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Abstract

Hepatitis B virus (HBV is a widely spread human pathogen that accounts for 250 mIn cases of chronic
hepatitis worldwide. Hepatitis delta virus (HDV) is its viroid-like satellite that substantially
aggravates liver disease. Importantly, both HBV and HDV are oncogenic viruses. The development
of new antivirals and investigation of virus pathogenesis is limited by absence of effective cellular
and animal models. Currently used cell models are based on human primary hepatocytes, liver
progenitor HepaRG cells, hepatocyte-like cells derived from iPS or various hepatoma cells
overexpressing putative NTCP receptor. However, in most of these models a majority of cells are
non-permissive. In this review we briefly review these models, summarize approaches to increase
infection rates, and discuss data about proviral and antiviral (restriction) host factors. The data
discussed suggest that rates of HBV and HDV infection are limited by hepatocyte polarization,
insufficient expression of the NTPC receptor as well as existence of additional co-receptors and
restriction factors that can act mostly on virus entry stage.

Keywords: hepatitis A virus; hepatitis B virus; hepatitis C virus; hepatitis delta virus; hepatitis E
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1. Introduction

Hepatitis B, C and delta viruses (HBV, HCV, HDV) are the widely spread human pathogens that
account for >1/3 cases of end-stage liver diseases worldwide, while in certain regions such as Pacifica
or Eastern Mediterranean region their input can be predominant [1]. They together with hepatitis A
and E viruses (HAV, HEV) belong to different families, have different replication cycle but have one
thing in common: they infect almost exclusively hepatocytes — the major type of liver epithelial cells.
Acute HAV and HEV are spread by feacal-oral route with water quality being one of the major risk
factors (Table 1) [2,3]. These infectious resolve with formation of life-lasting immune response with
very few exceptions. However, they represent a threat for patients due to risk of fulminant hepatitis
— acute liver necrosis [4]. In contrast, HBV, HDV and HCV are transmitted via non-sterile syringes
and medical instruments, blood transfusions, and drug injections [5-9]. HBV is also transmitted
vertically, i.e. from infected mothers to their newborn kids [10]. HBV, HCV and HDV are responsible
for dozens of millions of cases of chronic infections. Acute hepatitis C establishes chronic hepatitis in
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approximately 80% cases, while rates of chronization of acute hepatitis B lie within a range of <5% in
case of adults to >90% in case of infants and neonates [9]. In case of HCV infection the rate of
chronization lies within a rather wide range from 55 to 85% [6,8], as a vast majority of patients with
acute infection are asymptomatic and thus escape diagnosis. To date, despite existence of
prophylactic vaccines against HBV [11,12] and direct acting antivirals (DAA) that can cure >95%
patients with chronic hepatitis C [13], there are still 254 and 50 mIn patients worldwide with these
chronic infections [6,7]. Chronic viral hepatitis is accompanied by inflammation and hepatocyte death
by various mechanisms which leads to the development of fibrosis as well as steatohepatitis. Both
these conditions are the risk factors of end-stage liver disease — cirrhosis and hepatocellular
carcinoma (HCC) [14,15]. This is profoundly aggravated by HDV infection which is a viroid-like HBV
satellite [16-18]. Simultaneous HBV/HDV infection (co-infection) usually resolves but has a markedly
elevated risk of fulminant hepatitis that presents a death threat for a patient [5]. In contrast,
superinfection, i.e. infection with HDV of a chronic hepatitis B patient induces chronic hepatitis delta,
with HDV increasing rate of incidence and rate of development of liver cirrhosis and cancer [5]. Liver
cancer can also occur in hepatitis B and delta patients without cirrhosis [19]. In fact, HBV, HCV and
HDV are currently classified as oncogenic viruses [20,21].

HCC is the predominant type of liver cancer (85-90%), with up to 1 mIn new cases arising
annually [22]. According to modern estimates, liver cancer is the primary cause of death of 507.7
thousand patients worldwide, with 343.8 thousands (i.e. 68%) of which are attributed to chronic viral
hepatitis [4]. Importantly, incidence of liver cancer has increased by 56% from 2000 to 2023 [4]. This
underlies the importance of eradication of hepatitis viruses, which requires the development of
adequate cell and animal models for these infections.

Table 1. Natural course of viral hepatitis disease.

HAV HBV HCV HDV HEV
Transmission route Faecal-oral Parenteral, perinatal Faecal-oral
Annual number of new cases No global 19470
1200 [7 1
(thousands) statistics ¢ 0017] 000 6] (2021) [3]

>90% (neonates/infants) <5% (coinfection) [23]
N o o o . .
Rate of chronization - <59% (adults) [9] 55-85% [6,8] >90% (superinfection)  Rare [3]

[24]
Number of patients with From 12 [23]
- 254 [7
chronic hepatitis (mln) S417] S016] to 62-74 [5]
Risk of cirrhosis development 15-30% in 20

- 8-20% in 5 years 3 [9] 30-70% in 2-6 years -

for chronic patients years [6,8]
Risk of H.CC de.velop.ment for ~3% in 5 years 7.5% in 5 years [26]
non-cirrhotic patients [25]
Risk of.HCC d.eveliopmer}t for } 2-5% in 5 years * [9] 2-4% in 20 23.1% in 5 years [26] )
patients with cirrhosis years [8]
Annual number of associated 0 11:630[121} Z(')135 6 1100 242 4.4
deaths (th d ’ 2022) [7 2022 2023) [4
eaths (thousands) (2023) [4] (2022) [7] (2022) [6] (2023) [4]
Prophylactic vaccine Yes Yes [7] No Yes! Yes 2
Yes (for 95%
Curable with antiviral drugs NA No [9] es (for 95% No NA
cases) [6]

! Prevented with anti-HBV vaccines. 2 The only available is HEV 293 vaccine (Hecolin) approved in China [3,12].
3 in case of adult patients. * 4548 cases in the EU [https://www.ecdc.europa.eu/en/publications-data/hepatitis-
annual-epidemiological-report-2022]; 1648 cases in the US in 2023 [https://www.cdc.gov/hepatitis-surveillance-
2023/hepatitis-a/].

HCV is (+)-strand RNA enveloped virus of Flaviviridae family [27], reclassified recently to a
newly defined Hepaciviridae family [28]. It enters hepatocytes by interaction with four different
receptors [29-32] with concomitant clathrin-dependent endocytosis [33]. Following uncoating, viral
RNA is translated, and proteolysis of the polypeptide leads to production of 3 structural and 7 non-
structural proteins [27]. The nonstructural proteins assemble into replicase on ER membrane and ER-
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derived double-membrane vesicles, which are the sites of viral genome replication [34,35].
Subsequent capsid assembly on lipid droplets and their coating with envelope glycoproteins and
lipids the virions are released from cells [36].

HCV was discovered in 1989 [37], and the progress in its research and the discovery of DAAs
occurred only ten years later. The key events were the development of non-infectious replicon [38]
and pseudovirus [39] particle models that allowed investigation of virus entry and replication. The
discovery of infectious HCV clone from a patient with fulminant hepatitis C (JFH1 isolate) [40] gave
rise not just to an efficient replicon model [41] but also to infectious cell culture model (HCVcc) that
gave the researchers ability to study late stages of virus life cycle [42—44]. These discoveries were
associated with identification of host proteins that serve either as (co)receptors [29-32] or factors of
efficient genome translation (i.e. liver-specific miR122 [45]) or, in contrast, restrict the virus and confer
resistance of cells to the infection (i.e. Rigl dsSRNA sensor that triggers production of type I and III
interferons during the infection) [46].

HBV is an enveloped virus with short circular partially double-stranded DNA (rcDNA) genome
covalently linked to viral P protein [47]. It enters the cells via initial binding to heparan sulfate
proteoglycan (HSPG) [48], subsequent internalization via binding of pre-S1 domain of surface antigen
with sodium taurinecholate receptor (NTCP) [49] and clathrin- and dynamin-dependent entry [50].
After uncoating and transporting to the nucleus, P protein is removed and viral DNA is ligated with
following plus strand recovery and covalently closed DNA (cccDNA) formation (reviewed in [51]).
Lately, cccDNA can be sensed by chromatin remodelers (such as HIRA 1) to form minichromosomal
DNA, which persists in cells and serves as matrix for viral genome replication [52]. HBV genome has
four partially-overlapping open reading frames that encode Pol (DNA polymerase), S (surface HBs),
C (core, capsid, HBc) and X (regulatory, HBx) proteins [53]. Their transcription results in formation
of viral protein mRNAs as well as pregenomic RNA (pgRNA) followed by core protein and viral
polymerase translation. Then the association of HBc, Pol and pgRNA occurs and reverse transcription
leads to synthesis of minus strand DNA with later partial plus strand formation due to presence of
direct repeats in viral genome [54]. At the latest stages rcDNA containing particles associate with
surface antigens, which are secreted as mature virions or empty capsids.

HDV is an RNA virus with circular RNA genome that has a single open reading frame [17].
Being HBV satellite hepatitis delta has same surface antigens and enter into hepatocytes in a similar
manner. After internalization, HDV genome translocated to nucleus where its replication occurs via
host cell RNA polymerase activity (with RNA pol II predominantly) [55]. At later stages of life cycle,
adenosine deaminases (ADAR) catalyzes editing of stop codon sequence in a negative strand which
leads to extension of the ORF which ultimately leads to translation of two versions of HDV antigens:
small and large (S- and L-HDAg) [56]. SSHDAg promotes viral genome replication by displacing
negative elongation factor from RNAP II and via interactions with histones and chromatin
remodeling proteins [57-59]. L-HDAg plays is responsible for transporting of HDV genome from
nucleus to cytoplasm, association with surface antigens of HBV on the endoplasmatic reticulum and
finally for viral particles assembly and excreting [60,61]. At the same time, both small and large
variants of HDAg are found in HDV virions [62] implying that both of them form ribonucleoprotein
complex for subsequent coating with HBV surface antigens. It is worth mentioning that envelope
proteins of other RNA viruses (such as HCV, Dengue or vesicular stomatitis viruses) can ensure
formation and subsequent spread of HDV-like infectious particles [63], albeit so far this has not been
shown in nature.

The state of HBV and HDV research resembles the state of HCV research in early 2000s — i.e.
prior identification of a full list in indispensable pro-and antiviral cell proteins. It is well
acknowledged that just few genomic equivalents (GE) of HBV is sufficient to establish infection in all
liver hepatocytes [64]. In 2D culture primary human hepatocytes similar infection rates can also be
achieved though up to 10,000 GE are required [64,65]. In contrast, in both tumor and non-tumor cell
lines even overexpression the NTCP receptor HBV infection rates do not normally exceed 20-25%
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(discussed below). Permissivity to HDV is much lower, even in PHH [65-68]. This suggests that there
are some yet undiscovered host cell pro- or/and antiviral factors.

So, the general goal of this review is to present an overview of available in vitro models, give
account of approaches used to increase infection rates, and available data of host cell proteins that
either promote these infections or act as antiviral factor, as well as to provide possible directions of
their discovery.

2. Cell Culture Models of Hepatitis B and Delta Viruses

2.1. HepG2.2.15 and HepAD38 Cell Lines

Transfection of n-meric viral genome constructs is one of the most efficient way to reproduce
infection in vitro. Although such approach may be non-physiological due to absence of viral fusion
and entry, it fully reproduces HBV and HDV replication in such non-permissive cells as Huh?,
Huh?7.5 and HepG2. Back in 1987 M. Sells and colleagues used transfection of 4-meric HBV construct
with following antibiotic selection to create HepG2.2.15 cell line which stably produces virus
especially under DMSO treatment [69]. Apparently, careful selection allowed to pick a cell clone with
successfully conversion viral DNA to a minichromosome with establishment of chronic infection.
Thus, this cell line can be effectively used for drug screening, as a HBV positive control or as a source
of viral particles with following concentration using 8% PEG for highly concentrated stock solution
(for example, [70]). A similar cell line HepAD38 with inducible HBV production was created [71].

Finally, recently Blanchet M. and colleagues used HepG2.2.15 cell line to modify it for HDV
coinfection studies [72]. They were able to conduct insertion of 2kb HDV ¢cDNA under Tet-off control
via CRISPR-Cas9 system and generate HepG2DB cell line. During the absence of doxycycline these
cells demonstrate reliable HDV RNA production as well as virion production. Interesting detail, HBV
pgRNA and viral particles production were decreased under HDV replication which is in line with
studies of HBV/HDV dynamics in coinfected patients [73].

2.2. Primary Human Hepatocytes (PHH)

Primary human hepatocytes (PHH’s) were the first identified cells to support HBV and HDV
infection in vitro [74,75]. Even now PHH’s are considered as the most physiological model due to
their metabolic status and levels of expression of hepatocyte-specific genes [76]. They are typically
maintained in Williams E medium supplemented with insulin, hydrocortisone and DMSO to support
its differentiated state [65]. Under these conditions >90% cells could be infected with HBV [65], albeit
it requires 10°-10¢ GE per cell [65]. The infection in PHH is non-lytic and is stable for >1 month [77].
Moreover, PHH is the The drawbacks of this system are i) low availability of these cells for laboratory
usage; ii) very high heterogeneity in infection rates between PHH batches from different donors, as
reported from the very first paper on the subject [74]; short-term suitability due to dedifferentiation
and decrease in NTCP expression shortly after isolation of the cells [78,79].

2.3. Differentiated HepaRG Cells (dHepaRG)

HepaRG cells were discovered by Guguen-Guillouzo team in 2002 [80]. It was initially isolated
from a hepatocellular carcinoma of a patient with chronic hepatitis C. The authors observed that some
isolated cells retained ability to grow and form a hepatocyte-like structure upon treatment with
DMSO and hydrocortisone. They were also capable of dedifferention with subsequent differentiation.
Importantly, these cells despite their origin were negative for a classical HCC marker — a-fetoprotein
but in differentiated state demonstrated marked expression of hepatocyte markers such as albumin
secretion, cytochrome P450 (CYP) expression resembling those of PHH. Therefore, HepaRG cells
became one of the best models for toxicology [81].

HepaRG cells differentiate not just into hepatocytes: the resulting heterogenous culture is
comprised of two different areas representing hepatocyte- and cholangiocyte-like cells [82]. The latter
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exhibits expression of typical markers of mature cholangiocytes. So, HepaRG cells are considered as
liver bipotent progenitor cells [83].

Differentiated HepaRG cell culture supports HBV infection, though just 10-20% cell are
permissive [65]. These cells represent hepatocyte-like cells, while cholangiocyte-like cells remain non-
infected. Infection of HepaRG cells requires high MOI: typically 300-1000 genomic equivalents per
cell are used.

2.4. HepaRGNT™¢C

Discovery of NTCP protein as main entry receptor by H. Yuan and colleagues in 2012
significantly boosted all available cell models in HBV and HDV permissiveness [49]. Thus, HepaRG
cells with stable ectopic expression NTCP under Tet-inducible promoter has become one of the most
useful model. Typically, the most efficient infection can be established by adding 2.5% DMSO, 4% of
PEG8000 with MGE 100 or higher [84]. Moreover, due to increased permissiveness, HepaRGNTCF cells
could be differentiated much faster than during 4-weeks, as according to the standard protocol. David
Durantel’s team proposed an alternative approach which takes just 10-day treatment with 1.8%
DMSO and 5C cocktail [85].

