatitis (CH) and hepatocellular carcinoma (HCC) were observed at high rates (1, 2). Studies that followed demonstrated that the virus is highly compatible to HBV considering ultrastructure, genome organization and size, nucleotide sequence (~65% homology), and in replication strategy. The number and functions of viral proteins and the range of organs targeted, namely the liver and the immune system, were also alike (3–7). WHV and HBV also share similar profiles of endurance of viral antigens in circulation and liver, and liver disease displays the stepwise progression where acute hepatitis (AH) spontaneously resolves and is followed by persistent occult infection or advances to CH and HCC (2, 5, 8–13). The profiles of WHV-specific humoral and cell-mediated, as well as innate immune responses closely model those in human hepatitis B. Resolution of AH coincides with vigorous, polyclonal T cell response, intrahepatic upregulation of interferon (IFN)-γ and IFN-α, and appearance of otherwise protective antibodies against WHV envelope (surface) antigen (WHsAg). In contrast, CH is characterized by weak or absent T cell reactivity toward virus, T cell exhaustion, and a decreased hepatic expression of interferons (14–19)]. Importantly, both infections comparably respond to antiviral and to the majority of immunomodulatory approaches tested so far, and the pharmacokinetic and drug toxicity are congruent (12, 20–22). For these reasons, naturally or experimentally infected eastern North American woodchucks (Marmota monax) have been recognized as the pathogenically and immunologically relevant model of human HBV infection and HBV-induced liver diseases, and as the preferable system for assessing potential future therapeutics. Nevertheless, there are certain differences between HBV and WHV and liver diseases caused. On the molecular level, there are discrepancies in the activities of individual enhancers and promoters (23) and differences in glycosylation of the virus envelope proteins (24). Considering liver pathology, the leading variances are that CH does not progress to cirrhosis and that HCC advances at much higher rate (80–90%) in chronically infected woodchucks than in CH patients who acquired infection in adulthood in whose HCC rate is considerably lower (~5%) (8, 10, 11).

This review summarizes studies according to their focus but not based on the time line when the data were reported. Also, the review does not cover the entire scope of contributions made by the woodchuck model, particularly not those where the model was applied for evaluation of antiviral and immunomodulatory therapies since such summaries were recently published by others (12, 25). The purpose of this review was to bring together the range of the mechanisms uncovered, on one hand, to illustrate their vast diversity and, on the other, to encourage broader exploration of this highly valuable model to advance our knowledge beyond the scope explored so far. This should expedite discovery of new therapeutic and preventive strategies against both virus and diseases which it causes.



TYPES OF WHV INFECTION AND STAGES OF WHV-INITIATED LIVER DISEASE

Approximately 250 million people have serum HBV surface antigen (HBsAg)-reactive CH and up to two billion may have occult HBV infection occurring in the absence of detectable HBsAg and clinically apparent hepatic disease (26). Symptomatic infection usually begins as serum HBsAg-positive AH which subsides without treatment in the majority of adults and, therefore, was named as self-limited AH (SLAH). SLAH is followed by asymptomatic low-level persistence of HBV, termed as secondary occult infection (SOI) or seropositive occult infection (OBI) (27, 28). This infection continues in the absence of serum HBsAg but is accompanied by antibodies to HBV core (anti-HBc) antigen and to HBsAg (anti-HBs), and by low levels of circulating HBV DNA, while virus replication is readily detectable in the liver and the immune system. Up to one-tenth of patients with AH advances to CH which is serum HBsAg and anti-HBc reactive disease usually accompanied by high levels of circulating HBV DNA of up to 1010-1011 virus genome copies, also called virus genome equivalents (vge), per mL. CH displays biochemical and histological indicators of liver protracted inflammation and hepatocyte death, robust HBV replication, and it may progress to liver cirrhosis and HCC, which are the main causes of mortality among chronically infected patients.

Woodchucks naturally or experimentally infected with WHV develop AH which is seropositive for WHsAg and antibodies to WHV core (nucleocapsid) antigen (anti-WHc), and is accompanied by biochemical and histological signs of liver injury. Like in HBV-infected humans, AH can advance to CH and HCC or may resolve and lifelong SOI is established (Figure 1A) (5, 13, 29). Resolution of AH coincides with apparent complete clearance of serum WHsAg (see section below), arise of antibodies to WHsAg (anti-WHs), decrease in serum WHV DNA to levels below 100–200 vge/mL, and normalization of liver biochemical function. Notably, like in HBV-infected patients, CH is diagnosed when WHsAg reactivity in plasma or serum persists for longer than 6 months. In addition, animals infected with very low doses of WHV (<103 virions) develop another form of persistent asymptomatic infection, termed as primary occult infection (POI), that progresses in the absence of WHsAg, anti-WHc and anti-WHs, but WHV DNA is detectable in serum at similar levels as in SOI (Figure 1B) (29, 30). This infection is accompanied by essentially normal liver biochemistry and histology but HCC may develop (31). The human equivalence of this infection is seronegative OBI (28, 32). More details on the natural history and characteristics of SOI and POI are given in sections on pages 3 and 5, respectively, while features of coinciding immunological responses are summarized in section beginning on page 7.


[image: Figure 1]
FIGURE 1. Schematic presentation of serum immunovirological and molecular profiles of occult infections caused by WHV. (A) Secondary occult infection (SOI) continuing after resolution of self-limited acute hepatitis caused by a liver pathogenic dose greater or equal to 1 × 103 WHV characterized by persistent asymptomatic infection negative for serum WHsAg but reactive for anti-WHc antibodies, positive or negative for anti-WHs antibodies, and positive for WHV DNA at levels below 100–200 virus copies/mL. (B) Primary occult infection (POI) developing after exposure to a liver non-pathogenic dose of <1 × 103 WHV virions that persists as a seronegative infection but remains serum WHV DNA reactive at levels usually below 100–200 virus copies/mL.




PERSISTENCE OF PATHOGENIC WHV AFTER RESOLUTION OF SYMPTOMATIC INFECTION: SECONDARY OCCULT INFECTION (SOI)

HBV persistence in the absence of serum HBsAg, biochemical indicators of liver injury and clinical symptoms was rarely reported prior to introduction of HBV DNA detection by nucleic acid amplification tests (NAT) (33–36). Application of an increasingly sensitive and controlled NAT made identification of serologically silent HBV infection (i.e., OBI) more frequent and reliable (27, 37–40). With time, OBI became defined as persistence of HBV DNA in the absence of serum HBsAg. It later became apparent that this asymptomatic infection may have severe clinical consequences due to reactivation of hepatitis following immunosuppression, radiation or administration of immunomodulatory and cytotoxic therapies (41–45). With accumulation of molecular and immunological evidence, including data from the woodchuck model (28–30, 32, 46, 47), it became apparent that there are two distinct forms of OBI (Figures 1, 2). Both are serum HBsAg-negative but one is accompanied by anti-HBc with or without detectable anti-HBs, and another in which the antibodies are absent (13, 32).


[image: Figure 2]
FIGURE 2. Abbreviated concept of the development of occult and overt (symptomatic) WHV infections, sites of replicating virus, and serological appearance and infection outcomes in relation to a dose of invading virus. For details see text.


One of the earliest studies demonstrated HBV persistence in serum and peripheral blood mononuclear cells (PBMC) collected from seemingly healthy persons after spontaneous resolution of AH type B (27). In these individuals, HBV DNA remained detectable in both serum and PBMC in the presence of anti-HBs and anti-HBc antibodies for up to 70 months after clinical resolution of AH. HBV DNA was detected by nested polymerase chain reaction (PCR) with primers specific for different HBV genes. Specificity of HBV amplicons was verified via nucleic acid hybridization (NAH). The estimated sensitivity of the PCR-NAH assays was <10 vge/mL. It was also found that HBV DNA in plasma co-sedimented with HBsAg reactivity in sucrose gradients and that some particles reactive for HBV DNA displayed buoyant density of intact virions in cesium chloride gradients. It was postulated that traces of infectious HBV persist after termination of SLAH in these otherwise healthy individuals. The existence of asymptomatic HBV infection after resolving AH was confirmed in subsequent studies [e.g., Penna et al. (48), Rehermann et al. (37), Uemoto et al. (38), Yotsuyanagi et al. (49), Yuki et al. (40), Murakami et al. (50)].

