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Hepatitis B virus (HBV) remains a leading cause of liver-related morbidity and mortality through chronic hepatitis that may progress to liver cirrhosis and cancer. The central role played by HBV-specific CD8+ T cells in the clearance of acute HBV infection, and HBV-related liver injury is now well established. Vigorous, multifunctional CD8+ T cell responses are usually induced in most adult-onset HBV infections, while chronic hepatitis B (CHB) is characterized by quantitatively and qualitatively weak HBV-specific CD8+ T cell responses. The molecular basis of this dichotomy is poorly understood. Genomic analysis of dysfunctional HBV-specific CD8+ T cells in CHB patients and various mouse models suggest that multifaceted mechanisms including negative signaling and metabolic abnormalities cooperatively establish CD8+ T cell dysfunction. Immunoregulatory cell populations in the liver, including liver resident dendritic cells (DCs), hepatic stellate cells (HSCs), myeloid-derived suppressor cells (MDSCs), may contribute to intrahepatic CD8+ T cell dysfunction through the production of soluble mediators, such as arginase, indoleamine 2,3-dioxygenase (IDO) and suppressive cytokines and the expression of co-inhibitory molecules. A series of recent studies with mouse models of HBV infection suggest that genetic and epigenetic changes in dysfunctional CD8+ T cells are the manifestation of prolonged antigenic stimulation, as well as the absence of co-stimulatory or cytokine signaling. These new findings may provide potential new targets for immunotherapy aiming at invigorating HBV-specific CD8+ T cells, which hopefully cures CHB.
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Introduction

Hepatitis B virus (HBV) chronically infects more than 250 million people worldwide, which is more than seven times the number of the human immunodeficiency virus (HIV) (1). Chronic hepatitis B (CHB) accounted for over 800,000 deaths in 2015, rivaling HIV (2). Of the estimated 250 million chronic HBV (CHB) carriers worldwide, treatment is indicated in just a small fraction (10-30%) (1). Moreover, although current HBV therapies like nucleos(t)ide analogs (NAs) can effectively suppress viral replication, they are incapable of directly targeting the stable episomal HBV reservoir, the covalently closed circular DNA (cccDNA) (2). CHB patients remain at risk of developing liver cirrhosis and cancer despite available potentially life-long and non-curative treatment (3, 4). This situation justifies an urgent need for more effective HBV therapies.

The central role played by T cell responses in the control of HBV infection is now well recognized (5–7). Immunocompetent human adults readily clear acute HBV infection, up to 95% of the time (8). T cell responses behind the transient, self-limited infections are often described as strong and polyclonal (9–11). In experimentally infected chimpanzees, depletion of CD8+ T cells at the peak of viremia delays viral clearance until the T cells return, providing the most definitive evidence that HBV clearance is largely mediated by virus-specific CD8+ T cells. Meanwhile, CD4+ T cells aid the activation and maintenance of the CD8+ T cell responses in addition to triggering HBV-specific humoral responses that prevent viral dissemination (12, 13). In CHB patients, T cell responses are quantitively weak, and if present, functionally impaired (9, 14). It has become evident that multiple factors contribute to T cell dysfunction, but immunological events in the liver appear particularly important to establish T cell tolerance to HBV. The liver environment has generally been considered tolerogenic, plausibly to avoid detrimental immune reaction to gut-derived microorganisms and xenobiotics (15, 16). The cellular and molecular immunoregulatory mechanisms behind this long-standing notion, and especially its implications on HBV clinical outcomes, are beginning to be understood.

In this mini-review, we summarize the current understanding of immunological factors deemed to contribute to T cell dysfunction in the liver. A full appreciation of the mechanisms behind intrahepatic T cell dysfunction is essential to develop a ‘cure’ for CHB and liver cancer by immune reinvigoration.



T Cell Dysfunction During HBV Infection

Several human and animal studies have sought to define the frequency, phenotype, and function of HBV-specific CD8+ T cells to compare and contrast these features between acute HBV resolvers and CHB patients (11, 14, 17–20). There is consensus that in CHB, effector CD8+ T cells show multiple levels of an ‘exhausted’ phenotype, i.e., markedly reduced capacity to proliferate, produce IFNγ, IL-2, TNFα, granzymes, or perforins (9, 11, 18, 21). Characteristically low frequencies of HBV-specific CD8+ T cells are often recorded in CHB patients than in acute resolvers (14, 17, 18). Low CD8+ T cell numbers could be due to either poor expansion or increased clonal deletion. Frequency alone may not be of absolute importance over the function and breadth of the T cell population (11, 14, 20). A higher frequency of functional but partially exhausted CD8+ T cell with a CD127+ PD1+ phenotype was previously described in inactive CHB carriers. A subset showing more profound exhaustion displayed the CD127- PD1+ phenotype (20). Recently, acute resolvers were shown to have a multi-specific T cell repertoire covering HBV core, polymerase, and envelope epitopes in all the study participants. By contrast, a fraction of the CHB patients in the same study had T cells against HBV core and polymerase, with none against the HBV envelope (11). Similarly, HBV core and polymerase but not envelope specific CD8+ T cells were found in peripheral circulation in CHB patients in an independent study (20). The absence of envelope-specific CD8+ T cells is thought to reflect clonal deletion, as envelope-specific CD8+ T cells presumably become hyper-responsive to the relatively abundant hepatitis B surface antigen (HBsAg). However, caution should be exercised in interpreting these findings since only a few CD8+ T cell epitopes have been tested for each antigen. Besides the quantities of the cognate antigen, differences in antigen processing in the liver may also affect the qualitative and quantitative features of HBV-specific CD8+ T cells.



