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Abstract: Chronic hepatitis B virus (HBV) infection remains a serious
global public health concern and a leading cause of liver cirrhosis and
hepatocellular carcinoma. Although currently available oral therapies
can effectively suppress HBV DNA, there is no approved regimen that
has shown to reliably achieve a functional cure. In recent years, various
classes of novel therapy for HBV infection have undergone consider-
able research and advanced to clinical trials, targeting multiple stages
of the viral life cycle and systemic immunomodulatory pathways. This
article discusses the complex HBV life cycle and highlights emerging
therapeutic advances on the horizon for HBV treatment.

hronic hepatitis B virus (HBV) infection remains a globally prev-

alent and underdiagnosed disease and is the primary driver of

hepatocellular carcinoma (HCC) worldwide.! An estimated 254
million people currently have chronic hepatitis B (CHB)—defined as the
presence of detectable hepatitis B surface antigen (HBsAg) in blood—
and despite an effective vaccine, there are approximately 1.2 million new
infections globally per year. In 2022, HBV infection resulted in more
than 1 million deaths worldwide, predominantly from complications of
cirthosis and HCC.*? In the United States, it is estimated that up to 2.4
million people have CHB.* Persons with CHB are usually said to have
active infection if there is HBV DNA detectable in blood, whereas inac-
tive infection refers to those in whom HBV DNA is low or undetectable.’
HBYV is an oncogenic virus, with an increasing HBV viral load and dura-
tion of infection implicated in an increased cumulative risk of HCC.
The World Health Organization has outlined specific targets to eliminate
HBYV as a public health threat by 2030.” Current goals of therapy are to
achieve durable suppression of HBV replication, normalize liver enzymes,
and prevent the development of cirrhosis and HCC. Although currently
licensed therapies for CHB are effective at suppressing viral replication,
they are typically ineffective at achieving a functional cure, which is
defined as sustained loss of HBsAg with undetectable HBV DNA levels,
with or without seroconversion to hepatitis B surface antibody (anti-
HBs), after completion of a course of therapy.®!! The low likelihood of a

350 Gastroenterology & Hepatology Volume 22, Issue 7 July 2026



Table 1. Mechanisms of HBV Persistence

NEW DEVELOPMENTS IN THE TREATMENT OF HEPATITIS B VIRUS INFECTION

Mechanisms Key features

Generation of cccDNA

antiviral agents

* cccDNA behaves as a stable minichromosome that is not targeted or eliminated by host
immune mechanisms

 Continuously serves as a template for viral transcription even during therapy with

HBV DNA integration into host e Aberrant reverse transcription yields duplex linear HBV DNA
genome * HBV DNA is randomly integrated into the host genome
Occurs early during HBV infection

Implicated in the pathogenesis of HCC

Intracellular recycling of nucleocapsids | * Some mature viral nucleocapsids return to the hepatocyte nucleus and supply rcDNA,
which forms more cccDNA

Increased intracellular cccDNA pool perpetuates HBV infection within the hepatocyte

Adaptive immune system exhaustion * Vast numbers of subviral particles containing HBsAg are secreted from the hepatocyte

Persistent exposure to viral antigens induces T-cell exhaustion

Innate immune system evasion * HBV DNA and RNA (concealed in the viral nucleocapsid) evade recognition by
immune pathways including TLRs

e Viral proteins suppress IFN production and inhibit dendritic and NK cell activity

responses

Low immunogenicity of viral antigens * HBV stimulates regulatory T cells, suppressing activity of effector T cells

* Immunosuppressive cytokines (IL-10, TGF-f) are upregulated, attenuating immune

Noncytolytic persistence in hepatocytes

Infected hepatocytes remain functional without significant cytopathic effect or lysis

e HBV persists within hepatocytes and evades immune clearance

cccDNA, covalently closed circular DNA; HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; IFN,

interferon; IL, interleukin; NK, natural killer; rcDNA, relaxed circular DNA; TGF-f3, transforming growth factor-beta; TLRs, Toll-like receptors.

cure for HBV infection reflects both the complexity of the
HBYV life cycle and the limitations of current HBV ther-
apy. However, the development of novel agents targeting
discrete components of its replicative cycle as well as
immunomodulatory pathways holds promise for increas-
ing the efficacy of available antiviral agents. This article
discusses these pathways as well as recent developments
and emerging therapies for HBV infection.

Hepatitis B Virus Life Cycle

HBYV is a hepatotropic, partially double-stranded DNA
virus and member of the Hepadnaviridae family. The
42-nm infectious virion consists of an outer lipid enve-
lope, which surrounds a nucleocapsid containing the
viral genome DNA in the form of relaxed circular DNA
(rcDNA)."? Hepatocyte infection is initiated by the bind-
ing of preS1 to glycoprotein on the viral envelope with
the sodium taurocholate cotransporting peptide (NTCP),
a bile acid receptor, on the basolateral membrane of the
hepatocyte’s surface, which enables entry of the viral
nucleocapsid into the hepatocyte via endocytosis.'® After
entry, the rcDNA is released and transported to the
hepatocyte nucleus, where cellular factors modify rcDNA

