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Abstract 

Interferon-alpha (IFN-α) and nucleot(s)ide analogs (NAs) are first-line drugs for the treatment of chronic hepatitis 
B virus (HBV) infections. Generally, NAs target the reverse transcription of HBV pregenomic RNA, but they cannot 
eliminate covalently-closed-circular DNA (cccDNA). Although effective treatment with NAs can dramatically decrease 
HBV proteins and DNA loads, and even promote serological conversion, cccDNA persists in the nucleus of hepato-
cytes due to the lack of effective anti-cccDNA drugs. Of the medications currently available, only IFN-α can potentially 
target cccDNA. However, the clinical effects of eradicating cccDNA using IFN-α in the hepatocytes of patients with 
HBV are not proficient as well as expected and are not well understood. Herein, we review the anti-HBV mechanisms 
of IFN-α involving cccDNA modification as the most promising approaches to cure HBV infection. We expect to find 
indications of promising areas of research that require further study to eliminate cccDNA of HBV in patients.

Keywords:  Hepatitis B virus, interferon-α, Covalently closed circular DNA (cccDNA), Chronic HBV infection, 
Deamination

© The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creat​iveco​
mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​mmons.​org/​publi​cdoma​in/​
zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
For approximately 60 years, it has been known that hepa-
titis B is caused by a viral infection, and the hepatitis B 
virus (HBV) has been definitively identified as the causa-
tive factor [1]. Over time, an increasing details have been 
discovered in regards to hepatitis B, and is now well 
known that HBV is a hepadnavirus. More specifically, 
HBV is a hepatotropic DNA virus approximately 42 nm 

in diameter with particles consisting of surface proteins 
and core proteins [2] surrounding a partially double-
stranded, relaxed, and circular 3.2  kb genomic DNA 
component (called rcDNA) [3] (additional details can 
be found in other reviews [1, 4]). During its natural life 
cycle, HBV enters hepatocytes by attaching to surface 
proteins, such as hepatocyte-associated heparan sulfate 
proteoglycans (HSPG) and sodium taurocholate cotrans-
porting polypeptide (NTCP) [5]. Next, the core particle 
(nucleocapsid) of HBV is released into the cytoplasm [6]. 
The genomic rcDNA of HBV is released from the nucle-
ocapsid and, through the nuclear pore complex, enters 
into the nucleus of the hepatocyte [7]. Once inside the 
nucleus, the gap in the rcDNA is repaired by the DNA 
repair machinery of the host cell to generate the cova-
lently closed circular DNA (cccDNA) [6–8]. Importantly, 
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this cccDNA is responsible for difficulty in curing the 
HBV infections, which can lead to chronic liver inflam-
mation, cirrhosis, and even hepatocellular carcinoma [6, 
9, 10].

Once formed in the cell nucleus, cccDNA is very dif-
ficult to get eliminated from infected cells and can persist 
continuously until the death of the host cell [11]. cccDNA 
can form a dynamic pool within the nuclei, where it sup-
ports its persistence and encodes its structural proteins 
(including surface proteins, core proteins), polymerases 
and the X protein [6]. According to the guidelines from 
the European Association for the Study of the Liver, the 
American Association for the Study of Liver Diseases, 
and the Chinese Society of Hepatology and the Chi-
nese Society of Infectious Diseases, interferon (IFN-α) 
and nucleotide analogues (NAs) are recommended, as 
needed, for the treatment of HBV infection in patients 
[12–14]. In addition to IFN (pegylated interferon-alpha, 
[PegIFNα]), the following are also used for the inhibition 
of viral replication: entecavir (ETV), tenofovir disoproxil 
fumarate (TDF), adefovir (ADF), lamivudine (LAM) and 
telbivudine (LDT) are used for the inhibition of viral 
replication [12–14]. Although NAs have been shown 
to be efficient for decreasing the viral protein and DNA 
loads in the serum of HBV-infected patients and effec-
tively hinder the progression of chronic HBV infection, 
cccDNA is the most difficult obstacle preventing a com-
plete cure of HBV since it is not effectively and directly 
eliminated by current drugs [15–18]. Until now, IFN-α 
was the only potential candidate against persistent 
cccDNA in the nuclei of the hepatocytes in patients with 
chronic HBV infections [11, 19–21].

Based on basic research indications, IFN-α might be 
one of the most promising treatments for the elimination 
of HBV cccDNA. However, clinical evidence has shown 
that IFN-α treatment has limited efficacy against chronic 
infections in HBV-positive patients [22]. Unfortunately, 
there is insufficient information to clarify why the IFN-α 
mechanisms of action are ineffective for the treatment of 
HBV. Herein, the details of IFN-α on cccDNA that per-
sists in the hepatocytes of HBV-infected patients are dis-
cussed in hopes of uncovering even a small insight that 
would lead to an effective treatment or even a cure for 
chronic HBV infections.

Importance of cccDNA in HBV life cycle
It is necessary to understand the details of the HBV life 
cycle to fully comprehend the mechanisms of an anti-
HBV treatment (Fig. 1). As a member of Hepadnaviri-
dae family of viruses, HBV has a 42 nm diameter (Dane 
particle) and spherical structure, and it consists of viral 
surface antigens (HBsAgs), including large, middle and 
small surface glycoproteins, and a lipid envelope. These 

components help the virus enter into hepatocytes via 
binding to receptors and fusing with the cell mem-
brane [23]. Within the Dane particle (virion), under 
the outer proteolipid envelope, there is an icosahe-
dral nucleocapsid core composed of HBV core antigen 
(HBcAgs) that surrounds both the DNA polymerases 
as well as the circular, partially double stranded DNA 
[24]. Upon infection, binding of the small surface anti-
gen (SHBs) protein to the HSPG and the binding of the 
large surface antigen (LHBs) to NTCP are essential and 
sufficient for HBV attachment to a hepatocyte [5, 25]. 
Through protein-mediated endocytosis, HBV particles 
enter hepatocytes, and the fusion of the HBV enve-
lope with the membrane of an endosome triggers the 
release of the capsid into the cytoplasm [26]. Follow-
ing an interaction with microtubules, the viral capsid is 
then transported into the nucleus through the nuclear 
pore complex (NPC) [27]. The polymerase or the cap-
sid protein contains a nuclear localization signal (NLS) 
that enables the rcDNA to localize to the nucleus with 
the help of importin α and importin β [28]. Once in the 
nucleoplasm, the rcDNA is repaired by the associated 
factors of the host cells in the final process of com-
pleting the cccDNA. After the short RNA primer and 
polymerase protein are removed, the minichromosome 
persists long-term in the nucleus [29]. cccDNA is a 
template in the nucleus that can be transcribed by the 
host RNA polymerase II into four types of HBV tran-
scripts: pregenomic RNA (pgRNA, 3.5 kb), pre-S1 RNA 
(2.4 kb), pre-S2/S RNA (2.1 kb) and the X gene (0.7 kb). 
These transcripts are then translated into HBV core 
proteins and a viral polymerase, large surface proteins, 
middle and small surface proteins and the HBx protein 
in the cytoplasm, respectively [30]. The formation of a 
complex consisting of pgRNA and a polymerase initi-
ates nucleocapsid assembly using core HBV protein 
dimers as building blocks, and during this process, the 
P protein itself primes the reverse transcription of the 
pgRNA to synthesize the minus strand of HBV rcDNA. 
Subsequently, the plus-strand of the rcDNA is syn-
thesized by the P protein in a DNA-dependent man-
ner [31]. The current anti-HBV drugs, including NAs 
(lamivudine, adefovir, telbivudine, entecavir, and teno-
fovir), all target this process that primes, initiates, or 
elongates new synthesis [31]. With the RNase H activ-
ity of the P protein, pgRNA can be degraded during the 
formation of minus-strand [32]. The nucleocapsid con-
taining the rcDNA acquires a lipid bilayer with HBV 
surface antigens to form the viral envelope, and the 
viruses are trafficked and secreted outside the hepato-
cytes, possibly with the help of the endosomal sorting 
complex required for transport (ESCRT) protein [33]. 
Although this is a brief depiction of the HBV life cycle, 
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most of the current drugs effectively target the reverse 
transcription step; however, new drugs with novel tar-
gets are desired for clinical application.

