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The hepatitis B core protein (HBc) is a multifunctional viral protein central to

hepatitis B virus (HBV) replication, immune modulation, and capsid assembly.

Structurally, HBc consists of an N-terminal domain (NTD) essential for capsid

formation and a C-terminal domain (CTD) critical for RNA binding and genome

packaging. Frequent HBc mutations, driven by HBV’s high mutation rate,

enhance the virus’s ability to adapt to environmental pressures. HBc interacts

with host factors to regulate viral transcription, stabilize capsids, and modulate

immune responses, including the suppression of interferon signaling and

promotion of immune exhaustion. Clinically, anti-HBc antibodies serve as key

diagnostic markers, while HBc-targeting therapies, such as capsid assembly

modulators (CAMs), represent promising strategies for achieving functional

cure. This review uniquely integrates structural, functional, and clinical

perspectives on HBc, providing a comprehensive understanding of its role in

HBV biology and its potential as a therapeutic target. By highlighting recent

advances in CAMs and the challenges of drug resistance, this work offers valuable

insights for researchers and clinicians aiming to develop innovative

HBV treatments.
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1 Introduction

Chronic hepatitis B virus (HBV) infection remains a major global public health

challenge. In 2019, an estimated 296 million individuals worldwide tested positive for

hepatitis B surface antigen (HBsAg), with a global prevalence of chronic HBV infection of

approximately 3.5%. High-endemic areas include China, Southeast Asia, and sub-Saharan

Africa (1). HBV is a hepatotropic virus with a narrow host range, infecting only humans
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and a few non-human primates. HBV infection can lead to a

spectrum of liver diseases, including acute and chronic hepatitis,

liver cirrhosis, and hepatocellular carcinoma (HCC), and it is

recognized as a leading cause of HCC worldwide (2–4).

There are three types of HBV particles present in the blood of

infected individuals: 22 nm diameter spherical and filamentous

subviral particles (SVPs) and the 44 nm diameter Dane particles.

SVPs are non-infectious but highly immunogenic, whereas Dane

particles are infectious (5). Dane particles consist of an envelope

made of lipid bilayers embedded with HBsAg and a nucleocapsid.

The nucleocapsid is a capsid composed of 180 or 240 hepatitis B

core proteins (HBc), which encloses the viral DNA genome and the

viral polymerase (Pol) (6). The HBV genome is a 3.2 kb partially

double-stranded, relaxed circular DNA (rcDNA), containing a

complete negative strand and an incomplete positive strand.

Upon infection, HBV initially binds with low affinity to heparan

sulfate proteoglycans (HSPGs) on the host cell surface, facilitating

viral concentration on the target cell and increasing the likelihood

of receptor engagement (7, 8). High-affinity binding then occurs

between the PreS1 domain of the HBV L envelope protein and the

sodium taurocholate co-transporting polypeptide (NTCP), leading

to NTCP oligomerization and promoting viral internalization and

release of the nucleocapsid into the cytoplasm. Neuropilin-1

(NRP1) further enhances viral attachment and facilitates the

interaction between PreS1 and NTCP, thus promoting HBV

infection (9–11). Subsequently, the rcDNA is transported into the

nucleus, where it is converted into covalently closed circular DNA

(cccDNA) with the assistance of host DNA repair machinery

(12, 13).

The HBV genome contains four overlapping open reading

frames (ORFs)—S, C, P, and X—which, after infection and

cccDNA formation, serve as transcriptional templates for six

partially overlapping viral mRNAs: pregenomic RNA (pgRNA,

3.5 kb), preC RNA (3.5 kb), preS1 HBs RNA (2.4 kb), preS2/S

HBs RNA (2.1 kb), and HBV X RNA (0.7 kb) (14). These transcripts

encode various viral proteins: pgRNA encodes HBc and Pol; preC

RNA encodes hepatitis B e antigen (HBeAg); preS1, preS2 and S

HBs RNA encodes the L envelope protein; preS2 and S HBs RNA

encodes the M envelope proteins, S HBs RNA encodes the S

envelope proteins; and HBV X RNA encodes HBx protein.

HBc forms dimers that assemble into capsids, encapsidating Pol

along with pgRNA. Inside the capsid, Pol catalyzes reverse

transcription of pgRNA to synthesize rcDNA. Mature

nucleocapsids can either be transported back into the nucleus to

replenish the cccDNA pool or be enveloped by viral surface proteins

within multivesicular bodies (MVBs) and subsequently released

from hepatocytes as fully formed infectious virions (15–17).
2 Hepatitis B core protein

2.1 HBc protein structure

HBc protein consists of 183 or 185 amino acid residues (aa) and

contains two structural domains: the N-terminal domain (NTD, aa
Frontiers in Immunology 02
1-140) and the C-terminal domain (CTD, aa 150-183/185), which

are connected by a linker peptide (aa 141-149) (18). HBc is

primarily composed of a-helical structures, with five a-helices.
The main feature is a long a-helix formed by residues 50–73 (a3)
and 79–110 (a4), which forms a helical hairpin that dimerizes

through a-helical interactions (19). HBc exhibits a flexible

structure, and the conformation of free HBc dimers differs from

the conformation of dimers that form the capsid. It is thus proposed

that HBc exists in capsid assembly-active (HBcAct), capsid

assembly-incompetent (HBcInc), or abnormal (HBcAbb)

conformations, with only HBcAct capable of assembling into

icosahedral capsids. In contrast, HBcInc/HBcAbb assemble into

non-icosahedral forms, disrupting the HBV life cycle (20, 21). The

homodimer of HBc contains two structural domains: the a3 and a4
helices of the monomer, which wrap around each other to form a

four-helix bundle dimerization interface linked by disulfide bonds,

and the a1, a2, and a5 helices, which surround the base of the four-
helix bundle to form the hydrophobic core of the contact domain

(21, 22) (Figure 1). HBc dimers serve as the building blocks of

capsid assembly, which consists of a double-layer structure, with the

NTD forming the outer layer and the CTD and its associated RNA

forming the inner layer (23).
2.2 HBc variants

HBV replicates through reverse transcription of its pgRNA. Due

to the lack of proofreading activity in its reverse transcriptase, HBV

has a significantly higher mutation rate than other DNA viruses

(24). Studies have identified 54 missense mutation sites in the HBc

protein in hepatocellular carcinoma tissues, mainly concentrated in

three major (codons 83–87, 95–104, and 130–135) and three minor

(codons 21–38, 59–63, and 151–155) mutation cluster regions

(MCR), with the most frequent mutations being P130T, I97L, and

S87G (25).

HBV can evolve through mutations, increasing its adaptability

to environmental selection pressures. These mutations may

influence various aspects of viral replication and pathogenesis. In

the presence of HLA class I alleles, sequence analysis of HBc

revealed nine mutated amino acid residues, seven of which are

within the CD8+ T cell-targeted epitopes (26). For instance, the

L60V mutation in HBc, where leucine is substituted with valine, is a

typical HLA-A2-binding peptide, and its affinity for HLA-A*0201 is

enhanced. The HLA molecule captures and presents this antigenic

peptide to T cells, leading to T cell activation, proliferation,

differentiation, and cytotoxic T lymphocyte (CTL) responses that

contribute to liver damage. Furthermore, the HBc L60V mutation

promotes capsid assembly and enhances HBV replication, but it

results in reduced viral secretion. Additionally, a proline deletion at

position 5 of HBc also causes low-level viral secretion (27, 28).

