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Abstract: The hepatitis B virus (HBV) infects hepatocytes and hijacks host cellular mechanisms for its
replication. Host proteins can be frontline effectors of the cell’s defense and restrict viral replication
by impeding multiple steps during its intracellular lifecycle. This review summarizes many of the
well-described restriction factors, their mechanisms of restriction, and counteractive measures of HBV,
with a special focus on viral transcription. We discuss some of the limitations and knowledge gaps
about the restriction factors, highlighting how these factors may be harnessed to facilitate therapeutic
strategies against HBV.
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1. Introduction

Chronic hepatitis B (CHB) is a leading cause of liver cirrhosis and hepatocellular
carcinoma worldwide. Despite an effective vaccine, CHB leads to >800,000 deaths annually
from among approximately 300 million infected individuals. HBV replication can be
controlled with treatment but rebounds upon treatment discontinuation; thus, an HBV
cure is needed. An HBV cure is challenging because of the lifelong persistence of the viral
genomic template—covalently closed circular DNA (cccDNA)—that resides in infected
hepatocytes. Although the complete eradication of every hepatocyte with cccDNA is
difficult, it may be possible to silence cccDNA transcription, resulting in a functional cure.
In recent years, several host proteins have been described that restrict HBV replication.
Understanding the host restriction of HBV may illuminate pathways and mechanisms that
can be exploited to permanently silence cccDNA transcription and induce an HBV cure.

Generally, upon viral infection, host cells mount intracellular defenses to resist or
attenuate infection. Intracellular innate immune defenses include sensors that detect foreign
viral molecular patterns, such as the toll-like receptors (TLRs), RIG-like receptors (RLRs),
NOD-like receptors (NLRs), and the cGAS/STING pathway [1]. However, HBV is largely
believed to evade innate immune detection during natural infection [2,3]. Nonetheless,
several groups have reported that HBV can be sensed by intracellular mediators such as
TLR2 [4], RIG-1 [5], or IFI16 [6]. Recognition by these host pathogen recognition receptors
(PRRs) can then recruit diverse messenger proteins and activate antiviral mechanisms that
restrict virus replication. These effector proteins are antiviral factors, commonly termed
host restriction factors, and can target and dampen different stages of the viral lifecycle.
Viruses, including HBV, are known to evade many of the restriction factors.Herein, we first
review the HBV life cycle (Figure 1) and then discuss the major host factors that restrict
different stages of the life cycle and HBV counter-actions (Table 1), with a special emphasis
on factors that target viral transcription. We also discuss novel therapeutic strategies that
engage several of these factors to control HBV.
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2. Overview of the HBV Life Cycle

HBV virions infect hepatocytes, entering via high-affinity binding between viral sur-
face proteins on the infectious virion and the sodium taurocholate cotransporting peptide
(NTCP) on the hepatocyte surface (Figure 1). This interaction triggers the endocytosis of the
virions, after which the capsid is imported into the nuclear pore complex. After uncoating
in the nuclear pore, the rcDNA genome is released in the nucleus where it exploits host
enzymes to convert the relaxed circular DNA (rcDNA) genome to form cccDNA. cccDNA
is assembled with histones and exists as a stable episomal template from which viral RNAs
are transcribed. Distinct host transcription factors and enzymes associate with the four
promoters and two enhancers (Enh I and II) on the 3.2 kb cccDNA to generate canonical
transcripts of four different lengths (3.5 kb, 2.4 kb, 2.1 kb, and 0.7 kb), driven by host RNA
Pol II. These viral transcripts are then transported to the cytoplasm and translated into
seven HBV proteins: hepatitis B e antigen (HBeAg), hepatitis B core protein (HBc), poly-
merase (Pol), large hepatitis B surface protein (L-HBs), middle hepatitis B surface protein
(M-HBs), small hepatitis B surface protein (Sm-HBs), and the hepatitis B x protein (HBXx).
Notably, HBx has major roles in maintaining and enhancing cccDNA transcriptional activity
(reviewed below). After translation, core proteins oligomerize around HBV Pol and the
3.5 kb pre-genomic RNA (pgRNA) to form a capsid. Reverse transcription by Pol of pgRNA
to rcDNA occurs within the capsid by first synthesizing a complementary negative single
strand while simultaneously degrading the pgRNA template and then by synthesizing the
second positive strand DNA. The second strand synthesis terminates before completion,
rendering a partially double-stranded rcDNA in the infectious virion that is then released
from the cell, initiating a new cycle of infection of hepatocytes. However, some of the
rcDNA-containing capsids may shuttle back to the nucleus to sustain a cccDNA pool in the
cell [7]. Host restriction factors inhibit many of these steps in the HBV life cycle. We begin
with host restriction of viral transcription, which may be a key step in silencing cccDNA.