Characteristics of nuclear cccDNA
During the HBV life cycle, viral rcDNA is translocated to 
the nucleus of the host cell, where the cccDNA persists 
after a complicated process in which the viral polymerase 
is removed from the 5′-end of the negative DNA strand, 
a short RNA oligomer is used as a primer for DNA syn-
thesis of the sense strand, the redundant sequence of the 
viral DNA is removed, and the cccDNA is formed after 
a ligation performed by the cellular replication machin-
ery of the host [11, 34]. cccDNA in the nucleus is a 
constant transcriptional template for pgRNA, which is 

subsequently reverse transcribed into viral genomic DNA 
packages in the nucleocapsid for HBV assembly [35]. In 
addition, the mRNA of the surface, core and e-antigens, 
as well as the X protein are all transcribed from the 
cccDNA in the nucleus [6].

The initial nuclear cccDNA originates from the viral 
infection; however, the major sources of cccDNA in the 
nuclear pool are the newly reverse-transcribed rcDNA in 
the nucleocapsids [36]. Further, the size of the cccDNA 
pool, which is formed at the early stage of infection, 
ranges from 30 to 50 copies of cccDNA per cell [37, 
38]. Within the pool, the half-life of the cccDNA varies 
between different cell types; the half-life is longer than 30 
days in stable hepatocytes and fewer than 5 days in unsta-
ble hepatocytes [39, 40].

Fig. 1  Life cycle of HBV and antiviral mechanisms of cellular innate immunity in hepatocyte. During the lifecycle of HBV, nucleic acid (RNA and 
DNA) can trigger innate immune system sensors (cGAS/STING, TLRs, or RIG-I) which then initiate a cascade of antiviral signaling. As a result, STATs 
and IRFs enter into nucleus to promote the transcription of effector genes. The most important effector proteins, IFNs, are secreted out of the 
cell and bind to receptors (IFNRs) on the cell surface, which then drive hundreds of ISGs to target multiple steps in the lifecycle of HBV. APOBEC3 
family members activated by lym. NPC Nuclear pore complex, NTCP sodium taurocholate cotransporting polypeptide, HSPG hepatocyte-associated 
heparan sulfate proteoglycans, cccDNA covalently closed circular DNA, pgRNA pregenomic RNA, Pol HBV polymerase, HBs(L/M/S) HBV surface 
antigen (large, middle, small), HBc HBV core antigen, HBx HBV x protein, HBe HBV e antigen, NAs nucleotide analogs, IFN interferon, ISGs IFN 
stimulated genes, TLRs toll like receptors, RIG-I retinoic acid inducible gene I, MAD5 Melanoma differentiation-associated protein 5, cGAS cyclic GMP–
AMP synthase, STING Stimulator of interferon genes. (+) stands for “activation”. (Figure created with BioRender (https://​biore​nder.​com))

https://biorender.com
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The stable structure of cccDNA in the nucleus is the 
minichromosome, also called the episome, which is 
extrachromosomal DNA [41, 42]. Using the duck liver 
virus model and HepG2.2.15 (HepG2 cells with stable 
HBV expression), two separate research groups from 
the USA and Germany discovered histone proteins that 
coprecipitated with the viral genome and a 180 bp frag-
ment of the HBV genome was detected when the samples 
were enzymatically digested [41, 42]. In eukaryotic cells, 
the predominant length of the chromatin fragments was 
200  bp, and compared with the DNA of host cells, the 
digested HBV genomic fraction was subsequently shorter 
[43]. With respect to the arrangement, a HBV genomic 
minichromosome was visualized under an electron 
microscope and was found to resemble beads-on-a-string 
[42]. Similar to those of the host cells, histone proteins 
are essential components of the minichromosome and 
can bind tightly to cccDNA. With the help of HBV core 
proteins, the minichromosome is supercoiled with his-
tones, where histone H3 and H2b are predominant, while 
H2A, H4 and H1 are less commone [11, 44]. Similar to 
standard histone function, these histones are involved 
in the regulation of viral cccDNA gene expression [45]. 
Histones H3 and H4 can be acetylated or deacetylated, 
resulting in the suppression or enhanced expression of 
HBV genes [45].

The potential capacity of IFN‑α to eliminate cccDNA
The IFN family: a brief overview
IFNs are a family of cytokines, including INF-α, IFN-
β, INF-γ, INF-ω and others, as well as newly identified 
members (IFN-λ [46]). The family members can be gen-
erally classified into three types: type I, type II and type 
III (see detailed reviews [47–49]). Type I IFNs, which 
include IFN-α, IFN-β and others, can be synthesized and 
secreted by most cell types that are infected by viruses. 
There is only one type II IFN, IFN-γ, and it is usually only 
produced only by immune cells, including natural killer 
(NKs) cells, CD4+ T helpher cells and CD8+ cytotoxic T 
lymphocytes (CTLs) [47]. In 2003, a new interferon (IFN- 
λ [a type III IFN]) was independently reported by two 
groups [50, 51]. Type III IFNs, including IFN-λ (IL-28 A), 
IFN- λ2 (IL-28B) and IFN-λ3 (IL-29), are similar to type I 
IFNs, in that they can be produced by most cells infected 
by viruses [50, 51].

All type I IFNs bind to a common receptor, which is 
a heterodimer consisting of two proteins: interferon-α 
receptor 1 (IFNAR1) and 2 (IFNAR2) [47]. IFN-γ (type II) 
also binds to a heterodimeric receptor comprised of two 
subunits: interferon gamma receptor 1 (IFNGR-1) and 
IFNGR2 [47]. In constrast, although the receptor for type 
III IFNs is also a heterodimer, only one subunit is specific 
to type III IFNs: interferon lambda receptor 1 (IFNLR1) 

forms a complex with a shared receptor subunit, inter-
leukin-10 receptor (2IL10R2) [50–52]. Once an IFN 
receptor is bound and the signaling pathway is activated, 
all IFNs induce the recruitment and phosphorylation of 
Janus-activated kinases/signal transducers and activators 
of transcription (JAK/STAT) signaling pathway compo-
nents, which ultimately leads to the nuclear translocation 
of various proteins to induce the expression of down-
stream genes (see detailed reviews [47, 48, 52]).

Importantly, only IFN-α has been commonly used for 
the treatment of chronic HBV infection in clinical prac-
tice, including IFN-α-2a (Pegasys, Roche) and IFN-α-2b 
(PegIntron, MSD) [12–14, 53].

As mentioned above, IFN-α binds to IFNAR-1/2 het-
erodimer to activate the JAK/STAT signaling pathway 
[47]. IFNAR-1 and IFNAR-2 subsequently phosphoryl-
ate tyrosine kinase2 (Tyk2) and JAK1, respectively [47]. 
Subsequently, STAT1 and STAT2 can also be activated 
through phosphorylation [47]. The phosphorylation of 
STAT1 and STAT2 leads to the formation of STAT1/2 
heterodimers, which can translocate from the cytosol 
into the nucleus. Once in the nucleus, STAT1/2 can bind 
to interferon regulatory factor (IRF) 9, a member of the 
IRF family, to form a complex with IFN-stimulatory gene 
factor 3 (ISGF-3). This complex, binds to IFN-stimulatory 
response element (ISRE) sequence close to the promoter 
region of the IFN-regulatory genes (see detailed reviews 
[47, 54, 55]). In this regulatory complex, IRF9 has the 
ability to bind to the ISRE of target genes and STAT1/2 
can recruit other factors to initiate the transcription of 
genes that defend against viral infections [56]. Addition-
ally, IFN-α can signal through mitogen-activated protein 
kinase (MAPK) signaling pathways to promote the tran-
scription of numerous other associated genes [57]. Of 
the MAPKs pathways, p38-mediated signaling involves 
IFN-α triggering IFN-stimulated genes in a STATs-inde-
pendent manner [57]. Two proteins, Rac (a Rho GTPase) 
and Vav (the Rac1 guanine nucleotide exchange factor), 
bridge the activation of the IFN and p38 MAPK signaling 
pathway cascades [57].