2.5. Hepatocarcinoma Cell Lines (HepG2NTCP, Huh7NTCP, and Huh7.5NTCP)

Initially, Huh? cells were introduced for hepatitis virus research by Ralf Bartenschlager’s group
who identified that these cells could support autonomous replication of HCV full-length and
subgenomic replicons [38]. However, this was a feature of just few cells from a population [38],
leading to isolation of various clones of HCV replicon-harboring Huh7 cells with subsequent
clearance of infection with a recombinant interferon a. These clones, obtained by various groups,
were labelled as Huh7cured [86] and Huh?7.5 [87], respectively. The latter was previously shown to
have a mutation in Rig-I (DDX58) sensor of dsRNA thus lacking ability to induce interferon response
to RNA viruses [46], albeit lately the inactivation of this innate response pathway was attributed to
its missing IRF7 component [88]. To date, there are different variants of Huh7 and Huh7.5 cells
circulating in the community, as exemplified in [89]. We even encountered incorrectly labelled cells,
i.e. Huh7 cells lacking interferon response indicating that they are actually a Huh?7.5 or Huh7cured
cell line. With this in mind, Ming Zhou et al screened Huh? cells from various sources and identified
the variant named Huh7D that demonstrated resistance to polyethylene glycol and DMSO with
ability for partial differentiation in confluent state [90]. They obtained Huh7DNTC" cell line and
showed that it ensured higher levels of HBV infection than classical HepG2NTPC cells. A Huh?7.5NTCP
cell line was recently reported to support HBV, HCV, HDV and HEV infections after differentiation
with DMSO for q week [91]. This was explained by higher levels of NTCP expression. Noteworthy,
that in HCV field there is another cell line with the same name (Huh7D) generated by Feigelstock
and coauthors [92].

Initially, HepG2 cells were isolated from liver of 15 years old patient with hepatocellular
carcinoma in 1975 [93]. The key feature of this is the high-level production of some hepatocyte
markers like Alb and AFP, which made them a very popular model in further studies. Due to its easy
handling HepG2 were commonly used in Hepatitis C studies as well as for HBV replicon transfection
[94,95]. Moreover, even before NTCP was described as HBV/HDV entrance receptor, some
experiments demonstrated HepG2 permissiveness for HBV [96,97]. Though, the information on
infection effectiveness and antigen expression are controversial and has poor reproducibility [80]. It
is worth mentioning that ectopic expression of NTCP significantly improves HBV and HDV
permissiveness. Infection of HepG2NTCP cells require 102-10° genomic equivalents of HBV [98] and
lower MOI for HDV are used, typically 20 to 100 particles per cell [99,100]. Additionally, multiple
studies demonstrate effectiveness of colony-peaking approach. For example, A. Konig and colleagues
generated HepG2-NTCP derivate cell clone that supports not only infection but also cell-to-cell
transmission [101]. Also, in report of Zahoor et al one of subclones demonstrated significantly
increased cccDNA content as well as antigens production with efficient infection even in PEG-free
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conditions [102]. Nevertheless, a lot of studies demonstrated multiple genomic rearrangements,
transcriptome changes and poor cytochrome P450 expression compared to normal human
hepatocytes [103]. As a result, HepG2, being a cancer cell line, has very low suitability in studies of
HBV/HDV-driven pathogenesis.

To ensure production of infective HDV virions, a Huh7-HB2.7 cell line was developed by stable
expression of HBs antigens together with HBx [104]. Although it is not permissive to the viruses itself
due to absence of NTCP, its transfection with pSVLD3 plasmid (encoding a trimer of HDV genome)
not only established replication of virus genome but also support late stages of HDV life cycle. In
addition, its clone that provided higher titers of HDV virions was selected. Finally, to obtain cells that
ensures complete HDV life cycle of HDV a similar hepatoma cell line was obtained from HepG2NTeP
by transfection of HB2.7 fragment of HBV genome (encoding HBs and HBx) [105].

Li23 is another HCV-permissive cell line [106,107] that was utilized in hepatitis B research. As in
case of Huh7, NTCP overexpression gave Li23 ability to support HBV infection [108].

In 2014, a new hepatocarcinoma cell line - HLCZ01- was isolated [109]. It was shown to express
the receptors for HBV (NTCP) and HCV (CD81, SR-BI, claudin 1, occudin) thus not requiring their
overexpression. As a result, it can be infected with both viruses. But again, the infection rates for HBV
do not exceed 30% of the population. However, HBV infection continues for at least three months.
So, this cell line should allow to model HBV/HCYV coinfection, although this was not studied by the
authors.

2.6. Stem Cell Derived Hepatocyte-like Cells

Human hepatocyte-like cells (hHLCs) is a general term to describe cells with phenotype close to
PHH which can be obtained from induced pluripotent stem cells or embryotic stem cells. Initial
interest to such cell models dictated by difficulties with PHH availability for many research facilities.
Thus, HLCs have become a valuable instrument in drug metabolism and liver diseases.

There are numerous protocols describing HLCs generation but most of them aim to replicate
normal hepatocyte maturation in vivo. The description of common steps as well as key factors
mediating phenotypical changes are given in Table 2.

Table 2. Steps of differentiation of stem cells into hepatocyte-like cells.

Key signaling cues What the stage

Stage Cellular identity (small-molecule / growth-factor) accomplishes

1. Pluripotent . mTeSR1 or equivalent basal medium; ROCK Provides cell survival
hESC or iPSC N - .
stem cell . inhibitor (Y-27632) for survival [110,111] and pluripotency
(self-renewing) .
preservation
Shift cell phenotype
from pluripotent
towards endoderm

maintenance
Early endodermal

2. Definitive ~ progenitors that give

endoderm (DE) rise to liver, pancreas,

High Activin A (=100 ng*ml?);
Wnt activation (CHIR99021) and/or BMP-4;
often combined with low-dose FGF-2 [112]

gut lineage
Establishes a
3. Foregut with Cells of the foregut that fiver-biased
hepatic are primed for hepatic BMP-4, FGF-2/FGF-4 transcriptional program
o and/or low-dose CHIR99021 [113,114] (e.g., HNF4a, FOXA2)
specification fate

Bipotent progenitors
capable of becoming

E lati
4. Hepatoblast / HGF (20-50 ng ml') and FGF-2, sometimes xpands a population

that can further

Early hepati 1 t ith DMSO [11
arly iepatic hepatocytes or supplemented wi SO 5] differentiate into
progenitor : .
cholangiocytes functional hepatocytes
Continued HGF, addition of Oncostatin M
5. Immature  Cells expressing early (OSM) and low-dose dexamethasone; Initiates maturation,
hepatocyte-like hepatic markers (ALB, small-molecules such as forskolin or enhances metabolic
cells AFP) but still fetal-like vitamin C may be added enzyme expression
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7 of 32
Cells resembling .adult High-dose OSM, dexamethasone, and Produces functlonal
hepatocytes (high HLCs suitable for

. . sometimes additional maturation factors
6. Mature HLCs albumin secretion, CYP

activity, glycogen
storage)

disease modeling, drug

(e.g., HGF boost, nicotinamide, .
screening, or

insulin-transferrin-selenium) therapeutic applications

Additionally, some protocols describe direct overexpression of factors which promotes iPSCs
hepatic commitment. For example, K. Takayama and colleagues used Ad vector for transduction of
HNF4a, SOX17 and HEX [116]. HNF4a is known as one of key regulator during liver development
responsible for organ architecture formation and epithelium development [117]. Therefore, its
overexpression during hepatoblast stage (day 9) (i) increases hepatocyte markers expression (ii)
decrease levels of pancreatic and cholangiocytic markers and (iii) promotes mesenchymal-to-
epithelial transition which ultimately leads to hepatocyte phenotype development. Moreover, the
same group of authors used the established approach for HLCs generation for HBV infection
simulation [114]. On the day 25 iPS derived HLCs demonstrated similar to PHH NTCP expression
and supported HBV infection. Remarkable that unlike in HepG2-NTCP cells, infection in iPS-HLCs
demonstrate a gradual increasement in HBV RNA and antigen proteins levels over time.
Nevertheless, no experiments on HDV infection were perfomed using these cells.

Numerous studies demonstrate that iPSC or hESC derived HLCs in monolayer or organized in
3D structures can be used for HBV infection [118,119] but limited information available for hepatitis
D. Nevertheless, in the study of H. Chi and colleagues hESC derived HLCs were infected with HDV
and demonstrated viral genome replication (both genomic and antigenomic RNAs) as well as HDAg
translation [67]. Remarkably that unlike common HCC cell lines, ectopic expression in HLC via AVV
transduction has minor effect on infection rate. But the most interesting observation is that coinfection
of HBV and HDV (around 8% of HBc positive cells are coinfected with HDV) or monoinfection of
HDYV followed by AAV-HBsAg boosted hepatitis D viral particle formation and progeny which is
consistent with infection in vivo. Lastly, it's important to highlight the diverse nature HLCs-based
models due to variety of protocols. Nevertheless, some attempts have been made to create
transcriptomic-based approach for research guidelines [120].

2.8. Three-Dimensional (3D) Cell Models

Marcus Dorner’s team used an alternative approach which was a cultivation of PHH in a
microfluidic collagen coated polysterene scaffold [79]. It allowed formation of 3D microtissues in
which PHH were functional for at least 40 days and exhibited 5-6 fold higher levels of albumin
secretion than 2D PHH cultures. Importantly, these hepatic microtissues could be effectively infected
even at ultra-low MOI (0.05 genomic equivalents per cell) without additional reagents. This system
was characterized by high levels of HBV cccDNA, pgRNA and HBsAg secretion.

2.9. Other Cell Lines

Primary hepatocytes of chimpanzees are permissive for HDV infection but do not support full
infection of HBV [121,122]. In contrast, productive HBV infection can be established in primary
hepatocytes of Tupaia [123-125]

Kato group reported HBV infection in the NTCP-overexpressing NKNT-3 cell line (NKNT-3NTCP)
[126,127], representing human hepatocytes immortalized by transduction of SV40 T-antigen-
encoding retrovirus [128]. The parental NKNT-3 cell line was not permissive to HBV [126].
Overexpression of the NTCP receptor conferred ability to support HBV infection but its levels were
markedly lower than those in HepG2NTFC cells.

2.11. Co-Culture Systems

One of the major drawbacks of current in vitro models of HBV infection is the absence or very
low level of virus spread after initial infection. This can be enhanced by co-cultivation of hepatocytes

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

with non-parenchymal liver cells. The first report on the subject characterized a co-culture of human
fetal hepatocytes with co-isolated non-parenchymal cells that supported prolonged (up to 10 weeks)
HBYV infection [129]. This paper did not assess the spread of virions. This approach was later used by
Alexander Ploss lab who also demonstrated a prolonged HBV infection upon co-cultivation of PHH
with liver stromal murine fetal fibroblasts (3T3-]2 line) [130]. Such co-cultivation was earlier reported
to enhance hepatocyte functions and ensure switch to oxidative phosphorylation, as evidenced by
increased oxygen uptake[131]. Percentage of infected cells, assessed in the subsequent paper of Ploss
lab [132], reached 40% for HBV and 80% for HDV. Importantly, such co-culture system ensured
prolonged replication of both viruses in coinfection and superinfection settings. A similar approach
from other group could demonstrate HBV spread upon co-cultivation of human PHHs with human
fibroblasts [133]. The highest levels of spread were observed at fibroblast:PHH ratio of 1:5. Although
the role of fibroblasts in enhancement of infection is not completely understood, they do upregulate
expression of the NTPC receptor. A recent paper [134] shows that portal fibroblasts increase functions
of hepatocytes in 2D and 3D cultures partially via insulin-like growth factor binding protein-5
signaling but mostly via direct contracts. Additional enhancement of PHH functions can be achieved
by inhibiting Notch pathway. However, it should be emphasized that co-culture approach to our
knowledge has never been validated in other HBV-permissive cell lines as well as for HDV.

Interestingly, the same paper [133] reports mutations in HBV genome that enhance infection rate
and ensure prolonged infection. They include substitutions in HBx (G1764A and C1766T), HBc
(A2062T) and P/HBs proteins (G225A). The same mutations are found in patients with chronic
hepatitis B, conferring high replication levels and poor prognosis with a high risk of HCC. For in vitro
models, the mutations allowed to achieve a complete infection at very low MOI (5-25 genomic
equivalents per cell).

3. Approaches to Increase Infection Rates

3.1. Low Affinity Binding Enhancers: Polyethylene Glycol (PEG) and Heparin

One of the main approaches to increase rates of HBV and HDV infection is the addition of PEG-
6000 or PEG-8000. This compound is widely used for precipitation of HBV [] and other viruses for
concentration of virion stocks or to increase sensitivity of their detection in diagnostics [135]. PEG is
also a reagent with high fusogenic activity, thus it can enhance entry of enveloped viruses (for
example, [136]). Initially it was proposed for infection of PHHSs [137] and later the approach was
translated for infection of other permissive cell lines []. The standard protocol includes removal of
virions (and PEG) containing conditioned medium the next day after transfection to avoid toxicity.
However, in recent years Rice group suggested adding PEG 2-3 days post-infection and keeping it
afterwards medium to provide a possibility for HBV spread in culture [109]. This approach may
increase percentage of infected cells up to 90%. PEG was detrimental for high spread of both HBV
and HDV in the settings of PHH-nonparenchymal cell fibroblast co-culture [132] that are extensively
discussed below above.

Finally, heparin was also described as agent capable to promote HBV infection [138]. It is
interesting because earlier reports demonstrated that NTCP binding with its natural substrates (bile
acids salts) can impar HBV and HDV infection [139]. But physiological concentration of heparin,
which is capable to bind HSPG, allows to infect cells effectively with lower PEG concentrations. This
can be beneficial as the whole model becomes closer to real infection conditions.

3.2. Dimethylsulfoxide (DMSO)

DMSO critically enhances infection of HBV and HDV in primary human hepatocytes [74],
HepaRG [140], HepaRGNT? and HepG2NTPC cells [141]. The only exception are Huh7.5NTC cells [142].
Its addition increases percentage of infected PHH from 5% [75] to 20% in case of HDV and from 10%
to 90% in case of HBV. Its effect is associated with induction of the NTCP receptor on PHH and
HepaRG cells as well as with suppressed proliferation and enhanced cell differentiation. So, it is not
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surprising that DMSO primarily enhances entry of viruses rather than their consequent replication
[74].

DMSO is an organic solvent that is often used as a differentiation agent for cell lines of various
origin including stem and progenitor cells, blood cells, liver cells (for example, [143,144]). DMSO is
used during last two weeks of differentiation of HepaRG cells according to the standard protocol. It
profoundly increases levels of expression of hepatocyte-specific genes such as albumin, a-antitrypsin,
and cytochromes P450 [81,145,146]. In HepaRGNTP cells it triggers moderate/partial differentiation,
as the levels of expression of hepatocyte-specific genes remain far from those in PHH or naive
HepaRG¢di, This is currently attributed to suppression of differentiation by NTPC-encoding lentivirus
transduction. DMSO is known to trigger partial differentiation of hepatocarcinoma cell lines as well,
as revealed by expression of the same hepatocyte markers [147,148].

DMSO becomes dispensable for HBV and HDV infection in experimental system that ensure
other techniques for keeping hepatocytes differentiated, such as PHH-nonparenchymal fibroblast
cocultures [132]. However, even in this case it does increase rates of infections, although less
pronouncedly as monocultures.

Trancing changes in gene expression during DMSO treatment may help to identify pro- and
antiviral factors. Apart from induction of the NTCP receptor [149], DMSO in HepaRG cells increases
expression of genes regulated by PXR and PPARa, and the genes controlled by histone acetylation
[145]. It also induces remodeling of cytoskeleton and extracellular matrix. This points to these genes
as potential proviral factors.