The most common natural mutation of HBc occurs at amino

acid position 97, where isoleucine or phenylalanine is substituted

with leucine. The surface spikes of the capsid contain a hydrophobic

pocket formed largely by residues P5, L60, L95, K96, and I97/F97

(29, 30). Bioinformatics and cryo-EM studies revealed that the
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hydrophobic pocket surrounding the I97L mutation exhibits defects

in maintaining tight coupling between genome maturation and viral

secretion. The signal for genome maturation is transmitted from the

interior of the capsid to its surface via this hydrophobic pocket, and

thus the I97L mutant results in excessive secretion of virions

containing immature genomes (31). Additionally, the F97L

mutation enhances capsid assembly capability (32). Although the

P130T mutation does not directly affect the pocket, it increases the

maturation of the intracellular genome. Studies have shown that the

immature secretion of the I97L mutant can be compensated by the

P130T mutation, and the P130T mutation is often associated with

the occurrence of I97L mutations (33) (Table 1).
3 The role of core in viral particle
formation

3.1 NTD-mediated capsid assembly

The NTD is essential for capsid formation, consisting of five a-
helices. Among them, a1, a2, and a5 form a hydrophobic core that

stabilizes the monomer structure, while the a3 and a4 helices of two
monomers interact through hydrophobic forces to drive the

formation of a four-helix bundle, resulting in core dimerization

and the formation of a homodimer. This dimer then assembles into
Frontiers in Immunology 03
a capsid through hydrophobic interactions between dimer-dimer

interfaces (34–36). The core dimer can form two types of

icosahedral symmetry shells, namely T = 3 or T = 4. The T = 3

capsid, with a diameter of 30 nm, consists of 90 core dimers, while

the T = 4 particle, with a diameter of 34 nm, consists of 120 core

dimers (15). Studies have shown that the NTD alone is sufficient to

assemble a capsid under high HBc and/or salt concentrations, but

the stability of the capsid is reduced. Under low HBc

concentrations, the NTD alone is insufficient to support capsid

assembly, and the presence of the CTD is necessary (37, 38). In the

absence of CTD, the linker peptide affects the assembly of the NTD

and the type of capsid formed. Cp140 predominantly forms T = 3

capsids, whereas Cp149 primarily forms T = 4 capsids. When both

NTD and CTD are present, capsid assembly can occur without the

linker peptide (18, 39). Heat shock protein 90 (Hsp90) also

participates in capsid assembly by binding to Cp149 dimers,

which are then packaged into the capsid. The activation of Hsp90

promotes capsid assembly and enhances stability (40).
3.2 Functions of CTD in HBV life cycle

Although CTD is not essential for capsid assembly, it plays a

crucial role in regulating several aspects of the HBV life cycle,

including the packaging of pgRNA, genome reverse transcription,
FIGURE 1

The structure of HBc. (A) Domains of the HBc protein. (B) Ribbon model of HBc protein. (C) Ribbon model of HBV capsid. (D) Spherical structure of
HBV capsid.
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and intracellular transport (41). The CTD contains seven serine and

one threonine residues that can be phosphorylated, namely Ser155,

Ser162, Ser168, Ser170, Ser176, Ser178, Ser181, and Thr160 (42).

CTD regulates HBV replication through phosphorylation and

dephosphorylation. Serine/arginine protein kinase (SRPK), which

binds to the unphosphorylated CTD, inhibits capsid assembly by

preventing premature self-assembly. Upon phosphorylation,

SRPK’s affinity for HBc decreases, releasing HBc to assemble the

capsid, ensuring that HBc assembles at the appropriate time and

location. SRPK is removed at the right time to allow capsid self-

assembly (43, 44). CTD also interacts with RNA and is essential for

the packaging of pgRNA. In vitro studies have shown that HBc

lacking CTD cannot encapsidate pgRNA, but CTD does not have

specificity for pgRNA (37, 41, 45). The Pol protein consists of four

structural domains: the terminal protein (TP) domain, spacer

domain (SD), reverse transcriptase (RT) domain, and RNase H

domain. The tyrosine in the TP domain binds to the e structure of
pgRNA to form a P-e ribonucleoprotein (RNP) complex, which

recruits HBc protein to assemble the viral capsid. Phosphorylation

of CTD facilitates the specific packaging of the RNP complex into

the capsid, while preventing non-specific RNA packaging when the

complex is absent or limited (16, 46). Studies have shown that CTD

is phosphorylated in both dimer and pgRNA-containing capsid
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forms. Substitution of Ser155, Ser162, and Ser170 with alanine or

aspartic acid to mimic dephosphorylated or phosphorylated states

affects pgRNA packaging. Phosphorylation of Ser162 is necessary

for pgRNA packaging, while phosphorylation of Ser170 optimizes

the process (47). Substituting Thr160, Ser168, and Ser176 with

alanine to mimic the dephosphorylated state severely impairs

pgRNA packaging (42). Interestingly, studies have shown that

HBc is phosphorylated in free dimers and empty capsids but is

less phosphorylated in nucleocapsids containing pgRNA and DNA,

suggesting that dephosphorylation may occur during pgRNA

encapsidation (48). Pol recruits protein phosphatase 1 (PP1)

(Figure 2), which dephosphorylates HBc-Ser170, and PP1

catalytic subunits a and b cooperate with pgRNA and Pol to

package the nucleocapsid, promoting pgRNA packaging (49, 50).

Without the HBV capsid, Pol cannot reverse transcribe pgRNA

into rcDNA. The core CTD contains 16 arginine residues, with 14

of them grouped into four clusters of three or four. These arginine

clusters contribute to the reverse transcription process, including

negative strand DNA synthesis extension, primer translocation,

cyclization, and positive strand DNA extension (51). The

phosphorylation state of the duck hepatitis B virus (DHBV)

nucleocapsid dynamically changes during reverse transcription.

Immature nucleocapsids (containing pgRNA), mature

nucleocapsids (containing dsDNA), and secreted nucleocapsids

were isolated from DHBV virus, and it was found that HBc was

phosphorylated in immature nucleocapsids, but dephosphorylated

in mature and secreted nucleocapsids (52). Phosphorylated HBc

promotes negative strand DNA synthesis and the initiation of

positive strand DNA extension, and the extension of these strands

leads to HBc dephosphorylation. Dephosphorylated HBc, in turn,

promotes further maturation of the positive strand DNA and

stabilizes the mature nucleocapsid (53). It is hypothesized that the

DNA synthesis process is associated with the dephosphorylation of

CTD, but studies have shown that dephosphorylation of Ser155,

Ser162, and Ser170 decreases the efficiency of negative strand DNA

extension, primer translocation, cyclization, and positive strand

DNA extension (54). While phosphorylation of Ser155, Ser162, and

Ser170 also reduces these steps’ efficiency, the reduction is less

pronounced, indicating that phosphorylation is required for rcDNA

synthesis (55).
3.3 Regulation of cccDNA formation

It has proposed that HBc may negatively regulate cccDNA

formation through its involvement in nucleocapsid envelopment

and virion secretion by interacting with the viral envelope proteins.

This hypothesis is supported by studies showing that mutations in

either HBc or the L surface protein, which impair nucleocapsid

envelopment and virion secretion, lead to increased cccDNA

formation via intracellular amplification (56–61). However, there

is no direct evidence to support the notion that HBc itself directly

inhibits cccDNA formation. The cleavage of the nucleocapsid is

regulated by the dynamic phosphorylation and dephosphorylation
TABLE 1 HBc variants and clinical significance.