The findings from the 1994 study (27) triggered investigations in the woodchuck model which have brought a number of important discoveries. These findings have solidified data on the existence, molecular and immunological characteristics, and pathogenic significance of occult hepadnaviral infection continuing after resolution of a symptomatic disease. Because this form of infection follows clinically and serologically apparent infection, it was designated as SOI (secondary occult infection) (5, 30) and later also referred to as seropositive-OBI since antibodies to viral antigens remained detectable (Figures 1A, 2) (28).

Studies in woodchucks revealed that silent replication of WHV persists for life after recovery from AH and that SOI can culminate in the development of HCC (Figure 2) (29). It was also uncovered that both the liver and the immune system are the sites of virus replication. Thus, after resolution of AH, the serum levels of WHV DNA oscillated from <10 to 100 vge/mL, with occasional rises up to 103 vge/mL. However, there were periods when serum WHV DNA was negative, but virus genome could be detected in the liver biopsy and/or PBMC acquired at the time of serum collection. WHV DNA quantities in hepatic tissue, PBMC and lymphatic organs, such as spleen, lymph nodes and bone marrow, ranged between 0.02 to 200 vge/104 liver cells and 0.005 to 0.5 vge/104 lymphoid cells. WHsAg in serum remained negative during entire SOI, while anti-WHc were consistently detectable during lifespan (Figure 1A). Histological examination of serial liver biopsies revealed minimal-to-mild inflammation with periods of essentially normal liver morphology. However, HCC ultimately developed in about one fifth of animals (Figure 2). Importantly, WHV carried by animals with SOI induced typical AH in virus-naïve animals which advanced to CH and HCC in some woodchucks (29). These data unambiguously showed that resolution of AH does not reflect complete elimination of virus and did not prevent HCC development, even when anti-WHs antibodies arise. These were unexpected findings considering the prevailing opinion at that time.

The subsequent study verified that detection of anti-WHc alone, in the absence of conventionally detectable serum WHsAg, indicates existence of SOI (51). Notably, electron microscopic examination of pellets from ultracentrifuged anti-WHc-positive sera demonstrated singular spherical and short tubular particles of WHsAg. This indicated that small amounts of the antigen were produced although they were not detectable by otherwise highly sensitive, clinically compatible assay. The results were consistent with other investigations demonstrating that the WHV persisting in animals with the anti-WHc alone remained infectious (29). They also supported the notion that persistence of anti-core alone is a consequence of re-stimulation of the immune system by traces of nucleocapsid protein transcribed during subdued virus replication. Thus, the anti-core alone showed to be an excellent marker of enduring hepadnaviral replication accompanied by quantities of circulating virus DNA which may not be consistently detected due to their fluctuating levels.



TRACES OF WHV INDUCE PRIMARY OCCULT INFECTION (POI) THAT IS PERSISTENT, PRIMARILY LYMPHOTROPIC AND MAY CAUSE HCC IN THE ABSENCE OF HEPATITIS

POI was originally discovered in offspring born to woodchuck mothers which resolved AH and established SOI, including those which developed anti-WHs (46). All of the offspring demonstrateated low levels of circulating WHV DNA and WHV DNA, covalently closed circular DNA (cccDNA) and mRNA in the lymphatic system, whereas hepatic tissue was infected only in some of them. Surprisingly, no markers of WHV infection, including serum WHsAg, anti-WHc or anti-WHs, could be detected after birth (Figure 1B). Nonetheless, particles reactive for WHV DNA with biophysical features of intact (enveloped) virions were found in offspring sera. Histological examination of serial liver biopsies revealed normal morphology. Further, sera and supernatants of cultured lymphoid cells from these animals induced typical serologically apparent AH in WHV-naive animals which verified pathogenic fitness of the persisting virus. Remarkably, the offspring were not protected from challenge with a large, liver pathogenic dose of WHV [see (30)]. This implied that this low level infection observed in offspring did not generate immunity against reinfection with larger doses of the same virus (5, 46). The study was the first to uncover that hepadnaviral infection can be restricted to the immune system arguing that hepadnavirus at low quantities is preferentially lymphotropic (Figure 2).

The subsequent study was designed to determine if POI can be established in adult immunocompetent woodchucks and to find WHV dose required to induce POI. For this purpose, adult healthy animals were intravenously (i.v.) injected with serial 10-fold dilutions of a well-defined WHV inoculum known to cause serologically evident infection and AH (30). The results of the study not only confirmed the existence of this form of occult infection, but also showed that the infection is triggered by WHV doses lower than or equal to 1 × 103 virions and can be reproducibly established in woodchucks. The same study demonstrated that the same WHV inoculum that caused POI induced at WHV doses larger than 1 × 103 virions classical WHsAg-positive AH that advanced to CH in some animals. Taken together, the data revealed that: (1) the amount of virus is the principal determinant of whether infection is serologically evident (overt) and symptomatic or serologically silent and asymptomatic (occult); (2) virus at quantities >1 × 103 virions causes WHV hepatitis, and (3) the immune cells are primary targets and can be the only site of replication when virus invades at doses smaller than 1 × 103 virions (Figures 1, 2).

It was further examined whether repeated exposures to trace amounts of WHV normally establishing POI could result in serologically apparent infection and hepatitis. Adult animals were i.v. injected with twelve 110-virion doses over two rounds of 6 injections delivered weekly (52). At 14 weeks after the last injection, the animals were challenged with the same WHV inoculum at 1.1 × 106 virions and followed for additional 7.5 months (Figure 3). The results showed that the multiple injections of liver non-pathogenic virus did not culminate in serum WHsAg and/or anti-WHc positive infection and hepatitis, even though the overall amount of administered WHV was greater than the threshold of 1 × 103 virions known to trigger hepatitis. Not surprisingly, the animals remained susceptible to challenge with a liver pathogenic dose of WHV and responded by establishing AH (52). Repeated exposures to trace quantities of HBV may occur in different occupational and familial situations and in intravenous drug users. The results of this study suggest that such multiple exposure will unlikely cause serologically evident infection and hepatitis in individuals not protected by vaccination, but HBV DNA in the absence of HBsAg, anti-HBc and anti-HBs might be detected.
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FIGURE 3. Outline of the study investigating virological, immunological and liver injury outcomes in woodchucks injected with multiple liver-nonpathogenic doses of WHV. (A) Four WHV-naïve, healthy animals were intravenously injected with 6 weekly doses of 110 WHV virions (Phase 1). Six months later they were challenged with another 6 weekly doses of 110 virions each of the same virus (Phase 2). The total quantity of the virus administered was 1,320 virions and cumulatively exceeded a liver pathogenic dose of 1 × 103 virions. Three-and-half months later, the animals were re-challenged with either a liver pathogenic dose of 1.1 × 106 virions of the same virus or injected with sterile PBS as controls (Challenge). (B) An example of the outcomes investigated in a woodchuck subjected to two rounds of injections with 6 weekly 110-viron doses of WHV and then injected with PBS. The data showed the lack of appearance of serologically detectable infection, including absence of anti-WHc antibodies which are very sensitive indicator of exposure to WHV, or hepatitis (upper panel). WHV-specific T cell response (middle panel) was preceded by ConA-induced, generalized T cell proliferation (lower panel). For details and abbreviations, see the legend to Figure 4. Figures adopted with modifications from Gujar et al. (52).


To recognize the life-long consequences of POI, young adult woodchucks were investigated in a prospective study in which POI was established by i.v. injection with 10 or 100 DNase digestion-protected virions (31). Initially, WHV infection was constrained to cells of the lymphatic (immune) system in all animals. Serum WHV DNA loads were between <100–200 vge/mL during lifespan and <1 × 103 vge/μg of cellular DNA in PBMC. After 2.5 to 3.3 years post-infection (p.i.), WHV infection spread to liver and low levels of WHV DNA, cccDNA and/or virus mRNA became detectable despite that hepatic histology remained normal. Notably, temporal increases in serum WHV load above 1 × 103 vge/mL preceded the involvement of the liver in infection. Among other original findings was that 20% of the animals with POI finally developed HCC. This implied that the virus persisting in POI maintained its pro-oncogenic potency and led to HCC in spite of the lack of hepatitis or other protracted liver injury. This was consistent with the finding that POI was accompanied by WHV DNA integration to hepatic, immune organs and PBMC genomes (31). This study pointed to the pathogenic significance of POI and implied that the development of HCC of unknown etiology in humans should consider this clinically and serologically mute infection as a causative factor (54, 55).