and generate covalently closed circular DNA (cccDNA).
The latter serves as a template for transcription of several
RNAs that code for the viral proteins needed for viral
replication and protein synthesis. The RNA transcripts
produced are transported to the cytoplasm, where they
are translated into several viral proteins, including hepa-
titis B core antigen (HBcAg), precore protein, e antigen
(HBeAg), surface antigens, HBV X protein, and DNA
polymerase, which includes a capacity for reverse tran-
scription of pregenomic RNA (pgRNA) to generate new
rcDNA molecules. Core proteins in the cytoplasm self-as-
semble into the viral nucleocapsid, the pgRNA and poly-
merase are packaged, and viral replication occurs in the
intact nucleocapsid through reverse transcription. Mature
viral nucleocapsids are then secreted from the infected
hepatocyte, with some also returning to the hepatocyte
nucleus where rcDNA forms more cccDNA. This lat-
ter mechanism perpetuates HBV infection within the
hepatocyte. Additionally, vast numbers of subviral parti-
cles containing HBsAg but lacking viral DNA are secreted
from the hepatocyte, greatly outnumbering complete
virions. This abundance contributes to immune evasion
by impairing effective clearance of circulating virus and
infected hepatocytes. HBV also stimulates regulatory T
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cells, suppressing activity of effector T cells, while upreg-
ulating immunosuppressive cytokines (interleukin-10,
transforming growth factor-beta) and thus attenuating
the host immune response. Finally, in a small proportion
of replication cycles, aberrant reverse transcription occurs,
yielding double-stranded linear DNA instead of rcDNA,
which is integrated into random sites in the host genome.
This process, involving recombination between viral and
host DNA, begins very early during HBV infection and
has been implicated in the pathogenesis of HCC, which

may occur even in patients without cirrhosis.®'>!%17

Immune Function in Acute and Chronic
Hepatitis B Virus Infection

Acute Hepatitis B Virus Infection

In addition to having an intricate life cycle, HBV induces
a complicated series of host immune responses in which
both HBV-specific CD8+ cytotoxic T lymphocytes and
CD4+ helper T cells play a prominent role. In acute HBV,
the innate immune system is activated and naive CD8+ T
cells proliferate with clonal expansion differentiating into
cytotoxic CD8+ T cells, which mediate viral clearance
through cytolytic as well as noncytolytic mechanisms.
Direct cytolytic mechanisms represent an early response,
which contributes to hepatocyte injury during acute
infection. In contrast, noncytolytic mechanisms involve
the generation of cytokines, including interferon (IFN)-y
and tumor necrosis factor—a, which suppress HBV rep-
lication in the hepatocyte and play an important role in
facilitating clearance of HBV without inducing extensive
hepatic inflammation. Although the innate immune
response contributes to early viral control, effective clear-
ance of HBV during acute infection ultimately depends
on a robust adaptive immune response. The adaptive
immune response is activated by CD4+ helper T cells,
which produce cytokines necessary for further clonal
CD8+ T-cell expansion, as well as activation of B cells and
neutralizing antibodies to HBsAg and HBcAg.'>'%%* An
efficient and coordinated interplay between innate and
adaptive immune responses is essential for HBV clearance
during acute infection.

Chronic Hepatitis B Virus Infection

Despite the ability of HBV to elicit an immune response,
it can impair immune recognition and evade both innate
and adaptive immunity through multiple mechanisms,
leading to chronic infection (Table 1). Persistent exposure
to the abundant viral antigens induces T-cell exhaustion
and prevents an effective immune response, facilitating
HBV persistence. Moreover, cccDNA behaves as a stable
minichromosome in hepatocytes that is not targeted or
eliminated by host immune mechanisms, allowing it to

continuously serve as a template for viral transcription
even during therapy with antiviral agents.?! These obser-
vations help explain why current antiviral therapies gener-
ally require lifelong administration and are unable to fully
eradicate HBV in most patients with chronic infection.

Defining Goals of Treatment

At present, the aspirational goal for HBV therapy is to
achieve a complete (ie, sterilizing) cure, characterized by
the eradication of HBV DNA, cccDNA, and integrated
HBV DNA in addition to HBsAg.?> However, with the
currently available oral therapies, although HBV DNA
suppression can be reliably achieved, loss of HBsAg
remains infrequent, occurring at an annual rate of only
approximately 1%. Consequently, the current therapeutic
goal is most often a functional cure, defined as sustained
clearance of HBsAg and undetectable HBV DNA, with
or without seroconversion to anti-HBs, for at least 6
months following a finite course of treatment.”*?* How-
ever, advances in the understanding of the complex HBV
life cycle, together with emerging therapeutic strategies,
have created new opportunities to overcome previous
barriers and move closer to the goal of increasing rates of
functional cure and potentially achieving complete cure.