Antiviral mechanism of IFN‑α
The standard means to induce the expression of IFN-α 
have already reviewed in detail [20]. Once a virus enters a 
host cell, viral nucleic acid sensor proteins, such as cyclic 
GMP–AMP synthase/stimulator of interferon genes 
(cGAS/STING), Toll-like receptor (TLRs)-3, -7, -8 and 
-9 or retinoic acid inducible gene I (RIG-I)/Melanoma 
differentiation-associated protein 5 (MAD5), recognize 
viral DNA or RNA. Upon this recognition, antiviral sign-
aling cascades are initiated, and IFN is produced, one of 
the most important response proteins [58]. Hundreds 
of IFN-stimulated genes (ISGs) have been identified in 
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recent decades. Among the ISGs, some well-known pro-
teins and classical ISGs have been shown to exert anti-
viral effects, including IFN-inducible dsRNA activated 
protein kinase (PKR), 2′-5′-oligoadenylate synthetase 
(OSA)/RNase L, adenosine deaminase acting on RNA 
(ADAR1), myxovirus resistance 1 (MxA/Mx1), inducible 
nitric oxide synthase (iNOS) and major histocompatibil-
ity complexes (MHC) I and MHC II [47, 49, 59]. Subse-
quent to these discoveries, many ISGs were identified 
using high throughput screening, including IRF1, RIG-I, 
MDA5, DExD/H-box helicase 60 (DDX60), IFN-induced 
transmembrane proteins (IFITMs), APOBEC3 fam-
ily proteins, tripartite motif-containing protein 5 alpha 
(TRIM5α), and others [60, 61].

ADAR1 is an IFN-inducible dsRNA-specific adenosine 
deaminase that can recognize RNA or DNA [47]. Acti-
vated ADAR1 can hydrolyze the amino group at the C-6 
position of adenosine to yield inosine (adenine to hypox-
anthine) [62, 63]. This conversion destabilizes the 3D 
structure of the dsRNA, and the hypoxanthine is recog-
nized by guanine during transcription [47]. Furthermore, 
ADAR1 can recognize Z-DNA, a type of dsDNA with a 
double helical structure; however, the functional sig-
nificance of Z-DNA has not been determined [64]. PKR, 
found in both the cytosol and nucleus, can be activated 
by dsRNA to self-phosphorylate. In association with ribo-
somes, activated PKR has the capacity to phosphorylate 
several other proteins, some of which are involved in 
the translation of viral mRNA [47]. OAS also recognizes 
and is activated by dsRNA, where it then catalyzes ATP 
to 2′-5′-oligo adenylic acid, which consequentially acti-
vates RNase L (a latent cytosol endonuclease) to degrade 
the invading viral dsRNA [47]. MxA, also known as Mx1, 
is a GTPase that can block the replication of individual 
viruses through its GTPase activity [47, 65]. The induc-
tion of NOS as well as MHC I and MHC II expression has 
been implicated in the antiviral activity of immune cells 
[47]. APOBEC3 family members and other ISGs will be 
discussed in upcoming sections. Additionally, as IFN-α is 
the focus, it will therefore be emphasized in the remainer 
of the review.

IFN‑α mechanisms of action against HBV infection
Clinical use of IFN‑α for treatment of HBV infection
The use of IFN-α and NAs in combination has been rec-
ommended for the treatment of chronic HBV infections 
[12–14]. This treatment leads to a 3–7% loss of HBsAgs 
in patients, a clinical outcome that has not been satisfac-
tory for patients [13]. The reason for these clinical fail-
ures might be the persistence of the cccDNA in the nuclei 
of hepatocytes [10].

Although the clinical use of NAs for the treatment of 
chronic HBV has made considerable progress, many 
patients treated with NAs experience only short-term 
or momentary relief from the serum load of HBV prod-
ucts [66]. The reason for this unsatisfactory result is 
the persistence of the HBV cccDNA. IFN-α, especially 
pegIFN-α, is still one of the most important alterna-
tives for the treatment of chronic HBV, according to the 
worldwide clinical guidelines [12–14]. Among the treat-
ment approaches currently used, IFN-α is the only poten-
tial candidate with the capacity to eliminate cccDNA 
in the nucleus of infected hepatocytes. The molecular 
mechanisms by which IFN-α defends against cccDNA 
are subsequently described, and a perspective is offered 
regarding how IFN-α can contribute to curing chronic 
HBV in the future. HBV replication has been shown to 
be dramatically decreased by IFN-α in vitro and in vivo 
[19, 67].

Nonetheless, it is important to note that the long-
term administration of IFN-α does not have the capac-
ity for complete seroconversion in chronic HBV infection 
patients without elimination of the cccDNA; only 38.8% 
of patients experienced HBeAg seroconversion, and 
61.2% of patients in this cohort had no response [68].

IFN‑α regulates the transcription of cccDNA
In the HBV genome, there is also an IFN-α response 
element, the enhancer 1/promoter region of the HBx 
gene, which can be inhibited by IFN-α-induced factors 
under mild conditions [67, 69]. Additional reports have 
described that a sequence, from nucleotide 1091 to 1100, 
has the characteristics of an ISRE/IRE and can bind IGF3 
and IRF1, thereby moderately regulating the transcrip-
tion of HBV genes [69].

Since the cccDNA and histones in the nucleus form 
episomal minichromosomes, the epigenetic modifica-
tions of the histones influences the expression of the 
HBV genes [70]. In primary human hepatocytes (PHH) 
infected with HBV in  vitro, treatment with IFN-α dra-
matically increased the expression of the IFIT1 gene, 
which is an ISG, and in turn led to low levels of K4 meth-
ylation, K27 acetylation, and K122 acetylation in histone 
H3, modifications that inhibited transcription of the 
cccDNA genes [70].

Using ChIP, histone H4 of the cccDNA minichromo-
some was found to be hypoacetylated in an HBx pro-
tein-independent manner after 48  h of treatment with 
IFN-α in cultured cells or chimeric albumin enhancer/
promoter-driven urokinase-type plasminogen activa-
tor/severe combined immunodeficient (uPA/SCID) 
mice [19]. In addition to histone H4, histone H3 bound 
with cccDNA can also be acetylated to regulate the 
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transcriptional activity of the cccDNA [45]. IFN-α treat-
ment enhances the recruitment of deacetylases, includ-
ing histone deacetylase 1 (HDAC1), sirtuin-1 (Sirt1), 
enhancer of zeste homolog 2 (Ezh2) and Ying Yang 1 
(YY1), for the essential function of the cccDNA IRSE 
[19]. Additionally, the IRSE of the minichromosome 
induces the binding activity of STAT1 and STAT2, the 
phosphorylation of which was decreased [19].

Additionally, several recently published reports have 
confirmed the effects of IFN-α on epigenetic modifica-
tions of cccDNA leading to the repression of HBV. Tran-
scriptional activity of the cccDNA is maintained by the 
succinylation of histone H3K79 of the minichromosome 
[71]. IFN-α was shown to suppress the general control 
non-repressed 5 (GCN5) protein, a histone acetyltrans-
ferase with succinyltransferase activity, which decreased 
of succinylation of H3K79 and lead to clearance of HBV 
cccDNA [71]. Several genes, such as STAT1, promyelo-
cytic leukemia protein (PML), and structural mainte-
nance of chromosomes flexible hinge domain containing 
1 (SMCHD1), have epigenetic modification capabilities 
and can reduce acetylation levels of histione H3K9 and 
H3K27 of the minichromosome, resulting in decreased 
levels of cccDNA [72]. Furthermore, IFN-inducible pro-
tein 16 was reported to epigenetically modify H3K4, 
H3K9 and H3K27, which suppressed the cccDNA [73].