Variants Clinical significance References

P5T
Low-level of viral secretion

Resistant to NAs
(27, 144)

L60V

Low-level of viral secretion
Enhance viral replication

Eliciting a host immune response may lead to
liver damage

(27, 28)

I97L
Secretion of too much virus containing an

immature genome Inhibits the persistence of
the viral genome

(31)

T109I/M/S
Affects the assembly of the capsid

Associated with resistance to CAM therapy
(162, 163)

P130L
Increase genome maturation

Extend the persistence of the viral genome
May be associated with immune evasion

(33, 145)

D29G

Inhibits the antiviral activity of CAM (164)T33N/S

Y118F

S106T

Enhance the antiviral activity of CAM (164)T128I

L140I

S35T

Facilitate pgRNA packaging
Enhance viral replication

May be associated with resistance to NAs
(144)

P79Q

E83D

S87G

Q177K
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of HBc, controlling the release of the rcDNA genome and its

conversion into cccDNA. In addit ion to CTD being

phosphory l a t ed , the NTD a l so ha s two conse rved

phosphorylation sites, Ser44 and Ser49. Substituting alanine to

mimic the dephosphorylated state did not affect HBc expression,

capsid assembly, pgRNA packaging, DNA synthesis, or complete

virion secretion, but it inhibited cccDNA synthesis. Substituting

glutamic acid to simulate the phosphorylated state partially

impaired pgRNA packaging but destabilized the mature

nucleocapsid, promoting cccDNA synthesis and enhancing CTD

phosphorylation. These results suggest that phosphorylation of the

NTD sites should not occur during the early stages of virus

assembly but should occur after nucleocapsid maturation to

facilitate the next stage of replication, such as during infection or

nuclear entry, when nucleocapsid uncoating occurs to promote

cccDNA formation (62).

Furthermore, HBc regulates the nuclear import of rcDNA to

control cccDNA formation. During nucleocapsid maturation, an

increase in negative charges from rcDNA synthesis may induce the
Frontiers in Immunology 05
exposure of CTD inside the immature nucleocapsid to the surface of

the mature nucleocapsid, allowing the nuclear localization signal

(NLS) in CTD to function and transport rcDNA into the nucleus for

cccDNA formation (63). A study has found that there are two

highly conserved lysine residues on HBc, namely K7 and K96,

which are not required for HBV replication. However, the codon

encoding K7 constitutes part of the RNA polyadenylation signal

and is indispensable for cccDNA transcription (64). HBc also

participates in cccDNA transcription by binding to cccDNA,

reducing the nucleosomal spacing of cccDNA-histone complexes,

altering the chromatin structure of cccDNA, and promoting its

transcription (65). HBc prefers to bind to regions of cccDNA that

are rich in CpG dinucleotide sequences. HBc promotes the binding

of the acetyltransferase CREB-binding protein (CBP) to cccDNA

and inhibits the binding of histone deacetylase 1 (HDAC1) to

cccDNA, promoting histone acetylation and enhancing cccDNA

transcription (66). However, studies have also shown that HBc does

not participate in cccDNA transcription, neither overexpression nor

deletion of HBc affects HBV RNA levels (67, 68).
FIGURE 2

The life cycle of HBV. HBV enters hepatocytes through the receptor NTCP, assisted by HSPG and NRP1. Following entry, CTD is phosphorylated to
facilitate its nuclear import. Inside the nucleus, HBc modulates the activity of Par14, Par17, CBP, and HDAC1 on cccDNA to enhance transcription.
Newly synthesized HBc, translated from pgRNA, can be exported to the cytoplasm via the CRM1-NES and NXF1 pathways. Its expression is promoted
by TRPV4 and PSME1 but inhibited by Hdj1 and hTid1. SRPK binds the unphosphorylated CTD to inhibit capsid assembly; CTD phosphorylation
triggers the release of SRPK, allowing PP1 to dephosphorylate the CTD and facilitate nucleocapsid packaging. Mature nucleocapsids are either
recycled to the nucleus to replenish the cccDNA pool or enveloped by HBs in MVBs and secreted as infectious virions.CBP, CREB-binding protein;
HDAC1, histone deacetylase 1; HSPG, heparan sulfate proteoglycans; HBs, hepatitis B surface antigen; MVBs, multivesicular bodies; NRP1, neuropilin-
1; NTCP, sodium taurocholate cotransporting polypeptide; NXF1, nuclear RNA export factor 1; PP1, protein phosphatase 1; PSME1, proteasome
activator subunit 1; SRPK, serine-arginine protein kinase; TRPV4, transient receptor potential vanilloid 4.
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3.4 Immunogenicity and application
potential of HBc

HBc has significant immunogenicity during HBV infection,

stimulating the immune system to produce specific antibodies.

HBc can induce T cell responses, and patients with high

frequencies of HBc and Pol-specific T cells can control HBV well

after discontinuation of nucleos(t)ide analog (NAs) therapy.

Patients who successfully clear the virus typically exhibit strong

HBc-specific CTL responses (69, 70). Studies have found that both

thymus-dependent and thymus-independent IgM and IgG

antibodies can be detected in mice, suggesting that HBc can

directly activate B cells to produce antibodies without T cell

involvement, although thymus-dependent mice generate more

antibodies, facilitating a more effective immune response. This

indicates that HBc is both a T cell-dependent and T cell-

independent antigen (71). Studies have shown that HBc can

specifically bind to the immunoglobulin (mIg) antigen receptor

on the surface of resting mouse B cells, and B cells can present HBc

to naïve Th cells in vivo and to T cell hybridomas in vitro,

promoting T cell proliferation (72, 73). HBV-specific CD8+ T

cells have been shown to play a crucial role in suppressing HBV

replication, and C64–72 may be the immunodominant epitope of

HBV core antigen, which binds with high affinity to HLA-A*0201

and induces specific CTL responses (74). The protein transduction

domain (PTD) of the human immunodeficiency virus type 1 (HIV-1)

Tat protein can cross the lipid bilayer of cells, either alone or as a

fusion protein. The PTD- HBc fusion protein increases IFN-g+ CD8+

T cells, enhances CTL responses, and suppresses HBV

replication (75).
4 Interaction between HBV core
protein and host

HBc is a key protein in the viral replication process, and the host

can influence viral replication through its interaction with HBc. In

hepatocytes, HBc promotes HBV replication by enhancing the

binding ability of the nuclear factor kB (NF-kB) dimer p50/p65

to DNA, thereby activating the enhancer II/core promoter (EnII/

Cp) (76). Peptidyl-prolyl cis-trans isomerases Par14 and Par17

interact with HBc through the 133RP134 motif, bind to HBc, and

are also incorporated into core particles. Par14/Par17 enhance the

stability of HBc and core particles and recruit HBc to cccDNA,

promoting HBV replication (77). Members of the Hsp40/DnaJ

protein family, Hdj1 and hTid1, bind to HBc and promote its

degradation, thereby inhibiting capsid formation and HBV

replication (78).

The proteasome pathway is the major route for intracellular

protein degradation. Transient receptor potential vanilloid 4

(TRPV4) inhibits HBc degradation through a ubiquitin-

dependent proteasome pathway, thereby increasing HBc stability,

promoting capsid assembly, and enhancing HBV replication.

Additionally, TRPV4 can increase H3K4 methylation, further

promoting cccDNA-dependent transcription (79). Similarly,
Frontiers in Immunology 06
proteasome activator subunit 1 (PSME1) interacts with HBc to

reduce its binding to the 26S proteasome, inhibiting ubiquitination

and enhancing its stability. Moreover, PSME1 increases H3K27

acetylation levels, thereby promoting the transcriptional activity of

cccDNA (80) (Figure 2).