Current Available Therapies

There are currently 7 therapies approved by the US Food
and Drug Administration (FDA) for the treatment of
adults with CHB in the United States: 2 IFN formulations
(IFN alfa-2b and peginterferon [PEG-IFN] alfa-2a) and
5 nucleos(t)ide analogues (NAs) (lamivudine, adefovir,
entecavir, telbivudine, and tenofovir). The preferred first-
line agents in treatment guidelines are PEG-IFN alfa-2a,
entecavir, tenofovir disoproxil fumarate, and tenofovir
alafenamide.? In the United States, most patients are cur-
rently treated with entecavir or 1 of the 2 forms of teno-
fovir, in large part owing to the adverse effect profile of
IFN and the need for parenteral administration, although
IEN has been studied in several trials in combination with
NAs or novel antiviral agents.!! Data accumulated since
the advent and widespread use of oral NA therapies have
supported the role of antiviral treatment in significantly
decreasing the incidence of HCC and hepatic decompen-

sation in treated patients.?®

Interferon

IFN alfa was approved by the FDA for treatment of HBV
infection in 1991.% Although detailed mechanisms of
IFN are not completely understood, it is believed to exert
both antiviral and immunomodulatory effects. Typically
used for a finite treatment duration of 48 weeks, IFN
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can achieve a durable seroclearance of HBsAg in approx-
imately 5% of treated patients, an effect that appears
higher in HBeAg-positive than -negative patients.”
However, its subcutaneous administration, low antiviral
efficacy, and overall poor tolerability owing to numerous
adverse effects have limited its use.?” With the advent of
oral NAs, various strategies have been attempted, includ-
ing combining therapies and the substitution of IFN
for oral therapies to accelerate loss of HBsAg. However
off-treatment flares and virologic relapse have remained
concerns, while benefits are achieved only in a minority
of patients.***" Additionally, IFN is contraindicated in
pregnancy as well as decompensated cirrhosis and cirrho-
sis with clinically significant portal hypertension owing to
concerns of hepatic decompensation.’

Oral Nucleos(t)ide Analogues

Oral NA therapies block HBV DNA synthesis by reduc-
ing intrahepatic replication intermediates and circulating
virions. Activated nucleos(t)ide inhibitors function as
HBV polymerase inhibitors by competing with natural
nucleotide substrates for incorporation into the growing
viral DNA strand. Lamivudine, adefovir, and tenofovir
function as chain terminators as they lack a 3'-OH group,
thereby preventing further elongation. Entecavir func-
tions as a delayed chain terminator, interrupting DNA
synthesis after several nucleotides are added following
the incorporation of entecavir monophosphate.®? Active
suppression of replication and a decrease in the infection
of new hepatocytes in turn can diminish the quantity of
cccDNA, its overall transcriptional activity, rates of HBV
DNA integration, and degree of hepatic inflammation.?
Long-term data have confirmed the benefit of antiviral
treatment in reducing the incidence of HCC and hepatic
decompensation.’ However, NA therapy does not directly
target cccDNA nor does it sufficiently restore the hosts
antiviral immune response against HBV. Thus, rates of
HBsAg loss after 1 year are 1% to 3% in HBeAg-positive
patients and 1% in HBeAg-negative patients.”? Given the
lack of meaningful reduction in HBsAg level even after
years of continuous treatment, and risk of rebound of
viral replication once therapy is discontinued, indefinite
therapy is typically required.” Recent studies have evalu-
ated the outcomes of stopping NA therapy if HBsAg falls
to less than 100 IU/mL. RETRACT-B, a global 4-year
follow-up study, demonstrated HBsAg seroclearance off
therapy in roughly 33% of such patients. Although hep-
atitis flares occurred in roughly 1% of patients, these can
result in fulminant hepatitis and the need for transplan-
tation.** The 2025 American Association for the Study
of Liver Diseases (AASLD)/Infectious Diseases Society of
America guidelines recommend in general that treatment
be continued until HBsAg seroclearance occurs.!!

NEW DEVELOPMENTS IN THE TREATMENT OF HEPATITIS B VIRUS INFECTION

New Therapeutic Approaches in Chronic
Hepatitis B Virus

Increasing appreciation of the complexity of the HBV life
cycle and the interplay with host immune responses has
led to the identification of numerous potential targets for
the development of novel therapeutic strategies. These
approaches either involve therapies that target specific
stages of viral replication or target immunomodulatory
mechanisms aiming to restore immune function and
overcome the anergy associated with CHB (Table 2).

Direct-Acting Antiviral Agents

Several steps in the HBV life cycle may be amenable to
disruption by antiviral therapy. These include viral entry
into the hepatocyte, cccDNA silencing or elimination,
viral transcription and translation, nucleocapsid assem-
bly, HBV polymerase inhibition, and HBsAg secretion
(Figure).

Entry Inhibition As outlined earlier, HBV entry to the
hepatocyte occurs via interaction of the viral envelope
preS1 glycoprotein and the hepatocyte NTCP bile acid
receptor. Bulevirtide, a lipopeptide derived from the
HBV preS1 region, competes with HBV for NTCP
binding and thus inhibits viral entry. Its major clinical
application has been in the treatment of hepatitis delta
virus (HDV) infection, for which it is currently approved
in Europe and several areas other than the United
States, where approval is being sought.?’ Its effectiveness
against HDV infection is largely owing to blockade of
HDV-bearing viral particles enveloped by HBsAg into
hepatocytes, thereby preventing the establishment of new
hepatocyte infection as well as reinfection of cells already
harboring HDV, which collectively decreases overall viral
hepatic burden. Despite its potent effects on HDV viral
entry, it has not been shown to reduce serum HBsAg by
more than 1 log IU/mL or to cause HBsAg seroclear-
ance.”® Although it may have a mechanism of limiting
de novo infection of previously uninfected hepatocytes
in HBV monoinfection, its therapeutic role for HBV
infection will likely be limited to combination treatment
strategies, if any.