Mechanisms of HBV-Specific CD8+ T Cell Dysfunction

Potential mechanisms of HBV-specific CD8+ T cell dysfunction are summarized in Figure 1, and discussed below.




Figure 1 | Potential mechanisms of HBV-specific CD8+ T cell dysfunction. Top panel: Illustration of how persistent antigen recognition, predominantly by HBV infected hepatocytes, results in dysfunctional HBV-specific CD8+ T cells that fail to clear infection. Bottom panel: Illustration of how systemic and hepatic antigen recognition may cooperatively trigger robust HBV-specific CD8+ T cell responses that result in viral clearance.




Immunoregulatory Mediators in Liver Tolerance

Early studies on MHC mismatched liver transplants in animal models established the liver as a tolerogenic organ (15). Furthermore, studies in the 1970s already showed that soluble human and rat liver extracts inhibit T cell activation and DNA synthesis (22, 23). These extracts are now known to have been arginase whose high expression levels in the liver and peripheral blood have been associated with antigen nonspecific impairment of T cells in both acute and chronic HBV patients (24, 25). Hepatic necroinflammation may exacerbate the release of these enzymes by hepatic cytolysis. Plausibly, the observed high arginase levels during acute HBV infection serve as part of a regulatory feedback loop to minimize liver damage (24). Similar immunosuppressive enzymes that deplete metabolites required for the proliferation and maintenance of functional T cells, such as the tryptophan-depleting indoleamine-2-3deoxygenase (IDO) have also since been identified (15, 25, 26). These enzymes are secreted by various myeloid immune cells, including monocytic and granulocytic myeloid-derived suppressor cells (MDSCs) that have been found to be enriched in CHB patients (26–28). Interestingly, a recent study by Yang et al. reported that monocytic MDSCs (mMDSCs) were differentially upregulated in HBeAg-positive CHB patients. HBeAg was then shown to trigger mMDSC expansion that led to the IDO-mediated suppression of CD8+ T cell responses in vitro (28). Although the mechanism of HBeAg-induced mMDSCs expansion remains to be elucidated, this report, supplementary to the previous reports on HBeAg tolerogenicity (29, 30), suggests a novel targetable way by which HBV exploits nonspecific immunosuppressive effects to maintain liver persistence.

Other liver cell populations such as dendritic cells (DCs), liver sinusoidal endothelial cells (LSECs) hepatic stellate cells (HSCs) may also contribute towards T cell tolerance in the liver by several mechanisms that include: (i) IFNγ-dependent production of the soluble factors like IDO, arginase (31) (ii) activation of T regulatory cells (Tregs) via the expression of anti-inflammatory cytokines such as interleukin-10 (IL10) and transforming growth factor-beta (TGFβ) (15, 16, 32), (iii) upregulation of co-inhibitory receptor ligands, particularly PD-L1 that leads to T cell exhaustion in a positive feedback cycle with IL10 and TGFβ1 (32, 33) (iv) Expression of cell killing ligands like FasL and TRAIL (34). Notably, liver DCs have been described as immature and dysfunctional compared to peripheral DCs (35). However, this remains controversial in CHB because some studies don’t report any such difference (36).



Negative Signaling Mechanisms

Exhausted CD8+ T cells exhibit reduced effector function often in association with upregulation of co-inhibitory receptors such as PD-1, cytotoxic T-lymphocyte associated antigen 4 (CTLA-4), T-cell immunoglobulin and mucin domain-containing protein (Tim-3) (37–41). Of these, PD1-PD-L1 interactions have so far received the greatest attention as a target for tumor immune therapy. Ligation of PD-L1 to PD-1 receptors on T cells impairs downstream TCR signaling to inhibit their immune activation (33). A brief overview of how PD-1 expression is regulated in general is given by Bally et al. (42). The role of PD-1-PD-L1 in HBV-specific CD8+ T cell dysfunction (37, 38, 43–46) has been intensively investigated. Sustained PD-1upregulation is correlated with HBV-specific T cell dysfunction during CHB (18, 43) and PD-L1 expression on peripheral blood was shown to be upregulated in CHB patients (47). PD-L1 expression could also be induced on hepatocytes by type I and type II interferons (48). Anti-PD-L1 treatment on CHB patient-derived peripheral and intrahepatic HBV-specific CD8+ T cells enhanced IFNγ expression in vitro (38, 44), suggesting the immune restoration potential of PD-1 blockade. However, promising results of the in vitro studies do not necessarily assure therapeutic value in vivo. In HBV transgenic mice, antibody blockade, as well as genetic removal of PD-1 signaling, increased the frequency of HBV-specific CD8+ T cells, but the majority of HBV-specific CD8+ T cells remained dysfunctional (37). Importantly, a recent clinical study by Gane et al. showed that treatment of HBeAg negative CHB patients with a single dose of the PD-1 antibody Nivolumab resulted in modest HBsAg reduction within 24 weeks without any adverse events (46), and only one out of 10 patients exhibited HBsAg seroconversion and strong induction of HBV-specific CD8+ T cell responses. While the results were encouraging, the therapeutic impact of PD-1 signaling blockade was rather marginal. The data raises the possibility that other yet unknown co-regulatory molecules are present to suppress HBV-specific CD8+ T cell responses. Simultaneous blockade of multiple inhibitory receptors seems to improve therapeutic potential. In vivo co-blockade of PD-1/LAG-3 and PD-1/Tim-3 during LCMV infection synergistically enhanced CD8+ T cell responses (49, 50). Dual PD-1/CTLA-4 pathway blockade showed similar synergism in partially reversing HBV-specific CD8+ T cell exhaustion in vitro (51) There is a paucity of data on the impact of multiple target blockade in CHB, and the nature and extent of negative regulatory molecules’ co-regulation and expression may differ between patients. Personalized T cell characterization may be required for optimized treatment to reverse T cell exhaustion.