SYSTEMIC AND INTRAHEPATIC IMMUNE RESPONSES IN PRE-ACUTE INFECTION AND ACUTE WHV HEPATITIS

Our step-by-step understanding of the events coinciding with the initiation of HBV infection and hepatitis is hindered by the lack of recognition of processes occurring in the liver and the immune system immediately following invasion with virus and during the early pre-acute and acute periods of infection. Identification of patients with these essentially asymptomatic stages of infection is excitingly difficult and collection of liver samples practically impossible because of the absence of clinically sound indications. However, these early events are likely of primary importance for identification of immunological and other factors determining the development of symptomatic or occult infection, recovery from AH or its progression to CH, and initiation of pro-oncogenic processes which may culminate in HCC (56–58). The woodchuck model is particularly well-suited for this type of studies.

The hepatic kinetics of WHV replication and transcription of the genes encoding cytokines, immune cell markers and cytotoxic effector molecules, as well as the profiles of WHV-specific and generalized (mitogen-induced) T cell responses have been delineated in experimentally infected woodchucks soon after virus administration and in the very early stages of infection. Serial liver biopsies acquired from 1 h p.i. up to 36 months p.i., when AH resolved and SOI was established, were analyzed by quantitative real-time PCR assays preceded by the reverse transcription step (RT-qPCR) (17). The results uncovered that WHV replication became detectable in the liver in an hour after i.v. injection with virus. This was in contrast to the previous studies in woodchucks and HBV-infected chimpanzees indicating that virus replication remains undetectable in the liver until 3–4 week p.i. (15, 59, 60). However, hepatic replication of these viruses was never before evaluated in the first hour p.i. by highly sensitive PCR-NAH assays. Briefly, it was found that in 3 to 6 h p.i., hepatic transcription of interleukin (IL)-12, which is a key cytokine produced by antigen presenting cells (APC) (61), was significantly (~20-fold) augmented together with an increase (12.5-fold) in IL-8 expression, a cytokine mediating chemotaxis of phagocytic cells. This also coincided by increased expression of CD1d, a molecule facilitating antigen presentation by APC to natural killer (NK) T cells (62), and CD40 ligand (CD40L), which is implicated in APC activation via CD40-CD40L interaction. In 48 to 72 h, NK and NK T cells became active as implied by significant increases in hepatic expression of CD3, IFN-γ, OAS (2′,5′-oligoadenylate synthetase), CD1d and CD40L, and in NKp46 and perforin expression. Most interestingly, WHV replication was significantly inhibited at the same time in the liver, implying that this early innate intrahepatic response was at least partially effective in inhibiting WHV replication (17) Nonetheless, hepatic CD4+ and CD8+ T cells became robustly activated much later at 4 to 5 weeks p.i. when hepatitis became evident. Overall, the findings showed that liver replication of WHV is initiated and the innate response activated very soon after infection with a liver pathogenic dose of WHV (30). Nevertheless, this transient response was insufficient to right away activate T cells similarly as in other viral infections. In a somewhat similar study in chimpanzees in which liver biopsies were collected from 1 week post-HBV injection, hepatic tissue did not express of genes coinciding with innate immune response when evaluated by microarray (60). The conclusion was that HBV is a stealth virus unable to induce innate immunity in the infected host. However, activation of the innate response may have occurred earlier and already subsided at 1 week, as it was apparent in the WHV infection model. Subsequent studies showed HBV ability to trigger different branches of the innate response, although it remains not well-explained what their effector functions are in hosts naturally susceptible to HBV infection [reviewed in Thomas and Baumert (63)].

The common characteristic of HBV and WHV infections is the postponement of virus-specific T cell response and the reason behind this was unknown. This is in contrast to infections with other viruses where specific T cells usually appear in about 10 days to 2 weeks p.i. To investigate this issue, woodchucks were inoculated with 1.9 × 1011 WHV virions and challenged with the same virus dose several weeks later (53). As anticipated, the WHV-specific T cell response appeared 5 to 7 weeks p.i., remained elevated during AH, and then subsided but remained measurable during SOI. However, soon after administration of WHV, i.e., in the first 7 days p.i., T cells demonstrated significantly augmented proliferation in response to mitogenic stimuli, i.e., concanavalin A (ConA), pokeweed mitogen (PWM), and phytohemagglutinin (PHA) (Figure 4). Thus, this strong antigen-nonspecific, generalized T cell response occurred before the appearance of WHV-specific T cell reactivity, which was previously unknown consequence of hepadnaviral infection. Analysis of cytokine transcription in weekly PBMC samples confirmed very early activation of T lymphocytes and impairment in transcription of tumor necrosis factor-alpha (TNF-α) and IFN-γ up to week 6 p.i., thus until AH and WHV-specific T cell response became apparent. The pre-acute phase of WHV infection was also associated with reduced transcription of IFN-α, IL-2, and IL-12, and increased expression of IL-10. This cytokine expression profile was compatible with the profiles observed in the early infections with other viruses and was found to be indicative of defective activation of APC and presentation of viral epitopes to T cells (64, 65).
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FIGURE 4. Distinct kinetics of WHV-specific and generalized T cell proliferative response following infection with a liver pathogenic dose of WHV and subsequent challenge with the same ioclum. (A) Schematic depiction of the cumulative data on discordance between virus-specific and generalized, mitogen-induced T cell proliferative responses. The profiles were compiled based on the data obtained from 4 animals with self-limited acute hepatitis after infection with 1.9 × 1011 DNase digestion-protected WHV virions using a flow cytometry CFSE assay to assess T cell proliferation in response to five different recombinant or native WHV proteins and WHc97−110 peptide (stimulation index values, SI) and in response to five 2-fold dilutions of mitogen concanavalin A (ConA) ranging from 1.25 to 20 μg/mL measured by a [3H]-adenine incorporation assay (mean mitogen stimulation index values, MMSI). The mean of the highest SI given by any WHV antigen or that of MMSI in response to any ConA concentration from each of four animals were used to construct the profiles. Solid red upward arrowheads indicate injections with WHV. Black and red stars mark peaks of mitogen-induced and WHV-specific T cell responses, respectively. The data demonstrate that WHV first triggers polyclonal generalized activation of T cells and then WHV-specific T cell response. (B) An example of the WHV-specific T cell response to recombinant WHV e protein (rWHe) in the same 4 animals shown in panel A. (C) An example of the mitogen-induced T cell proliferation after infection and challenge with WHV in response to stimulation with ConA. Figures adopted with modifications from Gujar et al. (53).


Interestingly, re-exposure of woodchucks which resolved AH to the same WHV again immediately triggered strong, generalized proliferative T cell response which was followed by the delayed virus-specific T cell reactivity (53). It is commonly acknowledged that re-exposure of immunocompetent hosts to the same biological agent swiftly mounts secondary adaptive response detectable within a week or two after re-challenge [e.g., Flynn et al. (66), Doherty et al. (67), Rocha and Tanchot (68)]. In this context, the results obtained suggested that temporal, generalized, polyclonal activation of T cells delayed adaptive T cell response not only after primary but also after secondary exposure to WHV. This was the first of this kind finding that was not yet examined in HBV infection.

It was noticed that the generalized proliferative capacity of T cells varied depending on the phase of acute WHV infection (53, 69) and was significantly heightened promptly after infection and then dramatically declined before WHV-specific T cell response appeared (Figure 4). Hence, it became of interest to examine what the mechanism of this rapid T cell decline was. For this purpose, a flow cytometric CFSE [5-(and-6)-carboxyfluorescein diacetate succinimidyl ester]-based assay coupled with staining for annexin V-7 in the presence of actinomycin-D (7-AAD) was adopted to simultaneously measure lymphocyte proliferation and apoptotic lymphocyte death (53, 69, 70). The evaluation of lymphocyte behavior after WHV infection leading to SLAH showed that the rapid contraction of the generalized T cell response was associated with the strongly augmented susceptibility of T cells to activation-induced apoptotic death. This indicated that T cells became compromised in the early phase of acute WHV infection and this may directly contribute to the postponement of WHV-specific T cell response.

