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Abstract

In early 2017, the Hepatitis B Foundation invited 30 experts in the fields of hepatitis B and liver 

cancer research to identify projects they deemed important to the goal of finding a cure for chronic 

hepatitis B and D and the diseases with which these viral infections are associated. They were also 

asked to identify general categories of research and to prioritize sub-project topics within those 

areas. The experts generally agreed on broadly defined areas of research, but there was usually 

little difference between the highest and lowest scoring projects; for the most part, all programs 

described in this document were considered valuable and necessary. An executive summary of 

this discussion was recently published (Alter et al., Hepatology 2017). The present manuscript 

reports the areas of research identified by the workshop participants, provides a brief rationale for 

their selection, and attempts to express differences among the priorities assigned to each area of 

research, when such distinctions were expressed.
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1. Introduction

In early 2017, the Hepatitis B Foundation invited 30 experts in the fields of hepatitis B 

and liver cancer research to identify projects they deemed important to the goal of finding 

a cure for chronic hepatitis B and D and for diseases with which these viral infections 

are associated. They were asked both to identify general categories of research and to 

prioritize sub-project topics within those areas. All 30 invited experts participated in a 

virtual workshop, and 25 of them served as co-authors of this report. An executive summary 

of the discussion was published in Hepatology (Alter et al., 2017). This article provides a 

detailed account of that workshop.

The experts generally agreed on the broadly defined areas of research needed to discover 

curative therapies, and there was usually little difference between the highest and lowest 

scoring projects. For the most part, all programs described in this document, which were 

proposed by a sub-set of experts, were considered valuable and necessary. This article 

reports the areas of research identified, with a brief rationale for their selection, and attempts 

to express differences in assigned priorities, when such distinctions were expressed.

A recent manuscript (Revill et al., 2016) describes general goals for hepatitis B research 

and is the basis for a new coalition, the “International Coalition for the Elimination of 

Hepatitis B Virus”, (ICE-HBV) (http://ice-hbv.org/). Here we build upon their report and add 

details, to create a specific road map for policy makers from government and other funding 

institutions, and for those planning long-term research infrastructures.
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2. Toward curative therapy for chronic hepatitis B

From a clinical perspective, the goal of therapeutics is to reduce a patient’s risk of death due 

to liver disease, ideally to that of a person who has never been infected with HBV, or perhaps 

more realistically, to that of one with a resolved infection (Block et al., 2016). Resolved 

infections are usually characterized by robust humoral and cellular immune recognition 

of virus-infected hepatocytes, with consequent loss of detectable antigenemia and viremia 

(McMahon et al., 2016; Rehermann and Bertoletti, 2015). This goal is ambitious, but 

we believe it can be achieved through an aggressive, focused effort. Multiple parallel 

research approaches will be needed, because different treatment strategies may be required, 

depending upon the age of patients, length of time of infection, status of immune response, 

genotype of the infecting virus and other variables (Bertoletti and Kennedy, 2015; McMahon 

et al., 2014; McMahon, 2016; Zhang et al., 2015).

There is a general consensus that achieving sustained repression of cccDNA within infected 

cells, by silencing or degradation, is a very high priority (Alter et al., 2017; Revill et al., 

2016; Guo & Guo, 2015) How this can be achieved is more uncertain, therefore exploring 

the possibilities of targeting other viral and host functions that influence the viral life cycle 

must also be pursued. Whether the restoration of a beneficial immunological recognition 

of the virus is necessary for sustained viral repression is also unclear, and must also be 

explored.

The current standard of care is based upon inhibition of the viral polymerase with nucleoside 

analogues (i.e. lamivudine, entecavir, tenofovir, telbivudine). Polymerase inhibitors can 

reduce the five-to ten-year risk of liver cancer in older patients, who have a lifetime 

risk of ~25% if untreated (40% in males, lower in females). However, although these 

inhibitors suppress viral replication and retard disease progression, they do not cure the 

disease (Gordon et al., 2014; Lok et al., 2016; Papatheodoridis et al 2015), and viremia and 

disease progression typically rebound once therapy is stopped (Terrault et al., 2016). New 

therapeutics, used alone or in combination with current approaches, are clearly needed.

Prevention of hepatitis B virus infection by vaccination has been successful but although 

it has reduced the incidence of new infections in the USA and in other parts of the 

world (Buckley and Strom, 2016), there are still at least 250 million chronically infected 

individuals, for whom the vaccine is of no benefit (Gish et al., 2015a, b; Hoofnagle et al., 

2007; El-Serag and Davila, 2011). Although vaccination efficacy is very high, coverage 

is incomplete in many endemic regions, and it can also be ineffective in areas in which 

maintenance of the cold chain is difficult. Immigration from areas of high to low endemicity 

(such as the USA), together with the current burden of chronic infection, will also maintain 

the virus in populations for decades to come, unless better curative therapies are developed 

soon (Kowdley et al., 2012; Gish et al., 2015a, b). Taken together, the humanitarian, 

public health and financial burdens of chronic hepatitis B are enormous and provide strong 

motivation to find a cure.

There has been tremendous progress in basic scientific and clinical research on hepatitis 

B and D, but the therapeutic benefit of targeting host and viral functions beyond the 
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polymerase remains largely unexplored. Important, specific questions remain unanswered, 

including:

• If and how HBV cccDNA can be targeted?

• What other viral targets are possible?

• How does chronic infection cause liver cancer?

• Can, and to what extent can carcinogenesis be blocked even without a cure for 

chronic infection?

• What would be the effect of a curative therapy given later in life? Will adult 

therapies also work in children, and vice versa?

• To what extent will management and cure of HBV also effectively manage and 

cure disorders associated with HDV?

These are some of the research priorities outlined in Table 1, raised by the group of 

experts. Taken together, this survey identifies and organizes those key research areas into 

subcategories, facilitating further discussion.