SECRETION T

leriiteng

4
) REVERSE
TRANSCRIPTION

UNCOATING
oo CAPS'DT
o HBx (AR ASSEMBLY
NUCLEAR \ / pORNA|
IMPORT s
0.7 kKb MRNA (x) \_—> Polymerase
i wa WO TAV 0000
rcDNA — ¢ Y 3.5kb MRNA Core
cchNA ’ (preCore/Core & mRNA EXPORT &
DNA pregenomicRNA)  TRANSLATION
REPAIR TRANSCRIPTION

R

2.4kb mRNA (preS1)

ZEB2 ) MafF MSX1
IFI6 IFI27 )X BCL6

(212 Y HiFs PRMITS)

2.1kb mRNA (preS2/S)

Created with BioRender.com

Figure 1. Host restriction factors inhibit distinct steps in the HBV life cycle. Hepatitis B virions bind
the NTCP receptor and are endocytosed. After uncoating, rcDNA is transported into the nucleus.



Viruses 2024, 16, 764

30f16

Once in the nucleus, rcDNA is repaired by host enzymes to form cccDNA. cccDNA is transcribed
by host polymerases into the suite of viral RNAs that are translated into all viral proteins that are
required for replication. In addition, pgRNA is transcribed from cccDNA: pgRNA is the template
that is encapsidated in new virions along with HBV Pol. Reverse transcription of pgRNA results in
rcDNA. Surface antigens embedded in the host TGN form the envelope of the nascent virion. The
infectious virion is then secreted from the hepatocyte. Host factors that impede distinct steps in the
viral lifecycle are shown in blue. The majority of host restriction factors that have been identified
either diminish cccDNA-derived transcription or target already transcribed viral mRNAs, leading to
their degradation.

3. Transcription
3.1. Smcb/6

The structural maintenance of chromosome (SMC) 5/6 complex belongs to a conserved
family of proteins responsible for the organization and maintenance of genetic material in
cells. Multiple proteins comprise this complex: Smc5, Smc6, non-SMC elements (NSE) 1 to
4, and Smc5/6 localization factors (SLF) 1 and 2. Together, these proteins form a ring-like
structure, bind to DNA, and use energy from ATP hydrolysis to organize the DNA into
manageable folds through a process called loop extrusion, aiding in genomic DNA repair,
recombination, and replication [8-10]. Smc5/6 has potent antiviral activity against several
viruses, including HBV, mainly through the inactivation of their episomal forms [11].

The Smc5/6 complex has been reported to repress cccDNA transcription in multiple
in vitro studies in cell lines and primary human hepatocytes [12-14]. The exact mechanism
of the transcriptional repression of cccDNA is still not fully elucidated, although several
studies have uncovered parts of the HBV-Smc5/6 interaction preceding its silencing.
In vitro, Smc5/6 was found to recognize and bind to a cccDNA-like construct episomal
DNA [12], which may be facilitated by PJA1 [15], an E3 ubiquitin ligase. cccDNA-bound
Smc5/6 is recruited to promyelocytic leukemia (PML) bodies in the nucleus with the
help of the SLF2 localization protein, another member of the Smc5/6 complex [16]. The
localization of Smc5/6 to PML bodies may be important for the transcriptional repression
of cccDNA since PML bodies (also known as nuclear domain 10 or ND10) are intra-nuclear
complexes composed of numerous proteins that restrict transcription of many incoming
DNA viruses [14]. The NSE2 protein of the Smc5/6 complex has also been implicated in
mediating cccDNA silencing [17]. However, the exact mechanism underlying cccDNA
silencing by Smc5/6 is yet to be fully characterized. Smc5/6 has been reported to repress
transcription from the episomal genomes of other viruses, including HIV-1, by condensing
their episomes into a tightly folded chromatin structure [10,18,19], which may be a similar
mechanism to how it represses cccDNA.

To counteract the restrictive effect of Smc5/6, the HBx protein recruits cellular DNA
damage-binding protein 1 (DDB1), which contains an E3 ubiquitin ligase that targets
Smc5/6 for proteasomal degradation [12-14]. This antagonism of the Smc5/6 complex
by HBx is an evolutionarily conserved function found in divergent mammalian HBV
species [20] and other viruses restricted by Smc5/6, such as HIV-1, EBV, and KSHV, which
each have a protein that targets the Smc5/6 complex for proteasomal degradation [11]. The
therapeutic potential of silencing HBx was explored in an in vivo mouse model, where the
silencing of HBV transcripts (including that of HBx) by siRNA and pegylated interferon-o
(peg-IFN ), along with inhibition of viral re-entry, enabled the reappearance of Smc5/6, in
turn suppressing cccDNA transcription. Conversely, the cessation of peg-IFN« led to the
degradation of the re-emerged Smc5/6 [21].