Covalently Closed Circular DNA Silencing or Elim-
ination Persistence of cccDNA within the hepatocyte
nucleus remains an obstacle to complete cure for
HBV. Multiple novel approaches to eliminate or silence
cccDNA are in preclinical stages. These include the use of
gene editing technologies such as the clustered regularly
interspaced short palindromic repeats/ CRISPR-associ-
ated (CRISPR/Cas) system, epigenetic modification, and
small molecule inhibitors.**! Utilizing these approaches,
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Table 2. Novel HBV Targets and Therapies

Mechanisms

Agents

Antiviral agents

Entry inhibitor

¢ Bulevirtide

cccDNA silencing or elimination

* Gene editing

* CRISPR/Cas system

* Epigenetic modifications
¢ Small molecule inhibitors

Viral transcription/translation

— Antisense oligonucleotides

— Small interfering RNA agents

* Bepirovirsen

* AHB-137

* JNJ-3989 (daplusiran/tomligisiran)
¢ VIR-2218 (elebsiran)

¢ AB-729 (imdusiran)

¢ RG6346 (xalnesiran)

* RDB1016

Capsid assembly modulators

* JNJ-56136379 (bersacapavir)
* ALG-000184 (pevifoscorvir sodium)
¢ ABI-4334

HBsAg secretion inhibitors

* REP 2139
* REP 2165

Immunomodulators

Innate immune system

Interferon

¢ Interferon alfa-2b
* Peginterferon alfa-2a

Toll-like receptor agonists

¢ Ruzotolimod
¢ Vesatolimod
* Selgantolimod

Adaptive immune system

Therapeutic vaccines

* BRII-179
* VTP-300
* VRON-0200
* GS-2829
* GS-6779

Monoclonal antibodies

¢ Lenvervimab (GC1102)
e Libevitug (HH-003)

¢ Tobevibart (VIR-3434)
* Brelovitug (BJT-778)

Checkpoint inhibitors (anti-PD-1, anti-PD-L1)

¢ Envafolimab
¢ Nivolumab

cccDNA, covalently closed circular DNA; CRISPR/Cas, clustered regularly interspaced short palindromic repeats/ CRISPR-associated; HBsAg,

hepatitis B surface antigen; HBV, hepatitis B virus; PD-1, programmed death 1; PD-LI, programmed death ligand 1.

the potential to target both cccDNA and integrated HBV
DNA increases the possibility of achieving complete cure.

Genome editing refers to altering genomic DNA
at precise locations. This can involve addition, removal,
or replacement of DNA sequences, ultimately allowing
targeted genes to be disrupted or switched off. Currently,
the major genome-editing technologies include zinc finger
nucleases, transcription activator-like effector nucleases,

and RNA-guided CRISPR/Cas systems.” These strat-
egies are being explored to disable cccDNA by creating
precise double-stranded DNA breaks, which subsequently
undergo homologous repair, leading to mutations at
the specified cleavage sites. A single administration of
CRISPR-Cas9 ribonucleoproteins has been shown to
eradicate greater than 98% of the cccDNA pool. Yet, solely
targeting cccDNA may not be sufficient, as rebound HBV
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Figure. HBV life cycle with therapeutic drug targets. Created with BioRender.com.

ASOs, antisense oligonucleotides; CAMs, capsid assembly modulators; cccDNA, covalently closed circular DNA; HBsAg, hepatitis B surface
antigen; HBV, hcpatitis B virus; mRNA, messenger RNA; NTCP, sodium taurocholate cotransporting pcptidc; pgRNA, pregenomic RNA; rcDNA,

relaxed circular DNA; siRNA, small interfering RNA.

replication can occur owing to de novo cccDNA forma-
tion from its precursor rtcDNA. Therefore, utilizing addi-
tional therapeutic strategies to eliminate rcDNA is likely
needed.® Epigenetic modifications such as inducing DNA
methylation or histone deacetylation or methylation are
also being studied to target both cccDNA and integrated
DNA. With these epigenetic modifications, downstream
silencing of transcription activity can be achieved without
disruption of the genome. Early data suggest these ther-
apies can lead to strong and durable epigenetic silencing
of cccDNA and integrated DNA.# Other strategies such
as Cas9-mediated base editing to permanently inactivate
integrated HBV DNA and cccDNA without inducing
DNA breaks also offer potential approaches.” However,
before any strategies can be implemented, several hurdles
must be addressed, including the risk of off-target effects—
both immediate and delayed—which raises concerns that
will delay the clinical application of these strategies.