3. General research priorities

Table 1 shows an organization of the results of initial discussions of broad areas of research 

need. Each area stated in Table 1 is then divided into specific subcategories throughout 

the text. The subcategorizations, although not arbitrary, are governed more by practical 

reasons to facilitate discussion than by biology. In this regard, there was some thought 

that HBV and HDV should be considered together, while others strongly felt that, at least 

for some questions, HDV should be distinct. The category of HBV- and HDV-associated 

hepatocellular carcinoma (HCC) is also discussed narrowly, in terms of virology, and 

research prioritization might benefit from a more comprehensive consideration.

Each subcategory, and then each project within a subcategory, was ranked by the authors 

and contributors as of primary (1) or secondary (2) importance. At least 4 separate responses 

were used to designate the priority as “1” or “2” (except in the case of HDV, where fewer 

than 4 scores were received).

However, it is important to note, that all categories were considered to be essential, and the 

“ranking” values for category and subcategory priority, were very close. We therefore use 

the descriptors of “enthusiasm”, since there was enthusiasm for all projects.

4. Specific subcategories of research priorities

4.1. Virology and viral therapeutics

Current HBV therapeutics are limited to the interferons and nucleoside analog polymerase 

inhibitors (NUCs), (Terrault et al., 2016). However, used alone or in combination, neither 

interferons or NUCs are reliably curative, and they are recommended for use in only a 

minority of the chronically infected (Terrault et al., 2016).
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In addition to the HBV viral polymerase, there are at least four other “obvious” virus 

specified gene products that could serve as therapeutic targets, and possibly even more than 

four, depending upon how the activity associated with virus gene product is assayed (Block 

et al., 2016). The major HBV gene products, in addition to the polymerase, were therefore 

listed and subdivided into specific research project possibilities.

4.1.1. Areas identified as top priorities

4.1.1.1. cccDNA (Table 2).: As shown in Table 2, repression by elimination or 

transcriptional repression of cccDNA was considered to be a top priority, with there being 

nearly unanimous ranking of this category as highest priority. cccDNA is the nuclear form 

of the viral genome, which persists as a mini chromosome (Seeger and Mason, 2015). It 

is essential to the viral life cycle, and is the source of all viral gene products, with the 

exception of subgenomic transcripts that may come from viral DNA integrated in to the host 

genome (Seeger and Mason, 2015). HBV cccDNA appears to be very stable, persisting as a 

mini-chromosome, separate from the host chromosome, and continues to specify viral gene 

products even years after highly effective repression of the viral polymerase, by polymerase 

inhibitors (Werle-Lapostolle et al., 2004).

cccDNA persistence is the reason that polymerase inhibitor therapy cannot be discontinued 

and is the source of rebounding virus after cessation of polymerase inhibition and the 

reactivation of virus in individuals treated with immunosuppressive agents (McMahon et al., 

2014; Lok et al., 2016). A better understanding of the biology and mechanisms of regulation 

of cccDNA metabolism was therefore considered to be a high priority. Several approaches, 

including drug-induced epigenetic modification of the cccDNA mini-chromosome, leading 

to transcriptional silencing or destabilizing cccDNA with (CRISPR) designer endonucleases, 

are just two possibilities that can be envisioned (Guo and Guo, 2015; Kennedy et al., 2015). 

Taken together, compared with all other virological targets, the greatest enthusiasm was 

expressed for pursuing cccDNA as a target.

4.1.1.2. HBx (Table 3).: The function of HBx has been debated since recognition that 

the viral genome specifies its open reading frame, and there is a growing consensus that 

it is essential for replication of the virus in vivo (Seeger and Mason, 2015). There is also 

compelling evidence that HBx plays a role, perhaps critical, in enabling transcription of 

HBV cccDNA. HBx could therefore offer a viral protein target that, if inhibited, would 

repress HBV cccDNA transcription. Understanding HBx and making it a target for new 

therapeutics generated elevated interest,and great enthusiasm, as illustrated in Table 3.

4.1.1.3. HBs (HBsAg) (Table 4).: HBsAg is an essential viral protein, being needed for 

the secretion and infectivity of the virion (Seeger and Mason, 2015; Block, et al 2011). In 

addition, HBsAg, is present in high concentrations in the circulation and has been implicated 

in immune modulation and maintaining chronicity (Op den Brouw et al., 2009). That said, 

although the evidence for HBsAg’s role in maintaining immunological tolerance to HBV 

in chronically infected patients is unproved, reduction in circulating HBsAg is associated 

with more favorable outcomes and failure to reduce HBsAg is a strong negative predictor 

of interferon responsiveness (Moucari et al., 2009; Gish et al., 2010; Lee et al., 2011). 
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Similarly, HBsAg decline in patients treated with NUCs (Wursthorn et al., 2010) is also 

associated with favorable outcomes, such as durable off drug responses and HBsAg loss.

Thus, despite the fact that HBsAg reduction could be a consequence of these clinical 

outcomes, rather than their cause, some of the respondents expressed considerable 

enthusiasm for determining whether HBsAg might have an immunomodulatory role in HBV 

pathogenesis beyond its function as the viral envelope polypeptide that might justify its 

targeting for therapeutic intervention. Moreover, since HDV requires HBsAg to complete 

its life cycle, effective inhibition of HBsAg should also inhibit HDV. Therefore, there was 

considerable enthusiasm for the study of, and targeting of HBsAg.

4.1.2. Areas assigned secondary priority

4.1.2.1. HBc (HBcAg) (Table 5).: HBcAg is an essential viral protein. In addition to 

mediating capsid formation, it has been reported to be involved in viral and possibly host 

gene regulation and immuno-modulation, although the evidence for this is limited. For these 

reasons, HBcAg has been considered an attractive antiviral target, and there are already 

multiple HBcAg targeting drugs currently in development (Liang et al., 2015). For these 

reasons, it received good, but secondary, enthusiasm from reviewers.