3.2. TRIM Proteins

Tripartite motif (TRIM) proteins are a large and conserved family of over 80 known
proteins that share a conserved N-terminal RING domain with E3 ubiquitin ligase activity
and a variable C-terminal domain that binds to different proteins; in concert, the two
domains promote the ubiquitination of bound proteins. Many TRIM proteins are induced
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by type I and Il IFNs and can act as viral restriction factors by interacting with viral proteins
or act indirectly by regulating the activity of other antiviral factors [22,23].

Many TRIM proteins have been found to inhibit the transcriptional activity of HBV
either by affecting promoter activity or through the ubiquitination of HBV proteins. Zhang
et al. [24] tested 38 human TRIM proteins by co-transfecting plasmids containing each of the
TRIM proteins along with a plasmid containing the 1.3-fold HBV genome into HepG2 cells.
They found that TRIM41 inhibited the activity of both the Enh I and Enhll/Core promoters
(Cp). Further, the knockdown of TRIM41 in HepG2.2.15 cells increased levels of HBV
preC/C RNA. TRIM25 [24] and TRIM22 [25] have also been reported to inhibit EnhII/Cp.
Both the N-terminal RING domain and the C-terminal domain, which contains a nuclear
localization signal, are important for the repression of cccDNA transcription by TRIM,;
however, the exact mechanism of transcriptional repression by these proteins is yet to be
fully determined. TRIM56 indirectly inhibits Cp activity by targeting the inhibitor of nuclear
factor kappa B (IkB«x) for ubiquitination, inducing the phosphorylation and activation of
NF-kB [26]. NF-kB activation is associated with diminished HBV transcription [27], likely
via the upregulation of a plethora of antiviral genes.

TRIM proteins also inhibit HBV replication through the ubiquitination of various HBV
proteins, targeting them for degradation. HBV Pol is targeted by TRIM21 [28], while HBx
is targeted by TRIM26 [29], TRIM 21 [30], and TRIM28 [31]. TRIM38 also enhances the anti-
HBYV effect of IFN-« by promoting the expression of other antiviral proteins. Interestingly,
TRIM3S8 levels were elevated in the PBMCs of early responders during peg-IFN« therapy
in CHB patients [32], emphasizing its potential importance in vivo. In a novel therapeutic
approach, a monoclonal antibody (mAb) against HBx was fused with a cell-penetrating
peptide (Tat), allowing for the intracellular targeting of HBx. The mechanism that led to
the suppression of HBV transcription was found to be TRIM21 dependent: TRIM21, which
also functions as a cytosolic Fc receptor, bound to the fused anti-HBx mAb and mediated
the degradation of HBx. TRIM21 also induced antiviral responses through the activation of
NF-«B and IFN-, leading to the suppression of HBV DNA and proteins in vitro and in a
mouse model [33].

3.3. Transcriptional Silencing via the HBV Promoters

The Cp region regulates the transcription of the precore and pgRNA transcripts. Cp,
in turn, is regulated by Enhll, located upstream of the Cp (overlapping with the HBx
coding region) [34]. Several cellular transcription factors bind to the Enhll/Cp region
to initiate or inhibit transcription [35]. In in vitro studies with hepatoma cell lines, the
transcription factor Zinc finger E-box binding homeobox 2 (ZEB2) bound to Cp, and the
overexpression of ZEB2 led to a reduction in HBV transcripts and secreted proteins [36].
Two other transcription factors, Maf bZIP transcription factor F (MafF) [37] and Homeobox
protein MSX-1 (MSX1) [38], inhibit Cp activity by preventing the binding of a transcription
enhancer, hepatocyte nuclear factor 4« (HNF-4«), to the Enhll/Cp region. The ISGs
interferon-o inducible protein 6 (IF16) [39] and IFI27 [40] have also been found to bind
to the Enhll/Cp region, inhibiting HBV replication in vitro and in a mouse model. The
transcription repressor, B cell lymphoma 6 (BCL6), was found to bind to all four HBV
promoter sequences in an in vitro luciferase reporter gene assay and was reported to
suppress HBV transcription in vitro and in a mouse model [41].