IFN‑α indirectly targets cccDNA through APOBEC3 family 
proteins
The antiviral activity of the activation-induced cyti-
dine deaminase (AID)/apolipoprotein B mRNA edit-
ing enzyme, in the catalytic polypeptide-like (APOBEC) 
family of proteins, including APOBEC1, APOBEC2, 
APOBEC3, APOBEC4 and AID (reviewed elsewhere [74–
76]), has been reported to initially suppress the human 
immunodeficiency virus through hypermutations that 
result in the deamination of enzymes [77–80]. Within the 
APOBEC family, APOBEC3 members have the potential 
for anti-HBV activity. Bonvin et  al. showed that IFN-α 
induces the expression of APOBEC3B/3C/3F/3G in 
primary hepatocytes and cell lines (HepG2 and Huh7) 
and, of these four proteins, APOBEC3B (the long form), 
APOBEC3F and APOBEC3G can suppress HBV rep-
lication by deaminating HBV replicative intermedi-
ates, possibly including cccDNA, although it was not 
specifically identified [81]. At approximately the same 
time, another research group obtained the same results 
and confirmed that APOBEC3B/C/F/G were capable of 
mutating the minus-strand, and three of these proteins, 
APOBEC3B/F/G, were also capable of mutating the plus-
strand of the HBV genome [82]. A previous report also 
confirmed that APOBEC3G is involved in the inhibi-
tion of HBV replication partially due to a suppression of 

HBV pgRNA packaging, and the accumulation of HBV 
DNA was prevented in the presence of APOBEC3G [83]. 
Approximately one decade later, in 2014, Lucifora et  al. 
searched for the key proteins responsible for the elimi-
nation of cccDNA following IFN-α treatment and found 
that the activation of the lymphotoxin (LT)-β receptor, 
a TNF receptor superfamily member, leads to cccDNA 
degradation through the deamination of APOBEC3A or 
APOBEC3B, which gave rise to apurinic/apyrimidinic 
(AP) sites in the cccDNA [84]. Additionally, heat shock 
proteins (Hsp), in particular Hsp90, have the potential to 
increase the deamination activity of APOBEC3G, which 
ultimately results in HBV genome mutations in HepG2 
cells [85]. In chronic HBV-infected patients, IFN-α treat-
ment increases the expression of all the APOBEC3 pro-
teins, but especially APOBEC3A and APOBEC3B [86].

In the reports above, although changes to the HBV 
genome by deaminases had been found in cell lines, all 
genomic DNA had been targeted, including HBV rcDNA 
and cccDNA as well as the cell genomic DNA [82]. Next, 
Nair et  al. sought to confirm the applicability of these 
results, but the data did not support the deamination of 
the genomic DNA due to the capsid protein [87]. These 
results consistently suggest that the APOBEC3 proteins 
suppress HBV replication; however, whether the molecu-
lar events are directly related to cccDNA or not remains 
unknown. Direct evidence linking IFNs, APOBEC3 and 
cccDNA degradation should be explored in the future. 
Deaminases are highlighted as prospects for the elimina-
tion of cccDNA.

As a cytokine, IFN-α is capable of modulating innate 
and adaptive immune cells, which results in the indirect 
elimination of the cccDNA [88]. Other cytokines, such 
as transforming growth factor (TGF-β), IFN-γ and tumor 
necrosis factor (TNF)-α, can also facilitate the degrada-
tion of cccDNA in hepatocytes, in a manner similar to 
that of IFN-α, upon induction by proteins or enzyme, 
such as APOBEC3A/B and others [89, 90]. Thus, further 
investigation should focus on finding new proteins or tar-
gets of HBV infection.

Deamination enzyme and nuclease are powerful and 
bright prospective tools for the complete removal of 
cccDNA in the future. For instance, ISG20, an IFN-
induced exonuclease that can degrade viral nucleic acids, 
including DNA and RNA, was shown to be involved in 
viral clearance in chimpanzees as well as the degradation 
of HBV RNA [91, 92]. Consequently, deamination and 
IFN-induced nuclease are two promising directions of 
investigation regarding a cure for HBV infections.

Recent findings of poor clinical responses to IFN‑α
IFN-α has been proven to be insufficient for the treat-
ment of patients with chronic HBV infection [93]. The 
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evidence suggests that components translated from the 
HBV genome interact with and block proteins of the 
IFN-α signaling pathway, ultimately counteracting the 
effects of IFN-α [94–96]. The key cellular process of the 
IFN-α-induced signaling pathway, the translocation of 
STAT family members into the cell nucleus, can induce 
and stimulate the expression of several downstream 
genes, which in turn exert antiviral effects. Chen et  al. 
reported that the products of the polymerase open read-
ing frame of the HBV genome inhibited the phosphoryla-
tion of protein kinase C (PKC)-δ, which further modified 
the phosphorylation status of a serine residue in STAT1 
[94]. Additionally, HBV polymerase can block the bind-
ing of importin-α5, which promoted the translocation 
of the STAT1/2 dimer into the cell nucleus to induce the 
expression of antiviral genes [94]. Later, Chen et al. pro-
posed that groups of HBV genome splice variants, spe-
cifically splicing-protein 1 (SP1), SP2 and SP3, disrupt 
the activation of the JAK/STAT pathway and attenuate 
the effects of IFN-α treatment [96]. Furthermore, HBV 
surface antigens inhibit the phosphorylation of a serine 
residue in STAT3, and decrease levels of APOBEC3G [84, 
97]. The HBx protein has also been reported to transcrip-
tionally induce the expression of suppression of cytokine 
signalling 3 (SOCS3) and protein phosphatase 2 A (PPA), 
which are negative regulators of the IFN-α-induced 
JAK/STAT signaling pathway [98]. The clinical anti-
HBV effects of IFN-α have been detailed previously [22, 
99, 100]; however, these poor clinical responses should 
be further explored to determine additional and more 
detailed mechanisms that may lead to more efficient clin-
ical use of IFN-α.

Recently, an ISG called the Mx2 protein was described 
as restricting the cccDNA pool by disturbing the con-
version of rcDNA to cccDNA [101]. Further, it has 
been reported that the rs59391722 allele exists in the 
promoter region of the ubiquitin conjugating enzyme 
E2 L3 (UBE2L3) gene resulting in the degradation of 
APOBEC3A, leading to an increased sensitivity to HBV 
infection in adults and children [102]. APOBEC3 family 
members should be further explored with a focus placed 
on modification of HBV cccDNA in hepatocytes.

Conclusions
HBV infection remains a global health problem due to 
the persistence of a chronic infection that can lead to 
severe conditions, such as liver fibrosis, liver cirrhosis, 
and even hepatocellular carcinoma [12–14, 103].

Significant clinical progress has been made in the 
development of vaccines for the prevention of HBV 
infection and in regard to IFN-α and NAs for the treat-
ment of chronic HBV infection [12–14]. In terms of the 
cellular and molecular aspects, the details of the HBV 

life cycle have been illustrated comprehensively: virus 
attachment via receptors, fusion with the cell mem-
brane and endocytosis, and release; transportation of 
the nucleocapsid along cellular microtubules; binding 
to the nuclear transport complex and release of rcDNA 
into nucleus; the formation of cccDNA; the regulation of 
transcription, the pgRNA capsid and reverse-transcrip-
tion; formation of the nucleocapsid; and release of new 
viruses and the recycling of rcDNA and cccDNA [104, 
105]. Throughout the course of the HBV life cycle, many 
processes and components can be targets for drug devel-
opment, such as the transcription of cccDNA and reverse 
transcriptase [106, 107]. Notwithstanding the continuous 
anti-HBV action of the available drugs to prevent or delay 
the events of end-stage liver diseases, the persistence of 
cccDNA in the liver cells of patients with chronic HBV 
remains the biggest challenge to developing a cure [12–
14]. Currently, the clinically available drugs for chronic 
HBV infections include NAs and/or IFN-α [12–14]. It is 
known that, thus far, the cccDNA pool in hepatocytes 
has been very difficult to eliminate, and use of IFN-α has 
a potential to target cccDNA [19, 81, 84]. Although the 
expected results of using IFN-α to target cccDNA have 
been reported in experiments using cell lines and ani-
mal models, the clinical effectiveness of the cytokine has 
not been as efficacious as the in vitro and in vivo studies 
have suggested [22, 84]. The mechanisms of these out-
comes are still not clear. In the future, research should be 
focused on the exploration of the paradoxical results of 
the laboratory and the clinic, which facilitate the devel-
opment of cure for chronic HBV infections.