4.1.2.2. HBe (HBeAg) (Table 6).: HBe is a proteolytic processing product of a 

polypeptide that over-laps HBc open reading frame, and is secreted from infected 

hepatocytes (Miller, 1987; Seeger and Mason, 2015). Its function is unclear, but has been 

associated with higher viremia in people, regulation of host immune recognition of the virus 

(Millich and Liang, 2003; McMahon et al., 2014) and even establishment of chronicity, in 

murine studies (Tian et al., 2016). HBe negative hepatitis is also associated with poorer 

outcome (McMahon et al., 2014). It rates high, therefore, as a research priority but because 

of a current lack of functional assay for HBe and uncertainty about its role in virology 

and pathogenesis, its prioritization as an antiviral target followed other virology research 

priorities.

4.1.2.3. RNAaseH (Table 7).: RNAaseH is an essential viral gene product, and inhibiting 

its function should be, in principle, as antiviral as inhibiting the polymerase (Tavis and 

Lomonosova, 2015). HIV and all retroviruses specify and depend upon RNAaseH enzymes, 

but small-molecule inhibitors that are selective and safe have been elusive. RNAaseH as a 

target for HBV was considered to be an important line of research exploration and received 

enthusiasm.

4.1.2.4. Integrated HBV DNA (Table 8).: HBV genomic DNA can be found integrated 

into the chromosomes of infected cells, and is regularly detected within the chromosomes 

of hepatocellular cancers (Brechot et al., 1980; Shafritz et al., 1981; Block et al., 2003). 

However, integration is not an essential step in the viral productive life cycle, since cccDNA 

is the necessary and sufficient template for viral transcripts (Seeger and Mason, 2015). 

However, there is evidence that integrated DNA plays a role in oncogenesis in some 

(perhaps a minority) of HCC cases (Lin et al., 2016; Yang et al., 2017). Moreover, there 

are recent reports that HBV integrated DNA (which is usually not capable of transcribing 
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full viral genomic RNA), does produce significant amounts of HBsAg (Wooddell et al., 

2015; 2017), and thus could contribute to pathogenesis, to the extent that HBsAg contributes 

to pathogenesis (Gish et al., 2015a, b). There is therefore renewed interest in exploring the 

role of integrated HBV DNA in the pathogenesis of chronic hepatitis and the possibility of 

targeting it therapeutically.

4.1.2.5. Other virus-specified targets for antiviral intervention (Table 9).: It is possible 

that there are viral gene products, still not identified, that can serve as antiviral targets. 

This possibility needs to be explored, for a complete and satisfactory understanding of the 

biology of HBV, as well as for therapeutic purposes. Also included in this “other” category 

is the concept of identification of drugs that cause selective elimination of infected cells. 

There was good enthusiasm for these concepts.

4.2. Immunological and non-immunological host factors

The virus depends upon the host to complete its life cycle, and on host functions, which 

include constitutive cell processes as well as innate and adaptive immunological defenses. 

Innate and adaptive immune responses are critical, on one hand, in resolving infection 

and, on the other, in promotion of viral pathogenesis. For example, most adult infections 

induce a robust immunological response that results in resolution (Bertoletti and Kennedy, 

2015). However, chronic hepatitis B is characterized by an unbeneficial and inadequate 

immunological response to HBV (Chisari and Ferrari, 1995).

Taken together, a better understanding of the virus-host relationship is central to cure 

research. Indeed, there is a school of thought that believes restoration of a beneficial 

immunological response to HBV is essential to achieving even a functional cure, let alone, 

complete clinical cure. Therefore, analysis of the host factors and immune responses were 

considered to be extremely high priorities for both clinical and basic sciences.

4.2.1. Areas identified as top priorities

4.2.1.1. Adaptive immune response (Table 10).: T and B cell responses to HBV play a 

central role in both viral pathogenesis and resolution of infection (Bertoletti and Kennedy, 

2015; Chisari and Ferrari, 1995; Rehermann and Bertoletti, 2015). Circulating antibody to 

HBs that neutralizing infection is considered a hallmark of resolution and protection, but a 

robust and beneficial T cell response is required for clearance of infected cells. The fact that 

these systems fail in chronic infection is well established and we are beginning to understand 

how to restore them. Our current understanding of chronic infection largely depends on 

observational clinical studies. Lack of biologically relevant animal models prevents better 

understanding of the immunological mechanism of chronic infection and development of 

therapeutics to restore a functional immune response that ultimately resolves the virus 

infection. New animal models will allow for critical experiments to examine the impact 

of immune restoration on the course of chronic HBV infection. The key questions are 

highlighted in the list in the Table, and all were considered to be priorities.

4.2.1.2. Innate immune responses (Table 11).: Interferons are effective in a minority of 

patients, and activators of innate host defenses can have HBV-suppressive affects in vivo and 
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in vitro (Isogawa et al., 2005; Chang et al., 2012). There is therefore a great deal remaining 

to be learned about the interplay between innate host defenses and the regulation of chronic 

hepatitis B, and this is considered to be a high priority area for research.

4.2.2. Areas assigned secondary priority

4.2.2.1. Non-immunological host factors (Table 12).: HBV depends upon host functions 

to complete its life cycle, from binding to hepatocytes, to transcription of its RNA and 

finally to uncoating and morphogenesis of the virion. Different viral genotypes may even 

behave differently with respect to natural history, pathogenesis and treatment response (Kim 

et al., 2011). Knowing these steps and the basis of genotype-dependent pathogenesis and 

drug sensitivity may provide clues for new strategies of intervention.

4.3. Clinical questions (Table 13)

Separating our clinical and basic science questions is somewhat arbitrary, since there is and 

should be, overlap. And, although clinical studies permit addressing questions not possible 

with basic science systems, coordination is important, and this is reflected in some of 

the research management priorities in this section. Never the less, clinical phase studies 

do require distinct resources, compared to the basic sciences, and are usually separately 

managed and are thus listed in the Clinical Questions Table (Table 13).

4.4. Hepatocellular carcinoma and cirrhosis (Table 14)

HCC and cirrhosis are the most important morbid consequences of chronic hepatitis B and 

D. The incidence of both diseases is growing at an alarming rate in the USA and the world, 

and is of extremely high public health importance. Of course, although HBV is a major 

cause of liver cirrhosis and HCC, these diseases are caused by many other etiologies, and 

these subject areas require broader attention than is given here.