The zinc finger and homeoboxes 2 (ZHX2), a tumor suppressor, is also reported to
repress HBV transcription by suppressing Cp, SPII (the promoter that regulates PreS2
and S transcription), and Xp (the promoter that regulates HBx transcription) promoters.
In addition, ZHX2 has been described in vitro and in murine studies as a regulator of
histone genes that exerts epigenetic repression of cccDNA transcription [42]. HBX, in turn,
has been found to suppress ZHX2 expression through the activation of microRNA-155
(miR-155) [43]. Notably, hepatocyte nuclear factor 6 (HNF6) has also been found to repress
the SPII promoter and accelerate pgRNA decay post-transcriptionally in the nucleus [44].
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3.4. PRMT5

The protein arginine methyltransferase 5 (PRMT5) catalyzes symmetric dimethylation
of arginine residues and participates in numerous cellular processes, including chromatin
and transcription regulation [45]. PRMT5 has been found to preferentially silence cccDNA
by symmetric dimethylation of arginine 3 on histone 4 (H4R3me2s) on cccDNA. In addition,
PRMTS5 was found to inhibit pgRNA encapsidation by binding to the RNase H domain of
HBV Pol, interrupting its interaction with pgRNA [46].

4. Post-Transcriptional Processing and Regulation

Several host genes restrict HBV replication by inhibiting or degrading already formed
HBYV viral transcripts. Although not true inactivators of cccDNA transcription, restriction at
these post-transcriptional steps in the lifecycle is usually evident as diminished intracellular
viral transcripts despite the retention of cccDNA, which in experimental systems appears
phenotypically similar to transcriptional silencing.

4.1. Mx Proteins

The Myxovirus resistance proteins (Mx) MxA (or MX1) and MxB (or MX2) are GTPases
with antiviral activity against numerous viruses that are expressed in response to type I
and III interferons. Both have an N-terminal GTPase domain, a middle domain, and a
C-terminal GTPase effector domain. The Mx proteins can form dimers and oligomers to
carry out their functions. Their intracellular localization may influence their function. MxA
and a short isoform of MxB (76 kDa) are found in the cytoplasm [47], while the longer
78 kDa isoform of MxB can be found in the nucleus [48] and nuclear pore [49].

MxA reduced HBV protein secretion and DNA intermediates in studies with HBV
and MxA co-transfected into hepatoma cell lines. The cytoplasmic localization of MxA is
important for its anti-HBV activity [50]. Two mechanisms of HBV suppression by MxA
have been proposed. First, MxA prevents the export of viral mRNAs [51], and second,
MxA binds to the HBc protein and immobilizes it near the perinuclear membrane, thereby
interrupting capsid formation [52]. Further studies are required to ascertain the exact
mechanism of MxA restriction. Interestingly, HBV counters this restriction through HBc,
which can suppress the MxA promoter [53-55].

MxB is also reported to decrease HBV RNA and cccDNA levels in HBV-transfected
hepatoma cell lines and in infected primary human hepatocytes (PHH). The GTPase activity
and oligomerization of MxB is important for its anti-HBV activity, which is speculated to
be involved in inhibiting the conversion of rtcDNA to cccDNA [56]. MxB is also known to
inhibit the nuclear import of HIV-1 [57,58], which may be how it restricts HBV as well.

4.2. ZAP

Zinc finger antiviral protein (ZAP, also known as ZC3HAV1), an ISG [59], has two
isoforms (ZAP-L and ZAP-S) and has antiviral activity against several RNA viruses. While
Z AP does not have RNAse activity of its own, it functions by binding through its N-terminal
to viral RNA motifs, designated as ZAP-responsive elements (ZRE), to recruit host RNA
processing complexes that degrade viral RNA, potentially in concert with other ISGs [60].
Since pgRNA has a ZRE in the terminal region (nt 1820-1918), isoforms of ZAP may inhibit
HBYV replication via the post-transcriptional degradation of pgRNA. In a ZAP-transgenic
mouse model transfected with an HBV-expressing plasmid, a significant decrease in HBV
DNA replication intermediates and proteins was observed compared to non-transgenic
control mice, although surprisingly only a modest decrease in HBV RNA was seen [61].

4.3. ISG20

Interferon-stimulated gene 20 kDA protein (ISG20) is a 3’ to 5" exonuclease that cleaves
single-stranded RNA and DNA, with a strong preference for RNA. It belongs to a family of
3’exonucleases that has three conserved exonuclease motifs named Exo I, Exo II, and Exo
III. ISG20 interferes with the replication of many RNA viruses as well as Hepadnaviridae
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such as HBV [62]. ISG20 has been reported to inhibit HBV replication by the binding of
its Exo III site to the 5’ (¢) stem loop region of pgRNA, promoting its degradation. The
e region is a unique structure of HBV required for genome packaging. The removal of
four base pairs from the ¢ loop abrogated ISG20 activity [63]. It was further found that
the methylation of A1907 (m6A) at the lower stem of the ¢ region of pgRNA is uniquely
identified by an m6A reader protein, YTHDEF?2, suggesting that it is an important co-factor
of the ISG20 recognition of pgRNA [64]. pgRNA on its own is insufficient to stimulate
ISG20 upregulation, which generally requires type 1 interferon stimulation [65]. In another
study, ISG20 was reported to inhibit HBV transcription and replication by directly binding
to the EnhlIl/Cp region in an in vitro reporter assay [66].