In summary, both primary and secondary exposures to liver-pathogenic doses of WHV caused generalized activation of T lymphocytes accompanied by the cytokine expression profile suggesting defective activation of APC and priming of virus-specific T cells. These processes occurred in the initial phase of infection and were likely responsible for postponement of WHV-specific T cell response. Consequently, this implied that the hindered initial recognition and elimination of virus permitted its replication and spreading in the very early, asymptomatic phase of infection. Similar findings were reported in the early infection with other viruses, including simian immunodeficiency virus (SIV) which infects T cells [e.g., Wallace et al. (65)]. As previously mentioned, WHV and HBV are lymphotropic viruses which infect cells of the immune system. For more details on WHV lymphotropism see section on page 9.



WHV-SPECIFIC T CELL AND HUMORAL IMMUNE RESPONSES IN CHRONIC SYMPTOMATIC AND PERSISTENT OCCULT INFECTIONS

CH remains the main burden of HBV infection despite significant progress in treatment options. The woodchuck model meaningfully contributed to identification of features of virus-specific T cell responses during symptomatic chronic infection and recognition of ways to modulate them for therapeutic purposes. Due to a very weak or absent activity of these responses, their augmentation either alone or in combination with antiviral agents may offer a prospect of more effective therapy for CH type B.

Identification of immunodominant T cell epitopes within WHV core and envelope proteins, and development of the first generation of assays measuring helper and CTL responses initiated recognition of the anti-WHV cellular immunity in woodchucks (14, 71, 72). These first tests included 2[3H]-adenine incorporation T cell proliferation assay and flow cytometric CD107a degranulation test to assess WHV-specific cytotoxic T cells (CTL) response (14, 15, 72). The data showed a close compatibility between woodchucks and humans in adaptive T cells responses both during resolution of AH and CH. Thus, recovery from AH coincided with strong T cell proliferative and CTL reactivity directed to multiple WHV antigenic epitopes which coincided with rapid decline in circulating virus. In contrast, weak or undetectable T cell responses were identified in CH in the presence of usually high loads of circulating WHV (14, 71, 72). With time more sensitive or applying different approaches assays were developed, including a flow cytometric CFSE-based assay capable of evaluation of relative strength and kinetics of WHV-specific T cell proliferation (52, 53, 70) and flow cytometric assays quantifying WHV-specific CTLs based on defining CD3-positive, CD4-negative (73) and CD4-negative, IFN-γ positive T cell subsets (Mulrooney-Cousin and Michalak, unpublished). The results from these assays remained in good agreement with the findings previously reported.

The weakened or absent virus-specific T cell response in chronic infections was found to be a consequence of T cell exhaustion in which programmed death 1(PD-1)/PD-ligand 1 (PD-L1) interaction plays a dominant role [e.g., Barber et al. (74), Maier et al. (75), Velu et al. (76)]. The restoration of this interaction in vitro brought promising results, however experiments with PD-1 blocking anti-PD-L1 antibodies alone in vivo were not as much successful (77, 78). Chronically infected woodchucks, like HBV-infected humans, can have elevated liver PD-L1expression and increased display of PD-1 on CD8+ cytotoxic T cells. Woodchuck PD-1 and PD-L1 and PD-L2 were cloned and characterized, and antibodies against PD-L1 produced (18, 73). Function of WHV-specific CTLs was significantly enhanced in vivo in some woodchucks with CH when anti-PD-L1 antibodies were given together with entacavir (ETV), a clinically used anti-HBV nucleoside analog, and DNA vaccination with plasmids expressing WHc and WHs antigens (19). In more recent study, the effect of anti-PD-L1 in combination with ETV was only seen in a minority of chronically infected animals (73). Nonetheless, this approach may represent valuable therapeutic strategy for CH type B after further improvements in consistency and durability of the T cell response.

SOI continuing after recovery from an episode of AH is associated with low levels of T cell response toward WHV antigenic epitopes which is intermittently detectable throughout lifetime (Figure 4). This profile of T cell reactivity during SOI closely resembles the profiles of proliferative and CTL responses against HBV in patients who resolved AH type B (37, 48) who, like woodchucks, continue to carry after SLAH traces of replicating virus for years. It is now acknowledged that the residual transcription of small amounts of viral proteins provides continuous antigenic stimulation that maintains an active antiviral immune response during occult infection. This response sustains persisting virus at levels which may no be longer liver pathogenic; however, this control may fail and reactivation of hepatitis may occur (32, 45).

The features of WHV-specific T cell response were also investigated in POI and after challenge of woodchucks with POI with liver pathogenic or non-pathogenic doses of WHV (79). Similarly as AH, POI was associated with the delayed appearance of WHV-specific T cell proliferative response against multiple virus epitopes (53). This T cell reactivity persisted intermittently at low levels as it was seen in the course of SOI. Like in WHV AH, immediately after inoculation with WHV establishing POI, lymphocytes displayed an augmented capacity to proliferate in response to mitogenic stimuli prior to arise of virus-specific response (79). Interestingly, the profiles of both virus-specific and generalized T cell proliferative responses were again very similar to those observed after infection with liver pathogenic doses (Figures 3, 4). These results well-supported the view that WHV-specific T cell reactivity is an extremely sensitive indicator of exposure to hepadnavirus, even to amounts as low as 10 virions (31). However, there were two major differences between POI and SOI considering immune response. In contrast to SOI, POI was not accompanied by anti-viral antibodies, including anti-WHc which as anti-HBc normally accompany WHV or HBV infection. Another distinctive feature was that POI did not induce protective immune response against WHV, while infection with liver-pathogenic doses leading to SOI invariably did (52, 53, 79). This confirmed a central role of humoral anti-viral immunity in protection against re-exposure to hepadnavirus. Overall, the discrepancy between virus-specific cellular and humoral responses to infection with a low dose of WHV was consistent with the data from other asymptomatic infections, including those with hepatitis C virus, human immunodeficiency virus type 1 or SIV (80–84). In these infections, T cell responses occured in the absence of serological or pathological signs of infection. Comparable findings were reported for humans exposed to HBV (85).



THE IMMUNE SYSTEM AS SITE OF REPLICATION AND LIFELONG PERSISTENCE OF WHV

It became evident during studies of the woodchuck model that the immune system is the site of productive WHV replication as well as reservoir of persisting virus independent of whether infection is symptomatic or occult (Figure 2). Infectivity of WHV derived from lymphoid cells of infected animals and from in vitro infected immune cells have been comprehensively documented and reviewed (5, 9, 29–31, 46, 47, 86–93)].

Among others, the method of WHV DNA identification within intact lymphoid cells by employing in situ PCR combined with flow cytometric quantification of cells containing WHV amplicons was established to enumerate infected cells (91). The data showed that 3.4 to 20.4% (mean 9.6%) of the circulating lymphoid cells carried WHV DNA in animals with AH and CH, while cells from SOI or POI were positive at lower numbers ranging from 1.1 to 14.6% (mean 4.4%) (91). There was no meaningful difference in numbers of lymphoid cells carrying WHV genome between SOI and POI, which was consistent with comparable loads of WHV DNA in PBMC as measured by PCR-NAH (29, 30, 46, 94, 95).

To investigate whether WHV ability to infect immune cells is a feature of wild-type virus or a result of a particular virus variant predisposed to infect these cells, WHV with a homogenous sequence in both the liver and the immune system was subjected to serial passage in woodchuck hepatocytes and splenocytes (92). It was hypothesized that such repeated passage should enrich a lymphotropic variant if it exists. This repeated passage did not lead to the appearance of cell type-specific WHV variants, has not changed virus cell tropism or its infectivity when administered to WHV-naïve woodchucks. The resulting infection profiles in the animals infected dependent upon virus dose but not on virus cellular origin, and the virus retained its initial DNA sequence.

Although hepatocytes and lymphoid cells are targets of HBV and WHV (96–109), there is very limited knowledge regarding the receptor/s determining these viruses lymphotropism. However, it was demonstrated that there is a protease-activated cell binding site in the large preS1 protein of WHV envelope that facilitates in vitro binding to woodchuck hepatocytes and lymphoid cells (110, 111). The core epitope of this site was mapped to amino acid residues 10–13 at the N-terminal sequence of the preS1 protein. Peptides comprising this site sequence interacted with woodchuck hepatocytes and lymphoid cells with characteristics of a specific ligand-receptor interaction. Interestingly, their ability to bind lymphoid cells was about 1000-fold greater than that for hepatocytes. This cell recognition site was found to be protected within the WHV preS1 protein tertiary structure and its activity was not identifiable until the protein was subjected to limited digestion with proteases. The antibodies directed against the site appeared as the first immunological indicator of infection in animals experimentally infected with WHV, indicating that proteolytic cleavage of this protein also occurred in vivo (111). In addition, the involvement of a 330-kD proteoglycan, as well as heparan sulfate and polymannose in the binding of WHV envelope to hepatocyte and splenocyte plasma membranes was described (112).