In summary, HBc not only facilitates intracellular transport of

the viral genome and modulates host immune responses to promote

viral replication, but it is also recognized by the host. While this

recognition can activate antiviral immunity to suppress the virus, it

may also lead to excessive immune activation, potentially mediating

immunopathological damage to liver tissue.
4.1 Intracellular Transport and Localization

During infection, HBc shuttles between the nucleolus and

cytoplasm of hepatocytes. The nucleocapsid, with a diameter of

32/36 nm, is close to the size limit for transport through nuclear

pores but can still enter the nucleus in its intact form (81). The

nucleocapsid is directionally transported to the nuclear pore via the

microtubule system (82). Four subcellular localization signals have

been identified in the arginine-rich domain (ARD) of HBc. ARD-I

and ARD-III synergistically function as nuclear localization signals

(NLS), while ARD-II and ARD-IV independently serve as nuclear

export signals (NES), both of which are critical for the bidirectional

trafficking of HBc or capsids (83–85). The NLS is exposed on the

capsid surface through a pore at a quasi-sixfold vertex of the

icosahedral structure. importin a1 binds to the NLS, exposing the

importin b-binding (IBB) sequence of importin a, which then binds
to importin b to form a trimeric complex. Importin b mediates the

docking of the complex at the nuclear pore complex (NPC) and

facilitates its translocation through the nuclear pore to the nuclear

basket. Only intact nuclear capsids can release the genome into the

nucleus (86–90).

Phosphorylation of the CTD (C-terminal domain) is an

essential step for transporting the viral genome into the nucleus.

Studies have shown that phosphorylation at Ser155, Ser162, and

Ser170 promotes CTD compaction, facilitates the externalization of

CTD, and exposes the NLS on the capsid without affecting its

affinity for importin a1 (89, 91).

The nuclear export of HBc and capsids depends on two different

pathways. The ARD of HBc interacts with NXF1 (nuclear export

factor 1), mediating the nuclear export of mRNA and proteins (85).

Each tip region of the HBc particle contains two CRM1

(chromosome region maintenance protein 1)-dependent nuclear

export signals (NES^CRM1), and there are 480 NES^CRM1 signals

on the surface of a capsid. This high density of NES^CRM1 signals

enables efficient binding of HBc particles to CRM1, facilitating

nuclear export of the capsids. Additionally, CRM1 facilitates the

secretion of mature nucleocapsids from the nuclear pores to the

endoplasmic reticulum/Golgi apparatus for viral particle formation

by coupling with the microtubule system (92, 93).

HBc monomers depend on the NXF1 pathway to be transported

from the nucleus to the cytoplasm, participating in pgRNA

packaging. Nucleocapsids rely on the CRM1 pathway to be
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exported from the nucleus to the cytoplasm for reverse

transcription and viral assembly.
4.2 Regulation of host immune responses

The innate immune response serves as the first line of defense

against invading pathogens. Pattern recognition receptors (PRRs)

detect pathogens and induce the production of antiviral factors to

control HBV infection. Moreover, the innate immune response is

crucial for activating the adaptive immune response, as it mediates

the recruitment of adaptive immune cells. T cells and B cells

recognize and eliminate HBV-infected hepatocytes. However,

persistent exposure to viral antigens can lead to immune

exhaustion, which eventually establishes chronic infection by

dampening host responses (94–96).

The capsid, via its arginine-rich domain, binds to heparan

sulfate on macrophage surfaces and induces the production of

cytokines such as TNF-a, IL-6, and IL-12p40. This process

involves activation of NF-kB, ERK-1/2, and p38 MAPK signaling

pathways, thereby enhancing immune responses and activating

adaptive immunity (97). HBV infection can trigger the
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production of interferons (IFNs) and induce interferon-stimulated

genes (ISGs) to exert antiviral effects (98). IFN-b can induce the

expression of galectin-9 (GAL9), which, mediated by another ISG-

encoded protein, viperin, interacts with HBc and promotes HBc

accumulation in the cytoplasm. Interestingly, the autophagosome

marker LC3 colocalizes with HBc. Further studies revealed that

GAL9 enhances the auto-ubiquitination of E3 ubiquitin ligase

RNF13, promoting p62 recruitment and interaction with LC3 to

form autophagosomes, leading to selective autophagy of HBc

(99) (Figure 3).

HBc also suppresses MAVS (mitochondrial antiviral-signaling

protein) expression by interacting with the transcription factor SP1

and inhibiting its binding to the MAVS promoter. MAVS activation

can suppress HBV replication via IFN-b induction, and combined

use of MAVS and IFN-a has been shown to enhance antiviral effects

both in vitro and in vivo. Our group has identified several ISGs that

inhibit HBV by targeting the HBx protein, However, IFN-a
treatment alone is not fully effective against HBV infection, as

IFN-a also induces the RNA-editing enzyme ADAR1, which targets

the 3’UTR of MAVS mRNA to suppress its expression (100–108).

Interestingly, research found that IFN-induced IFIT3 significantly

promotes HBV replication, suggesting that IFN may also activate
FIGURE 3

HBc modulates the host immune response. HBV infection activates multiple IFN signaling pathways. IFN-a induces the expression of IFITM1, while
IFN-b upregulates GAL9 to inhibit HBV replication. However, HBc counteracts these defenses by disrupting the stability of PBAF, thereby suppressing
IFITM1 expression. Additionally, HBc interacts with the transcription factor SP1 to suppress MAVS expression, leading to inhibition of the IFN-b
signaling pathway. Furthermore, HBc participates in various signaling pathways and impairs the functions of B cells, Mo-DC, CD4+ T cells, and
macrophages, thereby facilitating HBV persistence. GAL9, Galectin-9; PBAF, polybromo-associated BAF; IFITM, interferon-induced transmembrane
protein; MAV, mitochondrial antiviral-signaling protein.
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certain ISGs that enhance viral replication (109). Early studies

found that during acute HBV infection in chimpanzees, there was

no induction of genes associated with innate immune responses.

HBV remains undetected and spreads before the adaptive immune

response initiates, effectively evading recognition by the innate

immune system during early infection (110, 111).

The BRG1-associated factor (BAF) and polybromo-associated

BAF (PBAF) are mammalian SWI/SNF chromatin remodeling

complexes. They regulate the expression of various interferon-

inducible genes via ATP-dependent chromatin remodeling.

BAF200 is a specific subunit of PBAF. HBc disrupts PBAF

stability by interacting with BAF200, thereby suppressing the

expression of interferon-induced transmembrane proteins

(IFITMs) and partially restoring HBV replication despite IFN-a-
induced immune responses (112) (Figure 3).

Phosphorylation of serine residues within the arginine-rich

domain of HBc inhibits the binding of capsids to macrophages

and the secretion of cytokines. HBc remains dephosphorylated

during asymptomatic infection but is phosphorylated during viral

replication in hepatocytes, indicating that HBc can escape immune

responses via phosphorylation modifications (97, 113). In HBV-

infected patients (especially those with acute hepatitis), HBc can

promote the proliferation of CD4+ T cells and stimulate the

production of IFN-g and lymphotoxin, thereby regulating

immune responses and facilitating HBV clearance (114). Deletion

of HBc leads to high levels of HBsAg in mice, with 93.3% of mice

remaining HBsAg positive after 12 weeks. A C-terminal deletion of

10 amino acids in HBc abolishes effective HBc-specific IFN-g
responses, promoting HBV persistence (115).

Programmed death receptor 1 (PD-1) overexpression is a

hallmark of exhausted T cells. HBc induces PD-1 expression on

CD4+ T cells via JNK, ERK, and PI3K/AKT signaling pathways.

PD-1 expression correlates with HBV DNA levels during the

immune clearance phase, influencing viral clearance and

contributing to HBV persistence (116). Programmed death ligand

1 (PD-L1, also known as B7-H1) binds to PD-1, transmitting co-

inhibitory signals to T cells and regulating their activation and

tolerance. HBc upregulates B7-H1 expression in monocyte-derived

dendritic cells (Mo-DCs) through activation of AKT, ERK, and p38

pathways, leading to Mo-DC apoptosis and impaired HBV DNA

clearance (117). Fc receptor-like proteins 4 (FcRL4) and 5 (FcRL5)

are inhibitory receptors on B cells that regulate immune responses

by suppressing B cell activation and proliferation. HBc binds

specifically to B cells, inducing high expression of FcRL4 and

FcRL5, thereby impairing B cell function (118) (Figure 3).