Metabolic Dysregulation in T Cells

Metabolic reprogramming after priming is important for T cell differentiation because energy demand largely differs between naïve, effector, and memory T cells (52–54), and mitochondrial plasticity is directly linked to T cell metabolism (55). Metabolic abnormalities, such as reduced glycolysis and oxidative phosphorylation, were observed in exhausted virus-specific CD8+ T cells during the early phase of chronic lymphocytic choriomeningitis virus (LCMV) infection (56). PD-1 high HBV-specific CD8+ T cells in CHB patients were also shown to highly express the glucose transporter, Glut1, and dependent on glucose supplies (57). These changes were accompanied by increased mitochondrial size and lower mitochondrial potential. Recently, Fisicaro et al. reported extensive mitochondrial dysfunction, such as mitochondrial membrane potential depolarization and reactive oxygen species (ROS) elevation in association with upregulation of co-inhibitory receptor genes in the CD8+ T cells from CHB patients (58). More importantly, mitochondrial antioxidant treatment using mitoquinone and a piperidine-nitroxide could modestly enhance IFNγ production by HBV-core specific CD8+ T cells from these patients (58), indicating a potential role for ROS in CD8+ T cell exhaustion. Coordinated protein catabolism by the ubiquitin-proteasome and autophagy-lysosome systems is also essential for CD8+ T cell survival, proliferation, and memory formation (59–61). In addition, autophagy was recently shown to enable HBV-specific effector memory CD8+ T cells to reside in the liver and resist mitochondrial depolarization (62). Importantly, genes associated with ubiquitin-proteasome and autophagy-lysosome systems were also markedly downregulated in exhausted HBV-specific CD8+ T cells in CHB patients (59, 63). In vitro treatment of exhausted HBV-specific CD8+ T cells with polyphenols, such as resveratrol and oleuropein, improved autophagic influx and antiviral CD8+ T cell function (64). More recently, p53, a known negative regulator of glycolysis and an enhancer of oxidative phosphorylation (OXPHOS), was shown to be upregulated in exhausted HCV-specific CD8+ T cells from chronic HCV patients (65). Its relevance to chronic HBV infection remains to be determined because p53 was thought to be upregulated by type I interferon (IFN-I) response, which is largely absent during HBV infections. Overall, these results characterize CD8+ T cell exhaustion as a state of metabolic insufficiencies with suppressed mitochondrial respiration, glycolysis, protein degradation. These abnormalities are reminiscent of functional defects previously associated with CD8+ T cell senescence, although exhaustion and senescence are distinctly different in terms of generation, development, and metabolic and molecular regulation (63, 66).



Intrahepatic Antigen Recognition

The tolerogenic environment in the liver likely contributes to imprinting the genetic and epigenetic signatures in the dysfunctional HBV-specific CD8+ T cells during CHB. It is important to keep it in mind, however, that efficient HBV-specific CD8+ T cell responses are induced in the majority of adult-onset HBV infections, resulting in viral clearance. Factors that determine the dichotomy presumably include traditional factors such as T cell receptor (TCR) signaling (signal 1), co-stimulatory signaling (signal 2), and cytokine signaling (signal 3).

A strong antigenic stimulus is necessary for effective CD8+ T cell responses (67). We have shown recently that the magnitude of HBV-specific CD8+ T cell responses was directly correlated with the level of early antigen expression in an animal model of transient HBV infection, i.e., hydrodynamic transfection of HBV plasmid (67). Suppression of HBV by siRNA also inhibited the expansion of HBV-specific CD8+ T cells (67), indicating the importance of strong antigen recognition for the induction of HBV-specific CD8+ T cell responses. Paradoxically, the same antigenic stimulus becomes extremely detrimental for T cell responses if it is prolonged (68–70). Indeed, HBV-specific effector memory CD8+ T cells that were generated by DNA-prime, vaccinia-boost immunization produced a large amount of IFNγ upon antigen recognition in the liver, but they lost the IFNγ producing ability almost completely within three days during which they continuously recognized antigen and express PD-1 (71). Slow blood flow in the liver sinusoid, as well as tightly packed microanatomy of the hepatic parenchyma, facilitate prolonged interaction between HBV infected hepatocytes and HBV-specific CD8+ T cells (72). Intravital imaging analysis revealed that HBV-specific CD8+ T cells were able to recognize HBV expressing hepatocytes while they were still in the sinusoid (73). Prolonged antigen recognition appears to inhibit TCR signaling partially through PD-1 signaling (74).