Abbreviations
HBV: Hepatitis B virus; cccDNA: Covalently closed circular DNA; IFN-α: 
Interferon-α; NAs: Nucleot(s)ide analogs; rcDNA: Relaxed circular DNA; HSPG: 
Hepatocyte-associated heparan sulfate proteoglycans; NTCP: Sodium tauro-
cholate cotransporting polypeptide; PegIFNα: Pegylated interferon-α; ETV: 
Entecavir; TDF: Tenofovir disoproxil fumarate; ADF: Adefovir; LAM: Lamivudine; 
LDT: Telbivudine; HBsAgs: Viral surface antigens; HBcAgs: HBV core antigens; 
SHBs: Small surface antigen; LHBs: Large surface antigen; NPC: Nuclear pore 
complex; NLS: Nuclear location signal; pgRNA: Pregenomic RNA; JAK/STAT​
: Janus-activated kinases/signal transducers and activators of transcription; 
IRF9: Interferon regulatory factor 9; ISGF-3: IFN-stimulatory gene factor 3; ISRE: 
IFN-stimulatory response element; cGAS/STING: Cyclic GMP–AMP synthase/
stimulator of interferon genes; RIG-I/MAD5: Retinoic acid inducible gene I/
Melanoma differentiation-associated protein 5; APOBEC: Activation-induced 
cytidine deaminase (AID)/apolipoprotein B mRNA editing enzyme, in the cata-
lytic polypeptide-like; SOCS3: Suppression of cytokine signalling 3; UBE2L3: 
Ubiquitin conjugating enzyme E2 L3.

Acknowledgements
Not applicable.

Authors’ contributions
GW and ZC raised the idea of the review; GW, JG, QY processed the data. GW, 
NK, JG, GL, JS, QZ, LX, CH, JD and HZ prepared the writing of the manuscript; 
ZC, HZ and NK proofread and edited the manuscript. All authors read and 
approved the final manuscript.



Page 8 of 10Wang et al. Gut Pathog           (2021) 13:22 

Funding
This work was supported by Grants: the National Science and Technology 
Major Project of China under Grant 2018ZX10302206-003, 2017ZX10202203-
007, and 2017ZX10202203-008.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors have no competing interests to declare.

Author details
1 State Key Laboratory for Diagnosis and Treatment of Infectious Diseases, 
Collaborative Innovation Center for Diagnosis and Treatment of Infec-
tious Diseases, The First Affiliated Hospital, College of Medicine, National 
Clinical Research Center for Infectious Diseases, Zhejiang University School 
of Medicine, 79 Qingchun Road, Hangzhou 310003, Zhejiang, China. 2 Institute 
for Hepatology, Shenzhen Third People’s Hospital, National Clinical Research 
Center for Infectious Disease, Shenzhen 518112, Guangdong, China. 3 The 
Second Affiliated Hospital, School of Medicine, Southern University of Science 
and Technology, 518112 Shenzhen, China. 

Received: 8 January 2021   Accepted: 1 April 2021

References
	 1.	 Ganem D, Prince AM. Hepatitis B virus infection–natural history and 

clinical consequences. N Engl J Med. 2004;350(11):1118–29.
	 2.	 Dane DS, Cameron CH, Briggs M. Virus-like particles in serum of patients 

with Australia-antigen-associated hepatitis. Lancet. 1970;1(7649):695–8.
	 3.	 Summers J, O’Connell A, Millman I. Genome of hepatitis B virus: restric-

tion enzyme cleavage and structure of DNA extracted from Dane 
particles. Proc Natl Acad Sci USA. 1975;72(11):4597–601.

	 4.	 Liu B, Wen X, Huang C, Wei Y. Unraveling the complexity of hepatitis B 
virus: from molecular understanding to therapeutic strategy in 50 years. 
Int J Biochem Cell Biol. 2013;45(9):1987–96.

	 5.	 Yan H, Zhong G, Xu G, He W, Jing Z, Gao Z, Huang Y, Qi Y, Peng B, Wang 
H, et al. Sodium taurocholate cotransporting polypeptide is a functional 
receptor for human hepatitis B and D virus. eLife. 2012;1:e00049.

	 6.	 Karayiannis P. Hepatitis B virus: virology, molecular biology, life cycle 
and intrahepatic spread. Hepatol Int. 2017;11(6):500–8.

	 7.	 Bartenschlager R, Cosset FL, Lohmann V. Hepatitis C virus replication 
cycle. J Hepatol. 2010;53(3):583–5.

	 8.	 Koniger C, Wingert I, Marsmann M, Rosler C, Beck J, Nassal M. Involve-
ment of the host DNA-repair enzyme TDP2 in formation of the cova-
lently closed circular DNA persistence reservoir of hepatitis B viruses. 
Proc Natl Acad Sci USA. 2014;111(40):E4244-53.

	 9.	 Ko C, Chakraborty A, Chou WM, Hasreiter J, Wettengel JM, Stadler D, 
Bester R, Asen T, Zhang K, Wisskirchen K, et al. Hepatitis B virus genome 
recycling and de novo secondary infection events maintain stable 
cccDNA levels. J Hepatol. 2018;69(6):1231–41.

	 10.	 Revill PA, Chisari FV, Block JM, Dandri M, Gehring AJ, Guo H, Hu J, 
Kramvis A, Lampertico P, Janssen HLA, et al. A global scientific strategy 
to cure hepatitis B. Lancet Gastroenterol Hepatol. 2019;4:545–58

	 11.	 Levrero M, Pollicino T, Petersen J, Belloni L, Raimondo G, Dandri M. 
Control of cccDNA function in hepatitis B virus infection. J Hepatol. 
2009;51(3):581–92.

	 12.	 Diseases CSoHaCSoI, Association CM. The guideline of prevention 
and treatment for chronic hepatitis B: a 2015 update. J Clin Hepatol. 
2015;31(12):1941–60.

	 13.	 European Association for the Study of the Liver. EASL 2017 Clinical 
Practice Guidelines on the management of hepatitis B virus infection. J 
Hepatol. 2017;67(2):370–98.

	 14.	 Terrault NA, Lok ASF, McMahon BJ, Chang KM, Hwang JP, Jonas MM, 
Brown RS Jr, Bzowej NH, Wong JB. Update on prevention, diagnosis, 
and treatment of chronic hepatitis B: AASLD 2018 hepatitis B guidance. 
Hepatology. 2018;67(4):1560–99.

	 15.	 Zhang Y, Hu P, Qi X, Ren H, Mao RC, Zhang JM. A comparison of telbi-
vudine and entecavir in the treatment of hepatitis B e antigen-positive 
patients: a prospective cohort study in China. Clin Microbiol Infect. 
2016;22(3):287.e281-289.

	 16.	 Hou J, Yin YK, Xu D, Tan D, Niu J, Zhou X, Wang Y, Zhu L, He Y, Ren H, 
et al. Telbivudine versus lamivudine in Chinese patients with chronic 
hepatitis B: results at 1 year of a randomized, double-blind trial. Hepa-
tology. 2008;47(2):447–54.