Overall, HBc modulates both innate and adaptive immune

responses, enabling immune evasion and contributing to

viral persistence.
4.3 HBc and host cell cytokines

The immune system acts as a double-edged sword: while it

clears infected cells, it also triggers inflammation and necrosis in

liver tissue, leading to the destruction of infected hepatocytes.
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Prolonged chronic inflammation can result in liver fibrosis,

cirrhosis, and even hepatocellular carcinoma. Many cytokines are

associated with adverse outcomes in hepatitis B. HBc, which is

highly immunogenic, can induce the production of various

cytokines, contributing to disease progression in hepatitis B.

HBc promotes the expression of NLRP3 (NOD-like receptor

family pyrin domain-containing 3), a component of the NLRP3

inflammasome, and activates caspase-1, leading to the secretion of

IL-1b and IL-18 through the NLRP3 inflammasome pathway,

thereby triggering liver inflammation (119). HBc also enhances

the expression and secretion of IL-6 by activating the ERK, p38

MAPK, and NF-kB signaling pathways (120).

In the presence of IL-6, transforming growth factor-b (TGF-b)
promotes the differentiation of naïve T lymphocytes into Th17 cells,

thereby fostering autoimmunity and inflammation (121–124).

Cytokines secreted by Th17 cells, particularly IL-17, are

associated with the progression of liver fibrosis and cirrhosis. In

patients with hepatitis B, IL-17 is mainly found in fibrotic areas, and

its levels closely correlate with the severity of fibrosis (125).

IL-17 activates hepatic stellate cells (HSCs) by interacting with

IL-17 receptors (IL-17R) on their surface. Additionally, IL-17 can

activate HSCs via the p38 and ERK1/2 signaling pathways. It also

stabilizes TGF-b receptor II in a JNK-dependent manner, thereby

activating the Smad2/3 pathway to further stimulate HSC activation

and enhance liver fibrosis (126, 127).
5 HBc clinical relevance

5.1 Clinical applications of anti-HBc

Anti-HBc is a classical serological marker. Once infected with

HBV, Anti-HBc usually persists for a long time, often for life.

Therefore, Anti-HBc is the most useful marker for determining past

exposure to or infection with HBV (128). Anti-HBc IgM is an early

marker of HBV infection, typically appearing 6 to 8 weeks after

infection and peaking during the acute phase. However, it gradually

disappears within 6 months after infection. Anti-HBc IgM levels

can also rise during acute exacerbations of chronic hepatitis, though

the titers are lower compared to those during acute hepatitis,

allowing differentiation between acute and chronic infections (129).

Anti-HBc IgG follows Anti-HBc IgM, usually appearing 4 to 8

months after acute infection and persisting for a long time. A

positive Anti-HBc IgG result indicates past HBV infection, which

could either be a resolved past infection or a chronic infection (130,

131). If both HBsAg and Anti-HBs are negative while Anti-HBc is

positive, several scenarios must be considered, such as false

positivity, the window period of acute infection, a recovered past

infection with declining antibody levels, occult infection, co-

infection with other hepatitis viruses, or mutations in HBsAg

(132, 133). Therefore, in clinical diagnostics, Anti-HBc testing is

typically combined with other markers (such as HBsAg, HBeAg,

and HBV DNA) to improve diagnostic accuracy and predictive

power. Anti-HBc IgG is a surrogate indicator of HBV-specific

activation of adaptive immune response (134). Anti-HBc IgG
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includes four subtypes: IgG1, IgG2, IgG3, and IgG4. Studies have

reported that in chronic carriers, IgG1 > IgG3, whereas in recovered

individuals, IgG3 > IgG1 (135, 136). HBeAg and HBc are translated

from different start codons within the C ORF and share an identical

149-amino-acid core domain (137). HBeAg is a serum marker,

which is closely related to the number of infectious hepatitis B virus

particles in the serum (138).HBeAg suppresses T-helper (Th) cell

function, blocks the IgM-to-IgG class transition, and significantly

reduces the production of anti-HBc IgG. It also induces T-cell

tolerance to diminish the immune response against intracellular

HBc, thereby promoting persistent viral infection (139).

The hepatitis B vaccine, based on recombinant DNA technology

to express HBsAg, protects against HBV infection by stimulating

humoral immune responses; thus, vaccinated individuals develop

only anti-HBs antibodies (140). For patients who are solely Anti-

HBc positive, vaccination can still elicit a good immune response.

Moreover, their response to vaccination may provide additional

diagnostic information: patients who respond to the vaccine may

have had a false-positive Anti-HBc, while non-responders may

harbor occult HBV infection (133, 141).

Quantitative Anti-HBc (qAnti-HBc) levels vary significantly

across different stages of HBV infection and are determined by

the host’s immune status. qAnti-HBc can more accurately reflect

hepatic inflammation and is associated with the degree of liver
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fibrosis, exacerbation during chronic infection, and the presence of

occult infection. The qAnti-HBc level can serve as a predictive

marker for spontaneous or treatment-induced HBeAg and HBsAg

seroclearance, relapse after treatment cessation, reinfection post-

l iver t ransp lanta t ion , and vi ra l reac t iva t ion dur ing

immunosuppression (142, 143).

Anti-HBc and qAnti-HBc each have distinct clinical focuses:

Anti-HBc is mainly used for preliminary screening and long-term

monitoring of HBV infection, whereas qAnti-HBc offers significant

advantages in assessing hepatic inflammation, predicting treatment

responses, and estimating relapse risk.
5.2 HBc variants and drug resistance

Nucleoside analogs (NAs) inhibit viral replication by

suppressing the function of the Pol, but the rate of sustained

virological response is very low, requiring long-term treatment.

Long-term NA therapy increases the risk of antiviral drug

resistance. Resistance mutations primarily occur in the Pol, but

studies have shown that HBc mutations can compensate for the

replication defects of drug-resistant HBV, enhancing the virus’s

survival ability under drug pressure.
FIGURE 4

Mechanisms of CAMs. CAM-I acts by altering capsid conformation, whereas CAM-II interferes with pgRNA packaging to generate empty capsids.
HAPs and SBAs affect nucleocapsid disassembly, inhibiting this process during infection but inducing it in mature nucleocapsids. CAM-I induces
nuclear aggregation of HBc and promotes ANXA1 expression, ultimately leading to apoptosis of HBV-infected cells.
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HBc mutations (P5T, S35T, P79Q, E83D, S87G, I97L, and

Q177K) were found in patients with lamivudine (LMV)

resistance, promoting the packaging of pgRNA and thereby

enhancing HBV DNA replication, with the P5T mutation playing

a significant role (144). In patients undergoing NA therapy, an

increased frequency of the P130L mutation has been observed.

Researchers speculate that the P130L mutation may alter the

secondary structure of HBc, reducing its antigenicity and

preventing immune recognition, leading to immune escape.

However, this hypothesis requires further experimental validation

(145) (Table 1).

In summary, nucleotide analog resistance mutations do not

occur solely in the Pol; compensatory mutations in HBc can also

promote HBV replication.
5.3 HBc as a therapeutic target

HBc plays an indispensable role in multiple steps of the HBV

life cycle. Therefore, several drugs aim to target HBc to disrupt

various stages of the replication cycle. Capsid assembly modulators

(CAMs) are antiviral agents that interfere with the dynamics and

morphology of the capsid (Figure 4). Based on their functions,

CAMs are classified into two types:
Fron
• CAM-A, such as heteroaryl pyrimidines (HAPs), induce the

misassembly of HBc dimers, leading to aberrant capsid

structures and HBc aggregation.