Antigen presentation by hepatocytes alone is probably insufficient for priming of functional HBV-specific CD8+ T cell responses. We have previously shown that HBV-specific naïve CD8+ T cells are primed by HBV-expressing hepatocytes (75). Although hepatocyte-primed naïve and memory HBV-specific CD8+ T can expand rapidly, they produce very little to no IFNγ and Granzyme B (75–77). The lack of functional differentiation presumably reflects the absence of co-stimulatory signaling (i.e., signal 2) as hepatocytes do not express ligands for co-stimulatory molecules. Indeed, activation of dendritic cells appears to facilitate functional differentiation of intrahepatically primed CD8+ T cells (75, 76). In addition, expression of a co-stimulatory molecule OX40 expression by CD4 T cells and its ligand OX40L by hepatic innate immune cells were shown to be pivotal in determining HBV immunity in an HBsAg transgenic mouse model (78).

Recently, we and others characterized genetic signatures of intrahepatic T cell priming. Similar to HBV-specific CD8+ T cells in CHB patients, the intrahepatically primed, dysfunctional CD8+ T cells showed upregulation of inhibitory molecules PD-1, Lag 3, and Tim-3, together with enrichment in binding sites for the transcription factors AP-1, NFAT, NR4A, OCT, TCF, and EGR (79). Interestingly, NR4A has been implicated in T cell exhaustion that limits CAR-T cell-based immunotherapy in solid tumors and LCMV infection (80, 81). In stark contrast to exhausted CD8+ T cells during LCMV infection, genes related to IFN-I signaling activation were downregulated in intrahepatically primed T cells. Importantly, strong stimulation of IFN-I signaling in the liver enhanced T cell responses (82), suggesting that IFN-Is indeed provide the third signal (signal 3) that complements the TCR signal (signal 1) and co-stimulatory signal (signal 2). It should be noted, however, that the same IFN-I signaling could suppress HBV-specific CD8+ T cell responses by reducing antigen expression levels during the early phase of T cell priming (67), a phenomenon recently highlighted in the development of RNA vaccines (83).




Perspectives

Recent advances in unbiased deep sequencing and other genetic analysis methods have accelerated the delineation of CD8+ T cell dysfunction in the liver, providing numerous targets to test for novel immunotherapies against CHB. It would be now important to determine whether the functionalities of highly exhausted T cells are reversible. Even more crucial is to establish an ideal animal model for evaluating the therapeutic value of each target. Several mouse models have been used to study HBV-specific CD8+ T cell responses during transient and persistent antigen expression. The advantages and disadvantages of each mouse model have been described elsewhere (84, 85). While these models provided useful information on T cell responses, none of them mimics a bona fide HBV infection. It is therefore essentially impossible to assess the extent to which chronically infected individuals can tolerate the restoration of HBV-specific CD8+ T cell responses, as the expansion of functional CD8+ T cells likely cause hepatitis. In this regard, antigen suppression should be incorporated in the immune restoration approach to mitigate the risk of uncontrolled T cell expansion.



Conclusion

Given the stability of cccDNA, invigoration of HBV-specific CD8+ T cells remains one of the most viable approaches to cure CHB. Therefore, delineation of the key pathways and processes that underline HBV-specific CD8+ T cell dysfunction T cell is an important research goal to develop effective HBV immunotherapies.



Author Contributions

MI conceived the outline of the manuscript. IB and MI wrote the original manuscript. IB and MI selected the references. IB prepared the Figure. KK reviewed the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants-in-aid from the Ministry of Education, Cultures, Sports, Science, and Technology, Japan: From Japan Society for Promotion of Science (KAKENHI) under grants 20K08313 (to MI); and from the Research Program on Hepatitis from the Japan Agency for Medical Research and Development (AMED) under grants 21fk0310106s0405 (to MI), 21fk0310101h1205 (to MI), and 21fk0310103j8005 (to MI).



Acknowledgments

The authors like to thank Drs. Francis V. Chisari, Tatsuya Kanto, and Yasuhito Tanaka for continuous guidance and support.



References

1. Thomas, DL. Global Elimination of Chronic Hepatitis. N Engl J Med (2019) 380:2041–50. doi: 10.1056/nejmra1810477

2. Lok, AS, Zoulim, F, Dusheiko, G, and Ghany, MG. Hepatitis B Cure: From Discovery to Regulatory Approval. Hepatology (2017) 66:1296–313. doi: 10.1002/hep.29323

3. World Health Organization (WHO). Global Hepatitis Report (2017). Available at: https://www.who.int/publications/i/item/global-hepatitis-report-2017.

4. Arbuthnot, P, and Kew, M. Hepatitis B Virus and Hepatocellular Carcinoma. Int J Exp Pathol (2001) 82:77–100. doi: 10.1186/1750-9378-7-2

5. 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

6. Guidotti, LG, Ishikawa, T, Hobbs, MV, Matzke, B, Schreiber, R, and 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

7. Guidotti, LG, Isogawa, M, and Chisari, FV. Host-Virus Interactions in Hepatitis B Virus Infection. Curr Opin Immunol (2015) 36:61–6. doi: 10.1016/j.coi.2015.06.016

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. Clin Liver Dis (2018) 12:33–4. doi: 10.1002/cld.728

9. Chisari, FVV, Isogawa, M, Wieland, SF, and Wieland, SF. Pathogenesis of Hepatitis B Virus Infection. Pathol Biol (2010) 58:258–66. doi: 10.1016/j.patbio.2009.11.001