DMSO triggers reprogramming of cell metabolism. In HepG2 cells it suppresses glycolysis and
lactate production, as well as biosynthesis of fatty acids / triglycerides [150]. Reduction of lipid levels
in DMSO-treated cells is also achieved via induction of autophagy [151]. This does not necessarily
imply shift from glycolytic to respiratory phenotype, as such data are missing for liver cells, and in
breast cancer cell lines DMSO was reported to suppress oxidative respiration [152]. In contrast,
differentiated HepaRG cells demonstrate oxidative respiratory phenotype with extremely low
glycolytic capacity [153]. Transcriptomic analysis also shows suppression of biosynthetic and
activation of catabolic pathways which is contrary to the phenotype of hepatocarcinoma Huh?7.5 cells
[154]. However, metabolic reprogramming is unlikely to affect HBV/HDYV infection rates, as these
viruses have rather similar replication levels in HepaRG, HepaRGNT®” and Huh7NT cells [66].This
conclusion is also confirmed by our recent paper showing absence of anti-HBV or anti-HDV activity
of pharmacological inhibitors of central metabolic pathways (glycolysis, glutaminolysis, serine and
asparagine biosynthesis), proviral effect of DMSO is unlikely be mediated by metabolic
reprogramming [153]. However, this has to be verified with inhibitors of pathways that were not
tested in this paper such as respiration/oxidative phosphorylation.

Interestingly, DMSO significantly enhances infection rates in HepaRG cells of not only HBV or
HDV but also of human adenovirus [155]. Its effect was much more pronounced in Williams E
medium rather than in classical DMEM. Importantly, DMSO enhanced entry of adenovirus and not
its subsequent replication. This implies that its role is likely to be associated with elevated expression
of virus receptor and/or enhanced endocytosis. However, the authors could not totally exclude partial
effect of this solvent on repression of antiviral proteins such as PML.

3.3. Culture Medium and Extracellular Matrix

Optimization of culture medium is less widely used approach. To date most studies are
performed in PHH or HepaRG cells maintained in Williams E medium supplemented with insulin
(suppressor of glyconeogenesis and activator of PI3K/AKT cascade) and hydrocortisone
(differentiation inducer) as well as DMSO as the differentiation agents [156,157], or in NTCP-
overexpressing hepatocarcinoma cell lines in DMSO-supplemented DMEM or DMEM/F12 [98,158].
As mentioned above, in the first case, Williams E medium is required at least for a more protent effect
of DMSO on cell differentiation process. However, there are also scarce reports on attempts to
enhance infection rates by adjusting medium composition. One of the most successful attempts was
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reported by Zodgdi Feng group [159]. They showed that cultivation of HepG2NTFC cells in commercial
human inducible pluripotent stem cell (iPSC)-derived hepatocyte maintenance medium (HMM) from
Takara Bio significantly enhanced expression of the NTCP receptor and enhanced rates of HBV
infection. This medium potentiated virus entry rather than replication, as the increase required at
least 24 h preincubation prior the infection. The authors also showed that the medium did not affect
virus spread after the initial infection. Transcriptomic analysis identified differential expression of
various genes. An additional approach to increase rates of HBV infection is the usage of reagents that
enhance differentiation of cells towards mature hepatocytes. It was reported that a mixture of 5 small
molecules supports long-term polarization of PHH with high-level expression of hepatocyte markers
and significantly prolongs HBV infection [160]. This mixture includes an adenylate cyclase activator
forskolin (FSK), an inhibitor of TGF[1 receptor SB43, an inhibitor of Notch signaling DAPT, inhibitor
of Wnt/Bcatenin pathway IWP2, and BMP1 receptors LDN193189. Later, Lucifora and colleagues
reported that the same C5 mix can accelerate HepaRGNTCP differentiation, boost NTCP expression and
thus allow efficient HBV and HDV infection [85]. Importantly, this medium allowed to differentiate
HepaRG cells just within one week, in contrast to four-week standard protocol.

Tyrell’s group reported substitution of human serum instead of classical fetal bovine serum
[142]. Such change resulted in two-fold increase in cccDNA levels and up to tenfold increase in
PgRNA levels and HBsAg secretion. The effect is at least partially mediated by enhanced
glycosylation of the NTCP receptor with unaltered levels of this protein. Noteworthy, earlier the same
group demonstrated enhancement of HCV infection rates in Huh?7.5 cells by FBS-to HS substitution
[161]. In case of HCV the enhancement was mediated by production of more infectious virions due
to better differentiation of hepatoma cells in the presence of human serum and higher production of
lipoproteins that associate with HCV virions and define their infectivity. In case of HBV infection, HS
can also promote infection via enhanced differentiation of Huh7.5NTC? cells, as they require 21-day
differentiation [142].

Selenite is another trace nutrient added to HBV-permissive cell lines. It was initially used as one
of components of serum-free in experiments with non-adherent HepaRG cells (see below) [162].
Selenite is required for expression of selenoproteins many of which act as antioxidant enzymes (such
as glutathione peroxidase 4). HBV, HCV and HDV induce oxidative stress [163,164], therefore,
antioxidant enzymes could be required for their efficient replication and survival of infected cells.
HCV was previously shown to induce GPx4 expression to protect infectivity of its virions against
lipid peroxidation-mediated inactivation [165]. Moreover, Rice group identified a selenoprotein
Sec14L2 as a pan-genotype proviral factor in Huh7.5 cells [166]. In virology-unrelated studies, selenite
was shown to protect cells seeded at low density against ferroptosis — a programmed variant of
necrosis [167]. However, in case HBV and HCV research, the role of selenite remains doubtful, as the
only paper reports its moderate antiviral activity at rather high (micromolar) concentrations [168].

Growing hepatocytes on various matrixes is known to promote their long-lasting survival and
correct differentiation [169]. Moreover, the best results are observed when hepatocytes are kept
between two layers of collagen [170]. This approach has been successfully applied for hepatitis
assays. For example, Hep(G2.2.15 cell are maintained on collagen-coated plates/dishes for high-level
infection [171]. Even higher yields of HBV virions are obtaine, if HepG2.2.15 cells are cultivated on
Cytodex-3 substrate [172].

Another approach for enhanced and more rapid differentiation of HepaRG or hepatoma cells is
coating of cell culture with Matrigel [82,173]. However, to our knowledge, coating of 2D cultures of
hepatic cells with Matrigel has never been studied in the context of hepatitis viruses.

3.4. Infecting Cells in Suspension

Another approach that has been reported by several groups is the infection of cells in suspension.
To date there are two variants of such infection. The one, reported by Okuyama-Dobashi et al,
involved cultivation of HepG2NTC cells un serum-free media (Williams E medium supplemented
with classical insulin/hydrocortisone together with dexamethasone, selenite, transferrin, and
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recombinant human epidermal growth factor (EGF) [162]. In such conditions the authors could
achieve similar levels of HBV infection at considerably lower infection MOI (as low as just 100 GE
per cell). Importantly, they achieved infection of a majority of cells in population, which is never
observed in adherent cells. A detailed analysis suggested that virus entry was mediated through pre-
S1 region of the HBs antigen.

An independent study of Ran Yan and colleagues proposed a “spinoculation” protocol of
infection, in which adherent HepG2NTrC cells are harvested by classical trypsin-ETDA procedure and
are infected during centrifugation (up to 1,000 g) with subsequent cultivation in adherent state [141].
This allowed to increase infect up to 60-70% cells, while standard procedure yields up to 25%.

These two quite similar approaches suggest that virus attachment to cells remains one of the
most critical steps in the infection process. On one hand, suspension cells can be more permissive
also via different gene expression profile (with possible more favourable expression of host proviral
factors), as they are cultivated in serum-free medium. On the other hand, the success of spinoculation
protocol may show that the cells in suspension could merely be more “open” for correct HBV
attachment, which could be additionally enhanced by centrifugation. One possible explanation could
be a polarization of HepG2 or HepaRG cells, as the virus seems to infect via basolateral membrane
which is not readily accessible in differentiated HepaRG cells [65]. Urban group demonstrated that
disruption of cell-cell contacts (by EGTA) increased the rate on HBV infection [65]. Supporting
evidence come from a microfluidic 3D PHH model, in which HBV spread towards a majority of cells
can be achieved with just 0.05 genomic equivalents of the virus [79]. These approaches still have to
be verified by other groups and be evaluated for hepatitis delta virus.

4. Host Cell Proteins as Permissiveness Factors to HBV and HDV

HBYV entry occurs via clathrin- and dynein-dependent endocytosis [50]. There are three stages
in early steps of virus life cycle that are required for establishment of production infection. They are:
i) initial attachment of virions to low-specific factors of cell surface, ii) binding to receptor(s) and
subsequent internalization and iii) conversion of rcDNA into cccDNA [50].

The initial step of HBV entry in binding of virions to heparan sulfate proteoglycans (HSPGs)
(Table 3) [48,174]. Their glucosaminoglycan side chains mediate binding to the large HBV surface
antigen (L-HBs) [174,175]. To date, two members of HSPGs were identified as pro-HBV/HDYV factors:
Glipican 5 [176] and Syndecan 2 [177]. Bartenschlager’s group also revealed that HBV binds
lipoptoteins and can reach hepatocytes via import into Kupffer cells and subsequent re-export by
cholesterol transport system [178]. However, this is not likely to affect infection of hepatocytes in
monoculture models.

The major host cell protein that ensures HBV/HDV entry is the sodium/taurocholate
cotransporting polypeptide (NTCP) expressed in mature hepatocytes [49,66,139]. It was discovered
in HepaRG cell, as various hepatocarcinoma cell lines do not express this receptor. However, its
overexpression in hepatoma cells is not sufficient for virus entry, as it does not necessarily results in
correct localization [179]. E-cadherin ensures correct localization of NTCP on cell membrane through
their direct association [180]. Moreover, NTCP is the glycoprotein, and status of its posttranslational
modification also significantly affects permissiveness of liver cells to HBV [108,181]. These
modifications are required for NTCP-E-cadherin binding [180]. Noteworthy, NTCP is likely to be not
the sole receptor for HBV and HDYV, as its overexpression on cell surface in non-liver cells does not
make them permissive [181].

Table 3. Host cell permissiveness factors to HBV and HDV.

Permissiveness Factor Role

NTCP Putative receptor for HBV and HDV

Mediates clathrin-dependent entry after binding of viruses to

EGFR NTPC
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IFITM3 Facilitates entry in NTPC-dependent manner

Heparan sulfate proteoglycans (HSPGs):

low-affini h f h ime HB .
Glypican 5 and Syndican 2 Serve as low-affinity attachment factors that prime HBV entry

Binds HBV prior NTCP and is required for subsequent

Nrp1 attachment of virions to NTPC

E-cadherin Is required for correct localization of NTCP

NTCP-interacting proteins (e.g., EGFR,

E-cadherin, IFITM3) Modulate NTCP localization and entry efficiency.

Epidermal growth factor receptor is a pivotal cofactor required for HBV entry [182]. It mediates
uptake of virions after their initial binding to NTCP. EGFR knockdown does not abolish attachment
of HBV particles on cell surface but blocks their entry via clathrin-dependent endocytosis [182-184].
Importantly, interaction between NTPC and EGEFR is required for this process [182], with NTPC
oligomerization after initial association of these two receptors[185]. Its cofactor — EGF which is
secreted by liver sinusoid cells modulates HBV entry by regulation of EGFR uptake route: low EGF
levels support clathrin-dependent endocytosis, while high concentrations switch it to the
independent utilization to lysosomes [183].

Another proviral factor for HBV and possibly for HDV is Neurolipin 1 (Nrp1) [186]. It was
discovered as a differentially-expressed gene in HBV*and HBV- cells in liver biopsies of children with
chronic hepatitis B. Detailed analysis revealed that Nrp1 binds to pre-S1 domain of L-HBs prior to its
attachment to NTCP. Nrp1 inhibition abolishes efficient binding of HBV virions to NTCP and their
subsequent entry. However, it remains unclear if its overexpression can substantially increase
infection rates in cell models.

The last known to date co-receptor for HBV is the Interferon-induced transmembrane protein 3
(IFITM3) [187]. Though it belongs to classical members of innate immune response against viral
infections, Palatini and coauthors revealed that IFITM3 can bind to NTCP receptor and facilitate HBV
uptake. Moreover, its knockout significantly reduced levels of HBV infection.

McKeating group clearly demonstrated that most bound virions are internalized but in most
cells no cccDNA is not formed [50]. It points to cleavage of the P-protein and subsequent formation
of double stranded viral genome by host cell reparation enzymes as host factors required for the
infection. The enzymes involved in this process include tyrosilphosphodiesterase 2 (TDP2), FEN1
nuclease, and various other members of DNA replication and reparation machinery [47,188-190].
They are reviewed in details by Wei and Ploss [51].

5. HBV and HDYV Restriction Factors in Host Cells

The information about possible factors that may restrict HBV and especially HDV infections is
scarce. With the only exception, the data were obtained from the bulk population of infected and
uninfected cells thus not allowing to discriminate between permissive and non-permissive cells. In
addition, influence of HBV/HDV co-infection on expression and role of restricting factors remains
mostly unexplored.

5.1. HBV-Restricting Host Factors

5.1.1. Interferon-Stimulated Genes (ISGs)

The main innate immune response against viral infections is represented by production and
consequent signaling of type I and III interferons [191]. IFNs are produced in response to sensing
viral RNA molecules (dsRNA or 5-pppRNA) by a set of sensors including Rig-I, MDAS5, and TLR3/7
[192,193]. In response to interferon production, the neighboring cells strongly induce an array of
genes that encode proteins that interfere with various stages of life cycle of RNA viruses. They are
referred to as interferon-stimulated genes (ISGs) [194]. Indeed, there are data showing that both viral
RNA-sensing proteins and ISGs suppress HBV replication. Such inhibition is attributed to ISGs, as
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similar suppression can be induced by exogenous dsRNA molecules, as shown in PHH-mouse
fibroblast co-cultivation system [132].

Typically, type I and III interferons are induced simultaneously, as in case of influenza virus
[195] and HDV [68]. In contrast, two groups reported that HBV induces selectively interferons Al
(IL29) and A2/3 (IL28A/B) with concomitant production of ISGs. The data were obtained from PHH
[196] and the above-mentioned non-tumor immortalized NKNT-NTC* hepatoma cell line [126]. In the
first case this was mediated via Rig-I sensor that recognized e-region of viral pgRNA [196], whereas
in the second - by sensing HBV DNA by Cyclic GMP-AMP synthase (cGAS) with concomitant
activation of STING [126]. A clone of NKNT-NTCP cells with lower sensitivity to the virus
demonstrated higher levels of cGAS and induction of ISG56 suggesting that cGAS can act as an HBV-
restricting factor that is not expressed in classical HBV-permissive cell lines such as HepG2NTCP [127].
It should also be mentioned that HBV can overcome sensing by cGAS via down-regulation of its
expression as well as by packaging its DNA into capsids [197].

Sato et al showed that different genotypes of the virus may have different capacity to induce
these cytokines [196]. Unfortunately, their study did not include genotype D of the virus that is
predominantly used in HBV models such as HepG2.2.14 and HepAD38 cell lines used to produce
virus stock. Moreover, a list of other reports showed no induction of interferons and ISGs in chronic
hepatitis B virus patients [198] as well as during acute HBV infection in chimpanzees [199] or
humanized mice model [200]. Zoulim’s lab also demonstrated that HBV does induce IFNs in HepaRG
cells if delivered with baculovirus vector but suppresses their production and subsequent response
during natural infection [201,202]. This could be explained by inhibition of Rigl/MDA3 and TLR3
sensing systems by HBV [201] by HBx [203-205] and P [206,207]. Metabolic reprogramming could be
another mechanism by which the virus evades induction of type I interferons, as demonstrated in
PHH [208]. This is mediated by disruption of HK2/MAVS/Rig-I interaction on the outer membrane
of mitochondria leading to enhanced aerobic glycolysis and increased lactate production. Lactate
binds free MAVS adaptor protein preventing its interaction with Rig-I and subsequent interferon
induction.