This section was intended to identify the most significant priorities from the perspective 

of HBV and HDV. In this regard, advances in prevention of HCC and liver cirrhosis by 

effective management of hepatitis B and D, effective risk screening and cancer surveillance, 

can go a long way toward preventing disease. However, it is necessary to manage 

the diseases, once established, and new, more effective treatments are needed. A better 

understanding of the molecular mechanisms of these diseases and new therapeutics are 

critical.

4.5. Hepatitis D (Table 15)

HDV requires HBV co-infection of the same hepatocytes to complete its life cycle (Hughes 

et al., 2011; Alfaiate et al., 2015). Elimination of HBV would therefore be expected to result 

in elimination of HDV, and there was some discussion of whether to separate HDV and 

HBV priorities. There are approximately 15–25 million people world-wide infected with 

HDV, and the super-infection of chronic hepatitis B is usually associated with a far more 

aggressive disease than hepatitis B alone (Noureddin and Gish, 2014). HDV clearly presents 

unique virological and clinical challenges, which might be overlooked if not considered on 

its own. It was therefore finally determined to treat some HDV subject areas separately from 

HBV; the key areas are presented as lists that parallel those used for HBV.
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4.6. Research reagents (Table 16)

The study of hepatitis B and D, and even of hepatocellular carcinoma, have been frustrated 

by a lack of critical research tools, ranging from experimental models (in vitro and in vivo) 

to standardized controls. Some resources, such as standardized tools, can be easily provided 

and have great impact, with little investment. Others, such as new experimental systems, 

will require greater investment of effort and funds, but will provide tools that will assist and 

expedite the success of many of the projects proposed in this document.

It is also important to note, as was considered in the September 2016 conference convened 

by the September, American Association for the Study of Liver Diseases (ASSLD) and 

the European Association for the Study of the Liver (EASL), that as new medicines for 

chronic hepatitis B enter clinical phases of evaluation, new reagents and assays are likely 

to be needed. That is, the current endpoints to evaluate medication performance are largely 

dependent upon determination of viral load (viral DNA levels in the blood), liver-derived 

enzymes detected in the blood (e.g. ALT, AST), and antibodies to HBsAg. These tests may 

prove inadequate for new approaches being anticipated. There should therefore be an effort 

to produce new biomarkers, or to redeploy currently available tests, so as to be able to 

determine:

a. which patients will benefit most from a given therapy;

b. when to begin and stop therapy;

c. the extent to which a new therapy is achieving its intended biochemical effect on 

its clinical target; and

d. the superiority and/or complementarity of a new therapy, compared to other 

HBV medications, given alone or in combination.

5. Conclusion: moving forward to the elimination of hepatitis B

It has been more than 50 years since the discovery of the hepatitis B virus and its association 

with hepatitis and liver cancer (Block et al., 2016)). There is now a growing urgency for 

development of potentially curative therapies, and there is also optimism that the time is 

right for significant progress, given the combination of newly available resources and new 

information about the virus. For example, there are now robust tissue culture systems to 

infect and grow HBV, permitting study of many steps in its life cycle beyond reverse 

transcription. Similarly, there is a growing body of clinical information, providing a new 

understanding of clinical and immunopathological complexities.

Although it is clearly important to explore all viral gene products and replication steps 

for intervention opportunities, our team of experts concluded that the elimination of HBV 

cccDNA is the most likely approach to produce either a complete cure or prolonged control 

of infection after a finite course of therapy. The extent to which this can be durably 

achieved with drugs, biologicals, genetic manipulations and/or immunomodulation are 

major questions to be answered. While transcriptional silencing of cccDNA may be easier 

to achieve than its physical elimination, it would probably require life-long treatment to 

produce life-long effects, unless therapy were to trigger a durable downstream effect, such as 
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immune-mediated destruction or non-cytolytic elimination of cccDNA from infected cells. 

A vigorous, comprehensive research effort, involving multiple, complementary approaches, 

must therefore be taken.

Acknowledgments

The Hepatitis B Foundation organized the virtual workshop and The Carol and Edmund Blake Foundation provided 
support for manuscript preparation. Ms. Judith Marchand is recognized for help in manuscript preparation. The 
following individuals did not participate in writing this report, but are thanked for their contributions to the 
virtual workshop: Haitao Guo, Indiana University School of Medicine, Indianapolis, IN; Jake Liang, National 
Institute of Diabetes, Digestive and Kidney Diseases, NIH, Bethesda, MD; William Mason, Fox Chase Cancer 
Center, Philadelphia, PA; Christoph Seeger, Fox Chase Cancer Center, Philadelphia, PA; and John Tavis, St. Louis 
University School of Medicine, St Louis, MO, USA.

References

Alfaiate D, Dény P, Durantel D, 2015. Hepatitis delta virus: from biological and medical aspects to 
current and investigational therapeutic options. Antivir. Res 122, 112–129. [PubMed: 26275800] 

Alter H, Block T, Brown N, Brownstein A, et al. , 2017. Research Agenda for curing chronic hepatitis 
B virus infection. Hepatology 10.1002/hep.29509. (in press).

Bertoletti A, Kennedy PT, 2015. The immune tolerant phase of chronic HBV infection: new 
perspectives on an old concept. Cell. Mol. Immunol 12, 258–263. [PubMed: 25176526] 

Block T, Alter J, London WT, Bray M, 2016. A historical perspective on the discovery and elucidation 
of the hepatitis B virus. Antivir. Res 131, 109–123. [PubMed: 27107897] 

Block TM, Mehta AS, Fimmel CJ, Jordan R, 2003. Molecular viral oncology of hepatocellular 
carcinoma. Oncogene 22, 5093–5107. [PubMed: 12910247] 

Brechot C, Pourcel C, Louise A, Rain B, Tiollais P Presence of integrated hepatitis B virus DNA 
sequences in cellular DNA of human hepatocellular carcinoma (1980): 533–535.

Buckley G, Strom B, 2016. National Academies of Sciences, Engineering, and Medicine. Eliminating 
the Public Health Problem of Hepatitis B and C in the United States: Phase One Report National 
Academies Press 2016.