	 17.	 Lai CL, Gane E, Liaw YF, Hsu CW, Thongsawat S, Wang Y, Chen Y, Heath-
cote EJ, Rasenack J, Bzowej N, et al. Telbivudine versus lamivudine in 
patients with chronic hepatitis B. N Engl J Med. 2007;357(25):2576–88.

	 18.	 Tillmann HL, McHutchison JG. Telbivudine versus lamivudine in patients 
with chronic hepatitis B. N Engl J Med. 2008;358(14):1517. (author 
reply 1517–1518)

	 19.	 Belloni L, Allweiss L, Guerrieri F, Pediconi N, Volz T, Pollicino T, Petersen J, 
Raimondo G, Dandri M, Levrero M. IFN-alpha inhibits HBV transcription 
and replication in cell culture and in humanized mice by targeting the 
epigenetic regulation of the nuclear cccDNA minichromosome. J Clin 
Investig. 2012;122(2):529–37.

	 20.	 Tan G, Song H, Xu F, Cheng G. When hepatitis B virus meets interferons. 
Front Microbiol. 2018;9:1611.

	 21.	 Nassal M. HBV cccDNA: viral persistence reservoir and key obstacle for a 
cure of chronic hepatitis B. Gut. 2015;64(12):1972–84.

	 22.	 Lau GK, Piratvisuth T, Luo KX, Marcellin P, Thongsawat S, Cooksley G, 
Gane E, Fried MW, Chow WC, Paik SW, et al. Peginterferon Alfa-2a, lami-
vudine, and the combination for HBeAg-positive chronic hepatitis B. N 
Engl J Med. 2005;352(26):2682–95.

	 23.	 Liang TJ. Hepatitis B: the virus and disease. Hepatology. 2009;49(5 
Suppl):13–21.

	 24.	 Venkatakrishnan B, Zlotnick A. The structural biology of hepatitis B virus: 
form and function. Annu Rev Virol. 2016;3(1):429–51.

	 25.	 Zahn A, Allain JP. Hepatitis C virus and hepatitis B virus bind to heparin: 
purification of largely IgG-free virions from infected plasma by heparin 
chromatography. J Gen Virol. 2005;86(Pt 3):677–85.

	 26.	 Rabe B, Vlachou A, Pante N, Helenius A, Kann M. Nuclear import of 
hepatitis B virus capsids and release of the viral genome. Proc Natl Acad 
Sci USA. 2003;100(17):9849–54.

	 27.	 Rabe B, Glebe D, Kann M. Lipid-mediated introduction of hepati-
tis B virus capsids into nonsusceptible cells allows highly efficient 
replication and facilitates the study of early infection events. J Virol. 
2006;80(11):5465–73.

	 28.	 Kann M, Schmitz A, Rabe B. Intracellular transport of hepatitis B virus. 
World J Gastroenterol. 2007;13(1):39–47.

	 29.	 Nassal M. HBV cccDNA: viral persistence reservoir and key obstacle for a 
cure of chronic hepatitis B. Gut. 2015;64(12):1972–84.

	 30.	 Hu J. Hepatitis B virus virology and replication. In: Hepatitis B virus in 
human diseases. Springer; 2016:1–34.

	 31.	 Clark DN, Hu J. Hepatitis B virus reverse transcriptase—target of 
current antiviral therapy and future drug development. Antivir Res. 
2015;123:132–7.

	 32.	 Seeger C, Ganem D, Varmus HE. Biochemical and genetic evi-
dence for the hepatitis B virus replication strategy. Science. 
1986;232(4749):477–84.

	 33.	 Lambert C, Doring T, Prange R. Hepatitis B virus maturation is sensitive 
to functional inhibition of ESCRT-III, Vps4, and gamma 2-adaptin. J Virol. 
2007;81(17):9050–60.

	 34.	 Nguyen DH, Ludgate L, Hu J. Hepatitis B virus-cell interactions and 
pathogenesis. J Cell Physiol. 2008;216(2):289–94.

	 35.	 Mason WS, Aldrich C, Summers J, Taylor JM. Asymmetric replication of 
duck hepatitis B virus DNA in liver cells: free minus-strand DNA. Proc 
Natl Acad Sci USA. 1982;79(13):3997–4001.

	 36.	 Wu TT, Coates L, Aldrich CE, Summers J, Mason WS. In hepatocytes 
infected with duck hepatitis B virus, the template for viral RNA synthesis 
is amplified by an intracellular pathway. Virology. 1990;175(1):255–61.



Page 9 of 10Wang et al. Gut Pathog           (2021) 13:22 	

	 37.	 Tuttleman JS, Pourcel C, Summers J. Formation of the pool of cova-
lently closed circular viral DNA in hepadnavirus-infected cells. Cell. 
1986;47(3):451–60.

	 38.	 Miller RH, Robinson WS. Hepatitis B virus DNA forms in nuclear 
and cytoplasmic fractions of infected human liver. Virology. 
1984;137(2):390–9.

	 39.	 Zoulim F. New insight on hepatitis B virus persistence from the study of 
intrahepatic viral cccDNA. J Hepatol. 2005;42(3):302–8.

	 40.	 Moraleda G, Saputelli J, Aldrich CE, Averett D, Condreay L, Mason WS. 
Lack of effect of antiviral therapy in nondividing hepatocyte cultures 
on the closed circular DNA of woodchuck hepatitis virus. J Virol. 
1997;71(12):9392–9.

	 41.	 Newbold JE, Xin H, Tencza M, Sherman G, Dean J, Bowden S, Locarnini 
S. The covalently closed duplex form of the hepadnavirus genome 
exists in situ as a heterogeneous population of viral minichromosomes. 
J Virol. 1995;69(6):3350–7.

	 42.	 Bock CT, Schranz P, Schroder CH, Zentgraf H. Hepatitis B virus genome 
is organized into nucleosomes in the nucleus of the infected cell. Virus 
Genes. 1994;8(3):215–29.

	 43.	 Finch JT, Noll M, Kornberg RD. Electron microscopy of defined lengths 
of chromatin. Proc Natl Acad Sci USA. 1975;72(9):3320–2.

	 44.	 Bock CT, Schwinn S, Locarnini S, Fyfe J, Manns MP, Trautwein C, Zentgraf 
H. Structural organization of the hepatitis B virus minichromosome. J 
Mol Biol. 2001;307(1):183–96.

	 45.	 Pollicino T, Belloni L, Raffa G, Pediconi N, Squadrito G, Raimondo G, 
Levrero M. Hepatitis B virus replication is regulated by the acetylation 
status of hepatitis B virus cccDNA-bound H3 and H4 histones. Gastro-
enterology. 2006;130(3):823–37.

	 46.	 Wack A, Terczyńska-Dyla E, Hartmann R. Guarding the frontiers: the biol-
ogy of type III interferons. Nat Immunol. 2015;16(8):802.

	 47.	 Samuel CE. Antiviral actions of interferons. Clin Microbiol Rev. 
2001;14(4):778–809. (table of contents).

	 48.	 Negishi H, Taniguchi T, Yanai H. The interferon (IFN) class of cytokines 
and the IFN regulatory factor (IRF) transcription factor family. Cold 
Spring Harbor Perspect Biol. 2018;10(11):a028423.

	 49.	 Schoggins JW. Interferon-stimulated genes: what do they all do? Annu 
Rev Virol. 2019;6(1):567–84.

	 50.	 Kotenko SV, Gallagher G, Baurin VV, Lewis-Antes A, Shen M, Shah NK, 
Langer JA, Sheikh F, Dickensheets H, Donnelly RP. IFN-lambdas mediate 
antiviral protection through a distinct class II cytokine receptor com-
plex. Nat Immunol. 2003;4(1):69–77.