Interferon lambda can suppress HBV replication [209]. This is restricted by expression of
different isoforms of the respective receptor — IFNLR1 [209], as it is expressed in rather low levels in
differentiated HepaRG cells and hepatoma Huh?7.5 cells, as revealed by RNA-seq by our group for
instance [146]. So, this receptor could be regarded as another anti-HBV host factor.

Various ISGs repress HBV replication predominantly by interfering with post-transcriptional
stages of virus life cycle. They include not only the abovementioned ISG56 [127], but also Mx1 (MxA)
[210,211], Mx2 (MxB) [212], zinc finger antiviral protein (ZAP) [213], ISG20 [214,215], Bst-2 (tetherin)
[216-218], and SAMHD1. MxA scavenges HBc in the perinuclear space preventing capsid assembly
[211] as well as inhibits export of viral RNA from the nucleus [210]. However, we should
acknowledge the ability of HBc to suppress MxA expression [219]. In contrast, MxB is believed to
suppress conversion of rcDNA into cccDNA not allowing to establish productive infection [212].
ISG20, a host cell RNAse with broad spectrum of antiviral activity [220], binds HBV pgRNA and
targets it to degradation [214,215]. ZAP is another ISG with ant-HBV effect that acts at post-
transcription stage of virus life cycle [213]. Presumably, it scavenges pgRNA and Bst-2 in a complex
with the regulatory ATP2B2 subunit of Na/K-ATPase inhibits HBV replication by preventing virion
secretion [216-218]. Two other ISGs, namely Galectin-9 and viperin, suppress HBV replication by
scavenging HBc antigen into cytoplasmic puncta and subsequent targeting to degradation [221].

SAMHDL1 is the dNTPase [222] that is induced by type I interferons [223]. It can suppress and
activate HBV replication by different mechanisms. On one hand, this enzyme suppresses HBV
replication by decreasing nucleotide pools [224]. On the other, it enhances cccDNA formation [223].
One can speculate that its action during the infection can be modulated by CDK2 [225].
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5.1.2. Transcription Regulators

To date, several host cell proteins were identified as factors that suppress HV transcription and
therefore its efficient replication. They could be divided into three groups: structural maintenance of
chromosomes' (Smc) complex, Tripartite motif (TRIM) proteins and NF«B. In 2016 a Nature paper
[226] with several consequent papers from other groups [227-229] reported that Sms5/6 can act as a
repressor of HBV transcription, with HBx protein that targets Smc5/6 to ubiquitin-dependent
degradation. Antiviral activity of Sms5/6 is achieved via targeting cccDNA to promyelocytic
leukemia (PML) bodies, in which SMC5-SMC6 localization factor 2 (SLF2) acts as a transcription
repressor [230].

Another group of anti-HBV factors is presented by members of TRIM proteins. They include
TRIMS [231], TRIM6 [231], TRIM11 [231], TRIM14 [231], TRIM21 [232], TRIM22 [233], TRIM25 [231],
TRIM26 [231,234], TRIM31 [231], TRIM28 [235], TRIM41 [231], and TRIM56 [236]. The most active are
TRIM5 and -11 isoforms [231]. They inhibit activity of core promoter and thus suppress HBV
transcription [233,236]. Antiviral effect of TRIM21 and TRIM26 is likely to be mediated by targeting
HBx to degradation [232,234].

The third repressor of HVB transcription is NF«B [237]. It act by bindings to Sp1 sites in HBV
genome. However, NFkB cannot be considered as a bona fide restriction factor, as it is present in all
cells and can be activated by various stimuli.

5.1.3. Cytidine Deaminases

Cytidine deaminases APOBECAS3 isoforms represent another group of host factors that restrict
HBV replication. APOBEC3G blocks assembly and production of HBV virions in vitro and in vivo
[238,239]. In addition, APOBEC3G [240-242] as well as A3B [241-243], A3C [240-242], A3F [242], and
A3H [241] edit HBV DNA either after incorporation into HBV capsids or at cccDNA level. This is
achieved by interaction with APOBEC1 members [244]. HBx protein is capable of decreasing levels
of APOBEC3G by promoting its secretion from cells [245]. However, its effect on levels of other
isoforms of the enzyme remains unknown. APOBEC3 enzymes represent a valuable target for
developing antiviral drugs. We showed that CRISPR-based induction of APOBEC3 expression leads
to a two-log reduction of HBV replication [246]. Therefore usage of cytosine base editors is considered
as a potential approach to suppress HBV infection in vitro and in vivo [178]. Antiviral activity of
APOBEC3 members can be also decreased by host cell proteins such as DHX9 that prevents their
binding to pgRNA of the virus [247].

5.1.4. DEAD-Box Helicases (DDX)

DEAD-box helicases comprise a large family of proteins with numerous functions that are
involved in innate immune response [248,249]. Several of its members exhibit anti-HBV activity. The
most notable example is DDX3 which is known to suppress replication of various viruses [250]. It
suppresses HBV transcription [251] as well as reverse transcription of HBV pgRNA [95]. DDX17 is
another member of the family that blocks packaging of pgRNA into capsids [252] where it is reversely
transcribed into rcDNA [253]. Noteworthy, HBV infection upregulates DDX17 via HBx protein [254].
DDX17 as well as DDX5 inhibit HBV transcription termination leading to decreased stability of HBV
RNA adding both enzymes as restriction factors of host cells [255].

5.1.5. Inflammatory and Profibrotic Cytokine-Signaling

Inflammatory cytokines produced by Kupffer cells (KC) also pronouncedly suppress HBV
replication, as shown by Dorner group in a microfluidic 3D PHH-KC co-culture model [79]. Also, the
discussed above cGAS/STING pathway also leads to induction of proinflammatory cytokines such
as IL-6 in NFkB-dependent manner, which also contributes to suppression of HBV replication [126].
This could be achieved via IL-6-mediated suppression of NTCP expression in hepatocytes [256].
Other possible mediators of such inhibition remain undiscovered. One of them could be transforming
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growth factor [3-activated kinase 1 (TAK1) which suppresses HBV transcription [257]. This protein is
a mediator of TNFa, IL-1, and TGFp1 [258]. However, this protein is unlikely to act as a restriction
factor, as its degradation was also shown to down-regulate HBV replication [259]. DDX5 also acts as
a repressor of HBV transcription by [260,261]. We should mention that DDX5 expression ensures
interferon signaling in HBV-infected cells [262]. And of course, interferon signaling is dependent on
DDX58 — Rig-1[196].

5.1.2. Miscellaneous

Other proteins that can restrict HBV infection are SERINKS [263]. SERINKS prevents secretion
of HBV particles [263]. Its role is confined in inhibiting HBs glycosylation. Another study revealed
SRSF10 protein, a regulator of alternative splicing machinery, as an HBV-restricting factor [264]. It is
likely to control turnover of nascent HBV RNA.

5.2. HDV-Restricting Host Factors

At the same time, type I and III interferons are strongly induced by HDV that may accompany
HBYV infection [68,153]. The key sensor for HDV RNA is MDAD5 [68]. Data on antiviral activity of type
I interferons are contrary: The above-mentioned paper reports no changes in HDV replication,
whereas Durantel’s group evidenced suppression of HDV infection [68], although at non-
physiologically high dose of IFNa [265]. However, proinflammatory NF«B signaling could restrict
HDV spread, as its induction using various stimuli was shown to down-regulate release and, more
importantly, infectivity of HDV virions [265]. This correlates with only moderate suppression of HDV
replication by exogenous dsRNA in PHH-mouse fibroblast co-cultivation assay [132].

A recent study from Arnand Carpentier and colleagues identified IRF1 as a factor that restricts
HDV spread [266]. They analyzed HDV-infected hepatocyte-like cells differentiated from iPS by
single-cell transcriptomic analysis, paying special attention to levels of (+)- and (-)-copies of viral
genome as well as to their correlations with expression of host proteins. This led to identification of
IRF1, a member of ISGs, as a protein that suppresses HDV replication and spread during division of
infected cells. Of note, IRF1 was not expressed in Huh7NTC cells, thus this host defense mechanism
cannot be studied in in the latter cell line. However, as Huh7N™C cells are not fully permissive to
HDYV, there are other restriction factors that have to be identified.

Of note, the same paper [266] also revealed elevated levels of DDIT4 in infected cells that harbor
genomic RNA of the virus (demonstrating active HDV replication). Although this excludes DDIT4
from a list of restricting factors, it suggests reprogramming cell metabolism by the virus. DDIT4 that
suppresses mTOR pathway [267] and a regulates autophagy [268], is known to be induced various
types of stress including ER stress [267,269,270]. As previously we showed that HDV antigens can
induce ER stress and unfolded protein response [164], this paper supports our data, not verified in
infectious cell model.

6. Future Directions

The data discussed above show that current laboratory in vitro models are inefficient, as in
majority they do not allow to infect most cells. The exception is primary human hepatocytes.
However, their limited accessibility and high heterogeneity make them not available for many
research groups. In addition, infection rates for HDV are also not high. This requires more endeavors
to improve these systems.

As presented in the Section 3, there are approaches to increase infections rates. They are the
usage of DMSO and other inducers of hepatocyte differentiation, PEG as a reagent that enhances
virus entry. However, they still do not ensure efficient infection in non-primary cells. The exact
reasons are not fully understood. On one hand, low infection rates could be due to cell polarization
making the NTPC receptor not available for HBV/HDYV virions. This is supported by enhanced entry
of cells in suspension during centrifugation as well as if maintained on in 3D conditions on matrixes.
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An additional supporting piece of evidence comes from increased levels of infection of cells
maintained in hepatocyte maintaining medium.

On the other hand, changes in cell maintaining can also lead to changes in expression of yet
undiscovered proviral or virus-restricting factors. Permissiveness of cells to HBV is more likely to be
affected by host dependency factors rather than restricting factors [271]. As transfection of cccDNA
into non-permissive cells leads to expression of viral proteins, the limiting host factors are rather
upstream of cccDNA formation. Nrpl can act a co-receptor, yet this assumption should be verified
by its overexpression. Search for additional factors should be continued.

Such search can be made by various approaches such as development of reporter cell lines to
visualize infected cells or single-cell RNAseq analysis. Both of them can yield a list of potential
proviral (as well as antiviral) factors. The list can be narrowed by comparison of list of differentially-
expressed (DE) genes with DE genes in cells maintained in media that enhance infection (such as
HMM).

Another direction of future research can include optimization of culture medium for
maintaining cells. As HMM is likely to include growth factors and regulators of signaling cascades,
as well as 5C reagent mix, we should reveal which cascades increase HBV and HDV infection.
Specifically, we should assess the role of Wnt/Bcatenin, Notch, and Yap/Taz cascades. We should also
apply more physiological media such as Plasmax or HPLM that resemble human blood plasma
[167,272-274]. Lastly, impact of oxygen level should be assessed, probably by decreasing its levels to
5-6% [275], as oxygen is detrimental for maintaining healthy hepatocytes, their attachment and
differentiation. However, we cannot exclude that its level should be increased, as it was shown earlier
that an increase in oxygen tension to 30-40% supports metabolic performance of hepatocytes [276].
Similar enhancement of hepatocyte functions can be ensured by usage of specific matrixes that carry
oxygen levels within the settings of collagen [277], so such studies should be carried out not only in
standard 2D cell cultures but also in 3D cultures or when using extracellular matrixes.

Author Contributions: Conceptualization, V.C. and A.L, investigation, A.F., O.I, V.C,, D.K. and A.L; writing—
original draft preparation, A.F., O.I, V.C, D.K. and A.L; writing—review and editing, AF., O.I, V.C,, D.K. and
A.L; visualization, A.F. and A.IL; supervision, A.L; funding acquisition, V.C. and A.L. All authors have read and

agreed to the published version of the manuscript.

Funding: This research was funded by Russian Science foundation (grant #25-14-00332, sections 1-4 and #25-65-
00010 — sections 5-6).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is not applicable

to this article.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to

publish the results.

References

1.  Gan, C; Yuan, Y.; Shen, H.; Gao, J.; Kong, X.; Che, Z.; Guo, Y.; Wang, H.; Dong, E.; Xiao, J. Liver diseases:
epidemiology, causes, trends and predictions. Signal Transduct Target Ther 2025, 10, 33, d0i:10.1038/s41392-
024-02072-z.

2. Hepatitis A. Fact sheet. Updated on 12.02.2025. Available online: http://www.who.int/news-room/fact-
sheets/detail/hepatitis-a (accessed on 01.12.2025).

3.  Hepatitis E. Fact sheet. Updated on 10.04.2025. Available online: http://www.who.int/news-room/fact-
sheets/detail/hepatitis-e (accessed on 01.12.2025).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

17 of 32

Collaborators, G.B.D.C.o0.D. Global burden of 292 causes of death in 204 countries and territories and 660
subnational locations, 1990-2023: a systematic analysis for the Global Burden of Disease Study 2023. Lancet
2025, 406, 1811-1872, d0i:10.1016/S0140-6736(25)01917-8.

Miao, Z.; Zhang, S.; Ou, X,; Li, S.; Ma, Z.; Wang, W.; Peppelenbosch, M.P.; Liu, J.; Pan, Q. Estimating the
Global Prevalence, Disease Progression, and Clinical Outcome of Hepatitis Delta Virus Infection. | Infect
Dis 2020, 221, 1677-1687, doi:10.1093/infdis/jiz633.

Hepatitis C. Fact sheet . Updated 25.07.2025. Available online: https://www.who.int/en/news-room/fact-
sheets/detail/hepatitis-c (accessed on Accessed on 01.12.2025).

Hepatitis B. Fact sheet. Updated on 23.07.2025. Available online: https://www.who.int/news-room/fact-
sheets/detail/hepatitis-b (accessed on 01.12.2025).

Indolfi, G.; Easterbrook, P.; Dusheiko, G.; El-Sayed, M.H.; Jonas, M.M.; Thorne, C.; Bulterys, M.; Siberry,
G.; Walsh, N.; Chang, M.H.; et al. Hepatitis C virus infection in children and adolescents. The lancet.
Gastroenterology & hepatology 2019, 4, 477-487, doi:10.1016/52468-1253(19)30046-9.

Indolfi, G.; Easterbrook, P.; Dusheiko, G.; Siberry, G.; Chang, M.H.; Thorne, C.; Bulterys, M.; Chan, P.L.; El-
Sayed, M.H.; Giaquinto, C.; et al. Hepatitis B virus infection in children and adolescents. The lancet.
Gastroenterology & hepatology 2019, 4, 466-476, doi:10.1016/52468-1253(19)30042-1.

Riches, N.; Henrion, M.Y.R.; MacPherson, P.; Hahn, C.; Kachala, R.; Mitchell, T.; Murray, D.; Mzumara, W.;
Nkoka, O.; Price, A.J.; et al. Vertical transmission of hepatitis B virus in the WHO African region: a
systematic review and meta-analysis. Lancet Glob Health 2025, 13, e447-e458, doi:10.1016/S2214-
109X(24)00506-0.

Mironova, M.; Ghany, M.G. Hepatitis B Vaccine: Four Decades on. Vaccines 2024, 12,
doi:10.3390/vaccines12040439.

Lu, M.; Liu, Y,; Li, L.; Liu, X.; Wu, B.; Wu, Y. Hepatitis Vaccines: Recent Advances and Challenges. Vaccines
2025, 13, doi:10.3390/vaccines13111174.

European Association for the Study of the, L.; Clinical Practice Guidelines Panel, C.; representative, E.G.B.;
Panel, m. EASL recommendations on treatment of hepatitis C: Final update of the series(3). Journal of
hepatology 2020, 73, 1170-1218, doi:10.1016/j.jhep.2020.08.018.