Chang J, Block T, Guo J-T, 2012. The innate immune response to hepatitis B virus infection: 
implications for pathogenesis and therapy. Antivir. Res 96 (no. 3), 405–413. [PubMed: 23072881] 

Chisari Francis V., Ferrari Carlo, 1995. Hepatitis B virus immunopathogenesis. Annu. Rev. Immunol 
13 (no. 1), 29–60. [PubMed: 7612225] 

El-Serag HB, Davila JA, 2011. Surveillance for hepatocellular carcinoma: in whom and how? Therap 
Adv Gastroenterol 4 (1), 5–10.

Gordon SC, Lamerato LE, Rupp LB, et al. , 2014. Antiviral therapy for chronic hepatitis B virus 
infection and development of hepatocellular carcinoma in a US population. Clin. Gastroenterol. 
Hepatol 12, 885–893. [PubMed: 24107395] 

Gish RG, Chang TT, Lai CL, De Man R, Gadano A, Poordad F, Yang J, Brett-Smith H, Tamez 
R, 2010. Loss of HBsAg antigen during treatment with entecavir or lamivudine in nucleoside
naïve HBeAg-positive patients with chronic hepatitis B. J. Viral Hepat 17 (1), 16–22. [PubMed: 
19622117] 

Gish Robert G., Cohen Chari A., Block Joan M., Brosgart Carol L., Block Timothy M., Clary Ryan, 
Le Loc T., Ninburg Michael H., Sandt Lorren, Kowdley Kris V., 2015a. Data supporting updating 
estimates of the prevalence of chronic hepatitis B and C in the United States. Hepatology 62 (no. 
5), 1339–1341. [PubMed: 26239816] 

Gish RG, Yuen M-F, Chan HLY, Given BD, Lai C-L, Locarnini SA, Lau JYN, et al. , 2015b. Synthetic 
RNAi triggers and their use in chronic hepatitis B therapies with curative intent. Antivir. Res 121, 
97–108. [PubMed: 26129970] 

Hoofnagle JH, Doo E, Liang TJ, et al. , 2007. Management of hepatitis B: summary of a clinical 
research workshop. Hepatology 45, 1056–1075. [PubMed: 17393513] 

Block et al. Page 10

Antiviral Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hughes Sarah A., Wedemeyer Heiner, Harrison Phillip M., 2011. Hepatitis delta virus.Lancet 378 (no. 
9785), 73–85. [PubMed: 21511329] 

Isogawa Masanori, Robek Michael D., Furuichi Yoshihiro, Chisari Francis V., 2005. Toll-like receptor 
signaling inhibits hepatitis B virus replication in vivo. J. Virol 79 (no. 11), 7269–7272. [PubMed: 
15890966] 

Kennedy Edward M., Kornepati Anand VR., Cullen Bryan R., 2015. Targeting hepatitis B virus 
cccDNA using CRISPR/Cas9. Antivir. Res 123, 188–192. [PubMed: 26476375] 

Kim Beom Kyung, Revill Peter A., Ahn Sang Hoon, 2011. HBV genotypes: relevance to natural 
history, pathogenesis and treatment of chronic hepatitis B. Antivir. Ther 16 (no. 8), 1169. 
[PubMed: 22155900] 

Kowdley Kris V., Wang Chia C., Welch Sue, Roberts Henry, Brosgart Carol L., 2012. Prevalence of 
chronic hepatitis B among foreign-born persons living in the United States by country of origin. 
Hepatology 56 (no. 2), 422–433. [PubMed: 22105832] 

Lee JM, Ahn SH, Kim HS, Park H, Chang HY, Kim DY, Hwang SG, et al. , 2011. Quantitative 
hepatitis B surface antigen and hepatitis B e antigen titers in prediction of treatment response to 
entecavir. Hepatology 53, 1486–1493. [PubMed: 21520167] 

Lok AS, McMahon BJ, Brown RS Jr., et al. , 2016. Antiviral therapy for chronic hepatitis B viral 
infection in adults: a systematic review and meta-analysis. Hepatology 63 (1), 284–306. [PubMed: 
26566246] 

Liang TJ, Block TM, McMahon BJ, et al. , 2015. Present and future therapies of hepatitis B: from 
discovery to cure. Hepatology 62 (6), 1893–1908. [PubMed: 26239691] 

Lin S, Trauger ER, Song BP, Lan L, Jongeneel PM, Thompson EG, Hoffman MC, Jain S, Chang TT, 
Block TM and Song W, 2016. Detection of HBV-host junction DNA sequences in urine of patients 
with hepatocellular carcinoma

McMahon BJ, 2016. Natural history of chronic hepatitis B. Clin. Liver Dis 14 (3),381–396.

McMahon BJ, Bulkow L, Simons B, Zhang Y, Negus S, Homan C, Spradling P, Teshale E, Lau D, 
Snowball M, Livingston SE, 2014. Relationship between level of hepatitis B virus DNA and liver 
disease: a population-based study of hepatitis B e antigen–negative persons with hepatitis B. Clin. 
Gastroenterol. Hepatol 12 (4), 701–706. [PubMed: 24035774] 

Miller Roger H., 1987. Proteolytic self-cleavage of hepatitis B virus core protein may generate serum e 
antigen. Science 236, 722–726. [PubMed: 3554507] 

Milich David, Liang T. Jake, 2003. Exploring the biological basis of hepatitis B e antigen in hepatitis B 
virus infection. Hepatology 38 (no. 5), 1075–1086. [PubMed: 14578844] 

Moucari Rami, Mackiewicz Vincent, Lada Olivier, Ripault Marie-Pierre, Castelnau Corinne, Martinot
Peignoux Michelle, Dauvergne Agnes, et al. , 2009. Early serum HBsAg drop: a strong predictor 
of sustained virological response to pegylated inter-feron alfa-2a in HBeAg-negative patients. 
Hepatology 49 (no. 4), 1151–1157. [PubMed: 19115222] 