Early data have been reported from a phase 1 study
conducted by Precision BioSciences using ARCUS, a gene
editing technology based upon an enzyme in the hom-
ing endonuclease family that was derived from an algae
species and can be used for sequence-specific targeting.
The resultant product for HBV is a messenger RNA that
encodes the ARCUS nuclease in a lipid nanoparticle.**
The stated goal of the program is to eliminate cccDNA
and inactivate integrated HBV DNA. Preliminary data
from the phase 1 trial reported at the AASLD 2025 meet-
ing included 3 patients in each of the 3 cohorts treated
with 0.2 mg/kg, 0.4 mg/kg, or 0.8 mg/kg at 8-week
intervals for 3 doses. All 3 participants in the initial arm
experienced declines in HBsAg, 1 to a maximum of 69%.
In 2 of the 3 patients, HBsAg had returned to baseline
after the third dose but remained lower than baseline 7
months after initial treatment in the third patient. In the
0.4 mg/kg cohort, among patients who had just received
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a third dose, 1 had an HBsAg decline of less than 50%
while the other had a greater-than-50% decline. In the
0.8 mg/kg dose group, 2 patients within 1 to 2 weeks of
their first dose and 1 who had recently received their sec-
ond dose experienced a steep reduction in HBsAg.“ These
data appear to provide proof of concept of gene editing.
Despite the small sample sizes and need for further eval-
uation, it appears possible from these data that higher
doses were less likely to be associated with rebounds in
HBsAg after each dose and potentially more sustained
reductions for an unspecified duration. One participant
did not complete dosing owing to a transient, reversible
infusion-related reaction that resolved within minutes
of initiating dosing.“ Substantial amounts of additional
data, including liver biopsy data, are expected from the
cohorts already initiated at the time of the AASLD meet-
ing as well as further cohorts with varied dosing schedules.

Viral Transcription and Translation Another approach
to disrupting HBV replication is by blocking viral
transcription with nucleotide sequences that are com-
plementary to regions of the HBV genome, leading to
posttranscriptional gene silencing. Such strategies are
advantageous because they can reduce HBsAg production
from both cccDNA and integrated HBV DNA. Two
major RNA interference classes are in clinical trials: small
interfering RNA (siRNA) and antisense oligonucleotides
(ASOs). siRNA is a double-stranded RNA molecule that
engages the RNA-induced silencing complex (RISC) in
the cytoplasm and guides it to complementary viral RNA
sequences. Once bound, the RISC mediates degradation
of the targeted viral RNA and suppresses translation,
thereby reducing the production of viral proteins. ASOs
are single-stranded DNA molecules that bind comple-
mentary HBV RNA. This DNA-RNA hybrid leads to
recruitment of RNase H, a cellular enzyme that selectively
degrades the HBV RNA strand, thereby limiting transla-

tion and viral protein production, including HBsAg.>*
Both therapeutic strategies are designed to reduce HBV
RNA levels and ultimately lower production of viral pro-
teins such as HBsAg. By lowering HBsAg levels, some of
these therapies are hoped to help facilitate partial resto-
ration of antiviral immune function, although complete

immune restoration has not been clearly demonstrated.

Small Interfering RNA Several siRNA agents, including
JNJ-3989 (daplusiran/tomligisiran), VIR-2218 (eleb-
siran), AB-729 (imdusiran), RDB1016, and RG6346
(xalnesiran), are under evaluation and hold promise for
a durable reduction in HBsAg with infrequent dosing
regimens and acceptable tolerability. Following initial
declines in HBsAg, however, there is typically a plateau
without complete HBsAg seroclearance.*”* Limited data

thus far show that these agents may successfully maintain
low HBV DNA and HBsAg levels long term following
discontinuation of NA therapy, with short-duration
siRNA suppressing HBsAg for up to 6 years in some
patients, potentially contributing to a functional cure.”
However, large-scale data thus far have not shown the
consistent ability of siRNA agents to achieve a functional
cure; therefore, their role as monotherapy remains limited
and combination therapies are likely needed.

Antisense Oligonucleotides Bepirovirsen is the ASO that
has undergone the most extensive evaluation in clinical
trials and is the first one to be evaluated in a phase 3 trial.
In the phase 2 B-Clear trial, administration of bepirovirsen
initially yielded HBV DNA and HBsAg levels below
the limit of detection at the end of treatment (EOT) in
approximately 26% of patients, with the primary outcome
of sustained effect at 24 weeks following EOT met in 9%
and 10% of NA-experienced and NA-naive patients,
respectively. Nearly all sustained responders had baseline
HBsAg less than 3000 IU/mL, with the highest efficacy in
those with baseline HBsAg level no more than 3 log IU/
mL. Additionally, alanine aminotransferase (ALT) flares
have been observed to coincide with HBsAg reduction,
suggesting a contributive immune-related mechanism.*>>
Additional data have shown that sequential therapy with
bepirovirsen followed by PEG-IFN is well tolerated and
can reduce relapse rates compared with bepirovirsen alone,
supporting the potential role of combination therapies
with immunomodulating agents following HBV antigen
suppression.” Bepirovirsen is currently the focus of 2
large international multicenter phase 3 studies, B-Well 1
and B-Well 2, evaluating its durability of functional cure
rates following a finite course of treatment.””*® In another
phase 2 study, bepirovirsen for 24 weeks is being evalu-
ated following an initial 24 weeks of treatment with the
siRNA agents daplusiran/tomligisiran.>

Another study recently evaluated the ASO AHB-137,
given 300 mg weekly for 24 weeks to NA-suppressed
HBeAg-negative patients with HBsAg levels less than
3000 IU/mL. More than 60% of patients lost HBsAg
by week 24, and interim follow-up data presented at the
AASLD 2025 meeting showed a 27% sustained HBsAg
clearance rate at posttreatment week 24.%° Further data on
this drug, including rates of functional cure, are awaited.