10. Maini, MK, Boni, C, Ogg, GS, King, AS, Reignat, S, Chun, KL, et al. Direct Ex Vivo Analysis of Hepatitis B Virus-Specific CD8+ T Cells Associated With the Control of Infection. Gastroenterology (1999) 117:1386–96. doi: 10.1016/S0016-5085(99)70289-1

11. Hoogeveen, RC, Robidoux, MP, Schwarz, T, Heydmann, L, Cheney, JA, Kvistad, D, et al. Phenotype and Function of HBV-Specific T Cells Is Determined by the Targeted Epitope in Addition to the Stage of Infection. Gut (2019) 68:893–904. doi: 10.1136/gutjnl-2018-316644

12. Asabe, S, Wieland, SF, Chattopadhyay, PK, Roederer, M, Engle, RE, Purcell, RH, et al. The Size of the Viral Inoculum Contributes to the Outcome of Hepatitis B Virus Infection. J Virol (2009) 83:9652–62. doi: 10.1128/jvi.00867-09

13. 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

14. Webster, GJM, Reignat, S, Brown, D, Ogg, GS, Jones, L, Seneviratne, SL, et al. Longitudinal Analysis of CD8+ T Cells Specific for Structural and Nonstructural Hepatitis B Virus Proteins in Patients With Chronic Hepatitis B: Implications for Immunotherapy. J Virol (2004) 78:5707–19. doi: 10.1128/jvi.78.11.5707-5719.2004

15. Crispe, IN. Immune Tolerance in Liver Disease. Hepatology (2014) 60:2109–17. doi: 10.1002/hep.27254

16. Knolle, PA, and Thimme, R. Hepatic Immune Regulation and Its Involvement in Viral Hepatitis Infection. Gastroenterology (2014) 146:1193–207. doi: 10.1053/j.gastro.2013.12.036

17. Sobao, Y, Tomiyama, H, Sugi, K, Tokunaga, M, Ueno, T, Saito, S, et al. The Role of Hepatitis B Virus-Specific Memory CD8 T Cells in the Control of Viral Replication. J Hepatol (2002) 36:105–15. doi: 10.1016/S0168-8278(01)00264-1

18. Boni, C, Fisicaro, P, Valdatta, C, Amadei, B, Di Vincenzo, P, Giuberti, T, et al. Characterization of Hepatitis B Virus (HBV)-Specific T-Cell Dysfunction in Chronic HBV Infection. J Virol (2007) 81:4215–25. doi: 10.1128/jvi.02844-06

19. Das, A, Hoare, M, Davies, N, Lopes, AR, Dunn, C, Kennedy, PTF, et al. Functional Skewing of the Global CD8 T Cell Population in Chronic Hepatitis B Virus Infection. J Exp Med (2008) 205:2111–24. doi: 10.1084/jem.20072076

20. Schuch, A, Salimi Alizei, E, Heim, K, Wieland, D, Kiraithe, MM, Kemming, J, et al. Phenotypic and Functional Differences of HBV Core-Specific Versus HBV Polymerase-Specific CD8+ T Cells in Chronically HBV-Infected Patients With Low Viral Load. Gut (2019) 68:905–15. doi: 10.1136/gutjnl-2018-316641

21. Park, JJ, Wong, DK, Wahed, AS, Lee, WM, Feld, JJ, Terrault, N, et al. Hepatitis B Virus-Specific and Global T-Cell Dysfunction in Chronic Hepatitis B. Gastroenterology (2016) 150:684–95. doi: 10.1053/j.gastro.2015.11.050

22. Chisari, FV. Regulation of Human Lymphocyte Function by a Soluble Extract From Normal Human Liver. J Immunol (1978) 121:1279–86.

23. Pizzo, C, Lee, D, and Chisari, FV. Suppression of Lymphocyte Activation by a Protein Released From Isolated Perfused Rat Liver. Hepatology (2007) 2:295S–303S. doi: 10.1002/hep.1840020302

24. 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.e3. doi: 10.1053/j.gastro.2012.03.041

25. 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

26. Molinier-Frenkel, V, and Castellano, F. Immunosuppressive Enzymes in the Tumor Microenvironment. FEBS Lett (2017) 591:3135–57. doi: 10.1002/1873-3468.12784

27. Huang, A, Zhang, B, Yan, W, Wang, B, Wei, H, Zhang, F, et al. Myeloid-Derived Suppressor Cells Regulate Immune Response in Patients With Chronic Hepatitis B Virus Infection Through PD-1–Induced IL-10. J Immunol (2014) 193:5461–9. doi: 10.4049/jimmunol.1400849

28. 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

29. Ferrando-Martinez, S, Huang, K, Bennett, AS, Sterba, P, Yu, L, Suzich, JA, et al. HBeAg Seroconversion Is Associated With a More Effective PD-L1 Blockade During Chronic Hepatitis B Infection. JHEP Rep (2019) 1:170–8. doi: 10.1016/j.jhepr.2019.06.001

30. Tian, Y, Kuo, C, Akbari, O, and Ou, J-HJ. Maternal-Derived Hepatitis B Virus E Antigen Alters Macrophage Function in Offspring to Drive Viral Persistence After Vertical Transmission. Immunity (2016) 44:1204–14. doi: 10.1016/j.immuni.2016.04.008