Interestingly, ISG20 was also found to be important for cccDNA degradation after
deamination by APOBEC3A (described below). ISG20 localized to the nuclei of IFN«-
stimulated hepatocytes and was enriched on deoxyuridine-containing ssDNA, meant to
model transcriptionally active and APOBEC3A-deaminated HBV DNA. ISG20 depletion
attenuated the type I IFN-mediated cccDNA loss, while co-expression with APOBEC3A
efficiently diminished cccDNA. Hence, ISG20 was proposed as an IFNa-induced nuclease
that cleaves and degrades HBV cccDNA post-deamination by an APOBEC3 protein [67].

4.4. DEAD-Box Helicases

DEAD-box helicases derive their name from the conserved Asp-Glu-Ala-Asp (D-
E-A-D) amino acid motif. They comprise a conserved family of proteins involved in
RNA splicing, mRNA export, regulation of transcription and translation, and RNA decay.
DEAD-box helicases are involved in a multitude of cellular processes, including innate
immune signaling [68]. Several members of this family have been reported to sense HBV
RNA, specifically the 5'-¢ region of pgRNA, and either inhibit the subsequent steps of
the interaction with HBV Pol (by DDX58 or RIG-I [5]), encapsidation (by DDX17 [69]), or
reverse transcription (by DDX3 [70]). DDX3 was also found to suppress HBV transcription
from cccDNA by an unelucidated mechanism and activate interferon regulatory factor (IRF)
signaling [71]. Further, RIG-I, perhaps one of the best-characterized DEAD-box helicases,
was reported to sense pgRNA and induce type I and III IFNs [5].

HBYV has been reported to counter RIG-I activation by inducing microRNA-146a
(miR-146a) expression, attenuating RIG-I expression in vitro. Silencing miR-146a in a
mouse model of hydrodynamic infection was found to increase RIG-I expression and
conversely decrease HBV DNA and proteins in mouse serum. Targeting miR-146a might be
a therapeutic strategy to control HBV [72]. Additionally, a RIG-I agonist SB 9200 (Inarigivir)
was found to be effective in the reduction of HBV DNA and proteins in a woodchuck
CHB model [73]. However, the further investigation of Inarigivir was discontinued due to
adverse effects in early human trials [74,75].

5. Viral Translation
5.1. Galectin-9

Galectins are an evolutionarily conserved family of glycan or carbohydrate-binding
proteins with pleiotropic functions in immune responses. These proteins can be multi-valent
and can form oligomers, activating distinct signaling pathways [76]. Galectin 9 (GAL9)
specifically has been reported to restrict HBV replication by directing the autophagic
degradation of HBc. The proposed mechanism is by viperin (an ISG), which promotes
an interaction between GAL9 and HBc in the cytoplasm; the complex then associates
with RING finger protein 13 (RNF13) to promote auto-ubiquitination, resulting in the
recruitment of autophagy receptor p62 and the autophagosome machinery to degrade
HBc [77].

5.2. Indoleamine-2, 3-Dioxygenase (IDO)

Indoleamine-2, 3-dioxygenase (IDO) is a cytosolic heme-containing enzyme that de-
pletes tryptophan by catalyzing the oxidation of L-tryptophan into N-formylkynurenine [78].
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Tryptophan is an essential amino acid; thus, its depletion is a defensive strategy utilized
by mammalian host cells to inhibit intracellular pathogens [79]. IFN-y-induced IDO ex-
pression inhibits HBV protein translation and HBV DNA replication without significantly
altering cellular protein synthesis in vitro [80]. As determined in co-culture experiments
with HBV-transfected Huh? cells, IFN-y produced by natural killer cells and plasmacytoid
dendritic cell induced IDO activity in Huh7 cells, leading to HBV suppression. In humans,
IDO activity is increased in acute self-resolving patients during peak ALT compared to
people with CHB, people undergoing hepatic flares, and healthy controls, supporting a
potential role of IDO as an anti-HBV effector [81].