Capsid Assembly Modulators As described previously,
HBYV core proteins self-assemble in the cytoplasm to form
nucleocapsids that package pgRNA and polymerase, and
following reverse transcription, mature nucleocapsids
are either secreted as new virions or recycled back to the
nucleus to produce more cccDNA. At a structural level,
the capsid protein assembles into an icosahedral capsid
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composed of 120 capsid protein homodimers, a process
that is critically dependent on precise dimer—dimer
contacts. Capsid assembly modulators (CAMs) exploit
these interactions by either redirecting capsid protein
into aberrant assembly pathways with misassembled
capsids (CAM-A) or accelerating premature formation
of incomplete capsids (CAM-E).®! Consequently, CAMs
reduce the production of mature virions and incomplete
viral particles and, importantly, limit the nuclear recy-
cling of rcDNA to cccDNA—an important second step
for achieving substantial clearance of HBV from infected
hepatocytes. As a result, HBV RNA suppression is also
observed, which is predominantly a function of targeting
nucleocapsids and not directly representing cccDNA
transcriptional activity compared with other agents.
Several CAMs have been studied in early trials. JNJ-
56136379 (bersacapavir), when combined with NAs for
24 weeks of therapy, was shown to significantly decrease
HBV DNA up to0 5.88 log IU/mL and HBV RNA up to
3.16 log IU/mL. However, despite successful suppression,
viral rebound was nearly universal following discontinu-
ation. Furthermore, there was a lack of significant effect
on HBsAg and HBeAg levels, which was also a limitation

62,6

of other early-generation CAMs.>% More recently, early
results with newer-generation and more potent CAMs
have shown promise for reduction of HBsAg, HBeAg, and
hepatitis B core-related antigen (HBcrAg). Various agents
are currently being evaluated, including ALG-000184
(pevifoscorvir sodium) and ABI-4334.%*% In an ongoing
trial of pevifoscorvir sodium, HBeAg-positive patients
experienced a 0.8 log decline in HBsAg over 96 weeks,
with larger declines in HBcrAg and HBeAg levels. This
HBsAg decline does not occur with NAs. It is postulated
that the decline with a potent CAM suggests silencing or
clearance of cccDNA. In HBeAg-negative patients, pro-
found declines in HBV DNA occur but HBsAg does not
change significantly.® These observations are consistent
with the suggestion that a higher proportion of HBsAg
in HBeAg-negative patients is arising from integrated
DNA rather than cccDNA; only the latter is targeted by
CAM:s. At present, a trial of this CAM vs NAs as mono-
therapy has been initiated in HBV-infected patients with
HBV DNA greater than 20,000 IU/mL.¢” This and other
potent CAMs may also be of interest in combination
therapy with other novel agents.

Hepatitis B Surface Antigen Secretion Inhibitors
Nucleic acid polymers (NAPs) inhibit the release of HBV
subviral particles from infected hepatocytes into the cir-
culation, which constitute greater than 99% of circulating
HBsAg.'*% As discussed previously, prolonged exposure
to these abundant subviral particles drives T-cell exhaus-
tion and promotes HBV persistence.

NEW DEVELOPMENTS IN THE TREATMENT OF HEPATITIS B VIRUS INFECTION

Among NAPs, REP 2139 and REP 2165 are the most
extensively studied and, when used in combination with
PEG-IEN and NA therapies, have been shown to have
high rates of HBsAg loss and functional cure, although
studies thus far have been limited by small sample size.
High rates of ALT flares have been described, reportedly
subsiding without adverse clinical outcomes.”” Larg-
er-scale trials are needed to define the role of NAP-based

regimens.

Immunomodulatory Approaches

As previously outlined, the relationship between HBV
and the host immune system is characterized by a com-
plex and dynamic interplay. Immunomodulatory ther-
apies are designed to mitigate the underlying immune
tolerance and T-cell dysfunction associated with chronic
infection. PEG-IFN remains the sole immunomodu-
latory agent currently approved for the management of
CHB. Nonetheless, its clinical use declined following
the introduction of better-tolerated oral antivirals and its
relatively low functional cure rates, although it may con-
tinue to have relevance within combination therapeutic
approaches. Several strategies to activate both the innate
(eg, IFN, Toll-like receptor [TLR] agonists) and adaptive
immune systems (eg, monoclonal antibodies, therapeutic
vaccines, checkpoint inhibitors) are currently being eval-
uated (Figure).