Wong, S.W.; Chan, W.K.; Mohamed, R. Fatty liver is associated with advanced fibrosis but does not predict
adverse outcomes in patients with chronic hepatitis B. ] Viral Hepat 2020, 27, 1297-1305,
doi:10.1111/jvh.13361.

Cholankeril, G.; Kramer, J.R; Chu, J; Yu, X, Balakrishnan, M.; Li, L.; El-Serag, H.B.; Kanwal, F.
Longitudinal changes in fibrosis markers are associated with risk of cirrhosis and hepatocellular carcinoma
in non-alcoholic fatty liver disease. Journal of hepatology 2023, 78, 493-500, doi:10.1016/j.jhep.2022.10.035.
Alfaiate, D.; Deny, P.; Durantel, D. Hepatitis delta virus: From biological and medical aspects to current
and investigational therapeutic options. Antiviral Res 2015, 122, 112-129, d0i:10.1016/j.antiviral.2015.08.009.
50166-3542(15)00195-3 [pii].

Hughes, S.A.; Wedemeyer, H., Harrison, P.M. Hepatitis delta virus. Lancet 2011, 378, 73-85,
doi:10.1016/S0140-6736(10)61931-9. S0140-6736(10)61931-9 [pii].

Wedemeyer, H. Hepatitis D revival. Liver Int 2011, 31 Suppl 1, 140-144, doi:10.1111/j.1478-3231.2010.02408.x.
Beudeker, B.].B.; Guha, R.; Stoyanova, K.; JNM, L].; de Man, R.A.; Sprengers, D.; Boonstra, A. Cryptogenic
non-cirrhotic HCC: Clinical, prognostic and immunologic aspects of an emerging HCC etiology. Sci Rep
2024, 14, 4302, d0i:10.1038/s41598-024-52884-w.

Karagas, M.R.; Kaldor, J.; Michaelis, M.; Muchengeti, M.M.; Alfaiate, D.; Argirion, I.; Chen, X.; Cunha, C.;
Hantz, S.; Koljonen, V.; et al. Carcinogenicity of hepatitis D virus, human cytomegalovirus, and Merkel cell
polyomavirus. Lancet Oncol 2025, doi:10.1016/51470-2045(25)00403-6.

Xiao, Q.; Liu, Y.; Li, T.; Wang, C.; He, S.; Zhai, L.; Yang, Z.; Zhang, X.; Wu, Y.; Liu, Y. Viral oncogenesis in
cancer: from mechanisms to therapeutics. Signal Transduct Target Ther 2025, 10, 151, d0i:10.1038/s41392-025-
02197-9.

Mauro, E.; de Castro, T.; Zeitlhoefler, M.; Sung, M.W.; Villanueva, A.; Mazzaferro, V.; Llovet, ].M.
Hepatocellular carcinoma: Epidemiology, diagnosis and treatment. JHEP Rep 2025, 7, 101571,
doi:10.1016/j.jhepr.2025.101571.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

18 of 32

Hepatitis D. Fact sheet. Updated on 25.07.2025. Available online: http://www.who.int/news-room/fact-
sheets/detail/hepatitis-d (accessed on 01.12.2025).

Farci, P.; Niro, G.A. Clinical features of hepatitis D. Semin Liver Dis 2012, 32, 228-236, d0i:10.1055/s-0032-
1323628.

Papatheodoridis, G.V.; Chan, H.L.; Hansen, B.E.; Janssen, H.L.; Lampertico, P. Risk of hepatocellular
carcinoma in chronic hepatitis B: assessment and modification with current antiviral therapy. Journal of
hepatology 2015, 62, 956-967, doi:10.1016/j.jhep.2015.01.002.

Jang, T.Y.; Wei, Y.J.; Liu, TW.; Yeh, M.L,; Liu, S.F.; Hsu, C.T.; Hsu, P.Y.; Lin, Y.H.; Liang, P.C.; Hsieh, M.H.;
et al. Role of hepatitis D virus infection in development of hepatocellular carcinoma among chronic
hepatitis B patients treated with nucleotide/nucleoside analogues. Sci Rep 2021, 11, 8184,
doi:10.1038/s41598-021-87679-w.

Lemon, S.M.; Walker, C.M.; Alter, M.].; Yi, M.-K. Hepatitis C virus. In Fields Virology, 5th ed.; Knipe, D.M.,
Howley, P.M., Eds.; Lippincott, Williams & Wilkins: Philadelphia, 2007; Volume 1, pp. 1253-1304.
Simmonds, P.; Butkovic, A.; Grove, J.; Mayne, R.; Mifsud, J.C.O.; Beer, M.; Bukh, J.; Drexler, ]J.F.; Kapoor,
A.; Lohmann, V.; et al. Taxonomic expansion and reorganization of Flaviviridae. Nat Microbiol 2025, 10,
3026-3037, doi:10.1038/s41564-025-02134-0.

Scarselli, E.; Ansuini, H.; Cerino, R.; Roccasecca, R.M.; Acali, S.; Filocamo, G.; Traboni, C.; Nicosia, A.;
Cortese, R.; Vitelli, A. The human scavenger receptor class B type I is a novel candidate receptor for the
hepatitis C virus. Embo ] 2002, 21, 5017-5025.

Cormier, E.G.; Tsamis, F.; Kajumo, F.; Durso, R.J.; Gardner, J.P.; Dragic, T. CD81 is an entry coreceptor for
hepatitis C virus. Proceedings of the National Academy of Sciences of the United States of America 2004, 101, 7270-
7274.

Evans, M.].; von Hahn, T.; Tscherne, D.M.; Syder, A.].; Panis, M.; Wolk, B.; Hatziioannou, T.; McKeating,
J.A.; Bieniasz, P.D.; Rice, C.M. Claudin-1 is a hepatitis C virus co-receptor required for a late step in entry.
Nature 2007, 446, 801-805, doi:nature05654 [pii]. 10.1038/nature05654.

Ploss, A.; Evans, M.].; Gaysinskaya, V.A.; Panis, M.; You, H.; de Jong, Y.P.; Rice, C.M. Human occludin is a
hepatitis C virus entry factor required for infection of mouse cells. Nature 2009, 457, 882-886,
doi:10.1038/nature07684. nature07684 [pii].

Blanchard, E.; Belouzard, S.; Goueslain, L.; Wakita, T.; Dubuisson, J.; Wychowski, C.; Rouille, Y. Hepatitis
C virus entry depends on clathrin-mediated endocytosis. | Virol 2006, 80, 6964-6972, doi:80/14/6964 [pii].
10.1128/JV1.00024-06.

Romero-Brey, I; Merz, A.; Chiramel, A.; Lee, ].Y.; Chlanda, P.; Haselman, U.; Santarella-Mellwig, R.;
Habermann, A.; Hoppe, S.; Kallis, S.; et al. Three-dimensional architecture and biogenesis of membrane
structures associated with hepatitis C virus replication. PLoS pathogens 2012, 8, 1003056,
doi:10.1371/journal.ppat.1003056.

Paul, D.; Hoppe, S.; Saher, G.; Krijnse-Locker, J.; Bartenschlager, R. Morphological and biochemical
characterization of the membranous hepatitis C virus replication compartment. | Virol 2013, 87, 10612-
10627, doi:10.1128/JVI1.01370-13.

Bartenschlager, R.; Penin, F.; Lohmann, V.; Andre, P. Assembly of infectious hepatitis C virus particles.
Trends Microbiol 2011, 19, 95-103, doi:10.1016/j.tim.2010.11.005.

Choo, Q.L.; Kuo, G.; Weiner, A.].; Overby, L.R.; Bradley, D.W.; Houghton, M. Isolation of a cDNA clone
derived from a blood-borne non-A, non-B viral hepatitis genome. Science 1989, 244, 359-362,
doi:10.1126/science.2523562.

Lohmann, V.; Korner, F.; Koch, J.; Herian, U.; Theilmann, L.; Bartenschlager, R. Replication of subgenomic
hepatitis C virus RNAs in a hepatoma cell line. Science 1999, 285, 110-113.

Bartosch, B.; Dubuisson, J.; Cosset, F.L. Infectious hepatitis C virus pseudo-particles containing functional
E1-E2 envelope protein complexes. | Exp Med 2003, 197, 633-642.

Kato, T.; Furusaka, A.; Miyamoto, M.; Date, T.; Yasui, K.; Hiramoto, J.; Nagayama, K.; Tanaka, T.; Wakita,
T. Sequence analysis of hepatitis C virus isolated from a fulminant hepatitis patient. Journal of medical
virology 2001, 64, 334-339, d0i:10.1002/jmv.1055 [pii].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

19 of 32

Kato, T.; Date, T.; Miyamoto, M.; Furusaka, A.; Tokushige, K.; Mizokami, M.; Wakita, T. Efficient replication
of the genotype 2a hepatitis C virus subgenomic replicon. Gastroenterology 2003, 125, 1808-1817,
doi:S0016508503015142 [pii].

Wakita, T.; Pietschmann, T.; Kato, T.; Date, T.; Miyamoto, M.; Zhao, Z.; Murthy, K.; Habermann, A.;
Krausslich, H.G.; Mizokami, M.; et al. Production of infectious hepatitis C virus in tissue culture from a
cloned viral genome. Nat Med 2005, 11, 791-796, doi:nm1268 [pii]. 10.1038/nm1268.

Lindenbach, B.D.; Evans, M.].; Syder, A.J.; Wolk, B.; Tellinghuisen, T.L.; Liu, C.C.; Maruyama, T.; Hynes,
R.O,; Burton, D.R.; McKeating, ]J.A.; et al. Complete replication of hepatitis C virus in cell culture. Science
2005, 309, 623-626, doi:1114016 [pii]. 10.1126/science.1114016.

Zhong, J.; Gastaminza, P.; Cheng, G.; Kapadia, S.; Kato, T.; Burton, D.R.; Wieland, S.F.; Uprichard, S.L.;
Wakita, T.; Chisari, F.V. Robust hepatitis C virus infection in vitro. Proceedings of the National Academy of
Sciences of the United States of America 2005, 102, 9294-9299, d0i:0503596102 [pii]. 10.1073/pnas.0503596102.
Henke, J.I; Goergen, D.; Zheng, J.; Song, Y.; Schuttler, C.G.; Fehr, C.; Junemann, C.; Niepmann, M.
microRNA-122 stimulates translation of hepatitis C virus RNA. EMBO ] 2008, 27, 3300-3310,
doi:10.1038/emb0j.2008.244.

Sumpter, R, Jr.; Loo, Y.M,; Foy, E.; Li, K.; Yoneyama, M.; Fujita, T.; Lemon, S.M.; Gale, M., Jr. Regulating
intracellular antiviral defense and permissiveness to hepatitis C virus RNA replication through a cellular
RNA helicase, RIG-I. | Virol 2005, 79, 2689-2699, d0i:10.1128/JV1.79.5.2689-2699.2005.

Koniger, C.; Wingert, I.; Marsmann, M.; Rosler, C.; Beck, J.; Nassal, M. Involvement of the host DNA-repair
enzyme TDP2 in formation of the covalently closed circular DNA persistence reservoir of hepatitis B
viruses. Proceedings of the National Academy of Sciences of the United States of America 2014, 111, E4244-4253,
doi:10.1073/pnas.1409986111.

Sureau, C.; Salisse, ]. A conformational heparan sulfate binding site essential to infectivity overlaps with
the conserved hepatitis B virus a-determinant. Hepatology 2013, 57, 985-994, doi:10.1002/hep.26125.

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, doi:10.7554/eLife.00049.

Chakraborty, A.; Ko, C; Henning, C.; Lucko, A.; Harris, ] M.; Chen, F.; Zhuang, X.; Wettengel, ].M.;
Roessler, S.; Protzer, U.; et al. Synchronised infection identifies early rate-limiting steps in the hepatitis B
virus life cycle. Cell Microbiol 2020, 22, €13250, doi:10.1111/cmi.13250.

Wei, L.; Ploss, A. Mechanism of Hepatitis B Virus cccDNA Formation. Viruses 2021, 13,
doi:10.3390/v13081463.

Locatelli, M.; Quivy, J.P.; Chapus, F.; Michelet, M.; Fresquet, J.; Maadadi, S.; Aberkane, A.N.; Diederichs,
A.; Lucifora, J.; Rivoire, M.; et al. HIRA Supports Hepatitis B Virus Minichromosome Establishment and
Transcriptional Activity in Infected Hepatocytes. Cell Mol Gastroenterol Hepatol 2022, 14, 527-551,
doi:10.1016/j.jcmgh.2022.05.007.

Seeger, C.; Zoulum, F.; Mason, W. Hepadnaviruses. In Fields Virology, 5th ed.; Knipe, D.M., Howley, P.M.,
Eds.; Lippincott, Williams & Wilkins: Philadelphia, 2007; Volume 2, pp. 2977-3029.

Tsukuda, S.; Watashi, K. Hepatitis B virus biology and life cycle. Antiviral Res 2020, 182, 104925,
doi:10.1016/j.antiviral.2020.104925.

Chang, J.; Nie, X.; Chang, H.E.; Han, Z.; Taylor, J. Transcription of hepatitis delta virus RNA by RNA
polymerase II. | Virol 2008, 82, 1118-1127, doi:JVI1.01758-07 [pii]. 10.1128/JVI1.01758-07.

Wong, S.K.; Lazinski, D.W. Replicating hepatitis delta virus RNA is edited in the nucleus by the small form
of ADARL. Proceedings of the National Academy of Sciences of the United States of America 2002, 99, 15118-15123,
doi:10.1073/pnas.232416799.

Yamaguchi, Y.; Filipovska, J.; Yano, K.; Furuya, A.; Inukai, N.; Narita, T.; Wada, T.; Sugimoto, S.; Konarska,
M.M.; Handa, H. Stimulation of RNA polymerase II elongation by hepatitis delta antigen. Science 2001, 293,
124-127, doi:10.1126/science.1057925.

Lee, C.Z.; Sheu, ].C. Histone Hle interacts with small hepatitis delta antigen and affects hepatitis delta virus
replication. Virology 2008, 375, 197-204, doi:10.1016/j.virol.2008.02.003.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

20 of 32

Abeywickrama-Samarakoon, N.; Cortay, J.C.; Sureau, C.; Muller, S.; Alfaiate, D.; Guerrieri, F.; Chaikuad,
A_; Schroder, M.; Merle, P.; Levrero, M.; et al. Hepatitis Delta Virus histone mimicry drives the recruitment
of chromatin remodelers for viral RNA replication. Nat Commun 2020, 11, 419, doi:10.1038/s41467-020-
14299-9.

Huang, C; Jiang, ].Y.; Chang, S.C.; Tsay, Y.G.; Chen, M.R.; Chang, ML.F. Nuclear export signal-interacting
protein forms complexes with lamin A/C-Nups to mediate the CRM1-independent nuclear export of large
hepatitis delta antigen. | Virol 2013, 87, 1596-1604, d0i:10.1128/JV1.02357-12.

Chiou, W.C.; Lu, HF,; Chen, ].C,; Lai, Y.H.; Chang, M.F.; Huang, Y.L.; Tien, N.; Huang, C. Identification of
a novel interaction site between the large hepatitis delta antigen and clathrin that regulates the assembly
of genotype III hepatitis delta virus. Virol ] 2022, 19, 163, d0i:10.1186/s12985-022-01866-3.

Wang, C.J.; Chen, P.J.; Wu, ].C,; Patel, D.; Chen, D.S. Small-form hepatitis B surface antigen is sufficient to
help in the assembly of hepatitis delta virus-like particles. | Virol 1991, 65, 6630-6636,
doi:10.1128/JV1.65.12.6630-6636.1991.