6. Reverse Transcription
6.1. APOBEC3

Members of the evolutionarily conserved family of apolipoprotein B mRNA editing
catalytic polypeptide-like (APOBEC) proteins bind and edit RNA and ssDNA by deam-
inating cytidine (C) to uracil (U). APOBECs have a broad range of functions, including
in innate and adaptive immunity, development, evolution, and oncogenesis [82]. The
interferon-inducible APOBEC3 subfamily consists of seven major homologs in humans
(A3A-A3H): A3A, A3C, and A3H have a single cytosine deaminase (CD) domain. A3B,
A3D, A3E and A3G have two CD domains, of which only CD2 is catalytically active, while
CD1 has roles in binding RNA or ssDNA and packaging APOBEC3 into viral capsids. The
APOBEC3 enzymes especially target foreign RNA and DNA and inhibit the replication of
a wide range of viruses using deaminase-dependent and deaminase-independent mecha-
nisms [83]. The role of APOBECS3 as an antiviral restriction factor is perhaps best-described
for HIV-1 [84-86]. The anti-HBV activity of the APOBEC3 proteins has been studied over
the last two decades. APOBECS3 proteins (A3B, A3C, and A3G) can bind HBc and can be
packaged in viral capsids [87,88]. They have been found to induce C to U mutations within
viral capsids, starting from the reverse transcription start site and continuing through along
the entire (-) DNA transcript. Different APOBEC3 proteins exhibit variable efficiencies
of inducing hypermutations: A3B has the highest mutation rate (65%), followed by A3G,
then A3H, and lastly A3C [89]. A3B, A3C, A3F, and A3G deaminate the minus strand of
HBYV, while A3B, A3F, and A3G also deaminate the plus strand [90]. Hypermutation due
to cytosine deamination leads to lethal nascent viral genomes by adding premature stop
codons and missense mutations in vital genes [91]. It is also suggested that the deaminated
rcDNA can be degraded by cellular enzymes [67,92].

Deaminase-independent HBV restriction is also observed, especially for A3G. A3G
causes significant inhibition of HBV DNA and protein production in hepatoma cells co-
transfected with HBV and A3G [93,94]; however, deamination-inactive A3G mutants
are also able to reduce HBV replication almost as well as the wildtype A3G [95]. The
inhibitory effect of A3G is in the early stages of the reverse transcription, specifically during
minus strand synthesis [96]. Although the exact mechanism of the deaminase-independent
inhibition of HBV replication by A3G is not yet known, various models have been proposed
from studies in HIV-1 [97].

A3B, A3C, A3F, and A3G are expressed in the liver and, as noted above, can be induced
by IFN-a [98]. The expression of A3A has been reported to be induced by IFN-« [99] and
IFN-y and of A3B by IFN-y and TNF-«x. A3A and A3B have also been found to be elevated
in acute HBV infection compared to CHB and healthy control biopsy samples, perhaps due
to the elevated IFN-y and TNF-« found in serum [100].

There is interest in harnessing the anti-HBV activity of APOBEC3 proteins therapeuti-
cally, as has been done by the transient activation of APOBEC3 genes A3A, A3B, A3G, and
AID by implementing a CRISPR activation-based approach (CRISPRa) [101]. Although this
approach effectively reduced HBV replication in phases of infection where there is high
viral replication, further research is required to quantify and reduce the off-target effects of
hypermutation in low viral replication cells [102].
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6.2. SAMHDI1

Deoxynucleoside triphosphates (dNTPs) are the building blocks of cellular genomic
material: they are biosynthesized or broken down as per the metabolic need of the cells.
The sterile alpha motif (SAM) domain and histidine aspartate (HD) domain-containing
protein 1 (SAMHDI]) is a negative regulator of the cellular ANTP pool. In its active form,
SAMHDI1 degrades dNTPs into 2'-deoxynucleoside and triphosphate [103]. In addition
to host genome maintenance, dNTPs are also required for the genome replication of
viruses. SAMHDI1 has been found to be a potent intrinsic immune restriction factor that
attenuates the replication of several DNA and retroviruses (including HIV-1) [104] and
is also found to be upregulated by type I and II interferons in hepatic cells [105,106].
The exogenous expression of SAMHD1 was found to impede HBV replication in two
different hepatic cells lines [105]. The dNTPase activity of SAMHD1 reduced levels of
extracellular viral DNA (largely rcDNA) and intracellular reverse transcription products but
not cccDNA or HBV RNA, while the addition of ANTPs rescued viral replication [106,107].
Interestingly, HBV was found to counter the restriction of SAMHD1 by inducing dNTP
synthesis in hepatoma cells through the activation of the host R2 gene, a key component of
ribonucleotide reductase that catalyzes the formation of dNTPs [108,109].

7. Secretion
7.1. Tetherin

Tetherin, also known as BST2, is a glycoprotein with unique topology: it has an N-
terminal cytoplasmic tail, a transmembrane domain, a coiled-coil ectodomain, and lastly a
C-terminal glycosylphosphatidylinositol (GPI) anchor. This doubly anchored molecule is
mainly localized to apical membranes and to some extent in the trans-Golgi network (TGN).
Tetherin, an ISG, forms homo-dimers that inhibit the budding of several enveloped viruses,
including HIV-1 [110]. Budding viral particles that include the insertion of the C-terminal
of tetherin remain anchored to the host cell. In addition, the cytoplasmic N-terminus can
initiate intracellular signaling cascades to induce cytokine and chemokine expression [111].