Toll-Like Receptor Agonists TLR agonists play a crit-
ical role in the innate immune system by recognizing
pathogen-associated molecular patterns and activating
downstream IFN and cytokine signaling pathways that
contribute to the antiviral response. Various TLR7 and
TLR8 agonists are in early-stage clinical trials. TLR7 ago-
nists have demonstrated target engagement and activation
of downstream immune pathways; however, HBsAg
decline with monotherapy has been limited.”” Agents
such as ruzotolimod (RO7020531) have been shown to
lead to mean HBsAg decline of up to 0.15 log IU/mL
following 6 weeks of treatment, whereas other agents,
including vesatolimod, fail to show any significant effects
on HBsAg decline after 12 weeks of treatment.”"’? TLR8
agonists are also being actively studied in clinical trials.
Selgantolimod (GS-9688), which is currently in phase
2 clinical trials, was shown to elicit greater than 0.1 log
IU/mL decline in 26% of patients, with 5% achieving
HBsAg seroclearance 24 weeks after EOT.”?

Monoclonal Antibodies Another approach to entry
inhibition is monoclonal antibodies directed against
HBV envelope proteins. Several monoclonal antibodies
have been developed.

Lenvervimab (GC1102) is a recombinant human
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immunoglobulin. Although the precise mechanism of
action has yet to be fully elucidated, the drug is hypothe-
sized to act through neutralization of HBsAg via immune
complex formation, as well as inhibition of viral entry
by binding to HBsAg. Although shown to decrease
HBsAg titers in a dose-dependent manner when used
in patients with HBsAg less than 1000 IU/mL, studies
show a prompt rebound in HBsAg levels after treatment
discontinuation.” Therefore, its role may be as part of a
combination regimen.

Libevitug (HH-003) is a human monoclonal anti-
body that targets the preS1 region of the HBV envelope,
thus blocking its binding to the NTCP receptor. In initial
clinical trials in patients with CHB and coexisting chronic
HDV infection, 24-week therapy was shown to reduce
HDV RNA levels and normalize ALT.”> Small studies
have also supported its role in decreasing HBV DNA,
HBsAg, and ALT levels.”

Tobevibart (VIR-3434), another human mono-
clonal antibody, targets an antigenic loop shared by
small, medium, and large HBsAg proteins and has
potent antibody-mediated neutralizing effects on serum
HBsAg that help to prevent entry into hepatocytes. Anti-
body-dependent phagocytosis also facilitates clearance
of HBsAg. In addition, tobevibart has been modified to
have increased affinity for Fc receptors, which enhances
antigen presentation and downstream immune activa-
tion effects. These modifications ultimately promote a
T-cell response, inducing a vaccine-like effect.”” In the
recent phase 2 SOLSTICE study, tobevibart alone or
with elebsiran (VIR-2218, a siRNA agent) was evaluated
in patients coinfected with chronic HDV. At week 48,
a combined response (defined as HDV RNA below the
limit of detection or >2 log IU/mL decline from baseline
together with ALT normalization) occurred in 56% with
tobevibart plus elebsiran and 61% with tobevibart alone.
Undetectable HDV RNA was observed in 66% vs 48%,
ALT normalization in 56% vs 61%, and HBsAg levels
below 10 IU/mL in 91% vs 21%, respectively.”®

Brelovitug (BJT-778) is another high-affinity mono-
clonal antibody that targets an antigenic loop of HBsAg.
By binding to surface antigens and subviral particles,
brelovitug facilitates viral antigen internalization and
presentation to support antispecific T-cell activation and
antiviral immunity. In a recent phase 2 study for patients
with chronic HDV infection and suppressed HBY DNA
less than 100 IU/mL on NA therapy, monotherapy with
brelovitug achieved 100% virologic response in patients
at 48 weeks, with up to 82% of participants reaching
the combined endpoint of virologic response and ALT
normalization.” Further data from a global random-
ized, open-label, multicenter trial (NCT07298330) are

awaited.®’

Therapeutic Vaccines Therapeutic vaccination involves
administering a noninfectious viral antigen to stimulate
or enhance HBV-specific immune responses, with the
goal of achieving long-term control of HBV infection.®!
Therapeutic vaccines have been an area of investigation
for many years. Early HBsAg-based vaccines showed lim-
ited antiviral efficacy; however, incorporating non-HBsAg
viral proteins appears to enhance responses, renewing
interest in HBV therapeutic vaccines.®? Although initial
experience has documented reductions in HBsAg levels,
the role of therapeutic vaccines remains to be determined.
BRII-179, a recombinant protein-based HBV ther-
apy expressing preS1, preS2, and S HBV surface antigens
to induce both B- and T-cell immunity, was shown
to induce anti-HBs responses in greater than 30% of
patients, although no significant decline in HBsAg was
observed. It is currently being evaluated in the phase 2
ENSURE study utilizing sequential combination treat-
ment strategies to improve functional cure outcomes.**
VTP-300 is a therapeutic vaccine designed to elicit
immune responses against the polymerase, core, and S
regions of HBV. In a phase 2 clinical trial, administra-
tion of VIP-300 induced both CD4+ and CD8+ T-cell
responses and reduced HBsAg levels by more than 0.5 log
IU/mL; however, sustained response was observed only
in a subset of virally suppressed patients with baseline
HBsAg levels below 50 IU/mL. VIP-300 is also under
investigation in combination with low-dose nivolumab
for its potential to achieve a functional cure in CHB.®
VRON-0200, a novel therapeutic vaccine that
expresses a genetically encoded checkpoint modifier fused
with HBV core and polymerase antigens, is designed to
elicit CD8+ T-cell responses. In phase 1b studies, the
addition of a single intramuscular VRON-0200 dose to
standard of care led to HBsAg declines that persisted up to
1 year, with 47% of patients achieving greater-than-50%
reduction.®
Other therapeutic vaccination strategies, including
the utilization of nonreplicating arenavirus vectors such as

(GS-2829 and GS-6779, are also being actively studied.