31. Mondanelli, G, Bianchi, R, Pallotta, MT, Orabona, C, Albini, E, Iacono, A, et al. A Relay Pathway Between Arginine and Tryptophan Metabolism Confers Immunosuppressive Properties on Dendritic Cells. Immunity (2017) 46:233–44. doi: 10.1016/j.immuni.2017.01.005

32. Li, H, Zhai, N, Wang, Z, Song, H, Yang, Y, Cui, A, et al. Regulatory NK Cells Mediated Between Immunosuppressive Monocytes and Dysfunctional T Cells in Chronic HBV Infection. Gut (2018) 67:2035–44. doi: 10.1136/gutjnl-2017-314098

33. Okazaki, T, and Honjo, T. The PD-1-PD-L Pathway in Immunological Tolerance. Trends Immunol (2006) 27:195–201. doi: 10.1016/j.it.2006.02.001

34. Peppa, D, Gil, US, Reynolds, G, Easom, NJW, 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

35. Fisicaro, P, Barili, V, Rossi, M, Montali, I, Vecchi, A, Acerbi, G, et al. Pathogenetic Mechanisms of T Cell Dysfunction in Chronic HBV Infection and Related Therapeutic Approaches. Front Immunol (2020) 11:849. doi: 10.3389/fimmu.2020.00849

36. Gehring, AJ, and D’Angelo, JA. Dissecting the Dendritic Cell Controversy in Chronic Hepatitis B Virus Infection. Cell Mol Immunol (2015) 12:283–91. doi: 10.1038/cmi.2014.95

37. Maier, H, Isogawa, M, Freeman, GJ, and Chisari, FV. PD-1:PD-L1 Interactions Contribute to the Functional Suppression of Virus-Specific CD8 + T Lymphocytes in the Liver. J Immunol (2007) 178:2714–20. doi: 10.4049/jimmunol.178.5.2714

38. Bengsch, B, Martin, B, and 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

39. Wykes, MN, and Lewin, SR. Immune Checkpoint Blockade in Infectious Diseases. Nat Rev Immunol (2018) 18:91–104. doi: 10.1038/nri.2017.112

40. Barber, DL, Wherry, EJ, Masopust, D, Zhu, B, Allison, JP, Sharpe, AH, et al. Restoring Function in Exhausted CD8 T Cells During Chronic Viral Infection. Nature (2006) 439:682–7. doi: 10.1038/nature04444

41. Isogawa, M, and Tanaka, Y. Immunobiology of Hepatitis B Virus Infection. Hepatol Res (2015) 45:179–89. doi: 10.1111/hepr.12439

42. Bally, APR, Austin, JW, and Boss, JM. Genetic and Epigenetic Regulation of PD-1 Expression. J Immunol (2016) 196:2431–7. doi: 10.4049/jimmunol.1502643

43. Peng, G, Li, S, Wu, W, Tan, X, Chen, Y, and Chen, Z. PD-1 Upregulation Is Associated With HBV-Specific T Cell Dysfunction in Chronic Hepatitis B Patients. Mol Immunol (2008) 45:963–70. doi: 10.1016/j.molimm.2007.07.038

44. Fisicaro, P, Valdatta, C, Massari, M, Loggi, E, Ravanetti, L, Urbani, S, et al. Combined Blockade of Programmed Death-1 and Activation of CD137 Increase Responses of Human Liver T Cells Against HBV, But Not HCV. Gastroenterology (2012) 143:1576–85.e4. doi: 10.1053/j.gastro.2012.08.041

45. 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

46. 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

47. Chen, J, Wang, X-M, Wu, X-J, Wang, Y, Zhao, H, Shen, B, et al. Intrahepatic Levels of PD-1/PD-L Correlate With Liver Inflammation in Chronic Hepatitis B. Inflammation Res (2011) 60:47–53. doi: 10.1007/s00011-010-0233-1

48. Mühlbauer, M, Fleck, M, Schütz, C, Weiss, T, Froh, M, Blank, C, et al. PD-L1 Is Induced in Hepatocytes by Viral Infection and by Interferon-Alpha and -Gamma and Mediates T Cell Apoptosis. J Hepatol (2006) 45:520–8. doi: 10.1016/j.jhep.2006.05.007

49. Blackburn, SD, Shin, H, Haining, WN, Zou, T, Workman, CJ, Polley, A, et al. Coregulation of CD8+ T Cell Exhaustion by Multiple Inhibitory Receptors During Chronic Viral Infection. Nat Immunol (2009) 10:29–37. doi: 10.1038/ni.1679

50. Jin, HTH-T, Anderson, AC, Tan, WG, West, EE, Ha, SJS-J, Araki, K, et al. Cooperation of Tim-3 and PD-1 in CD8 T-Cell Exhaustion During Chronic Viral Infection. Proc Natl Acad Sci USA (2010) 107:14733–8. doi: 10.1073/pnas.1009731107

51. 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

52. Chang, JT, Wherry, EJ, and Goldrath, AW. Molecular Regulation of Effector and Memory T Cell Differentiation. Nat Immunol (2014) 15:1104–15. doi: 10.1038/ni.3031

53. MacIver, NJ, Michalek, RD, and Rathmell, JC. Metabolic Regulation of T Lymphocytes. Annu Rev Immunol (2013) 31:259–83. doi: 10.1146/annurev-immunol-032712-095956