	 51.	 Sheppard P, Kindsvogel W, Xu W, Henderson K, Schlutsmeyer S, Whit-
more TE, Kuestner R, Garrigues U, Birks C, Roraback J, et al. IL-28, IL-29 
and their class II cytokine receptor IL-28R. Nat Immunol. 2003;4(1):63–8.

	 52.	 Uze G, Monneron D. IL-28 and IL-29: newcomers to the interferon fam-
ily. Biochimie. 2007;89(6–7):729–34.

	 53.	 Oze T, Hiramatsu N, Mita E, Akuta N, Sakamoto N, Nagano H, Itoh 
Y, Kaneko S, Izumi N, Nomura H, et al. A multicenter survey of 
re-treatment with pegylated interferon plus ribavirin combination 
therapy for patients with chronic hepatitis C in Japan. Hepatol Res. 
2013;43(1):35–43.

	 54.	 Wang W, Xu L, Su J, Peppelenbosch MP, Pan Q. Transcriptional 
regulation of antiviral interferon-stimulated genes. Trends Microbiol. 
2017;25(7):573–84.

	 55.	 McNab F, Mayer-Barber K, Sher A, Wack A, O’Garra A. Type I interferons 
in infectious disease. Nat Rev Immunol. 2015;15(2):87–103.

	 56.	 Ivashkiv LB, Donlin LT. Regulation of type I interferon responses. Nat Rev 
Immunol. 2014;14(1):36–49.

	 57.	 Platanias LC. Mechanisms of type-I- and type-II-interferon-mediated 
signalling. Nat Rev Immunol. 2005;5(5):375–86.

	 58.	 Crowl JT, Gray EE, Pestal K, Volkman HE, Stetson DB. Intracellular nucleic 
acid detection in autoimmunity. Annu Rev Immunol. 2017;35:313–36.

	 59.	 Schoggins JW. Interferon-stimulated genes: roles in viral pathogenesis. 
Curr Opin Virol. 2014;6:40–6.

	 60.	 Schoggins JW, Wilson SJ, Panis M, Murphy MY, Jones CT, Bieniasz P, 
Rice CM. A diverse range of gene products are effectors of the type I 
interferon antiviral response. Nature. 2011;472(7344):481–5.

	 61.	 Kane M, Zang TM, Rihn SJ, Zhang F, Kueck T, Alim M, Schoggins J, Rice 
CM, Wilson SJ, Bieniasz PD. Identification of interferon-stimulated genes 
with antiretroviral activity. Cell Host Microbe. 2016;20(3):392–405.

	 62.	 Bass BL, Weintraub H. An unwinding activity that covalently modifies its 
double-stranded RNA substrate. Cell. 1988;55(6):1089–98.

	 63.	 Wagner RW, Smith JE, Cooperman BS, Nishikura K. A double-stranded 
RNA unwinding activity introduces structural alterations by means of 
adenosine to inosine conversions in mammalian cells and Xenopus 
eggs. Proc Natl Acad Sci USA. 1989;86(8):2647–51.

	 64.	 Liu Y, Herbert A, Rich A, Samuel CE. Double-stranded RNA-specific 
adenosine deaminase: nucleic acid binding properties. Methods. 
1998;15(3):199–205.

	 65.	 Haller O, Frese M, Kochs G. Mx proteins: mediators of innate resistance 
to RNA viruses. Revue scientifique et technique. 1998;17(1):220–30.

	 66.	 Zoulim F, Locarnini S. Hepatitis B virus resistance to nucleos(t)ide ana-
logues. Gastroenterology. 2009;137(5):1593–608.e1591-1592.

	 67.	 Tur-Kaspa R, Teicher L, Laub O, Itin A, Dagan D, Bloom BR, Shafritz DA. 
Alpha interferon suppresses hepatitis B virus enhancer activity and 
reduces viral gene transcription. J Virol. 1990;64(4):1821–4.

	 68.	 Niederau C, Heintges T, Lange S, Goldmann G, Niederau CM, Mohr 
L, Haussinger D. Long-term follow-up of HBeAg-positive patients 
treated with interferon alfa for chronic hepatitis B. N Engl J Med. 
1996;334(22):1422–7.

	 69.	 Alcantara FF, Tang H, McLachlan A. Functional characterization of the 
interferon regulatory element in the enhancer 1 region of the hepatitis 
B virus genome. Nucleic Acids Res. 2002;30(9):2068–75.

	 70.	 Tropberger P, Mercier A, Robinson M, Zhong W, Ganem DE, Holdorf M. 
Mapping of histone modifications in episomal HBV cccDNA uncovers 
an unusual chromatin organization amenable to epigenetic manipula-
tion. Proc Natl Acad Sci USA. 2015;112(42):E5715-24.

	 71.	 Yuan Y, Yuan H, Yang G, Yun H, Zhao M, Liu Z, Zhao L, Geng Y, Liu L, 
Wang J, et al. IFN-alpha confers epigenetic regulation of HBV cccDNA 
minichromosome by modulating GCN5-mediated succinylation of 
histone H3K79 to clear HBV cccDNA. Clin Epigenet. 2020;12(1):135.

	 72.	 Cheng J, Zhao Q, Zhou Y, Tang L, Sheraz M, Chang J, Guo JT. Interferon 
alpha induces multiple cellular proteins that coordinately suppress 
hepadnaviral covalently closed circular DNA transcription. J Virol. 
2020;94(17).

	 73.	 Yang Y, Zhao X, Wang Z, Shu W, Li L, Li Y, Guo Z, Gao B, Xiong S. 
Nuclear sensor interferon-inducible protein 16 inhibits the function 
of hepatitis B virus covalently closed circular DNA by integrating 
innate immune activation and epigenetic suppression. Hepatology. 
2020;71(4):1154–69.

	 74.	 Salter JD, Bennett RP, Smith HC. The APOBEC protein family: united by 
structure, divergent in function. Trends Biochem Sci. 2016;41(7):578–94.

	 75.	 Smith HC, Bennett RP, Kizilyer A, McDougall WM, Prohaska KM. Func-
tions and regulation of the APOBEC family of proteins. Semin Cell Dev 
Biol. 2012;23(3):258–68.

	 76.	 Conticello SG. The AID/APOBEC family of nucleic acid mutators. 
Genome Biol. 2008;9(6):229.

	 77.	 Sheehy AM, Gaddis NC, Choi JD, Malim MH. Isolation of a human gene 
that inhibits HIV-1 infection and is suppressed by the viral Vif protein. 
Nature. 2002;418(6898):646–50.

	 78.	 Zhang H, Yang B, Pomerantz RJ, Zhang C, Arunachalam SC, Gao L. The 
cytidine deaminase CEM15 induces hypermutation in newly synthe-
sized HIV-1 DNA. Nature. 2003;424(6944):94–8.

	 79.	 Mangeat B, Turelli P, Caron G, Friedli M, Perrin L, Trono D. Broad antiretro-
viral defence by human APOBEC3G through lethal editing of nascent 
reverse transcripts. Nature. 2003;424(6944):99–103.

	 80.	 Harris RS, Bishop KN, Sheehy AM, Craig HM, Petersen-Mahrt SK, Watt IN, 
Neuberger MS, Malim MH. DNA deamination mediates innate immu-
nity to retroviral infection. Cell. 2003;113(6):803–9.

	 81.	 Bonvin M, Achermann F, Greeve I, Stroka D, Keogh A, Inderbitzin D, 
Candinas D, Sommer P, Wain-Hobson S, Vartanian JP, et al. Interferon-
inducible expression of APOBEC3 editing enzymes in human 
hepatocytes and inhibition of hepatitis B virus replication. Hepatology. 
2006;43(6):1364–74.

	 82.	 Suspene R, Guetard D, Henry M, Sommer P, Wain-Hobson S, Vartanian 
JP. Extensive editing of both hepatitis B virus DNA strands by APOBEC3 
cytidine deaminases in vitro and in vivo. Proc Natl Acad Sci USA. 
2005;102(23):8321–6.