Tetherin has been reported to selectively inhibit the secretion of enveloped HBV virions
in vitro. Tetherin and HBV can be found co-localized in intracellular multivesicular bodies
(MVBEs) of cells. It is speculated that the intracellular environment of hepatocytes is not
conducive for optimal tetherin activity [112,113]. Moreover, Sm-HBs can attenuate tetherin
function by inhibiting its dimerization [114].

7.2. SERINCS

Serine incorporator 5 (SERINC5) protein belongs to a family of proteins involved in
the incorporation of the amino acid serine into membranes to facilitate the biosynthesis of
phosphatidylserine and sphingolipids [115]. SERINC5 may inhibit HBV virion secretion by
specifically interacting with the L-, M-, and Sm-HBs proteins in the TGN and interfering
with their glycosylation, which inhibits their secretion from infected cells [116].

8. Discussion

In adults, 90% of acute HBV infections spontaneously resolve: it is tempting to consider
whether this involves the recruitment of host restriction factors. Chronic infection has
several phases of progressive HBV control during which restriction factors may play a role.
In addition, since many of the restriction factors are ISGs, they are likely to be induced in
response to peg-IFN-« treatment during CHB, although only ~30% of recipients respond
to this treatment. This may be due to the limitations of the amount of peg-IFN-« that can
be tolerated. Questions remain as to whether host restriction factors play a role in the
natural or therapeutic control of HBV and whether intrinsic differences in their expression
or activity contribute to the variability in this control.

The importance of these host restriction factors may be inferred from the countermea-
sures HBV employs to maintain its replication (Table 1). As noted above, HBx has been
found to target restriction factors such as Smc5/6 and ZEB2 for degradation [117]. A recip-



Viruses 2024, 16, 764

9of 16

rocal relationship may be found for many of the factors such that when HBV replication is
abundant, host restriction factors are repressed. Logically, when treatment reduces HBV
replication, restriction factors may be derepressed, exerting additive inhibition of HBV.

The abundance of restriction factors directed at suppressing cccDNA transcription
underscores the importance of this step in the lifecycle and may offer clues as to how
to convert transcriptionally active cccDNA into inactive cccDNA, an important step in
achieving a functional cure. We and others have found that the treatment of CHB with nu-
cleos(t)ide analogues (NUCs) that interrupt reverse transcription is associated with reduced
cccDNA transcriptional activity [118-122]. While this apparent transcriptional silencing of
cccDNA is not predicted by the actions of NUCs, it is possible that host restriction factors
are somehow activated during NUCs to suppress or degrade viral transcripts.

A common limitation of studies of the host restriction of HBV is that many of the
factors were discovered and characterized in vitro in overexpression systems with co-
transfection of an HBV-expressing plasmid. In vivo studies in mice may be confounding
since some of these factors function differently in humans (e.g., Mx proteins). With the
advent of the HBV culture system, it would be important to validate the potency of these
restriction factors in an infection model. Similarly, only a handful of these factors have
been observed and linked to HBV control in human liver tissues. Thus, it is critical to
characterize the expression and activity of these factors in people with CHB. Notably, there
is comparatively little known about the intracellular restriction of the initial steps of the
HBYV infection, including entry, uncoating, and nuclear import. More research is required
to interrogate these key steps in the HBV lifecycle.

It is promising to consider therapeutic strategies that enhance the endogenous expres-
sion of select restriction factors to facilitate HBV control and even a cure. Several have been
investigated, although a clinically safe and effective therapeutic is yet to emerge. Perhaps
most relevant are siRNA and antisense RNAs presently in clinical trials that are directed
towards HBV S transcripts, which encode HBsAg, that have had some success in suppress-
ing HBsAg levels [123,124]. Because all HBV transcripts overlap at their 3’ end, these RNA
interference strategies also target the short HBx gene products. Since, as described above,
HBx is a potent transcriptional activator that leads to the degradation of Smc5/6 and other
restriction factors, it is tantalizing to consider that the success of these siRNAs/antisense
RNAs is at least partly due to the rescue of Smc5/6 levels that further suppress cccDNA
transcription. Indeed, it is important to note that recent trials of siRNAs have all benefitted
from the addition of immune modulators, most commonly peg-IFN-«. Even bepirovirsen,
a leading antisense RNA candidate for HBV, which did not explicitly benefit from addi-
tional peg-IFN-«, has been found to have intrinsic immunostimulatory activity [125,126].
Systemic peg-IFN-« clearly upregulates several of the ISGs that are also HBV restriction
factors, described above. It is notable that peg-IFN-o has a higher rate of HBsAg clearance,
i.e., a functional cure, compared to NUCs, the mainstay of CHB treatment, underscoring
the potency of the suite of restriction factors described here. Novel approaches are also
being considered. As noted above, the gene-editing revolution, heralded by the advent of
CRISPR technologies, has been applied to specifically and transiently activate APOBEC
genes to target HBV in vitro. If promising, this approach could be employed to activate
other restriction factors or even collectively to activate a suite of restriction factors. Thus,
despite the inherent challenges, the development of strategies to enhance endogenous
anti-HBV activity is warranted.