Noureddin Mazen, Gish Robert, 2014. Hepatitis delta: epidemiology, diagnosis and management 36 
years after discovery. Curr. Gastroenterol. Rep 16 (no. 1), 365. [PubMed: 24293018] 

Op den Brouw Marjoleine L., Binda Rekha S., Van Roosmalen Mark H., Protzer Ulrike, Janssen Harry 
LA., Van Der Molen Renate G., Woltman Andrea M., 2009. Hepatitis B virus surface antigen 
impairs myeloid dendritic cell function: a possible immune escape mechanism of hepatitis B virus. 
Immunology 126 (no. 2), 280–289. [PubMed: 18624732] 

Papatheodoridis GV, Chan HL-Y, Hansen BE, et al. , 2015. Risk of hepatocellular carcinoma in 
chronic hepatitis B: assessment and modification with current antiviral therapy. J. Hepatol 62, 
956–967. [PubMed: 25595883] 

Rehermann B, Bertoletti A, 2015. Immunological aspects of antiviral therapy of chronic hepatitis B 
virus and hepatitis C virus infections. Hepatology 61 (2), 712–721. [PubMed: 25048716] 

Revill P, Testoni B, Locarnini S, Zoulim F, 2016. Global strategies are required to cure and eliminate 
HBV infection. Nat. Rev. Gastroenterol. Hepatol 13 (4), 239–248. [PubMed: 26907881] 

Seeger C, Mason WS, 2015. Molecular biology of hepatitis B virus infection. Virology 479–480C 
672–686.

Shafritz DA, Shouval D, Sherman HI, Hadziyannis SJ, Kew MC, 1981. Integration of hepatitis B 
virus DNA into the genome of liver cells in chronic liver disease and hepatocellular carcinoma. 

Block et al. Page 11

Antiviral Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Studies in percutaneous liver biopsies and post-mortem tissue specimens. N. Engl. J. Med 305, 
1067–1073. [PubMed: 6268980] 

Tavis J, Lomonosova E, 2015. The hepatitis B virus ribonuclease H as a drug target. Antivir. Res 118, 
132–138. [PubMed: 25862291] 

Terrault NA, Bzowej NH, Chang KM, et al. , 2016. AASLD guidelines for treatment of chronic 
hepatitis B. Hepatology 63, 261–283. [PubMed: 26566064] 

Tian Y, Kuo CF, Akbari O, Ou JHJ, 2016. Maternal-derived hepatitis B virus e antigen alters 
macrophage function in offspring to drive viral persistence after vertical transmission. Immunity 
44 (5), 1204–1214. [PubMed: 27156385] 

Werle-Lapostolle B, Bowden S, Locarnini S, Wursthorn K, Petersen J, Lau G,Trepo C, et al. , 2004. 
Persistence of cccDNA during the natural history of chronic hepatitis B and decline during 
adefovir dipivoxil therapy. Gastroenterology 126, 1750–1758. [PubMed: 15188170] 

Wooddell CI, et al. , 2015. Monthly dosing on ARC-520 in chronically hepatitis B virus infected 
chimpanzees produces rapid, deep and durable reductions in circulating viral antigens. Hepatology 
62.

Wooddell Christine I., Yuen Man-Fung, Chan Henry Lik-Yuen, Gish Robert G., Locarnini Stephen 
A., Chavez Deborah, Ferrari Carlo, et al. , 2017. RNAi-based treatment of chronically infected 
patients and chimpanzees reveals that integrated hepatitis B virus DNA is a source of HBsAg. Sci. 
Transl. Med 9 (no. 409) eaan0241.

Wursthorn Karsten, Jung Mechthild, Riva Antonio, Goodman Zachary D., Lopez Patricia, Bao Weibin, 
Manns Michael P., Wedemeyer Heiner, Naoumov Nikolai V., 2010. Kinetics of hepatitis B surface 
antigen decline during 3 years of telbivudine treatment in hepatitis B e antigen–positive patients. 
Hepatology 52 (no. 5), 1611–1620. [PubMed: 20931556] 

Yang Xiaobo, Wu Liangcai, Lin Jianzhen, Wang Anqiang, Wan Xueshuai, Wu Yan, Robson Simon C., 
Sang Xinting, Zhao Haitao, 2017. Distinct hepatitis B virus integration patterns in hepatocellular 
carcinoma and adjacent normal liver tissue. Int. J. Canc 140 (6), 1324–1330.

Zhang Ejuan, Kosinska Anna, Lu Mengji, Yan Huimin, Roggendorf Michael, 2015. Current status of 
immunomodulatory therapy in chronic hepatitis B, fifty years after discovery of the virus: search 
for the “magic bullet” to kill cccDNA. Antivir. Res 123, 193–203. [PubMed: 26476376] 

Block et al. Page 12

Antiviral Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Block et al. Page 13

Ta
b

le
 1

G
en

er
al

 r
es

ea
rc

h 
ar

ea
s 

id
en

tif
ie

d 
by

 w
or

ks
ho

p 
pa

rt
ic

ip
an

ts
 th

at
 s

ho
ul

d 
be

 a
dd

re
ss

ed
 to

 a
ch

ie
ve

 im
pr

ov
ed

 u
nd

er
st

an
di

ng
 o

f 
th

e 
pa

th
og

en
es

is
 o

f 
ch

ro
ni

c 

he
pa

tit
is

 B
 a

nd
 D

 a
nd

 to
 d

is
co

ve
r 

ne
w

 b
re

ak
th

ro
ug

h 
th

er
ap

ie
s.