	 83.	 Turelli P, Mangeat B, Jost S, Vianin S, Trono D. Inhibition of hepatitis B 
virus replication by APOBEC3G. Science. 2004;303(5665):1829.



Page 10 of 10Wang et al. Gut Pathog           (2021) 13:22 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	 84.	 Lucifora J, Xia Y, Reisinger F, Zhang K, Stadler D, Cheng X, Sprinzl MF, 
Koppensteiner H, Makowska Z, Volz T, et al. Specific and nonhepa-
totoxic degradation of nuclear hepatitis B virus cccDNA. Science. 
2014;343(6176):1221–8.

	 85.	 Chen Z, Eggerman TL, Bocharov AV, Baranova IN, Vishnyakova TG, 
Kurlander R, Patterson AP. Heat shock proteins stimulate APOBEC-
3-mediated cytidine deamination in the hepatitis B virus. J Biol Chem. 
2017;292(32):13459–79.

	 86.	 Li Y, Xia Y, Han M, Chen G, Zhang D, Thasler WE, Protzer U, Ning Q. IFN-
alpha-mediated base excision repair pathway correlates with antiviral 
response against hepatitis B virus infection. Sci Rep. 2017;7(1):12715.

	 87.	 Nair S, Zlotnick A. Asymmetric modification of hepatitis B virus (HBV) 
genomes by an endogenous cytidine deaminase inside HBV cores 
informs a model of reverse transcription. J Virol. 2018;92(10).

	 88.	 Bloom K, Maepa MB, Ely A, Arbuthnot P. Gene therapy for chronic HBV-
can we eliminate cccDNA? Genes. 2018;9(4):207.

	 89.	 Qiao Y, Han X, Guan G, Wu N, Sun J, Pak V, Liang G. TGF-beta triggers 
HBV cccDNA degradation through AID-dependent deamination. FEBS 
Lett. 2016;590(3):419–27.

	 90.	 Xia Y, Stadler D, Lucifora J, Reisinger F, Webb D, Hosel M, Michler 
T, Wisskirchen K, Cheng X, Zhang K, et al. Interferon-gamma and 
tumor necrosis factor-alpha produced by T cells reduce the HBV 
persistence form, cccDNA, without cytolysis. Gastroenterology. 
2016;150(1):194–205.

	 91.	 Wieland S, Thimme R, Purcell RH, Chisari FV. Genomic analysis of the 
host response to hepatitis B virus infection. Proc Natl Acad Sci USA. 
2004;101(17):6669–74.

	 92.	 Imam H, Kim GW, Mir SA, Khan M, Siddiqui A. Interferon-stimulated 
gene 20 (ISG20) selectively degrades N6-methyladenosine modified 
Hepatitis B Virus transcripts. PLoS Pathog. 2020;16(2):e1008338.

	 93.	 Perrillo R. Benefits and risks of interferon therapy for hepatitis B. Hepa-
tology. 2009;49(5 Suppl):103–11.

	 94.	 Chen J, Wu M, Zhang X, Zhang W, Zhang Z, Chen L, He J, Zheng Y, Chen 
C, Wang F, et al. Hepatitis B virus polymerase impairs interferon-alpha-
induced STA T activation through inhibition of importin-alpha5 and 
protein kinase C-delta. Hepatology. 2013;57(2):470–82.

	 95.	 Wu M, Xu Y, Lin S, Zhang X, Xiang L, Yuan Z. Hepatitis B virus polymerase 
inhibits the interferon-inducible MyD88 promoter by blocking nuclear 
translocation of Stat1. J Gen Virol. 2007;88(Pt 12):3260–9.

	 96.	 Chen J, Wu M, Wang F, Zhang W, Wang W, Zhang X, Zhang J, Liu Y, Liu 
Y, Feng Y, et al. Hepatitis B virus spliced variants are associated with an 
impaired response to interferon therapy. Sci Rep. 2015;5:16459.

	 97.	 Xu F, Song H, Li N, Tan G. HBsAg blocks TYPE I IFN induced up-regula-
tion of A3G through inhibition of STAT3. Biochem Biophys Res Com-
mun. 2016;473(1):219–23.

	 98.	 Tsunematsu S, Suda G, Yamasaki K, Kimura M, Izumi T, Umemura M, 
Ito J, Sato F, Nakai M, Sho T, et al. Hepatitis B virus X protein impairs 
alpha-interferon signaling via up-regulation of suppressor of cytokine 
signaling 3 and protein phosphatase 2A. J Med Virol. 2017;89(2):267–75.

	 99.	 Perrillo RP, Schiff ER, Davis GL, Bodenheimer HC Jr, Lindsay K, Payne J, 
Dienstag JL, O’Brien C, Tamburro C, Jacobson IM, et al. A randomized, 
controlled trial of interferon alfa-2b alone and after prednisone with-
drawal for the treatment of chronic hepatitis B. The Hepatitis Interven-
tional Therapy Group. N Engl J Med. 1990;323(5):295–301.

	100.	 Janssen HL, van Zonneveld M, Senturk H, Zeuzem S, Akarca US, Cakalo-
glu Y, Simon C, So TM, Gerken G, de Man RA, et al. Pegylated interferon 
alfa-2b alone or in combination with lamivudine for HBeAg-positive 
chronic hepatitis B: a randomised trial. Lancet. 2005;365(9454):123–9.

	101.	 Wang YX, Niklasch M, Liu T, Wang Y, Shi B, Yuan W, Baumert TF, Yuan Z, 
Tong S, Nassal M, et al. Interferon-inducible MX2 is a host restriction 
factor of hepatitis B virus replication. J Hepatol. 2020;72(5):865–76.

	102.	 Zhou L, Ren JH, Cheng ST, Xu HM, Chen WX, Chen DP, Wong VKW, Law 
BYK, Liu Y, Cai XF, et al. A functional variant in ubiquitin conjugating 
enzyme E2 L3 contributes to hepatitis B virus infection and maintains 
covalently closed circular DNA stability by inducing degradation of 
apolipoprotein B mRNA editing enzyme catalytic subunit 3A. Hepatol-
ogy. 2019;69(5):1885–902.

	103.	 Liang TJ, Block TM, McMahon BJ, Ghany MG, Urban S, Guo JT, Locarnini 
S, Zoulim F, Chang KM, Lok AS. Present and future therapies of hepatitis 
B: from discovery to cure. Hepatology. 2015;62(6):1893–908.

	104.	 Urban S, Schulze A, Dandri M, Petersen J. The replication cycle of hepa-
titis B virus. J Hepatol. 2010;52(2):282–4.

	105.	 Chunkyu K, Anindita C, Wen-Min C, Julia H, Wettengel JM, Daniela S, 
Romina B, Theresa A, Ke Z, Karin W. Hepatitis B virus (HBV) genome 
recycling and de novo secondary infection events maintain stable 
cccDNA levels. J Hepatol. 2018;69:1231–41.

	106.	 Dawood A, Abdul Basit S, Jayaraj M, Gish RG. Drugs in development for 
hepatitis B. Drugs. 2017;77(12):1263–80.

	107.	 Lin CL, Yang HC, Kao JH. Hepatitis B virus: new therapeutic perspectives. 
Liver Int. 2016;36(Suppl 1):85–92.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Potential capacity of interferon-α to eliminate covalently closed circular DNA (cccDNA) in hepatocytes infected with hepatitis B virus
	Abstract 
	Background
	Importance of cccDNA in HBV life cycle
	Characteristics of nuclear cccDNA
	The potential capacity of IFN-α to eliminate cccDNA
	The IFN family: a brief overview
	Antiviral mechanism of IFN-α

	IFN-α mechanisms of action against HBV infection
	Clinical use of IFN-α for treatment of HBV infection
	IFN-α regulates the transcription of cccDNA
	IFN-α indirectly targets cccDNA through APOBEC3 family proteins
	Recent findings of poor clinical responses to IFN-α

	Conclusions
	Acknowledgements
	References