Perez-Vargas, J.; Amirache, F.; Boson, B.; Mialon, C.; Freitas, N.; Sureau, C.; Fusil, F.; Cosset, F.L. Enveloped
viruses distinct from HBV induce dissemination of hepatitis D virus in vivo. Nat Commun 2019, 10, 2098,
doi:10.1038/s41467-019-10117-z.

Asabe, S.; Wieland, S.F.; Chattopadhyay, P.K.; Roederer, M.; Engle, R.E.; Purcell, RH.; Chisari, F.V. The
size of the viral inoculum contributes to the outcome of hepatitis B virus infection. J Virol 2009, 83, 9652-
9662, doi:10.1128/JV1.00867-09.

Schulze, A.; Mills, K.; Weiss, T.S.; Urban, S. Hepatocyte polarization is essential for the productive entry of
the hepatitis B virus. Hepatology 2012, 55, 373-383, doi:10.1002/hep.24707.

Ni, Y.; Lempp, F.A.; Mehrle, S.; Nkongolo, S.; Kaufman, C.; Falth, M.; Stindt, J.; Koniger, C.; Nassal, M.;
Kubitz, R.; et al. Hepatitis B and D viruses exploit sodium taurocholate co-transporting polypeptide for
species-specific entry into hepatocytes. Gastroenterology 2014, 146, 1070-1083,
doi:10.1053/j.gastro.2013.12.024.

Chi, H.; Qu, B.; Prawira, A.; Richardt, T.; Maurer, L.; Hu, J.; Fu, RM.; Lempp, F.A.; Zhang, Z.; Grimm, D,;
et al. An hepatitis B and D virus infection model using human pluripotent stem cell-derived hepatocytes.
EMBO Rep 2024, 25, 4311-4336, doi:10.1038/s44319-024-00236-0.

Zhang, Z.; Filzmayer, C.; Ni, Y.; Sultmann, H.; Mutz, P.; Hiet, M.S.; Vondran, F.W.R,; Bartenschlager, R.;
Urban, S. Hepatitis D virus replication is sensed by MDA5 and induces IFN-beta/lambda responses in
hepatocytes. Journal of hepatology 2018, 69, 25-35, doi:10.1016/j.jhep.2018.02.021.

Sells, M.A.; Chen, M.L.; Acs, G. Production of hepatitis B virus particles in Hep G2 cells transfected with
cloned hepatitis B virus DNA. Proceedings of the National Academy of Sciences of the United States of America
1987, 84, 1005-1009, doi:10.1073/pnas.84.4.1005.

Staflova, K.; Clarova, K.; Dolezal, M.; Hubalek, M.; Krenkova, A.; Hodek, J.; Pichova, 1.; Zabransky, A.
Hepatitis B virus is a stealth virus that minimizes proteomic and secretomic changes in primary human
hepatocytes. ] Gen Virol 2025, 106, doi:10.1099/jgv.0.002170.

Ladner, S.K.; Otto, M.].; Barker, C.S.; Zaifert, K.; Wang, G.H.; Guo, ].T.; Seeger, C.; King, R.W. Inducible
expression of human hepatitis B virus (HBV) in stably transfected hepatoblastoma cells: a novel system for
screening potential inhibitors of HBV replication. Antimicrob Agents Chemother 1997, 41, 1715-1720,
doi:10.1128/AAC.41.8.1715.

Blanchet, M.; Angelo, L.; Tetreault, Y.; Khabir, M.; Sureau, C.; Vaillant, A.; Labonte, P. HepG2BD: A Novel
and Versatile Cell Line with Inducible HDV Replication and Constitutive HBV Expression. Viruses 2024,
16, d0i:10.3390/v16040532.

Lucifora, J.; Alfaiate, D.; Pons, C.; Michelet, M.; Ramirez, R.; Fusil, F.; Amirache, F.; Rossi, A.; Legrand, A.F.;
Charles, E.; et al. Hepatitis D virus interferes with hepatitis B virus RNA production via interferon-
dependent and -independent mechanisms. Journal of hepatology 2023, 78,  958-970,
do0i:10.1016/j.jhep.2023.01.005.

Gripon, P.; Diot, C.; Theze, N.; Fourel, I; Loreal, O.; Brechot, C.; Guguen-Guillouzo, C. Hepatitis B virus
infection of adult human hepatocytes cultured in the presence of dimethyl sulfoxide. | Virol 1988, 62, 4136-
4143, d0i:10.1128/JV1.62.11.4136-4143.1988.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

21 of 32

Bordier, B.B.; Marion, P.L.; Ohashi, K.; Kay, M.A.; Greenberg, H.B.; Casey, J.L.; Glenn, J.S. A prenylation
inhibitor prevents production of infectious hepatitis delta virus particles. | Virol 2002, 76, 10465-10472,
doi:10.1128/jvi.76.20.10465-10472.2002.

Hart, S.N.; Li, Y.; Nakamoto, K.; Subileau, E.A.; Steen, D.; Zhong, X.B. A comparison of whole genome gene
expression profiles of HepaRG cells and HepG2 cells to primary human hepatocytes and human liver
tissues. Drug Metab Dispos 2010, 38, 988-994, doi:10.1124/dmd.109.031831.

Rumin, S.; Gripon, P.; Le Seyec, J.; Corral-Debrinski, M.; Guguen-Guillouzo, C. Long-term productive
episomal hepatitis B virus replication in primary cultures of adult human hepatocytes infected in vitro. |
Viral Hepat 1996, 3, 227-238, d0i:10.1111/j.1365-2893.1996.tb00048 x.

Rowe, C.; Gerrard, D.T.; Jenkins, R.; Berry, A.; Durkin, K.; Sundstrom, L.; Goldring, C.E.; Park, B.K.;
Kitteringham, N.R.; Hanley, K.P.; et al. Proteome-wide analyses of human hepatocytes during
differentiation and dedifferentiation. Hepatology 2013, 58, 799-809, doi:10.1002/hep.26414.

Ortega-Prieto, A.M.; Skelton, ].K.; Wai, S.N.; Large, E.; Lussignol, M.; Vizcay-Barrena, G.; Hughes, D.; Fleck,
R.A.; Thursz, M.; Catanese, M.T.; et al. 3D microfluidic liver cultures as a physiological preclinical tool for
hepatitis B virus infection. Nat Commun 2018, 9, 682, doi:10.1038/s41467-018-02969-8.

Gripon, P.; Rumin, S.; Urban, S.; Le Seyec, J.; Glaise, D.; Cannie, I.; Guyomard, C.; Lucas, J.; Trepo, C,;
Guguen-Guillouzo, C. Infection of a human hepatoma cell line by hepatitis B virus. Proceedings of the
National Academy of Sciences of the United States of America 2002, 99, 15655-15660, doi:10.1073/pnas.232137699.
232137699 [pii].

Kanebratt, K.P.; Andersson, T.B. Evaluation of HepaRG cells as an in vitro model for human drug
metabolism studies. Drug Metab Dispos 2008, 36, 1444-1452, doi:10.1124/dmd.107.020016. dmd.107.020016
[piil.

Jang, M.; Kleber, A.; Ruckelshausen, T.; Betzholz, R.; Manz, A. Differentiation of the human liver progenitor
cell line (HepaRG) on a microfluidic-based biochip. | Tissue Eng Regen Med 2019, 13, 482-494,
doi:10.1002/term.2802.

Cerec, V.; Glaise, D.; Garnier, D.; Morosan, S.; Turlin, B.; Drenou, B.; Gripon, P.; Kremsdorf, D.; Guguen-
Guillouzo, C.; Corlu, A. Transdifferentiation of hepatocyte-like cells from the human hepatoma HepaRG
cell line through bipotent progenitor. Hepatology 2007, 45, 957-967, d0i:10.1002/hep.21536.

Ni, Y.; Urban, S. Hepatitis B Virus Infection of HepaRG Cells, HepaRG-hNTCP Cells, and Primary Human
Hepatocytes. Methods Mol Biol 2017, 1540, 15-25, doi:10.1007/978-1-4939-6700-1_2.

Lucifora, J.; Michelet, M.; Salvetti, A.; Durantel, D. Fast Differentiation of HepaRG Cells Allowing Hepatitis
B and Delta Virus Infections. Cells 2020, 9, d0i:10.3390/cells9102288.

Lemm, J.A.; O'Boyle, D., 2nd; Liu, M.; Nower, P.T.; Colonno, R.; Deshpande, M.S.; Snyder, L.B.; Martin,
S.W.; St Laurent, D.R.; Serrano-Wu, M.H.; et al. Identification of hepatitis C virus NS5A inhibitors. | Virol
2010, 84, 482-491, doi:10.1128/JVI1.01360-09.

Blight, K.J.; McKeating, J.A.; Rice, C.M. Highly permissive cell lines for subgenomic and genomic hepatitis
C virus RNA replication. | Virol 2002, 76, 13001-13014.

Betz, A.; Huang, H.E.; Gu, Z.; Colasanti, O.; Li, T.F.; Hesebeck-Brinckmann, J.; Gillich, N.; Gnouamozi, G.E.;
Schlesner, M.; Vondran, FW.R,; et al. Reconstitution of interferon regulatory factor 7 expression restores
interferon beta induction in Huh? cells. ] Virol 2025, 99, 0070325, doi:10.1128/jvi.00703-25.

Sainz, B., Jr.; Barretto, N.; Uprichard, S.L. Hepatitis C virus infection in phenotypically distinct Huh7 cell
lines. PLoS One 2009, 4, e6561, doi:10.1371/journal.pone.0006561.

Zhou, M.; Zhao, K; Yao, Y.; Yuan, Y.; Pei, R.; Wang, Y.; Chen, J.; Hu, X.; Zhou, Y.; Chen, X; et al. Productive
HBYV infection of well-differentiated, hNTCP-expressing human hepatoma-derived (Huh?) cells. Virol Sin
2017, 32, 465-475, doi:10.1007/s12250-017-3983-x.

Fouille, R.; Verrier, E.R.; De Meyer, A.; Verhoye, L.; Michelet, M.; Barnault, R.; Pons, C.; Diaz, O.; Rivoire,
M.; Passot, G.; et al. A novel in vitro system for simultaneous infections with hepatitis B, C, D and E viruses.
JHEP Rep 2025, 7, 101383, doi:10.1016/j.jhepr.2025.101383.

Feigelstock, D.A.; Mihalik, K.B.; Kaplan, G.; Feinstone, S.M. Increased susceptibility of Huh7 cells to HCV
replication does not require mutations in RIG-I. Virol ] 2010, 7, 44, doi:10.1186/1743-422X-7-44.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

22 of 32

Aden, D.P.; Fogel, A.; Plotkin, S.; Damjanov, I.; Knowles, B.B. Controlled synthesis of HBsAg in a
differentiated human liver carcinoma-derived cell line. Nature 1979, 282, 615-616, d0i:10.1038/282615a0.
el-Awady, M.K,; Tabll, A.A.; el-Abd, Y.S.; Bahgat, M.M.; Shoeb, H.A.; Youssef, S.S.; Bader el-Din, N.G.;
Redwan el, RM.; el-Demellawy, M.; Omran, M.H.; et al. HepG2 cells support viral replication and gene
expression of hepatitis C virus genotype 4 in vitro. World | Gastroenterol 2006, 12, 4836-4842,
doi:10.3748/wjg.v12.i30.4836.

Wang, H,; Kim, S.; Ryu, W.S. DDX3 DEAD-Box RNA helicase inhibits hepatitis B virus reverse transcription
by incorporation into nucleocapsids. | Virol 2009, 83, 5815-5824, doi:10.1128/JV1.00011-09.

Bchini, R.; Capel, F.; Dauguet, C.; Dubanchet, S.; Petit, M.A. In vitro infection of human hepatoma (HepG2)
cells with hepatitis B virus. | Virol 1990, 64, 3025-3032, doi:10.1128/JVI1.64.6.3025-3032.1990.

Paran, N.; Geiger, B.; Shaul, Y. HBV infection of cell culture: evidence for multivalent and cooperative
attachment. EMBO ] 2001, 20, 4443-4453, doi:10.1093/emb0j/20.16.4443.

Kartashova, N.P.; Iarovenko, S.I.; Glubokova, E.A.; Potemkin, I.A; Karlsen, A.A.; Leneva, I.A.; Kyuregyan,
K.K.; Ryakhovskiy, A.A.; Mikhailov, M.I. Optimization of a cellular HBV infection model for use in high-
throughput drug screening. Acta Virol 2021, 65, 82-88, d0i:10.4149/av_2021_110.

Altstetter, S.M.; Quitt, O.; Pinci, F.; Hornung, V.; Lucko, A.M.; Wisskirchen, K.; Jung, S.; Protzer, U.
Hepatitis-D Virus Infection Is Not Impaired by Innate Immunity but Increases Cytotoxic T-Cell Activity.
Cells 2021, 10, d0i:10.3390/cells10113253.

Tham, C.Y.L.; Kah, J.; Tan, A.T; Volz, T.; Chia, A.; Giersch, K; Ladiges, Y.; Loglio, A.; Borghi, M.; Sureau,
C.; et al. Hepatitis Delta Virus Acts as an Immunogenic Adjuvant in Hepatitis B Virus-Infected
Hepatocytes. Cell Rep Med 2020, 1, 100060, doi:10.1016/j.xcrm.2020.100060.

Konig, A.; Yang, J.; Jo, E.; Park, KH.P; Kim, H,; Than, T.T.; Song, X.; Qi, X.; Dai, X.; Park, S; et al. Efficient
long-term amplification of hepatitis B virus isolates after infection of slow proliferating HepG2-NTCP cells.
Journal of hepatology 2019, 71, 289-300, doi:10.1016/j.jhep.2019.04.010.

Zahoor, M.A,; Kuipery, A.; Mosa, A.L; Gehring, A.].; Feld, ].J. HepG2-NTCP Subclones Exhibiting High
Susceptibility to Hepatitis B Virus Infection. Viruses 2022, 14, doi:10.3390/v14081800.

Arzumanian, V.A; Kiseleva, O.1.; Poverennaya, E.V. The Curious Case of the HepG2 Cell Line: 40 Years of
Expertise. Int | Mol Sci 2021, 22, doi:10.3390/ijms222313135.

Bach, C.; Lucifora, J.; Delphin, M.; Heydmann, L.; Heuschkel, M.].; Pons, C.; Goto, K.; Scheers, E.; Schuster,
C.; Durantel, D.; et al. A stable hepatitis D virus-producing cell line for host target and drug discovery.
Antiviral Res 2023, 209, 105477, doi:10.1016/j.antiviral.2022.105477.

Lempp, F.A.; Schlund, F.; Rieble, L.; Nussbaum, L.; Link, C.; Zhang, Z.; Ni, Y.; Urban, S. Recapitulation of
HDYV infection in a fully permissive hepatoma cell line allows efficient drug evaluation. Nat Commun 2019,
10, 2265, d0i:10.1038/s41467-019-10211-2.

Omura, H.; Liu, F.; Shimakami, T.; Murai, K.; Shirasaki, T.; Kitabayashi, J.; Funaki, M.; Nishikawa, T;
Nakai, R.; Sumiyadorj, A.; et al. Establishment and Characterization of a New Cell Line Permissive for
Hepatitis C Virus Infection. Sci Rep 2019, 9, 7943, d0i:10.1038/s41598-019-44257-5.

Kato, N.; Mori, K.; Abe, K.; Dansako, H.; Kuroki, M.; Ariumi, Y.; Wakita, T.; Ikeda, M. Efficient replication
systems for hepatitis C virus using a new human hepatoma cell line. Virus Res 2009, 146, 41-50,
doi:10.1016/j.virusres.2009.08.006.