54. Chang, C-H, Curtis, JD, Maggi, LB, Faubert, B, Villarino, AV, O’Sullivan, D, et al. Posttranscriptional Control of T Cell Effector Function by Aerobic Glycolysis. Cell (2013) 153:1239–51. doi: 10.1016/j.cell.2013.05.016

55. Franco, F, Jaccard, A, Romero, P, Yu, Y-R, and Ho, P-C. Metabolic and Epigenetic Regulation of T-Cell Exhaustion. Nat Metab (2020) 2:1001–12. doi: 10.1038/s42255-020-00280-9

56. Bengsch, B, Johnson, AL, Kurachi, M, Odorizzi, PM, Pauken, KE, Attanasio, J, et al. Bioenergetic Insufficiencies Due to Metabolic Alterations Regulated by the Inhibitory Receptor PD-1 Are an Early Driver of CD8+ T Cell Exhaustion. Immunity (2016) 45:358–73. doi: 10.1016/j.immuni.2016.07.008

57. 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

58. 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

59. Kovacs, JR, Li, C, Yang, Q, Li, G, Garcia, IG, Ju, S, et al. Autophagy Promotes T-Cell Survival Through Degradation of Proteins of the Cell Death Machinery. Cell Death Differ (2012) 19:144–52. doi: 10.1038/cdd.2011.78

60. Xu, X, Araki, K, Li, S, Han, J-H, Ye, L, Tan, WG, et al. Autophagy Is Essential for Effector CD8+ T Cell Survival and Memory Formation. Nat Immunol (2014) 15:1152–61. doi: 10.1038/ni.3025

61. Widjaja, CE, Olvera, JG, Metz, PJ, Phan, AT, Savas, JN, de Bruin, G, et al. Proteasome Activity Regulates CD8+ T Lymphocyte Metabolism and Fate Specification. J Clin Invest (2017) 127:3609–23. doi: 10.1172/JCI90895

62. Swadling, L, Pallett, LJ, Diniz, MO, Baker, JM, Amin, OE, Stegmann, KA, et al. Human Liver Memory CD8+ T Cells Use Autophagy for Tissue Residence. Cell Rep (2020) 30:687–98. doi: 10.1016/j.celrep.2019.12.050

63. Akbar, AN, and Henson, SM. Are Senescence and Exhaustion Intertwined or Unrelated Processes That Compromise Immunity? Nat Rev Immunol (2011) 11:289–95. doi: 10.1038/nri2959

64. Acerbi, G, Montali, I, Ferrigno, GD, Barili, V, Schivazappa, S, Alfieri, A, et al. Functional Reconstitution of HBV-Specific CD8 T Cells by In Vitro Polyphenol Treatment in Chronic Hepatitis B. J Hepatol (2021) 74:783–93. doi: 10.1016/j.jhep.2020.10.034

65. Barili, V, Fisicaro, P, Montanini, B, Acerbi, G, Filippi, A, Forleo, G, et al. Targeting P53 and Histone Methyltransferases Restores Exhausted CD8+ T Cells in HCV Infection. Nat Commun (2020) 11:604. doi: 10.1038/s41467-019-14137-7

66. Zhao, Y, Shao, Q, and Peng, G. Exhaustion and Senescence: Two Crucial Dysfunctional States of T Cells in the Tumor Microenvironment. Cell Mol Immunol (2020) 17:27–35. doi: 10.1038/s41423-019-0344-8

67. Kawashima, K, Isogawa, M, Hamada-Tsutsumi, S, Baudi, I, Saito, S, Nakajima, A, et al. Type I Interferon Signaling Prevents Hepatitis B Virus-Specific T Cell Responses by Reducing Antigen Expression. J Virol (2018) 92:1–13. doi: 10.1128/jvi.01099-18

68. Wherry, EJ, Blattman, JN, Murali-Krishna, K, van der Most, R, and Ahmed, R. Viral Persistence Alters CD8 T-Cell Immunodominance and Tissue Distribution and Results in Distinct Stages of Functional Impairment. J Virol (2003) 77:4911–27. doi: 10.1128/JVI.77.8.4911-4927.2003

69. Michler, T, Kosinska, AD, Festag, J, Bunse, T, Su, J, Ringelhan, M, et al. Knockdown of Virus Antigen Expression Increases Therapeutic Vaccine Efficacy in High-Titer Hepatitis B Virus Carrier Mice. Gastroenterology (2020) 158:1762–1775.e9. doi: 10.1053/j.gastro.2020.01.032

70. Mueller, SN, and Ahmed, R. High Antigen Levels are the Cause of T Cell Exhaustion During Chronic Viral Infection. Proc Natl Acad Sci USA (2009) 106:8623–8. doi: 10.1073/pnas.0809818106

71. Isogawa, M, Furuichi, Y, and Chisari, FV. Oscillating CD8(+) T Cell Effector Functions After Antigen Recognition in the Liver. Immunity (2005) 23:53–63. doi: 10.1016/j.immuni.2005.05.005

72. Crispe, IN. Hepatic T Cells and Liver Tolerance. Nat Rev Immunol (2003) 3:51–62. doi: 10.1038/nri981

73. Guidotti, LG, Inverso, D, Sironi, L, Di Lucia, P, Fioravanti, J, Ganzer, L, et al. Immunosurveillance of the Liver by Intravascular Effector CD8+ T Cells. Cell (2015) 161:486–500. doi: 10.1016/j.cell.2015.03.005