Checkpoint Inhibitors T-cell dysfunction is a key con-
tributor to adaptive immune dysfunction and diminished
rates of successful clearance of HBV. The programmed
death 1 (PD-1) and programmed death ligand 1 (PD-L1)
pathways inhibit T-cell function and have been shown to
be upregulated in CHB.* Inhibition of these pathways
utilizing PD-1 and PD-L1 inhibitors has been widely
used in oncology, and more recently has become of inter-
est in CHB.

Envafolimab, a subcutaneously administered anti—
PD-L1, was shown in a phase 2 study to significantly
reduce HBsAg levels with seroclearance in up to 43%
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of virally suppressed patients on NAs who had HBsAg
levels no more than 100 IU/mL at entry.® Nivolumab is
another PD-1 inhibitor currently in phase 2 trials, includ-
ing in combination treatment regimens. Immune-medi-
ated damage to various organs, particularly but not only
the thyroid, is an important part of the adverse event
profile of this class of drugs, even at low doses, and careful

monitoring is required in studies of these agents.”

Combination Regimens

The novel therapeutic agents described previously exhibit
variable antiviral potencies; however, functional cure—
defined as sustained HBsAg loss with or without serocon-
version—is achieved in only a minority of treated patients.
Pretreatment HBsAg levels have consistently emerged as a
key predictor of the likelihood of HBsAg clearance, with
lower baseline levels generally associated with a higher
probability of seroclearance. This limitation has prompted
considerable interest in combination regimens, which aim
to leverage multiple mechanisms of action to enhance
antiviral efficacy. By targeting multiple steps in the HBV
life cycle and modulating the host immune response, such
combinations have the potential to achieve deeper HBsAg
reductions, increase rates of functional cure, and possibly
reduce relapse after treatment cessation.

However, the efficacy of combination therapies
remains difficult to predict and has often been limited.
In the REEF-1 study, which assessed a 48-week regimen
combining a siRNA agent with a CAM, the combination
failed to demonstrate any additional therapeutic benefit
and in fact appeared to confer inferior results for unclear
reasons. This unexpected outcome suggests that novel
therapeutic agents may not necessarily exhibit additive or
synergistic effects when combined.”!

PEG-IFN has also been evaluated in combination
with several emerging therapeutic agents. Combining
PEG-IEN with siRNA therapies has generally yielded
favorable results, including greater reductions in HBsAg
levels, higher rates of HBsAg loss, and potential decreases
in relapse. In a phase 2 study, a combination of the siRNA
therapy VIR-2218 (elebsiran) and PEG-IFN alfa led to
greater mean HBsAg declines, with approximately 15.6%
of patients on the combination achieving HBsAg sero-
clearance.?? Limited data from additional studies indicate
that the therapeutic benefit of combining siRNA thera-
pies with PEG-IEN is greater with extended treatment
durations of 24 weeks and among individuals with lower
baseline HBsAg levels.”” However, the tolerability of pro-
longed IFN-containing regimens may reduce their overall
appeal. siRNA therapies are also currently being studied
with other immunomodulatory agents, including TLR
agonists, therapeutic vaccines, anti-PD-1/PD-L1 agents,
and monoclonal antibodies.
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Conclusion

Therapeutic options for HBV infection continue to
expand, targeting multiple stages of the viral life cycle
and immunomodulatory pathways to enhance treatment
efficacies. RNA interference agents, including ASOs such
as bepirovirsen, have emerged as front-runners in HBV
treatment research, with the highest efficacy data reported
to date. Although combination therapies also represent
an important and promising area of investigation, several
challenges in study design and interpretation remain
across all therapeutic strategies. These include heterogene-
ity in study populations (eg, low vs high baseline HBsAg
levels, presence or absence of cirrhosis), variability in the
definition of clinical endpoints, uncertainties regarding
optimal therapeutic combinations and treatment dura-
tions, and considerations of treatment burden, tolerability,
and cost relative to once-daily NAs. Although challenges
remain, combination strategies undoubtedly represent
a promising path toward resolving the limitations of
current monotherapies. Genetic modification strategies,
including CRISPR-based approaches, represent a theoret-
ically highly promising approach to HBV functional cure,
although their development is still largely at the preclinical
stage and requires careful evaluation of safety and long-
term efficacy. As these novel HBV strategies continue to
advance, the prospect of reliably achieving a functional
cure for HBV infection is becoming increasingly feasible.
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