B
ro

ad
 A

re
as

 o
f 

R
es

ea
rc

h 
A

ct
io

n

V
ir

ol
og

y 
&

 V
ir

al
 T

he
ra

pe
ut

ic
s

Im
pr

ov
e 

un
de

rs
ta

nd
in

g 
of

 H
B

V
 a

nd
 H

D
V

 v
ir

ol
og

y;
 e

m
ph

as
iz

e 
re

se
ar

ch
 to

 d
ef

in
e 

th
e 

m
ol

ec
ul

ar
 m

ec
ha

ni
sm

s 
re

sp
on

si
bl

e 
fo

r 
cc

cD
N

A
 b

io
ge

ne
si

s,
 h

om
eo

st
as

is
 

an
d 

de
ca

y;
 E

xp
lo

it 
ea

ch
 s

te
p 

in
 th

e 
lif

e 
cy

cl
e 

of
 th

e 
vi

ru
s 

fo
r 

th
er

ap
eu

tic
 p

ur
po

se
s

Im
m

un
ol

og
y 

&
 n

on
-i

m
m

un
ol

og
ic

al
 

ho
st

 f
ac

to
rs

Im
pr

ov
e 

un
de

rs
ta

nd
in

g 
of

 a
da

pt
iv

e 
an

d 
in

na
te

 im
m

un
ol

og
y 

of
 H

B
V

 a
nd

 H
D

V
 a

cu
te

, c
hr

on
ic

, a
nd

 r
es

ol
ve

d 
in

fe
ct

io
ns

, a
nd

 r
ea

ct
iv

at
io

n;
 e

xp
an

d 
re

se
ar

ch
 o

n 
vi

ra
l 

an
d 

ho
st

 f
un

ct
io

ns
 in

fl
ue

nc
in

g 
th

e 
vi

ra
l l

if
e 

cy
cl

e 
w

ith
 a

 g
oa

l o
f 

ex
pl

oi
tin

g 
fo

r 
th

er
ap

eu
tic

 p
ur

po
se

s

C
lin

ic
al

 Q
ue

st
io

ns
D

es
ig

n 
hu

m
an

-p
ha

se
 e

ff
ic

ac
y 

an
d 

to
xi

ci
ty

 tr
ia

ls
 to

 p
ro

vi
de

 in
fo

rm
at

io
n 

ab
ou

t v
ir

ol
og

y 
an

d 
di

se
as

e 
m

ec
ha

ni
sm

 a
nd

 to
 a

da
pt

 to
 th

e 
lik

el
y 

ne
w

 m
ec

ha
ni

sm
s 

as
so

ci
at

ed
 w

ith
 n

ew
 th

er
ap

eu
tic

s

H
ep

at
oc

el
lu

la
r 

ca
rc

in
om

a 
an

d 
liv

er
 

ci
rr

ho
si

s
Im

pr
ov

e 
un

de
rs

ta
nd

in
g 

of
 m

ol
ec

ul
ar

 p
at

hw
ay

s 
le

ad
in

g 
to

 c
ir

rh
os

is
 a

nd
 H

C
C

, t
o 

de
ve

lo
p 

ne
w

 e
ar

ly
 d

et
ec

tio
n 

m
ar

ke
rs

 a
nd

 n
ew

 th
er

ap
eu

tic
s

H
ep

at
iti

s 
D

Im
pr

ov
e 

un
de

rs
ta

nd
in

g 
of

 h
ep

at
iti

s 
D

 m
ol

ec
ul

ar
 b

io
lo

gy
, e

ff
ec

t u
po

n 
di

se
as

e 
pr

og
re

ss
io

n 
an

d 
im

m
un

ol
og

y 
to

 e
xp

lo
re

 n
ew

 th
er

ap
eu

tic
s

R
es

ea
rc

h 
R

ea
ge

nt
s

D
ev

el
op

 a
nd

 s
ta

nd
ar

di
ze

 n
ew

 r
es

ea
rc

h 
re

ag
en

ts
 a

nd
 s

ys
te

m
s 

to
 s

tu
dy

 H
B

V
, H

D
V

, a
nd

 H
C

C
 f

or
 th

e 
pu

rp
os

es
 o

f 
dr

ug
 d

is
co

ve
ry

 a
nd

 d
ev

el
op

m
en

t

O
th

er
E

st
ab

lis
h 

ne
w

, a
nd

 e
xp

an
d 

cu
rr

en
t, 

in
te

r-
in

st
itu

tio
n 

an
d 

in
te

r-
la

bo
ra

to
ry

 c
ol

la
bo

ra
tiv

e 
ne

tw
or

ks
 f

or
 b

as
ic

 s
ci

en
ce

 d
is

co
ve

ry
 a

nd
 v

al
id

at
io

ns

Antiviral Res. Author manuscript; available in PMC 2019 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Block et al. Page 14

Table 2

Research on covalently closed circular DNA (cccDNA) was identified as a top priority for discovering a cure 

for chronic hepatitis B. Six specific research areas were identified. In this and the following tables, each area 

was ranked in importance as either first (1) or second (2).

cccDNA

Project Rank

Therapeutic benefit of inhibitors of cccDNA, alone and in combination 1

Basic academic research to define the molecular mechanisms responsible for cccDNA biogenesis, homeostasis, and decay, and to 
determine the half-life of preformed cccDNA in cell culture and animal models

1

Preclinical pharmaceutical research to discover and develop small molecules and biologics that directly target cccDNA life cycle 
vulnerabilities discovered in the priority above

1

Clinical research designed to test small molecules and biologics to either (a) eliminate cccDNA from the liver, or (b) reduce the 
number of cccDNA-positive hepatocytes (to a point at which all newly formed virus particles are neutralized by circulating anti-HBs 
antibodies)

1

Determination of mechanisms of cccDNA regulation 2

Basic academic and pharmaceutical research to determine if genetic, epigenetic, or other strategies that are known to (a) suppress 
cccDNA transcription, or (b) to prevent its recycling (e.g. capsid inhibitors) can eliminate cccDNA in HBV-infected cells in cell culture 
and animal models

2
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Table 3

Research on HBx function was identified as a top priority for discovering a cure for chronic hepatitis B.

HBx

Project Rank

Determine and validate the functions of HBx most important to its biological and virological roles 1

Specifically, confirm and expand upon understanding of HBx’s HBV regulatory action on cccDNA other viral functions 1

Determine the benefit of HBx as an antiviral target, alone and in combination 1

Determine and validate role(s) of HBx in hepatitis B pathogenesis, including HCC 2

Develop antiviral agents that target HBx 2
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Table 4

Research on the function of hepatitis B surface antigen was identified as a top priority for discovering a cure 

for chronic hepatitis B.