74. Sandu, I, Cerletti, D, Claassen, M, and Oxenius, A. Exhausted CD8+ T Cells Exhibit Low and Strongly Inhibited TCR Signaling During Chronic LCMV Infection. Nat Commun (2020) 11:1–11. doi: 10.1038/s41467-020-18256-4

75. Isogawa, M, Chung, J, Murata, Y, Kakimi, K, and Chisari, FV. CD40 Activation Rescues Antiviral CD8+ T Cells From PD-1-Mediated Exhaustion. PloS Pathog (2013) 9:1–16. doi: 10.1371/journal.ppat.1003490

76. Murata, Y, Kawashima, K, Sheikh, K, Tanaka, Y, and Isogawa, M. Intrahepatic Cross-Presentation and Hepatocellular Antigen Presentation Play Distinct Roles in the Induction of Hepatitis B Virus-Specific CD8 + T Cell Responses. J Virol (2018) 92:1–14. doi: 10.1128/jvi.00920-18

77. Isogawa, M, Kakimi, K, Kamamoto, H, Protzer, U, and Chisari, FV. Differential Dynamics of the Peripheral and Intrahepatic Cytotoxic T Lymphocyte Response to Hepatitis B Surface Antigen. Virology (2005) 333:293–300. doi: 10.1016/j.virol.2005.01.004

78. Publicover, J, Gaggar, A, Jespersen, JM, Halac, U, Johnson, AJ, Goodsell, A, et al. An OX40/OX40L Interaction Directs Successful Immunity to Hepatitis B Virus. Sci Transl Med (2018) 10:eaah5766. doi: 10.1126/scitranslmed.aah5766

79. Bénéchet, AP, De Simone, G, Di Lucia, P, Cilenti, F, Barbiera, G, Le Bert, N, et al. Dynamics and Genomic Landscape of CD8+ T Cells Undergoing Hepatic Priming. Nature (2019) 574:200–5. doi: 10.1038/s41586-019-1620-6

80. Chen, J, López-Moyado, IF, Seo, H, Lio, C-WJ, Hempleman, LJ, Sekiya, T, et al. Genome-Wide Analysis Identifies NR4A1 as a Key Mediator of T Cell Dysfunction. Nature (2019) 567:530–4. doi: 10.1038/s41586-019-0985-x

81. Chen, J, López-Moyado, IF, Seo, H, Lio, C-WJ, Hempleman, LJ, Sekiya, T, et al. NR4A Transcription Factors Limit CAR T Cell Function in Solid Tumours. Nature (2019) 567:530–4. doi: 10.1038/s41586-019-0985-x

82. Kawashima, K, Isogawa, M, Onishi, M, Baudi, I, Saito, S, Nakajima, A, et al. Restoration of Type I Interferon Signaling in Intrahepatically Primed CD8+ T Cells Promotes Functional Differentiation. JCI Insight (2021) 6(3):e145761. doi: 10.1172/jci.insight.145761

83. Van Hoecke, L, Roose, K, Ballegeer, M, Zhong, Z, Sanders, NN, De Koker, S, et al. The Opposing Effect of Type I IFN on the T Cell Response by Non-Modified mRNA-Lipoplex Vaccines Is Determined by the Route of Administration. Mol Ther - Nucleic Acids (2020) 22:373–81. doi: 10.1016/j.omtn.2020.09.004

84. Iannacone, M, and Guidotti, LG. Mouse Models of Hepatitis B Virus Pathogenesis. Cold Spring Harb Perspect Med (2015) 5:1–11. doi: 10.1101/cshperspect.a021477

85. Inuzuka, T, Takahashi, K, Chiba, T, and Marusawa, H. Mouse Models of Hepatitis B Virus Infection Comprising Host-Virus Immunologic Interactions. Pathog (Basel Switzerland) (2014) 3:377–89. doi: 10.3390/pathogens3020377




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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Baudi, Kawashima and Isogawa. 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.


OEBPS/Images/fimmu.2021.721975_cover.jpg
, frontiers
in Immunology

HBV-Specific CD8+ T-Cell
Tolerance in the Liver





OEBPS/Images/fimmu-12-721975-g001.jpg
Persistent intrahepatic antigen recognition

ey antigens.

1

1

1 Expanslon

1 ©

i .‘8.

1

v A T N
iﬂ:‘y[delemn Negative signaling

%ir

Antiviral cytoki
-Cylolyucab y

>

/memory
HBV specnﬁc
CDB0T cslls

Other
immunoregulators.

Metabolic dysregulation

Viral

persistence

Systemic priming

Naive HBV specific
CD8+T cells

Expansion »

lepatocytes

Transient intrahepalic
antigen recognition

Polyclonal

Functional Viral clearance

Effector HBV specific CD8+ T cells






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        HBV-Specific CD8+ T-Cell Tolerance in the Liver

      

        		

          Introduction

        



        		

          T Cell Dysfunction During HBV Infection

        



        		

          Mechanisms of HBV-Specific CD8+ T Cell Dysfunction

        

          		

            Immunoregulatory Mediators in Liver Tolerance

          



          		

            Negative Signaling Mechanisms

          



          		

            Metabolic Dysregulation in T Cells

          



          		

            Intrahepatic Antigen Recognition

          



        



        



        		

          Perspectives

        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