INTERACTIONS BETWEEN WHV PROTEINS AND HEPATOCYTE SURFACE PLASMA MEMBRANE AND THEIR SIGNIFICANCE

Hepatitis caused by hepadnaviral infection is in principle a result of the immune response directed against viral peptides carrying epitopes which are presented at the hepatocyte surface in the context of major histocompatibility complexes (MHC). These epitopes are recognized by the epitope-specific CD4+ and CD8+ T lymphocytes which perform supportive (helper) and cytotoxic functions directed against infected cells, respectively (113, 114). However, viral proteins are also directly incorporated into hepatocyte plasma (surface) membranes (HPM) as integral proteins or loosely linked with the HPM structure as peripheral plasma membrane proteins (Figure 5). These HPM-associated viral proteins can themselves serve as targets of cytopathic reactions and potentially modify the extent of immune-mediated liver damage.
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FIGURE 5. Schematic presentation of the concept of an immune protective barrier at the surface of hepatocytes in chronic WHV infection created by virus envelope (WHs) proteins associated with hepatocyte plasma membranes (HPM) that coincides with depletion of class I MHC on the membranes. HPM from (A) Healthy, WHV-negative woodchucks; (B) WHV-infected animals with acute hepatitis (AH), and (C) WHV-infected animals with chronic hepatitis (CH). CH in contrast to AH is characterized by irreversible incorporation of large (saturating) quantities of WHs proteins into HPM lipid bilayer and presence of WHs reactivity loosely associated with HPM structure behaving as peripheral membrane protein. In addition, CH occurs in the context of large quantities of circulating virus envelope proteins carrying WHs antigenic specificity (WHsAg) and inability of HPM to bind exogenous purified WHsAg in contrast to HPM from healthy woodchucks and animals with AH. WHV core (WHc) proteins are also incorporated as integral and joined with HPM as peripheral membrane proteins, however there are no differences between AH and CH in their HPM quantities and susceptibility to removal by agents dissociating HPM. In addition, HPM from CH are voided of class I MHC presence in contrast to HPM from acutely infected and healthy animals. Together, the concept assumes that WHs proteins incorporate at saturating quantities into hepatocyte surface membranes in combination with large amounts of circulating WHsAg and absence of class I MHC presentation at the membranes form an immune protective barrier that shelters infected hepatocytes from immune elimination. For details see Michalak and Churchill (115), Michalak et al. (116, 117), Michalak and Lin (118), Michalak et al. (119), and Wang and Michalak (120).


In the HBV infection known as asymptomatic, healthy chronic carriage of HBsAg and in the equivalent infection in woodchucks, normal or nearly normal liver histology and unaltered hepatic biochemical functions coincide with the vast quantities of circulating HBsAg or WHsAg, respectively (121, 122). This is accompanied by abundant deposits of virus envelope material in the cytoplasm and in the proximity of the hepatocyte surface in the majority, if not in all, hepatocytes. This naturally occurring situation seemingly perfectly exemplify the state of immune tolerance in the presence of excess of foreign immunogen. The above observations triggered a question whether there is a relationship between the status of hepadnavirus protein association with HPM and the form of inflammatory liver injury.

In a series of studies, HPM purified from woodchucks with different immunomorphological forms of WHV hepatitis and HCC were investigated for the nature of WHV proteins' interaction with the HPM lipid bilayer, the amounts and the molecular profiles of the associated WHV proteins, and the ability of exogenous WHsAg to interact with HPM (115–118). Regarding WHV nucleocapsid (also called core or WHc) proteins, their levels and molecular species displayed by infected HPM were not related to form, severity or duration of hepatitis (Figure 5) (118). Notably, two WHc proteins with molecular weights of 22 and 43 kD were identified in HPM from both AH and CH. Quantitation of the WHc content in HPM from AH (mean 1.62 ± 0.96 ng/μg HPM protein) and CH (mean 1.39 ± 0.39 ng/μg HPM protein) were not statistically different (118). Conversely, quantities of the WHs proteins were meaningfully greater in HPM from CH (mean 16.36 ± 2.05 ng/μg HPM protein) than those from AH (mean 2.60 ± 1.15 ng/μg HPM protein) (Figure 5) (118). Molecular profiles determined by Western blotting showed that the WHV preS1, preS2, and S polypeptides, with or without equivalents in the purified serum WHsAg and WHV virions, were detected in all infected HPM. Detection of the WHs polypeptides other than those comprising circulating particles implied that the proteins unique for intracellular processing and not utilized in assembly of viral particles were inserted into HPM. Further, staining with antibodies against WHsAg which recognized all envelope proteins and with monoclonal antibody against WHV preS2 peptide demonstrated that the preS2 protein was dominant in all infected HPM (118).

Examination of HPM from animals with AH or CH demonstrated that most of WHc proteins resisted extraction with 6 M urea that removes peripheral membrane proteins loosely associated with HPM, indicating their strong bond with the HPM lipid bilayer. Treatment of HPM with Triton X-114 (1%), which dissociates membranes into the hydrophilic and the hydrophobic protein fractions, released the majority of WHc polypeptides confirming their nature as integral proteins. There was no difference in the behavior of the HPM-associated WHc proteins from animals with diverse severity of AH or CH (118).

The majority (~85%) of the proteins carrying WHs specificity was very tightly incorporated into HPM and resisted treatments with strong plasma membrane perturbants (115, 118). Extraction with agents solubilizing the lipid bilayer, such as Triton X-114, Triton X-100 (1%) or deoxycholic acid (50 mM), ascertained their behavior as the integral HPM protein, indicating that their insertion was irreversible (115). This suggested that perhaps only lysis or apoptotic death of infected cells could eliminate these proteins. Furthermore, HPM from animals with CH, but not from healthy woodchucks or these with AH, were unable to bind purified exogenous WHsAg (Figure 5) (118). Similar incapability characterized HPM from chronic WHsAg carriers (123), implying that the HPM potential to interact with WHV envelope was exhausted. This was likely due to a large amount of WHs proteins already incorporated into and associated with HPM and occupation of hepatocyte virus receptors by virus envelope material. However, such exhaustion could also be due to formation of WHsAg-anti-WHs immune complexes. Circulating anti-WHs or anti-HBs antibodies are rarely detectable in CH, however such possibility exists and a contribution of HBsAg-anti-HBs immune complexes to hepatocyte injury in CH was postulated (124). From this perspective, HPM eluates from woodchucks with AH contained immunoglobulins displaying anti-WHc and anti-WHV e antigen (anti-WHe) reactivity, although anti-WHs antibodies were not detected (117).

Taken together, the irreversible incorporation of WHV envelope but not core proteins into HPM lipid bilayer was a specific characteristic of CH (Figure 5). The accumulation of WHs proteins in HPM was not related to CH duration, severity of inflammation or progression to HCC. This raised a concept that such a state could be linked with the development and protraction of liver disease perhaps by creating an immune protective barrier at the hepatocyte surface that shelters virally infected cells from immune elimination. Notably, the increased display of WHV envelope proteins, particularly pre-S2, was found later to coincide with an inhibition of class I MHC presentation on hepatocytes in CH (119, 120). This occurrence should impact the efficiency of immune elimination of infected hepatocytes by virus-specific CTL (also see section on page 12). Common immunovirological properties of CH and the host immune responses in WHV and HBV infections would suggest that comparable events may happen in CH type B. However, similar studies are not feasible in the HBV-infected individuals mainly due to the lack of liver tissue uncompromised by therapy, comorbidities and/or the-end-of-life events.