HBs

Project Rank

Determine and validate role(s) of HBs in hepatitis B chronicity and pathogenesis, including HCC and immunosuppression 1

Develop and validate antiviral agents that target HBs 1

Benefit of HBs as an antiviral target, alone or in combination 2

Determine detailed molecular mechanisms of HBs morphogenesis and role in virion production and secretion 2
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Table 5

Research on the hepatitis B core protein was considered to be a secondary priority for discovering a cure for 

chronic hepatitis B.

HBc

Project Rank

Benefit as an antiviral target, alone or in combination 1

Development of antiviral agents that target HBc 1

Determine if HBc has regulatory functions for viral and cell genes 2

Determine HBc role(s) in HBV life cycle, pathogenesis, and immunomodulation, beyond its role as a structural component of the virus 2
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Table 6

Research on HBe function was considered to be a secondary priority for discovering a cure for chronic 

hepatitis B.

HBe

Project Rank

Benefit as an antiviral target, alone or in combination 1

Development of antiviral agents that target HBe 1

Determine if HBe has regulatory functions for viral and cell genes 2

Determine the role(s) of HBe in the HBV life cycle, pathogenesis and immunomodulation beyond its role as a structural component of 
the virus

2
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Table 7

Research on RNase H function was considered to be a secondary priority for discovering a cure for chronic 

hepatitis B.

RNaseH

Project Rank

Development of antiviral agents that target RNaseH 1

Benefit as an antiviral target, alone or in combination 2
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Table 8

Research on HBV DNA integration into the host cell chromosomes was considered to be a secondary priority 

for discovering a cure for chronic hepatitis B.

Integrated HBV DNA

Project Rank

Can integrated HBV DNA cause independent production of HBsAg, making loss of HBsAg and/or measuring levels of HBsAg in 
some persons not a useful treatment endpoint or functional cure?

1

How can information about integrated HBV DNA be used in the management (treatment and risk assessments) of disease? 1

Better understanding of the role integrated HBV DNA plays in oncogenesis and in contributing gene products that affect chronic liver 
disease

2

Determination of the mechanism of regulation of integrated DNA expression 2
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Table 9

Certain subcategories of research that do not specifically fall into the those listed in Tables 2–9 were 

considered to be of secondary importance for discovering a cure for chronic hepatitis B.

Other Viral Targets

Project Rank

Development of strategies leading to the selective elimination of HBV- infected cells. Leading candidates are (a) therapeutic 
immunization, (b) checkpoint inhibition, and (c) bispecific antibody therapy that can deliver cytolytic or noncytolytic antiviral effector 
molecules selectively to infected cells

1

Identify viral gene products other than those currently known, that regulate HBV and its pathogenicity 1

How can information about other viral gene products and RNAs that regulate the HBV life cycle and host pathogenicity be used in the 
management (treatment and risk assessments) of chronic hepatitis B?

2
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Table 10

Among studies of immunological and non-immunological host factors, research on adaptive immune 

responses was considered to be a top priority for discovering a cure for chronic hepatitis B.

Adaptive Immune Response

Project Rank

How can information about HBV immunovirology be used in the management (treatment and risk assessments) of HBV disease? 1

Role of T cells, T cell exhaustion, function of patient age, length of time of infection, other viral load issues 1

Possibility and benefits of restoration of immunorecognition of HBV 1

Safety of restoring cytolytic immune responses in patients with late-stage disease 1

Role of B cells, as antibody producers and other possible functions 2

Role of immunological checkpoints and other regulators of immunoresponsiveness in maintaining chronicity and disease 2
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Table 11

Among studies of immunological and non-immunological host factors, research on innate immune response to 

HBV infection was considered to be a top priority for discovering a cure for chronic hepatitis B.

Innate Immune Response

Project Rank

Comprehensive analysis of the hepatic innate and adaptive immune systems, and their roles in chronicity 1

How can understanding the innate and adaptive immune systems help in the therapeutic management of HBV? 1

Role of innate defenses in regulating HBV infection, and in pathogenesis 1

Specific innate host defense factors that are responsible for the role of the innate defense response in influencing HBV acute and 
chronic infections, and in HCC

2

Nature and mechanism of HBV refractoriness to type I IFN 2
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Table 12

Among studies of immunological and non-immunological host factors, research on nonimmunological host 

factors was considered to be a secondary priority for discovering a cure for chronic hepatitis B.

Non-Immunological Host Factors

Project Rank

More complete understanding of the HBV life cycle, from receptor binding and entry, to nuclear transport and uncoating, and 
morphogenesis and secretion of virus and particles, with a focus on steps that are vulnerable to intervention

1

Determination of if and how information about the role of host factors in HBV virology can be used in the management (treatment and 
risk assessments) of HBV disease

1

Role of viral genotypes in pathogenicity, natural history and responsiveness to therapy 1

Role of host factors in determining outcomes (acute versus chronic, responsiveness to therapies, development of disease 2

Role of genetic factors in determining outcomes of disease natural history and responsiveness to therapy 2
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Table 15

Workshop participants considered that research needed to achieve a cure for chronic hepatitis D was a 

secondary priority.

Hepatitis D-Specific Antivirals and Immunology

Project Rank

Development of next generation anti-HDV agents based on HDV-specific gene products 1

Role of B and T cell exhaustion in chronicity and pathogenesis 1

How can information about HDV immunovirology be used in the management (treatment and risk assessments) of HDV disease 1
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Table 16

Workshop participants identified multiple specific reagents and technical capabilities that are needed to 

support the research described in Tables 2–15.

Reagents and technical capabilities for HBV & HDV research

Project Rank

Development of animal models of human HBV and HDV disease 1

Standardized virological and immunological assays for critical analytes [e.g., HDV RNA, HBV cccDNA, HBs (quantitative), anti
HDV, Ig, cytokine response] and T and B cells assays as new endpoints for therapeutic drug evaluation

1

Development of cell lines and primary human liver cell systems that support the full infectious cycle, and are authentic liver lines 2
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