• CAM-E , su ch a s su l f ony lb enzamide ( SBAs ) ,

phenylpropenamide (PPA), pyrazolyl thiazole (PT),

ethoxamide-pyrrolamide (GPA), and dibenzothiazepine-

2-one (DPT), stabilize dimer-dimer interactions to form

intact capsids that lack the viral genome (146, 147).
CAMs disrupt HBc assembly by binding to a hydrophobic

pocket at the dimer interface, enhancing dimer-dimer

interactions. CAM-A induce HBc phosphorylation, altering the

capsid’s conformation and affecting its stability, whereas CAM-E

interfere with the packaging of pgRNA, resulting in the formation of

empty capsids (35, 148).

CAMs not only affect capsid assembly but also play dual roles

during HBV replication. Studies have shown that HAPs and SBAs

not only impair capsid assembly but also induce the disassembly of

viral particles and cytoplasmic mature nucleocapsids, thereby

regulating the formation of cccDNA. Specifically, by triggering

the disassembly of nucleocapsids in viral particles, CAMs prevent

rcDNA from entering the nucleus and inhibit cccDNA synthesis

during new infections. Conversely, by inducing the disassembly of

mature cytoplasmic nucleocapsids, they accelerate rcDNA nuclear

import and conversion to cccDNA (149).

Additionally, research has found that high concentrations of

HAP12, in collaboration with importin b, tend to promote the

disassembly of HBV empty capsids (150). Some studies suggest that

CAMs induce the aggregation of HBc within the nucleus,

promoting the expression of apoptosis-related gene ANXA1 and
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activating the interferon signaling pathway, thereby helping to clear

HBV-infected cells. However, CAM-induced cell death was not

observed in HBV-infected primary human hepatocytes (PHHs),

likely because HBc aggregates form a complex with the STIP1

homology and U box-containing protein 1 (STUB1) and heat shock

protein 70 (Hsp70), recruit Bcl-2 associated athanogene 3 (BAG3)

to transport them to the perinuclear region, and are subsequently

degraded via the ubiquitin-binding protein p62-mediated

autophagosome formation (147, 151–153).

Due to the inability of existing drugs to eliminate cccDNA and

the emergence of drug resistance, CAMs, by intervening at multiple

steps of the viral life cycle, may offer a more durable antiviral effect

and reduce the risk of resistance, making them a focus of current

drug development efforts. In recent years, several CAMs have

entered clinical development stages.

RO7049389, a HAP compound, induces aberrant capsid

assembly leading to degradation of the viral core protein, thereby

inhibiting pgRNA packaging and HBV DNA replication (154). It is

currently in Phase 2 clinical trials. Results from Phase 1 trials

showed that after 4 weeks of treatment in patients with chronic

hepatitis B (CHB), RO7049389 led to a reduction in HBV DNA

with infrequent and mild adverse events, comparable to those in the

NAs control group (155). Additionally, given the high prevalence of

HBV in Asia, the safety of RO7049389 was validated in healthy

Chinese volunteers during Phase 1 trials (156).

Studies have shown that ABI-H2158 promotes abnormal capsid

assembly, blocks pgRNA encapsidation, inhibits HBV DNA

replication, and prevents cccDNA formation by inducing

premature disassembly of capsids during infection. Although

ABI-H2158 had entered Phase 2 clinical trials, development was

halted due to hepatotoxicity (157).

JNJ-6379, similar in mechanism to ABI-H2158, is a CAM-E

evaluated for safety, pharmacokinetics, and antiviral activity in

Phase 1 clinical studies. Data indicated that JNJ-6379 was well

tolerated with mostly mild to moderate adverse events. HBV DNA

and RNA levels decreased in a dose-dependent manner, reaching

levels below the lower limit of quantification at the highest doses.

However, there was no significant effect on HBsAg and HBeAg

levels, and viral rebound was observed after treatment

cessation (158).

Phase 2 studies found that virologic breakthrough could occur

when JNJ-6379 was used as monotherapy, but this was not observed

when combined with NAs. The combination significantly enhanced

the reduction of HBV DNA and HBV RNA levels, though the

impact on HBsAg and HBeAg remained limited (159).

JNJ-3989, a small interfering RNA (siRNA), reduces levels of all

HBV proteins and pregenomic RNA by targeting and cleaving HBV

RNA transcripts. In Phase 2 studies, the combination of JNJ-6379,

JNJ-3989, and NAs not only maintained their respective functions

but also significantly reduced HBsAg levels and minimized HBV

DNA rebound after treatment cessation (160).
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6 Future research directions and
challenges

The ultimate goal in treating hepatitis B virus (HBV) infection is

the complete eradication of the virus, ideally through the

elimination of covalently closed circular DNA (cccDNA).

However, current therapies struggle to effectively clear cccDNA.

At present, the most achievable treatment goal is considered to be a

functional cure, characterized by the sustained absence of detectable

HBsAg and HBV DNA in serum (with or without seroconversion of

HBsAg), improvement in liver inflammation and fibrosis, and long-

term maintenance of these outcomes after cessation of therapy.

Clinical studies have demonstrated that CAMs can significantly

reduce HBV DNA levels, but they exert limited effects on the

established cccDNA pool. CAMs function by binding to the

hydrophobic pocket at the HBc dimer-dimer interface; thus,

mutations within HBc could potentially impact CAM efficacy.

JNJ-6379 has shown good antiviral activity against clinical isolates

from HBV genotypes A–H, with the exception of one genotype D

strain, which exhibited substitution at position 33 of HBc—a site

located within the CAM binding pocket (161).

Residue T109, located within the CAM binding pocket, is one of

the most frequently mutated sites in HBc. Mutations T109I and

T109M promote normal capsid assembly, rendering them relatively

resistant to CAMs, while the T109S mutation impairs capsid

assembly and increases sensitivity to CAMs (162, 163). Mutations

at residues D29G, T33N/S, and Y118F within the CAM binding

pocket significantly reduce the antiviral activity of BAY41-4109,

whereas mutations at S106T, T128I, and L140I enhance its antiviral

efficacy (Table 1). These mutations alter the characteristics of the

binding pocket, thereby affecting drug binding and antiviral

potency. Similarly, other studies have confirmed that numerous

amino acid mutations within the CAM binding pocket impact

CAM activity (161, 164).

The hydrophobic nature of the amino acids within the CAM

binding pocket is crucial for maintaining drug functionality.

Interestingly, research has identified a second binding pocket on

the HBV capsid, located at the spike apex. This pocket, located at

the tip of the capsid spikes and targeted by the peptide dimers, can

induce HBc aggregation, thereby interfering with capsid formation

and viral assembly (165). This secondary pocket also represents a

potential target for future drug development.
7 Conclusion

HBc is an indispensable and multifunctional protein within the

HBV life cycle, playing critical roles in viral replication, nucleocapsid

formation, and persistent infection through complex interactions with

host cellular pathways. These interactions not only facilitate viral

survival but also contribute to immune evasion and

hepatocarcinogenesis, positioning HBc as a pivotal therapeutic target.

Despite these advancements, several research challenges remain.

One major obstacle is the limited impact of current CAMs on pre-

existing intrahepatic cccDNA pools, which are central to HBV
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persistence. Additionally, HBc mutations within the CAM-binding

hydrophobic pocket can significantly alter drug susceptibility, leading

to variable therapeutic responses and potential resistance. The

heterogeneity of HBV genotypes further complicates drug

development, as genotype-specific mutations (e.g., at positions T109

and T33) may influence HBc structure and CAM efficacy.