Ueda, Y.; Gu, W.; Dansako, H.; Nishitsuji, H.; Satoh, S.; Shimotohno, K.; Kato, N. A new hepatoma cell line
exhibiting high susceptibility to hepatitis B virus infection. Biochem Biophys Res Commun 2019, 515, 156-162,
doi:10.1016/j.bbrc.2019.05.126.

Yang, D.; Zuo, C.; Wang, X.; Meng, X.; Xue, B.; Liu, N.; Yu, R.; Qin, Y.; Gao, Y.; Wang, Q.; et al. Complete
replication of hepatitis B virus and hepatitis C virus in a newly developed hepatoma cell line. Proceedings
of the National Academy of Sciences of the United States of America 2014, 111, E1264-1273,
doi:10.1073/pnas.1320071111.

International Stem Cell Initiative, C.; Akopian, V.; Andrews, P.W.; Beil, S.; Benvenisty, N.; Brehm, J.;
Christie, M.; Ford, A.; Fox, V.; Gokhale, P.J.; et al. Comparison of defined culture systems for feeder cell
free propagation of human embryonic stem cells. In Vitro Cell Dev Biol Anim 2010, 46, 247-258,
doi:10.1007/s11626-010-9297-z.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

23 of 32

Claassen, D.A.; Desler, M.M.; Rizzino, A. ROCK inhibition enhances the recovery and growth of
cryopreserved human embryonic stem cells and human induced pluripotent stem cells. Mol Reprod Dev
2009, 76, 722-732, doi:10.1002/mrd.21021.

Si-Tayeb, K.; Noto, F.K.; Nagaoka, M.; Li, J.; Battle, M.A.; Duris, C.; North, P.E.; Dalton, S.; Duncan, S.A.
Highly efficient generation of human hepatocyte-like cells from induced pluripotent stem cells. Hepatology
2010, 51, 297-305, doi:10.1002/hep.23354.

Asumda, F.Z.; Hatzistergos, K.E.; Dykxhoorn, D.M.; Jakubski, S.; Edwards, J.; Thomas, E.; Schiff, E.R.
Differentiation of hepatocyte-like cells from human pluripotent stem cells using small molecules.
Differentiation 2018, 101, 16-24, doi:10.1016/j.diff.2018.03.002.

Sakurai, F.; Mitani, S.; Yamamoto, T.; Takayama, K.; Tachibana, M.; Watashi, K.; Wakita, T.; Iijima, S.;
Tanaka, Y.; Mizuguchi, H. Human induced-pluripotent stem cell-derived hepatocyte-like cells as an in vitro
model of human hepatitis B virus infection. Sci Rep 2017, 7, 45698, d0i:10.1038/srep45698.

Dao Thi, V.L.; Wu, X.; Belote, R.L.; Andreo, U.; Takacs, C.N.; Fernandez, J.P.; Vale-Silva, L.A.; Prallet, S.;
Decker, C.C; Fu, RM.; et al. Stem cell-derived polarized hepatocytes. Nat Commun 2020, 11, 1677,
doi:10.1038/s41467-020-15337-2.

Takayama, K.; Inamura, M.; Kawabata, K.; Katayama, K.; Higuchi, M.; Tashiro, K.; Nonaka, A.; Sakurai, F.;
Hayakawa, T.; Furue, M.K,; et al. Efficient generation of functional hepatocytes from human embryonic
stem cells and induced pluripotent stem cells by HNF4alpha transduction. Mol Ther 2012, 20, 127-137,
doi:10.1038/mt.2011.234.

Parviz, F.; Matullo, C.; Garrison, W.D.; Savatski, L.; Adamson, ].W.; Ning, G.; Kaestner, K.H.; Rossi, ].M.;
Zaret, K.S,; Duncan, S.A. Hepatocyte nuclear factor 4alpha controls the development of a hepatic
epithelium and liver morphogenesis. Nat Genet 2003, 34, 292-296, doi:10.1038/ng1175.

Xia, Y.; Carpentier, A.; Cheng, X.; Block, P.D.; Zhao, Y.; Zhang, Z.; Protzer, U.; Liang, T.J. Human stem cell-
derived hepatocytes as a model for hepatitis B virus infection, spreading and virus-host interactions. Journal
of hepatology 2017, 66, 494-503, d0i:10.1016/j.jhep.2016.10.009.

Nie, Y.Z.; Zheng, Y.W.; Miyakawa, K.; Murata, S.; Zhang, R.R.; Sekine, K.; Ueno, Y.; Takebe, T.; Wakita, T.;
Ryo, A.; et al. Recapitulation of hepatitis B virus-host interactions in liver organoids from human induced
pluripotent stem cells. EBioMedicine 2018, 35, 114-123, doi:10.1016/j.ebiom.2018.08.014.

Ardisasmita, A.L; Schene, LF.; Joore, LP.; Kok, G.; Hendriks, D.; Artegiani, B.; Mokry, M.; Nieuwenhuis,
E.E.S.; Fuchs, S.A. A comprehensive transcriptomic comparison of hepatocyte model systems improves
selection of models for experimental use. Commun Biol 2022, 5, 1094, doi:10.1038/s42003-022-04046-9.
Sureau, C.; Jacob, J.R.; Eichberg, ] W.; Lanford, R.E. Tissue culture system for infection with human
hepatitis delta virus. | Virol 1991, 65, 3443-3450, doi:10.1128/JV1.65.7.3443-3450.1991.

Sureau, C.; Moriarty, A.M.; Thornton, G.B.; Lanford, R.E. Production of infectious hepatitis delta virus in
vitro and neutralization with antibodies directed against hepatitis B virus pre-S antigens. | Virol 1992, 66,
1241-1245, doi:10.1128/JV1.66.2.1241-1245.1992.

Walter, E.; Keist, R.; Niederost, B.; Pult, I.; Blum, H.E. Hepatitis B virus infection of tupaia hepatocytes in
vitro and in vivo. Hepatology 1996, 24, 1-5, d0i:10.1002/hep.510240101.

Sanada, T.; Tsukiyama-Kohara, K.; Yamamoto, N.; Ezzikouri, S.; Benjelloun, S.; Murakami, S.; Tanaka, Y.;
Tateno, C.; Kohara, M. Property of hepatitis B virus replication in Tupaia belangeri hepatocytes. Biochem
Biophys Res Commun 2016, 469, 229-235, doi:10.1016/j.bbrc.2015.11.121.

Kock, J.; Nassal, M.; MacNelly, S.; Baumert, T.F.; Blum, H.E.; von Weizsacker, F. Efficient infection of
primary tupaia hepatocytes with purified human and woolly monkey hepatitis B virus. | Virol 2001, 75,
5084-5089, doi:10.1128/JV1.75.11.5084-5089.2001.

Dansako, H.; Imai, H.; Ueda, Y.; Satoh, S.; Shimotohno, K.; Kato, N. High-level expression of STING
restricts susceptibility to HBV by mediating type IIl IFN induction. FASEB Bioadv 2019, 1, 67-80,
doi:10.1096/fba.1022.

Dansako, H.; Ueda, Y.; Okumura, N.; Satoh, S.; Sugiyama, M.; Mizokami, M.; Ikeda, M.; Kato, N. The cyclic
GMP-AMP synthetase-STING signaling pathway is required for both the innate immune response against
HBV and the suppression of HBV assembly. FEBS ] 2016, 283, 144-156, d0i:10.1111/febs.13563.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

24 of 32

Kobayashi, N.; Fujiwara, T.; Westerman, K.A.; Inoue, Y.; Sakaguchi, M.; Noguchi, H.; Miyazaki, M.; Cai, J.;
Tanaka, N.; Fox, L].; et al. Prevention of acute liver failure in rats with reversibly immortalized human
hepatocytes. Science 2000, 287, 1258-1262, doi:10.1126/science.287.5456.1258.

Zhou, M.; Zhao, F.; Li, ].; Cheng, Z.; Tian, X.; Zhi, X,; Huang, Y.; Hu, K. Long-term maintenance of human
fetal hepatocytes and prolonged susceptibility to HBV infection by co-culture with non-parenchymal cells.
J Virol Methods 2014, 195, 185-193, doi:10.1016/j.jviromet.2013.10.010.

Winer, B.Y.; Huang, T.S.; Pludwinski, E.; Heller, B.; Wojcik, F.; Lipkowitz, G.E.; Parekh, A.; Cho, C.; Shrirao,
A.; Muir, T.W.; et al. Long-term hepatitis B infection in a scalable hepatic co-culture system. Nat Commun
2017, 8, 125, doi:10.1038/s41467-017-00200-8.

Cho, C.H,; Park, J.; Nagrath, D.; Tilles, A.W.; Berthiaume, F.; Toner, M.; Yarmush, M.L. Oxygen uptake
rates and liver-specific functions of hepatocyte and 3T3 fibroblast co-cultures. Biotechnol Bioeng 2007, 97,
188-199, d0i:10.1002/bit.21225.

Winer, B.Y.; Gaska, ].M.; Lipkowitz, G.; Bram, Y.; Parekh, A.; Parsons, L.; Leach, R;; Jindal, R.; Cho, C.H.;
Shrirao, A.; et al. Analysis of Host Responses to Hepatitis B and Delta Viral Infections in a Micro-scalable
Hepatic Co-culture System. Hepatology 2020, 71, 14-30, d0i:10.1002/hep.30815.

Liu, Y.; Kornyeyev, D.; May, L.; Han, D.; Aeschbacher, T.; Chang, S.; Martin, R.; Mo, H.; Feierbach, B.
Establishment and Characterization of an HBV Viral Spread and Infectious System following Long-Term
Passage of an HBV Clinical Isolate in the Primary Human Hepatocyte and Fibroblast Coculture System. |
Virol 2022, 96, e0084922, d0i:10.1128/jvi.00849-22.

Brown, G.E.; Bodke, V.V.; Ware, B.R.; Khetani, S.R. Liver portal fibroblasts induce the functions of primary
human hepatocytes in vitro. Commun Biol 2025, 8, 721, doi:10.1038/s42003-025-08135-3.

Fu, M.X; Larralde, O.; Mayne, R.; Kean, K.; Reid, K.; Andersson, M.; Golubchik, T.; McKeating, ]J.A.; Jarvis,
L.; Irving, W.L.; et al. Use of polyethylene glycol precipitation and ultracentrifugation to enhance the
sensitivity of hepatitis B virus DNA detection. Journal of clinical virology : the official publication of the Pan
American Society for Clinical Virology 2025, 178, 105802, doi:10.1016/j.jcv.2025.105802.

Walker, E.B.; Pritchard, S.M.; Cunha, C.W.; Aguilar, H.C.; Nicola, A.V. Polyethylene glycol-mediated
fusion of herpes simplex type 1 virions with the plasma membrane of cells that support endocytic entry.
Virol ] 2015, 12, 190, doi:10.1186/s12985-015-0423-0.

Gripon, P.; Diot, C.; Guguen-Guillouzo, C. Reproducible high level infection of cultured adult human
hepatocytes by hepatitis B virus: effect of polyethylene glycol on adsorption and penetration. Virology 1993,
192, 534-540, d0i:10.1006/viro.1993.1069.

Choijilsuren, G.; Jhou, R.S.; Chou, S.F.; Chang, CJ.; Yang, H.L; Chen, Y.Y.; Chuang, W.L.; Yu, M.L.; Shih,
C. Heparin at physiological concentration can enhance PEG-free in vitro infection with human hepatitis B
virus. Sci Rep 2017, 7, 14461, d0i:10.1038/s41598-017-14573-9.

Yan, H.; Peng, B.; Liu, Y.; Xu, G.; He, W.; Ren, B.; Jing, Z.; Sui, J.; Li, W. Viral entry of hepatitis B and D
viruses and bile salts transportation share common molecular determinants on sodium taurocholate
cotransporting polypeptide. | Virol 2014, 88, 3273-3284, doi:10.1128/JV1.03478-13.

Hantz, O.; Parent, R.; Durantel, D.; Gripon, P.; Guguen-Guillouzo, C.; Zoulim, F. Persistence of the hepatitis
B virus covalently closed circular DNA in HepaRG human hepatocyte-like cells. | Gen Virol 2009, 90, 127-
135, doi:10.1099/vir.0.004861-0.

Yan, R.; Zhang, Y.; Cai, D.; Liu, Y.; Cuconati, A.; Guo, H. Spinoculation Enhances HBV Infection in NTCP-
Reconstituted Hepatocytes. PLoS One 2015, 10, e0129889, doi:10.1371/journal.pone.0129889.

Le, C,; Sirajee, R.; Steenbergen, R.; Joyce, M.A.; Addison, W.R.; Tyrrell, D.L. In Vitro Infection with Hepatitis
B Virus Using Differentiated Human Serum Culture of Huh7.5-NTCP Cells without Requiring Dimethyl
Sulfoxide. Viruses 2021, 13, doi:10.3390/v13010097.

Lyman, G.H,; Preisler, H.D.; Papahadjopoulos, D. Membrane action of DMSO and other chemical inducers
of Friend leukaemic cell differentiation. Nature 1976, 262, 361-363, d0i:10.1038/262360a0.

Czysz, K,; Minger, S.; Thomas, N. DMSO efficiently down regulates pluripotency genes in human
embryonic stem cells during definitive endoderm derivation and increases the proficiency of hepatic
differentiation. PLoS One 2015, 10, e0117689, doi:10.1371/journal.pone.0117689.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

25 of 32

Dubois-Pot-Schneider, H.; Aninat, C.; Kattler, K.; Fekir, K.; Jarnouen, K.; Cerec, V.; Glaise, D.; Salhab, A.;
Gasparoni, G.; Takashi, K,; et al. Transcriptional and Epigenetic Consequences of DMSO Treatment on
HepaRG Cells. Cells 2022, 11, doi:10.3390/cells11152298.

Ivanova, O.N.; Snezhkina, A.V.; Krasnov, G.S.; Valuev-Elliston, V.T.; Khomich, O.A.; Khomutov, A.R.;
Keinanen, T.A.; Alhonen, L.; Bartosch, B.; Kudryavtseva, A.V.; et al. Activation of Polyamine Catabolism
by N(1),N(11)-Diethylnorspermine in Hepatic HepaRG Cells Induces Dedifferentiation and Mesenchymal-
Like Phenotype. Cells 2018, 7, d0i:10.3390/cells7120275.

Liu, Y.; Flynn, T.J; Xia, M.; Wiesenfeld, P.L.; Ferguson, M.S. Evaluation of CYP3A4 inhibition and
hepatotoxicity using DMSO-treated human hepatoma HuH-7 cells. Cell Biol Toxicol 2015, 31, 221-230,
doi:10.1007/s10565-015-9306-9.

Mowbray, C.A.; Howard, A.; Morsman, J.; Hirst, B.H. Differentiation of HepG2 and Huh? cells using
dimethyl sulfoxide. 2010, 24, 1b654-1b654, doi:https://doi.org/10.1096/fasebj.24.1_supplement.1b654.
Evripioti, A.A.; Ortega-Prieto, A.M.; Skelton, ].K.; Bazot, Q.; Dorner, M. Phosphodiesterase-induced cAMP
degradation restricts hepatitis B virus infection. Philos Trans R Soc Lond B Biol Sci 2019, 374, 20180292,
d0i:10.1098/rstb.2018.0292.

Nikolaou, N.; Green, C.J.; Gunn, P.J.; Hodson, L.; Tomlinson, ].W. Optimizing human hepatocyte models
for metabolic phenotype and function: effects of treatment with dimethyl sulfoxide (DMSO). Physiol Rep
2016, 4, doi:10.14814/phy2.12944.