9. Conclusions

The literature regarding the roles and mechanisms of different restriction factors is
still evolving. Host restriction factors clearly play important roles as effectors of antiviral
responses by the host cell against HBV infection in model systems (Table 1). To understand
their clinical relevance requires carefully designed studies in people with HBV infection
and in representative animal models and in culture systems that explore the dependence of
HBYV control on these factors. A better understanding of the mechanisms by which host
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factors restrict HBV may facilitate their development as potential therapeutics to achieve a
functional cure.

Table 1. Host factors that restrict HBV replication, their mechanism of HBV restriction, and mecha-
nisms employed by HBV to evade the restriction.

Factor Mechanism of HBV Restriction Viral Counter-Action
Transcription
. HBx-mediated ubiquitination of

Smc5/6 Inactivates cccDNA [12-17] Smc5/6 [12-14]

(1)  Represses Enhll/Core promoter—TRIM41 [24], TRIM22 [25], TRIM25

. 241, TRIM 56 [26];
TRIM prot [
protemns (2)  Ubiquitinates of HBV proteins: Pol by TRIM21 [28]; HBx by TRIM26
[29], TRIM21 [30], TRIM28 [31].

1) (ZCEPB)Z[,;Z[_Z?):],-MSXL IFI5, IFI27 bind and suppress the Core Promoter (1)  HBx-mediated ubiquitination
ZEB2, MafF, MSX1, IFI g 4 ;
IFI27 ,BCi 6 ZI—?XZ/ HNGI/% (2)  BCL6 is reported to bind and suppress all 4 HBV promoters [41]; ) gBZx Ei%iyalti]s/ miRNA 155 to

! ! / (3)  ZHX2 represses Cp, SPII and X [42]; suppress ZHX2 [43]

(4)  HNF6 represses SPII [44]. pp 2l

PRMTS (1) cccDNA inactivation by H2R3me2s dimethylation;

(2)  Inhibits encapsidation [46].

Post-transcriptional processing and regulation

Mx proteins

(1) MxA: speculated to be either by preventing export of HBV mRNAs [51]
or by immobilizing HBc near the peri-nuclear membrane [52];
(2)  MxB: speculated to inhibit conversion of rcDNA to cccDNA [56].

HBc can inhibit the MxA
promoter [53-55]

Binds to ZRE (ZAP responsive elements) region on pgRNA; may recruit other

ZAP host proteins to degrade pgRNA [59]
(1)  Binds to 5 (¢) stem loop region of pgRNA and degrades it through its
exonuclease activity [61];
ISG20 (2)  Binds the HBV Enhll/Cp region and inhibits its activity [64];

(3)  Possibly degrades deaminated HBV DNA (deaminated by
APOBEC3) [65].

DEAD/H-box helicases

Binds to 5’ (&) stem loop region of pgRNA and inhibits

(a) interaction with polymerase (by RIG-I) [5];

(b)  encapsidation (by DDX17) [67];

(c)  reverse transcription (by DDX3) [68];

(d) activates interferon stimulating pathways (DDX3 and RIG-I) [5,69].

HBYV induces miR146a, which
suppresses RIG-I expression [70]

Viral translation

Galectin-9

Directs autophagic degradation of HBc [75]

Indoleamine-2,
3-dioxygenase (IDO)

Depletes tryptophan, hampering viral translation [78]

Reverse transcription

(1)  Introduces C to U mutations during reverse transcription [82-85];

APOBEC3 (2) Deaminase-independent mechanisms (by A3G) not fully elucidated
yet [90,91].

Depletes dNTP pool from the cell, hindering synthesis of new HBV DNA HBV can induce dNTP synthesis
SAMHD1

genomes [100-102] [103,104]

Secretion
Totherin Inhibits secretion of enveloped HBV virions from the trans-golgi network Sm-HBs can inhibit tetherin
cthe (TGN) [106,107] dimerization [108]

SERINGS Interferes with glycosylation of S-proteins, hindering their secretion from the

TGN [110]
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