Future research should focus on three main directions: (1) the

development of next-generation CAMs with broader genotype

coverage and improved potency against mutant HBc variants; (2)

deeper mechanistic insights into HBc’s role in cccDNA maintenance

and host epigenetic modulation, aiming to discover novel therapeutic

leverage points; and (3) the integration of CAMs into rational

combination regimens that include immune-based therapies, with

the goal of achieving a complete cure, defined as the elimination or

permanent silencing of cccDNA and integrated HBV DNA.

Ultimately, while functional cure remains a realistic near-term

objective, the complete eradication of HBV will require innovative

strategies to overcome the resilience of cccDNA, understand host-virus

dynamics at a deeper level, and preempt or overcome resistance

pathways. HBc-targeted research remains central to this endeavor.
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90. Rabe B, Vlachou A, Panté N, Helenius A, Kann M. Nuclear import of hepatitis B
virus capsids and release of the viral genome. Proc Natl Acad Sci U.S.A. (2003) 100:9849–
54. doi: 10.1073/pnas.1730940100

91. Kann M, Sodeik B, Vlachou A, Gerlich WH, Helenius A. Phosphorylation-
dependent binding of hepatitis B virus core particles to the nuclear pore complex. J Cell
Biol. (1999) 145:45–55. doi: 10.1083/jcb.145.1.45

92. Su P-Y, Yen S-CB, Yang C-C, Chang C-H, Lin W-C, Shih C, et al. Hepatitis B
virus virion secretion is a CRM1-spike-mediated late event. J BioMed Sci. (2022) 29:44.
doi: 10.1186/s12929-022-00827-w

93. Yang C-C, Chang C-H, Chen H-L, Chou M-C, Yang C-J, Jhou R-S, et al. CRM1-
spike-mediated nuclear export of hepatitis B virus encapsidated viral RNA. Cell Rep.
(2022) 38:110472. doi: 10.1016/j.celrep.2022.110472

94. Khanam A, Chua JV, Kottilil S. Immunopathology of chronic hepatitis B
infection: role of innate and adaptive immune response in disease progression. Int J
Mol Sci. (2021) 22(11):5497. doi: 10.3390/ijms22115497

95. Zheng JR, Wang ZL, Feng B. Hepatitis B functional cure and immune response.
Front Immunol. (2022) 13:1075916. doi: 10.3389/fimmu.2022.1075916
frontiersin.org

https://doi.org/10.1128/JVI.00586-10
https://doi.org/10.1128/JVI.00586-10
https://doi.org/10.1128/JVI.00092-17
https://doi.org/10.1128/jvi.74.10.4721-4728.2000
https://doi.org/10.1128/JVI.02139-17
https://doi.org/10.1371/journal.ppat.1008669
https://doi.org/10.1371/journal.ppat.1008669
https://doi.org/10.1371/journal.ppat.1012905
https://doi.org/10.1128/JVI.01957-10
https://doi.org/10.1073/pnas.0502138102
https://doi.org/10.1128/JVI.01671-06
https://doi.org/10.3390/biomedicines9111577
https://doi.org/10.1371/journal.pone.0017202
https://doi.org/10.3390/v15030642
https://doi.org/10.1371/journal.ppat.1009230
https://doi.org/10.1128/JVI.02721-06
https://doi.org/10.1128/jvi.64.6.2819-2824.1990
https://doi.org/10.1128/jvi.64.6.2819-2824.1990
https://doi.org/10.1128/JVI.01481-15
https://doi.org/10.1371/journal.ppat.1010739
https://doi.org/10.1371/journal.ppat.1008459
https://doi.org/10.1128/JVI.00230-21
https://doi.org/10.1128/jvi.00718-22
https://doi.org/10.1006/jmbi.2000.4481
https://doi.org/10.4161/epi.6.6.15815
https://doi.org/10.1128/jvi.01362-22
https://doi.org/10.1016/j.jhepr.2020.100195
https://doi.org/10.1016/S0140-6736(73)92004-7
https://doi.org/10.1172/JCI92812
https://doi.org/10.1126/science.3491425
https://doi.org/10.1073/pnas.94.26.14648
https://doi.org/10.1016/j.antiviral.2024.105975
https://doi.org/10.1016/j.intimp.2012.03.018
https://doi.org/10.1016/j.vaccine.2010.03.070
https://doi.org/10.1139/o02-133
https://doi.org/10.3389/fmicb.2021.795047
https://doi.org/10.3389/fmicb.2021.795047
https://doi.org/10.1099/vir.0.81684-0
https://doi.org/10.1002/jmv.29510
https://doi.org/10.1016/j.gendis.2023.101142
https://doi.org/10.1091/mbc.01-06-0308
https://doi.org/10.1128/JVI.02303-05
https://doi.org/10.1128/jvi.64.12.6141-6147.1990
https://doi.org/10.1371/journal.ppat.1001162
https://doi.org/10.1371/journal.pone.0106683
https://doi.org/10.1146/annurev.cellbio.15.1.607
https://doi.org/10.1016/j.tcb.2004.07.016
https://doi.org/10.3390/cells9092023
https://doi.org/10.1126/sciadv.adi7606
https://doi.org/10.1073/pnas.1730940100
https://doi.org/10.1083/jcb.145.1.45
https://doi.org/10.1186/s12929-022-00827-w
https://doi.org/10.1016/j.celrep.2022.110472
https://doi.org/10.3390/ijms22115497
https://doi.org/10.3389/fimmu.2022.1075916
https://doi.org/10.3389/fimmu.2025.1657920
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhu et al. 10.3389/fimmu.2025.1657920
96. Tsai HT, Tsai TH, Lu TM, Yang CC. Immunopathology of hepatitis B virus
infection. Int Rev Immunol. (2008) 27:427–46. doi: 10.1080/08830180802295757

97. Cooper A, Tal G, Lider O, Shaul Y. Cytokine induction by the hepatitis B virus
capsid in macrophages is facilitated by membrane heparan sulfate and involves TLR2. J
Immunol. (2005) 175:3165–76. doi: 10.4049/jimmunol.175.5.3165

98. Sato S, Li K, Kameyama T, Hayashi T, Ishida Y, Murakami S, et al. The RNA
sensor RIG-I dually functions as an innate sensor and direct antiviral factor for
hepatitis B virus. Immunity. (2015) 42:123–32. doi: 10.1016/j.immuni.2014.12.016

99. Miyakawa K, Nishi M, Ogawa M, Matsunaga S, Sugiyama M, Nishitsuji H, et al.
Galectin-9 restricts hepatitis B virus replication via p62/SQSTM1-mediated selective
autophagy of viral core proteins. Nat Commun. (2022) 13:531. doi: 10.1038/s41467-
022-28171-5

100. Wei Q, Song H, Gao Y, Xu F, Xiao Q,Wang F, et al. Dual-role of cholesterol-25-
hydroxylase in regulating hepatitis B virus infection and replication. mBio. (2022) p:
e0067722. doi: 10.1128/mbio.00677-22

101. Xu F, Song H, Xiao Q, Wei Q, Pang X, Gao Y, et al. Type-III interferon
stimulated gene TRIM31 mutation in an HBV patient blocks its ability in promoting
HBx degradation. Virus Res. (2022) 308:198650. doi: 10.1016/j.virusres.2021.198650

102. Xu F, Song H, Xiao Q, Li N, Zhang H, Cheng G, et al. Type III interferon-
induced CBFbeta inhibits HBV replication by hijacking HBx. Cell Mol Immunol. (2019)
16:357–66. doi: 10.1038/s41423-018-0006-2

103. Tan G, Yi Z, Song H, Xu F, Li F, Aliyari R, et al. Type-I-IFN-stimulated gene
TRIM5gamma inhibits HBV replication by promoting HBx degradation. Cell Rep.
(2019) 29:3551–3563 e3. doi: 10.1016/j.celrep.2019.11.041