In addition to the expected immunomodulatory effect exerted by HPM-associated virus envelope proteins, viral proteins displayed at the hepatocyte surface can be targets of immunopathogenic reactions. As mentioned, the eluates of HPM from animals with AH demonstrated anti-WHc and anti-WHe but not anti-WHs reactivity, although all three antigenic specificities were detectable in HPM (117). Also, while anti-WHc was readily identifiable, anti-WHe could be detected only in eluates from HPM of animals recovering from AH (117). These findings indicated that hepadnaviral proteins associated with HPM can be recognized by specific antibodies and became targets of hepatocytotoxic reactions. This concept was consistent with demonstration that heterologous anti-HBc and anti-HBs, as well as antibodies to hepatocyte asialoglycoprotein receptor (ASGPR) were cytopathic in the presence of active complement when hepatocytes from treatment-naïve patients with CH type B were used as targets (125). The data also indicated that anti-HBc-directed complement-mediated cytotoxicity was augmented against hepatocytes from individuals with chronic active hepatitis over that against hepatocytes from chronic mild hepatitis or inactive cirrhosis due to HBV infection. Overall, the data suggested that both HBV proteins and ASGPR (also see section on page 12), are recognized by circulating antibodies and that antibody-mediated cytotoxicity may contribute to hepatocyte damage in HBV infection.



INHIBITION OF CLASS I MHC PRESENTATION ON HEPATOCYTES IN CHRONIC WHV HEPATITIS

Generation of an antibody against a non-polymorphic epitope of woodchuck class I MHC heavy chain allowed identification of the MHC localization by flow cytometry and immunoblotting methods in woodchucks (126). Presentation of class I MHC was found on normal woodchuck hepatocytes. This was in contrast to the previous assumption based on immunohistochemical staining that normal hepatocytes do not display this complex. Further study of hepatocytes and HPM isolated from animals with WHV hepatitis revealed that AH, but not CH coincided with significantly augmented display of the class I MHC (119). This was associated with the enhanced expression of genes encoding for class I MHC heavy chain, ß2-microglobulin, transporters associated with antigen processing (TAP1 and TAP2), and IFN-γ. However, despite the similarly increased transcription of these genes in hepatocytes from AH and CH, the class I MHC display was suppressed only on hepatocytes from CH. Furthermore, the level of inhibition was not associated with the histological degree of hepatocellular damage, the severity of inflammation, the hepatic level of IFN-γ expression, and the liver load of WHV. This together implied a profound posttranscriptional inhibition in the class I MHC presentation on hepatocytes in CH and that this represents a common hallmark of CH (119). Interestingly, the class I MHC was also inhibited on splenocytes of chronically infected woodchucks which are also known to support WHV replication (29, 86, 92). Since, the class I MHC is principal to presentation of viral peptides to cytotoxic CD8+ T cells, this finding was of an utmost significance to the understanding one of the mechanisms responsible for development and endurance of CH in hepadnaviral infection. Because a similar study has not yet been accomplished in either human or any other animal model of hepadnaviral infection, it is appropriate to emphasize these results.

Subsequent investigations asked which of the WHV proteins could be responsible for the impairment of class I MHC presentation on hepatocytes. To study this issue, WCM-260 hepatocytes isolated from a healthy woodchuck (127, 128) were transfected with the genes encoding individual WHV proteins as well as with the complete WHV genome (120). It was found that the class I MHC display was significantly impaired after transfection with the entire WHV DNA or with genes coding WHV envelope preS2 middle or preS1 large protein, which also contains the preS2 protein. In opposite, transfection of hepatocytes with the WHV X gene alone augmented the class I MHC display, while hepatocytes expressing after transfection WHV major S protein or WHV core alone did not alter the class I presentation on WCM-260 hepatocytes. Interestingly but not surprisingly, hepatocytes treated with woodchuck recombinant IFN-γ reestablished the class I presentation suppressed by the transcription mentioned above (120). Overall, these data implied that the impaired display of class I MHC on hepatocytes transcribing WHV is a result of posttranscriptional inhibition due to an interference from the virus preS2 protein and that this impairment can be fully reversed by treatment with IFN-γ. In this regard, exposure of primary hepatocytes from WHV-infected woodchucks to woodchuck IFN-γ was also found to upregulate class I MHC transcription (129).



WHV-INDUCED ASIALOGLYCOPROTEIN RECEPTOR AUTOIMMUNITY AND ITS EFFECT ON THE OUTCOME OF HEPADNAVIRAL HEPATITIS

The induction of humoral and cellular autoimmune reactions by viruses is well-documented, while the contribution of virus-induced autoimmunity to the development and maintenance of chronic liver diseases, including viral hepatitis, although postulated for a long time, remained sparsely recognized. Circulating autoantibodies to non-organ and liver-specific antigens frequently accompany CH type B (130, 131). Regarding liver-specific autoantibody responses, autoantibodies to hepatic ASGPR (anti-ASGPR) have been encountered in up to 73% of patients with CH type B (132, 133), but rarely in hepatitis C (<15%) (134). For comparison, approximately 80% of patients with chronic autoimmune hepatitis may carry anti-ASGPR (132, 135). The target for anti-ASGPR is a HPM-associated receptor, a hepatic C-type lectin, which facilitates removal through endocytosis and lysosomal degradation of desialylated glycoproteins carrying galactose-terminal oligosaccharides (136, 137). The structure and biological properties of ASGPR have been well-characterized for human and other species (136–138), including woodchuck (139). The woodchuck ASGPR (WcASGPR) is a hetero-oligomeric complex composed, similarly as human ASGPR, by two polypeptides with molecular masses of 47 and 40 kD (139). Since the expression of ASGPR is essentially restricted to hepatocytes and anti-ASGPR antibodies coincide at a high frequency with HBV infection, it was postulated that HBV may trigger anti-ASGPR which, in turn, could be implicated in liver damage (140). In this context, we have embarked to recognize whether hepadnaviral infection induces ASGPR autoreactivity and what consequences of this response are regarding hepatocyte function and liver pathogenicity in experimental CH. The woodchuck model is certainly well-positioned to answer such questions since a relationship between virus infection and development of autoimmunity can be investigated from the time of virus entry and easily related to the status of autoimmune response before infection. From this perspective, the woodchuck model has been previously used to investigate the impact of hepadnavirus on the induction of non-organ specific autoantibodies (141). It was uncovered that WHV infection undeniably induces a non-organ specific autoimmune response that appears during the incubation period before detection of serum WHsAg and clinical appearance of hepatitis. The presence of smooth muscle autoantibodies (SMA) was most pronounced among the autoantibodies tested, however their kinetics and levels did not differentiate weather AH resolves or progresses to CH.

The studies on induction of anti-ASGPR in the course of WHV infection and on potential pathogenic roles of this autoimmune response revealed that: (1) Inoculation with WHV triggered anti-ASGPR autoantibodies in healthy woodchucks at a frequency close to 90% (142); (2) Existence of anti-ASGPR reactivity prior to WHV infection was associated with development of CH at significantly greater rate (55.5%) than in woodchucks non-reactive for anti-ASGPR before infection (15.6%) (142); (3) WHV-induced anti-ASGPR antibodies inhibited recognition of asialoglycoprotein by woodchuck hepatocytes and human HepG2 cells suggesting that the induced anti-ASGPR might impair hepatocyte clearance of desialylated proteins (127), and (4) Anti-ASGPR antibodies triggered by WHV were able to induce complement-mediated hepatocytotoxicity implying that they may contribute to the pathogenesis, impact severity, and hinder recovery from liver damage in hepadnaviral hepatitis (127). In another related study, healthy woodchucks which were first immunized with a WcASGPR-closely compatible rabbit ASGPR (RbASGPR) and then infected with WHV advanced at a higher frequency to CH, while animals with ongoing CH challenged with RbASGPR demonstrated exacerbated histological degree of liver injury when compared to the unchallenged animals with CH (143). In general, the data pointed out that immune response directed to hepatocyte ASGPR has potential to modify the severity and the outcome of hepadnaviral hepatitis and likely liver status in other diseases accompany by this autoreactivity.



HEPATOCYTES AS CYTOTOXIC EFFECTORS CAPABLE OF CELL ELIMINATION BY BOTH PERFORIN AND CD95 (FAS) LIGAND-DEPENDENT PATHWAYS

It is now acknowledged that the liver is an immunologically competent organ which plays important roles in maintenance of peripheral immune tolerance and surveillance over the gut originating pathogens. While the contribution of Kupffer cells and sinusoidal endothelial cells to the hepatic immune responses is relatively well-recognized (144–148), involvement of hepatocytes, which number reaches ~8 × 1011 and they comprise ~80% of the adult liver, remained unknown. We uncovered that hepatocytes can function as cytotoxic effectors and constitutively display ability to eliminate cells directly contacted with their surface via both perforin-granzyme B (GrB) and CD95 ligand (CD95L)-CD95 (formerly Fas ligand-Fas) death pathways (Figure 6) (149, 152). These were unexpected findings since the ability to eliminate cells in vivo was previously known only regarding immune cells, such as CTLs, which are endowed with the same cytotoxic mechanisms. Related data showed that hepatocyte cell killing can be differentially modified by cytokines. Thus, while IFN-γ and tumor necrosis factor alpha (TNF-α) upregulate hepatocyte expression and usage of CD95L, the ability of hepatocytes to eliminate cells via perforin-GrB was unaltered upon exposure to either cytokine (152) (Figure 6). Remarkably, it was also uncovered that hepatocyte cytotoxic potency depends upon interaction of terminally desialylated glycoproteins on target cells with ASGPR on the hepatocyte surface (150). While the most acknowledged role of ASGPR is the removal of desialylated glycoproteins (for more details see section on page 12), it has also been postulated that the receptor facilitates the trapping of activated lymphocytes in the liver. In this regard, it was reported that activated T cells carrying the B220 epitope, a CD45 molecule depleted of sialic acid, accumulate in the livers of CD95-deficient mice (153). Binding of activated T cells by hepatic ASGPR could facilitate the retention of the cells and their removal via an apoptotic mechanism involving the death signaling via CD95 (153, 154). Based on the data implying that hepatocytes can act as cytotoxic effectors, we hypothesized that they may play a role in removal of activated T cells (150). To test this possibility, we investigated whether hepatocyte surface ASGPR could be directly involved in recognition and removal of activated T cells. The results demonstrated that desialylation of glycoproteins on the surface of T cells augmented their hepatocyte-mediated apoptosis in vitro, while inhibition of hepatocyte ASGPR binding by a soluble ligand, such as asialofetuin, or silencing of the ASGPR gene by small interfering RNA (siRNA) significantly reduced hepatocyte-mediated cell killing. The study also revealed that hepatocytes can wipe out affinity-purified, mitogen-activated CD4+ T lymphocytes brought into contact with their surface (150).


[image: Figure 6]
FIGURE 6. Schematic presentation of the mechanisms and factors affecting elimination of cells brought to contact with hepatocyte surface. In opposite to the previous opinion, hepatocytes intrinsically transcribe perforin, as well as CD95 and CD95 ligand (CD95L) and can utilize both perforin-granzyme B (GrB) and CD95L-CD95 pathways to kill other cells. The acquired experimental data indicate that hepatocytes can recognize other cells via interaction between desialylated glycoproteins on the target cell surface and asialoglycoprotein receptor (ASGPR) on hepatocyte plasma membrane. (A) Normal hepatocytes show ability to eliminate contacted cells by both CD95L- and perforin-dependent mechanisms. ASGPR involvement in this process is supported by demonstration that desialylation of surface glycoproteins on target cells enhanced their susceptibility to hepatocyte-mediated killing and that inhibition of hepatocyte ASGPR by asilofetuin, a ASGPR-specific ligand, or by silencing of ASGPR gene by specific siRNA significantly limited hepatocyte-facilitated cell killing. (B) The hepatocyte capacity to eliminate cells brought to contact with their surface is augmented after hepatocyte exposure to IFN-γ or TNF-α. This appears to be a consequence of the combined effects of enhanced expression of the cytotoxic effector molecules and augmented display of ASGPR on hepatocyte surface (indicated by arrows with continuous stamps). In chronic WHV hepatitis and resolved acute WHV infection, hepatocyte CD95L- and perforin-dependent cytotoxicity is augmented when compared to hepatocytes from livers of healthy woodchucks. This appears to be a consequence of liver inflammation caused by WHV which progression and resolution are associated with augmented production of many bioactive factors including IFN-γ and TNF-α. It also is possible that the augmented hepatocyte cytotoxicity in some situations could be due to a direct effect of virus (WHx protein) via upregulated expression of the cytotoxic effector molecules or ASGPR in hepatocytes (marked by arrows with dashed stamps). For details see Guy et al. (149–151), Guy et al. (152).


It was further shown that both CH and resolved AH are associated with enhanced hepatocyte cytotoxicity that is dependent on an increased activity of both CD95L-CD95 and perforin-granzyme B mediated pathways (Figure 6) (151). This was supplemented by the study utilizing intact woodchuck WCM-260 hepatocytes and WCM-260 stably transfected with WHV DNA or singular WHV genes (120). We uncovered that hepatocytes treated with IFN-γ, but not those transfected with the complete WHV genome or individual WHV genes, excluding the WHV X gene, displayed augmented cytotoxicity facilitated by both CD95L and perforin. This implied that increased intrahepatic production of IFN-γ rather than virus replication itself led to increased hepatocyte-mediated cell death. In this context, an increased hepatic transcription of IFN-γ was reported in woodchucks during both CH and SOI continuing after resolution of AH, as well as in POI (16, 53). Interestingly, hepatocytes transfected with the WHV X gene alone displayed significantly higher levels of CD95L and perforin, and killed cell targets more efficiently (151). This suggested that WHV under certain circumstances may directly heighten hepatocyte cytotoxicity.

The studies summarized above for the first time revealed the cytotoxic phenotype of hepatocytes and showed that they are naturally equipped with the machinery facilitating death of other cells via perforin-granzyme B and CD95L-CD95-mediated pathways (Figure 6). The data also suggested that the recognition of target cells by hepatocytes involves ASGPR that recognizes desialylated glycoproteins on the surface of cells predestined for elimination. The appearance of these proteins is a natural outcome of the glycoproteins physiological usage, including activation of T lymphocytes (155–158). It was also shown that hepatocytes can directly eliminate activated T cells. This intriguing finding suggests that hepatocytes may actively contribute to local immune regulation and moderation of inflammation. Thus, hepatocytes might be much more than passive targets of immune reactions and may function as immunological effectors. Whether hepatocytes directly contribute to outcome of viral hepatitis via immunoregulation and/or contraction of inflammation remains to be established. Nonetheless, examination of the mechanisms underlying liver pathology should consider hepatocytes as potentially immunologically competent participants.



PREDICTORS OF SPONTANEOUS RESOLUTION OF ACUTE INFECTION AND ITS PROGRESSION TO CHRONIC HEPATITIS

Woodchucks infected with WHV display pattern of liver disease and age-dependent rates of development of CH similar to those in human HBV infection. In search for indicators capable of predicting in advance whether hepadnaviral infection will resolve or progress to CH, liver biopsies collected during AH from adult animals which finally either resolved AH or developed CH after administration of the same dose of WHV inoculum were investigated (16). The dynamics of intrahepatic expression of selected cytokines, liver T cell influx, histological severity of hepatitis, and serum and hepatic WHV loads were assessed. The data revealed that recovery from AH was characterized by a significantly greater hepatic expression of IFN-γ and CD3, an indicator of T cell infiltration, an increased transcription of TNF-α, a greater histological severity of liver inflammation, and by lower hepatic loads of WHV than those detected in animals in which AH advanced to CH. For instance, the estimated liver load of WHV during AH was 2.7-fold lower for animals that resolved AH than for these which established CH. The study also revealed that the elevated hepatic transcription of IFN-γ, TNF-α, and CD3 endured for years after resolution of AH. This was in agreement with the findings of residual WHV replication and minimal intermittent liver inflammation continuing normally for life after seemingly complete resolution of AH (29). Evaluation of similar parameters in liver biopsies acquired from healthy woodchucks in which the outcome of WHV AH was known did not demonstrate such predictive value. Overall, the study documented that the development of CH can be predicted well in advance by analyzing liver tissue in the acute phase of infection.

The above study was completed in the adult animals in which AH either subsided or advanced to CH in the setting of the mature immune system. It is note that woodchucks infected as adults with liver pathogenic doses of WHV develop CH at the rate not >25–30%. This is in contrast to WHV infection acquired in the neonatal period, which likely due to the immunological immaturity of the host, establishes CH in the majority of neonates. This somewhat resembles a situation in children born to mothers chronically infected with HBV or those exposed to virus very early in life which tend to develop much high rates of CH than adults if untreated. Despite significant immunological differences between adults and neonates, the parameters typifying the early phase of WHV infection progressing to recovery or CH identified in the adult woodchucks were closely comparable to those reported for neonatal infection (159, 160). Hence, recovery from AH in the neonatal period coincided with greater levels of hepatic IFN-γ and TNF-α transcription, augmented severity of hepatitis, and with lower hepatic loads of WHV. Taken together, despite significantly different frequencies of spontaneous recovery or progression to chronic disease in adult and neonatal animals, the same liver parameters measured in the acute phase of infection predict outcome of hepatitis.