104. Tan G, Xu F, Song H, Yuan Y, Xiao Q, Ma F, et al. Identification of TRIM14 as a
type I IFN-stimulated gene controlling hepatitis B virus replication by targeting HBx.
Front Immunol. (2018) 9:1872. doi: 10.3389/fimmu.2018.01872

105. Song H, Xu F, Pang X, Xiao Q, Wei Q, Lei B, et al. STAT3-dependent gene
TRIM5gamma interacts with HBx through a zinc binding site on the BBox domain.
Front Microbiol. (2021) 12:663534. doi: 10.3389/fmicb.2021.663534

106. Tan G, Xiao Q, Song H, Ma F, Xu F, Peng D, et al. Type I IFN augments IL-27-
dependent TRIM25 expression to inhibit HBV replication. Cell Mol Immunol. (2018)
15:272–81. doi: 10.1038/cmi.2016.67

107. Song H. TRIM25 inhibits HBV replication by promoting HBx degradation and
the RIG-I-mediated pgRNA recognition. (Engl). (2023) 136:799–806. doi: 10.1097/
CM9.0000000000002617

108. Li T, Yang X, Li W, Song J, Li Z, Zhu X, et al. ADAR1 stimulation by IFN-a
Downregulates the expression of MAVS via RNA editing to regulate the anti-HBV
response. Mol Ther. (2021) 29:1335–48. doi: 10.1016/j.ymthe.2020.11.031

109. Xu F, Song H, An B, Xiao Q, Cheng G, Tan G, et al. NF-kB-dependent IFIT3
induction by HBx promotes hepatitis B virus replication. Front Microbiol. (2019)
10:2382. doi: 10.3389/fmicb.2019.02382

110. Busca A, Kumar A. Innate immune responses in hepatitis B virus (HBV)
infection. Virol J. (2014) 11:22. doi: 10.1186/1743-422X-11-22

111. Wieland S, Thimme R, Purcell RH, Chisari FV. Genomic analysis of the host
response to hepatitis B virus infection. Proc Natl Acad Sci U.S.A. (2004) 101:6669–74.
doi: 10.1073/pnas.0401771101

112. Li T, Ke Z, Liu W, Xiong Y, Zhu Y, Liu Y, et al. Human hepatitis B virus core
protein inhibits IFNa-induced IFITM1 expression by interacting with BAF200.
Viruses. (2019) 11(5):427. doi: 10.3390/v11050427

113. Yeh CT, Wong SW, Fung YK, Ou JH. Cell cycle regulation of nuclear
localization of hepatitis B virus core protein. Proc Natl Acad Sci U.S.A. (1993)
90:6459–63. doi: 10.1073/pnas.90.14.6459

114. Jung MC, Spengler U, Schraut W, Hoffmann R, Zachoval R, Eisenburg J, et al.
Hepatitis B virus antigen-specific T-cell activation in patients with acute and chronic
hepatitis B. J Hepatol. (1991) 13:310–7. doi: 10.1016/0168-8278(91)90074-L

115. Lin Y-J, Huang L-R, Yang H-C, Tzeng H-T, Hsu P-N, Wu H-L, et al. Hepatitis
B virus core antigen determines viral persistence in a C57BL/6 mouse model. Proc Natl
Acad Sci U.S.A. (2010) 107:9340–5. doi: 10.1073/pnas.1004762107

116. Li M, Sun X-H, Zhu X-J, Jin S-G, Zeng Z-J, Zhou Z-H, et al. HBcAg induces
PD-1 upregulation on CD4+T cells through activation of JNK, ERK and PI3K/AKT
pathways in chronic hepatitis-B-infected patients. Lab Invest. (2012) 92:295–304.
doi: 10.1038/labinvest.2011.157

117. Li M, Zhou Z-H, Sun X-H, Zhang X, Zhu X-J, Jin S-G, et al. Hepatitis B core
antigen upregulates B7-H1 on dendritic cells by activating the AKT/ERK/P38 pathway:
a possible mechanism of hepatitis B virus persistence. Lab Invest. (2016) 96:1156–64.
doi: 10.1038/labinvest.2016.96

118. Poonia B, Ayithan N, Nandi M, Masur H, Kottilil S. HBV induces inhibitory
FcRL receptor on B cells and dysregulates B cell-T follicular helper cell axis. Sci Rep.
(2018) 8:15296. doi: 10.1038/s41598-018-33719-x

119. Ding X, Lei Q, Li T, Li L, Qin B. Hepatitis B core antigen can regulate NLRP3
inflammasome pathway in HepG2 cells. J Med Virol. (2019) 91:1528–36. doi: 10.1002/
jmv.25490

120. Chen Z, Li Y-X, Fu H-J, Ren Y-L, Zou L, Shen S-Z, et al. Hepatitis B Virus Core
Antigen Stimulates IL-6 Expression via p38, ERK and NF-kB Pathways in Hepatocytes.
Cell Physiol Biochem. (2017) 41:91–100. doi: 10.1159/000455954
Frontiers in Immunology 14
121. Zhao L, Tang Y, You Z, Wang Q, Liang S, Han X, et al. Interleukin-17
contributes to the pathogenesis of autoimmune hepatitis through inducing hepatic
inter leukin-6 express ion. PloS One . (2011) 6 :e18909. doi : 10 .1371/
journal.pone.0018909

122. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal
developmental pathways for the generation of pathogenic effector TH17 and regulatory
T cells. Nature. (2006) 441:235–8. doi: 10.1038/nature04753

123. Ge J, Wang K, Meng Q-H, Qi Z-X, Meng F-L, Fan Y-C, et al. Implication of
Th17 and Th1 cells in patients with chronic active hepatitis B. J Clin Immunol. (2010)
30:60–7. doi: 10.1007/s10875-009-9328-2

124. Zhang F, Yao S, Yuan J, Zhang M, He Q, Yang G, et al. Elevated IL-6 receptor
expression on CD4+ T cells contributes to the increased Th17 responses in patients with
chronic hepatitis B. Virol J. (2011) 8:270. doi: 10.1186/1743-422X-8-270

125. Wang L, Chen S, Xu K. IL-17 expression is correlated with hepatitis B−related
liver diseases and fibrosis. Int J Mol Med. (2011) 27:385–92. doi: 10.3892/
ijmm.2011.594

126. Tan Z, Qian X, Jiang R, Liu Q, Wang Y, Chen C, et al. IL-17A plays a critical
role in the pathogenesis of liver fibrosis through hepatic stellate cell activation. J
Immunol. (2013) 191:1835–44. doi: 10.4049/jimmunol.1203013

127. Fabre T, Kared H, Friedman SL, Shoukry NH. IL-17A enhances the expression
of profibrotic genes through upregulation of the TGF-b receptor on hepatic stellate cells
in a JNK-dependent manner. J Immunol. (2014) 193:3925–33. doi: 10.4049/
jimmunol.1400861

128. Jackson K, Locarnini S, Gish R. Diagnostics of hepatitis B virus: standard of care
and investigational. Clin Liver Dis (Hoboken). (2018) 12:5–11. doi: 10.1002/cld.729

129. Zamor PJ, Lane AM. Interpretation of HBV serologies. Clin Liver Dis. (2021)
25:689–709. doi: 10.1016/j.cld.2021.06.012

130. Song JE, Kim DY. Diagnosis of hepatitis B. Ann Transl Med. (2016) 4:338.
doi: 10.21037/atm.2016.09.11

131. Guvenir M, Arikan A. Hepatitis B virus: from diagnosis to treatment. Pol J
Microbiol. (2020) 69:391–9. doi: 10.33073/pjm-2020-044
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