TOLL-LIKE RECEPTOR 1–10 EXPRESSION IN DIFFERENT FORMS OF WHV INFECTION AND STAGES OF EXPERIMENTAL HEPATITIS

Toll-like receptors (TLRs) are important mediators of immune responses which contribute to immune recognition of microbes and to the immunopathogenesis of diseases and cancers in general. There is now a wealth of data on the TLRs' expression, their functions and roles in a variety of diseases. A significant progress has also been made in recognition of TLRs' role in the pathogenesis of hepatitis B and in therapeutic potential of their antagonists in HBV infection (25). The woodchuck model plays a particularly important role in these studies. As an example, a potent agonist of TLR-7 (GS-9620) has been developed and tested in chimpanzees and woodchucks, and its evaluation has advanced to clinical trials. The results indicate that both innate and adaptive immunity contribute to sucessful antiviral response (161–164). However, the response was not uniformly effective among animals and patients treated. Recently, a new TLR-7 activating compound (APR002), designed to be preferentially delivered to the liver, was investigated in WHV-infected woodchucks in comination with ETV (165). The virological and immunological equivalence of functional HBV cure was achieved in some animals which appeared to be due to immunological modulation rather then augmented antiviral efficacy of the tretment (166). In another recent study, agonist of TLR-8 (GS-9688) has shown ability of sustained inhibtion of WHV replication in some chronically infected woodchucks when administered alone, as evidenced by decline in serum WHsAg and hepatic WHV cccDNA to levels undetectable by the assays employed (22). In this context, a variety of factors among which individual discrepancies in the TLRs' expression and cooperation between TLRs and functionally important downstream molecules, and individual differences in the kinetics of virus infection and in the degree of inflicted inflammation and liver damage could play a role.

Considering the above, comprehensive recognition of the TLR expression profiles in sequential stages of WHV infection and hepatitis was recently completed (167). The assessment of the transcription profiles of woodchuck TLRs 1 to 10 in serial liver biopsy and PBMC samples from the pre-infection and pre-acute periods to AH followed by SLAH and SOI or CH, and from animals with POI was made. This was supplemented by analysis of the TLR transcription profiles in whole livers and in primary hepatocytes isolated from these livers. This last comparison was important to determine how TLRs' expression differs between hepatocytes, which are the principal site of virus replication, and the liver where TLRs' transcription could be influenced by cells of inflammatory infiltrations, sinusoidal lining and by blood cells within hepatic vasculature. Since there are not yet specific antibodies against the majority of woodchuck TLRs and molecules facilitating their downstream effects, quantitative TLRs' gene expression analysis provided the most direct approach to recognize TLR characteristics of different stages of WHV infection and associated liver disease. The study generated an abundance of data among which the most interesting showed that liver biopsies from AH and CH demonstrated significantly enhanced transcription of the majority of TLRs when compared to healthy woodchucks and animals with other stages of infection. Also, in contrast to whole liver tissue, hepatocytes from CH displayed significantly lower transcription or a trend toward suppression of several TLRs when compared to hepatocytes from healthy woodchucks and animals with other forms of infection or hepatitis. This implied that hepatocyte innate immune response is in fact downregulated in the course of CH. In contrast to hepatocytes, upregulated expression of some TLRs characterized PBMC during CH. Overall, the study indicated that: (1) TLRs' expression widely varied between different forms of infection and to a significant degree depended on whether infection was accompanied or not by hepatitis; (2) Analysis of the TLRs' transcription in hepatocytes provided more distinct association with form of infection or stage of hepatitis than analysis of total liver tissue. This was best exemplified in CH and SOI continuing after SLAH, and (3) TLRs' expression profiles in PBMC overall poorly mirrored those in livers and hepatocytes from infected animals. The study also delineated the profiles of TLRs 1–10 expression during sequential stages infection in individual animals from the healthy state to AH/SLAH/SOI or AH/CH and the baseline TLRs' expression in healthy woodchucks.

Potential applications of TLRs in therapy of CH type B which were examined in the woodchuck model were reviewed previously (12, 25, 168). Among others, it was shown that activation of TLR-2-dependent innate immune response was associated with a decreased replication of WHV in primary woodchuck hepatocytes and HBV in HBV-transcribing HepG2.2.15 cells (169). This coincided with the activation of NF-κB and cell MAPK/ERK and PI2K/Akt signaling pathways, as well as with production of pro-inflammatory cytokines by woodchuck hepatocytes. WHV infection modulated TLR-2 expression on PBMC and this reversely correlated with WHV DNA levels in woodchucks with AH and in animals with CH treated with ETV. In related study, TLR-2 agonists transiently enhanced production of IL-6 and TNF-α, increased CD8+ T cell response, and augmented clearance of HBV in the hydrodynamic injection model of HBV infection (170).



CONCLUDING REMARKS

The woodchuck model of hepatitis B has significantly contributed to the recognition of the natural history of hepadnaviral infection and the biological and pathogenic properties of hepadnaviruses, and to identification and characterization of occult HBV infection and its pathological outcomes. Reproducible experimental systems to investigate primary occult infection persisting indefinitely as a serologically and clinically silent but molecularly evident infection and secondary occult infection that continues in the presence virus-specific antibodies after resolution of a symptomatic infection were established. The woodchuck model significantly contributed to the identification of the pivotal, although not yet fully appreciated, role of the immune system as a reservoir of biologically competent hepadnavirus, even when the liver is seemingly not involved. The model assisted in the discovery of an extensive range of molecular and immunological mechanisms underlying development of liver disease of which some should be further explored, but many others await discovery. The uniqueness of the model relies on the close virological and pathogenic similarity to a human disease situation and on the unaltered environment in which interactions between virus and host occur. As such, the woodchuck-WHV infection should remain the standard for the discovery and validation of new pathogenic mechanisms and for preclinical drug testing.
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Variables IT(1=15) IA(=17) AT(1=13) P-value®
(IT vs. AT)

Age (years), median 37 (25-53)  42(25-67)  47(25-74)  0.005
(range)

Male sex, n (%) 8(53) 11(65) 8(62)
HBeAg/HBeAL

+- 15 (100) 11(65) 18

++ 00 00 00

“+ 0(0) 6(35) 9(69)

Median HBY DNA 9.09 859 201 <0.001

level (log copies/mL)
ALT (W), median 34 (14-38) 189 (52-1599) 25(15-43)  0.016
(range)

Antiviral therapy, 1 (%)

None 15 (100) 17 (100) 00
Adefovir 0(0) 0O 1@
Entecavir 0 00 8(62)
Tenofovir 00 0(0) 4(30)

ALT, Alanine aminotransferase; AT, antiviral treatment; HBeAD, hepatitis B envelope
antibody; HBeAg, hepatitis B envelope antigen; HBsAg, hepatitis B surface antigen; HBY,
hepatitis B virus; IA, immune-active; IT, immune-tolerant.

aP.yalue estimated by Mann-Whitney U-test or Kruskal-Wallis test.
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HC HBV-LC Non-HBV-LC

Cases 42 28 23
Spleen usage® 22 28 13

Age (years) 4852339  40.3(18-61) 46 (23-62)
Gender (WF) 3111 22/6 15/8
Platelet (x10'2) ND 450(1597)  49.8(28-89)
ALT (U 21.8(12-60) 19.3 (9-50) 1.9 (10-31)
AST (UL) 44.1(2364)  254(14-43)  29.6(15-56)
Total biliubin (umoll) 164 (10.6-20.1) 17.3(7.8-87.9) 157 (8.7-29.8)
Alournin (/L) 20.1(22-345)  380(32-48)  37.9(35-42)
Prothrombin time (second) 13.9 (12.1-16.8) 18.0 (115-14.7) 129 (11.1-168)
Prothrombin activity ND 68.2(54.6-532) 702 (47.6-87.8)
HBeAg (=) NA 6/22 NA

Child score (5/6/7) NA 8/15/5 4/13/6

M, male; F; female; HBeAg, hepatitis B e antigen; ND, not determined; NA, not applicable.
*Clinical data in HC subjects were from only donors with spleen usage.