Song, Y.M.; Song, S.0.; Jung, Y.K.; Kang, E.S.; Cha, B.S.; Lee, H.C.; Lee, B.W. Dimethyl sulfoxide reduces
hepatocellular lipid accumulation through autophagy induction. Autophagy 2012, 8, 1085-1097,
doi:10.4161/auto.20260.

Sangweni, N.F.; Dludla, P.V.; Chellan, N.; Mabasa, L.; Sharma, J.R.; Johnson, R. The Implication of Low
Dose Dimethyl Sulfoxide on Mitochondrial Function and Oxidative Damage in Cultured Cardiac and
Cancer Cells. Molecules 2021, 26, doi:10.3390/molecules26237305.

Khomich, O.A.; Giavalisco, P.; Parent, R.; Krasnov, G.S.; Tessarz, P.; Meuleman, P.; Burm, R.; Zakirova,
N.E.; Molle, J.; Batbold, E.; et al. IFN-beta production promotes metabolic rewiring and protection against
oxidative stress in hepatitis delta virus-infected hepatocyte cultures. Cell Death Dis 2025, 16, 534,
doi:10.1038/s41419-025-07838-z.

Ivanova, O.N.; Krasnov, G.S.; Snezhkina, A.V.; Kudryavtseva, A.V.; Fedorov, V.S.; Zakirova, N.F.; Golikov,
M.V.; Kochetkov, S.N.; Bartosch, B.; Valuev-Elliston, V.T.; et al. Transcriptome Analysis of Redox Systems
and Polyamine Metabolic Pathway in Hepatoma and Non-Tumor Hepatocyte-like Cells. Biomolecules 2023,
13, d0i:10.3390/biom13040714.

Hofmann, K.; Hofmann, S.; Weigl, F.; Mai, J.; Schreiner, S. DMSO and Its Role in Differentiation Impact
Efficacy of Human Adenovirus (HAdV) Infection in HepaRG Cells. Viruses 2024, 16, d0i:10.3390/v16040633.
Du, C; Feng, Y.; Qiu, D.; Xu, Y.; Pang, M.; Cai, N.; Xiang, A.P.; Zhang, Q. Highly efficient and expedited
hepatic differentiation from human pluripotent stem cells by pure small-molecule cocktails. Stem Cell Res
Ther 2018, 9, 58, d0i:10.1186/s13287-018-0794-4.

Marion, M.J.; Hantz, O.; Durantel, D. The HepaRG cell line: biological properties and relevance as a tool
for cell biology, drug metabolism, and virology studies. Methods Mol Biol 2010, 640, 261-272,
doi:10.1007/978-1-60761-688-7_13.

Liu, S.; Zhao, K;; Su, X; Gao, X; Yao, Y.; Kong, R.; Wang, Y.; Wu, C.; Lu, M.; Chen, X,; et al. Enhanced host
immune responses in presence of HCV facilitate HBV clearance in coinfection. Virol Sin 2022, 37, 408-417,
doi:10.1016/j.virs.2022.04.001.

Li, X.; Xu, Z.; Mitra, B.; Wang, M.; Guo, H.; Feng, Z. Elevated NTCP expression by an iPSC-derived human
hepatocyte maintenance medium enhances HBV infection in NTCP-reconstituted HepG2 cells. Cell Biosci
2021, 11, 123, doi:10.1186/s13578-021-00641-1.

Xiang, C.; Du, Y.; Meng, G.; Soon Yi, L.; Sun, S.; Song, N.; Zhang, X.; Xiao, Y.; Wang, J.; Yi, Z,; et al. Long-
term functional maintenance of primary human hepatocytes in vitro. Science 2019, 364, 399-402,
doi:10.1126/science.aau7307.

Steenbergen, R.H.; Joyce, M.A; Thomas, B.S.; Jones, D.; Law, J.; Russell, R.; Houghton, M.; Tyrrell, D.L.

Human serum leads to differentiation of human hepatoma cells, restoration of very-low-density

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

26 of 32

lipoprotein secretion, and a 1000-fold increase in HCV Japanese fulminant hepatitis type 1 titers. Hepatology
2013, 58, 1907-1917, doi:10.1002/hep.26566.

Okuyama-Dobashi, K.; Kasai, H.; Tanaka, T.; Yamashita, A.; Yasumoto, J.; Chen, W.; Okamoto, T.;
Maekawa, S.; Watashi, K.; Wakita, T.; et al. Hepatitis B virus efficiently infects non-adherent hepatoma cells
via human sodium taurocholate cotransporting polypeptide. Sci Rep 2015, 5, 17047, doi:10.1038/srep17047.
Ivanov, A.V.; Valuev-Elliston, V.T.; Tyurina, D.A.; Ivanova, O.N.; Kochetkov, S.N.; Bartosch, B.; Isaguliants,
M.G. Oxidative stress, a trigger of hepatitis C and B virus-induced liver carcinogenesis. Oncotarget 2017, 8,
3895-3932, doi:10.18632/oncotarget.13904.

Smirnova, O.A.; Ivanova, O.N.; Mukhtarov, F.; Valuev-Elliston, V.T.; Fedulov, A.P.; Rubtsov, P.M.;
Zakirova, N.F.; Kochetkov, S.N.; Bartosch, B.; Ivanov, A.V. Hepatitis Delta Virus Antigens Trigger
Oxidative Stress, Activate Antioxidant Nrf2/ARE Pathway, and Induce Unfolded Protein Response.
Antioxidants (Basel) 2023, 12, d0i:10.3390/antiox12040974.

Brault, C.; Levy, P.; Duponchel, S.; Michelet, M.; Salle, A.; Pecheur, E.I; Plissonnier, M.L.; Parent, R.; Vericel,
E.; Ivanov, A.V; et al. Glutathione peroxidase 4 is reversibly induced by HCV to control lipid peroxidation
and to increase virion infectivity. Gut 2016, 65, 144-154, doi:gutjnl-2014-307904 [pii]. 10.1136/gutjnl-2014-
307904.

Saeed, M.; Andreo, U.; Chung, H.Y.; Espiritu, C.; Branch, A.D.; Silva, ].M.; Rice, C.M. SEC14L2 enables pan-
genotype HCV replication in cell culture. Nature 2015, 524, 471-475, doi:10.1038/nature14899. nature14899
[piil.

Vande Voorde, J.; Ackermann, T.; Pfetzer, N.; Sumpton, D.; Mackay, G.; Kalna, G.; Nixon, C.; Blyth, K,;
Gottlieb, E.; Tardito, S. Improving the metabolic fidelity of cancer models with a physiological cell culture
medium. Sci Adv 2019, 5, eaau7314, doi:10.1126/sciadv.aau7314.

Cheng, Z.; Zhi, X.; Sun, G.; Guo, W.; Huang, Y.; Sun, W.; Tian, X.; Zhao, F.; Hu, K. Sodium selenite
suppresses hepatitis B virus transcription and replication in human hepatoma cell lines. Journal of medical
virology 2016, 88, 653-663, doi:10.1002/jmv.24366.

Moghe, P.V.; Berthiaume, F.; Ezzell, RM.; Toner, M.; Tompkins, R.G.; Yarmush, M.L. Culture matrix
configuration and composition in the maintenance of hepatocyte polarity and function. Biomaterials 1996,
17, 373-385, doi:10.1016/0142-9612(96)85576-1.

Dunn, J.C.; Tompkins, R.G.; Yarmush, M.L. Hepatocytes in collagen sandwich: evidence for transcriptional
and translational regulation. | Cell Biol 1992, 116, 1043-1053, doi:10.1083/jcb.116.4.1043.

Wettengel, ].M.; Linden, B.; Esser, K.; Laue, M.; Burwitz, B.].; Protzer, U. Rapid and Robust Continuous
Purification of High-Titer Hepatitis B Virus for In Vitro and In Vivo Applications. Viruses 2021, 13,
d0i:10.3390/v13081503.

Lupberger, ].; Mund, A.; Kock, J.; Hildt, E. Cultivation of HepG2.2.15 on Cytodex-3: higher yield of hepatitis
B virus and less subviral particles compared to conventional culture methods. Journal of hepatology 2006, 45,
547-552, doi:10.1016/j.jhep.2006.05.012.

Saran, C.; Fu, D.; Ho, H.; Klein, A.; Fallon, J.K.; Honkakoski, P.; Brouwer, K.L.R. A novel differentiated
HuH-7 cell model to examine bile acid metabolism, transport and cholestatic hepatotoxicity. Sci Rep 2022,
12, 14333, d0i:10.1038/s41598-022-18174-z.

Schulze, A.; Gripon, P.; Urban, S. Hepatitis B virus infection initiates with a large surface protein-dependent
binding to heparan sulfate proteoglycans. Hepatology 2007, 46, 1759-1768, d0i:10.1002/hep.21896.

Liu, Q.; Somiya, M; lijima, M.; Tatematsu, K.; Kuroda, S. A hepatitis B virus-derived human hepatic cell-
specific heparin-binding peptide: identification and application to a drug delivery system. Biomater Sci
2018, 7, 322-335, doi:10.1039/c8bm01134f.

Verrier, E.R.; Colpitts, C.C.; Bach, C.; Heydmann, L.; Weiss, A.; Renaud, M.; Durand, S.C.; Habersetzer, F.;
Durantel, D.; Abou-Jaoude, G.; et al. A targeted functional RNA interference screen uncovers glypican 5 as
an entry factor for hepatitis B and D viruses. Hepatology 2016, 63, 35-48, doi:10.1002/hep.28013.

Tripathi, S.K.; Li, Y.; Luo, G. Syndecan 2 proteoglycan serves as a hepatitis B virus cell attachment receptor.
J Virol 2025, 99, 0079625, doi:10.1128/jvi.00796-25.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

27 of 32

Smekalova, E.M.; Martinez, M.G.; Combe, E.; Kumar, A.; Dejene, S.; Leboeuf, D.; Chen, C.Y.; Dorkin, J.R.;
Shuang, L.S.; Kieft, S.; et al. Cytosine base editing inhibits hepatitis B virus replication and reduces HBsAg
expression in vitro and in vivo. Mol Ther Nucleic Acids 2024, 35, 102112, d0i:10.1016/j.omtn.2023.102112.
Molina, H.; Azocar, L.; Ananthanarayanan, M.; Arrese, M.; Miquel, J.F. Localization of the Sodium-
Taurocholate cotransporting polypeptide in membrane rafts and modulation of its activity by cholesterol
in vitro. Biochim Biophys Acta 2008, 1778, 1283-1291, doi:10.1016/j.bbamem.2008.01.020.

Hu, Q.; Zhang, F.; Duan, L.; Wang, B,; Ye, Y.; Li, P.; Li, D,; Yang, S.; Zhou, L.; Chen, W. E-cadherin Plays a
Role in Hepatitis B Virus Entry Through Affecting Glycosylated Sodium-Taurocholate Cotransporting
Polypeptide Distribution. Front Cell Infect Microbiol 2020, 10, 74, doi:10.3389/fcimb.2020.00074.

Oswald, A.; Chakraborty, A.; Ni, Y.; Wettengel, ].M.; Urban, S.; Protzer, U. Concentration of Na(+)-
taurocholate-cotransporting polypeptide expressed after in vitro-transcribed mRNA transfection
determines susceptibility of hepatoma cells for hepatitis B virus. Sci Rep 2021, 11, 19799, d0i:10.1038/s41598-
021-99263-3.

Iwamoto, M.; Saso, W.; Sugiyama, R.; Ishii, K.; Ohki, M.; Nagamori, S.; Suzuki, R.; Aizaki, H.; Ryo, A.; Yun,
J.H.; et al. Epidermal growth factor receptor is a host-entry cofactor triggering hepatitis B virus
internalization. Proceedings of the National Academy of Sciences of the United States of America 2019, 116, 8487-
8492, doi:10.1073/pnas.1811064116.

Chen, S.W_; Himeno, M.; Koui, Y.; Sugiyama, M.; Nishitsuji, H.; Mizokami, M.; Shimotohno, K.; Miyajima,
A.; Kido, T. Modulation of hepatitis B virus infection by epidermal growth factor secreted from liver
sinusoidal endothelial cells. Sci Rep 2020, 10, 14349, doi:10.1038/s41598-020-71453-5.

Iwamoto, M.; Saso, W.; Nishioka, K.; Ohashi, H.; Sugiyama, R.; Ryo, A.; Ohki, M.; Yun, ].H.; Park, S.Y.;
Ohshima, T.; et al. The machinery for endocytosis of epidermal growth factor receptor coordinates the
transport of incoming hepatitis B virus to the endosomal network. | Biol Chem 2020, 295, 800-807,
doi:10.1074/jbc.AC119.010366.

Fukano, K.; Oshima, M.; Tsukuda, S.; Aizaki, H.; Ohki, M.; Park, S.Y.; Wakita, T.; Wakae, K.; Watashi, K.;
Muramatsu, M. NTCP Oligomerization Occurs Downstream of the NTCP-EGFR Interaction during
Hepatitis B Virus Internalization. | Virol 2021, 95, e0093821, doi:10.1128/JVI1.00938-21.

Yu, H; Ren, J.; Deng, H.; Li, L.; Zhang, Z.; Cheng, S.; Guo, Z.; Huang, A.; Dang, Y.; Song, K et al.
Neuropilin-1 is a novel host factor modulating the entry of hepatitis B virus. Journal of hepatology 2025, 82,
37-50, d0i:10.1016/j.jhep.2024.06.032.

Palatini, M.; Muller, S.F.; Kirstgen, M.; Leiting, S.; Lehmann, F.; Soppa, L.; Goldmann, N.; Muller, C.;
Lowjaga, K.; Alber, J.; et al. IFITM3 Interacts with the HBV/HDV Receptor NTCP and Modulates Virus
Entry and Infection. Viruses 2022, 14, doi:10.3390/v14040727.

Wei, L.; Ploss, A. Hepatitis B virus cccDNA is formed through distinct repair processes of each strand. Nat
Commun 2021, 12, 1591, doi:10.1038/s41467-021-21850-9.

Kitamura, K.; Que, L.; Shimadu, M.; Koura, M.; Ishihara, Y.; Wakae, K.; Nakamura, T.; Watashi, K.; Wakita,
T.; Muramatsu, M. Flap endonuclease 1 is involved in cccDNA formation in the hepatitis B virus. PLoS
pathogens 2018, 14, 1007124, doi:10.1371/journal.ppat.1007124.

Wei, L.; Ploss, A. Core components of DNA lagging strand synthesis machinery are essential for hepatitis
B virus cccDNA formation. Nat Microbiol 2020, 5, 715-726, d0i:10.1038/s41564-020-0678-0.

Levy, D.E.; Marie, L].; Durbin, J.E. Induction and function of type I and III interferon in response to viral
infection. Current opinion in virology 2011, 1, 476-486, d0i:10.1016/j.coviro.2011.11.001.

Schlee, M.; Roth, A.; Hornung, V.; Hagmann, C.A.; Wimmenauer, V.; Barchet, W.; Coch, C.; Janke, M.;
Mihailovic, A.; Wardle, G.; et al. Recognition of 5' triphosphate by RIG-I helicase requires short blunt
double-stranded RNA as contained in panhandle of negative-strand virus. Immunity 2009, 31, 25-34,
doi:10.1016/j.immuni.2009.05.008.

Hur, S. Double-Stranded RNA Sensors and Modulators in Innate Immunity. Annu Rev Immunol 2019, 37,
349-375, doi:10.1146/annurev-immunol-042718-041356.

Schneider, W.M.; Chevillotte, M.D.; Rice, C.M. Interferon-stimulated genes: a complex web of host
defenses. Annu Rev Immunol 2014, 32, 513-545, d0i:10.1146/annurev-immunol-032713-120231.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

28 of 32

Hatton, C.F.; Botting, R.A.; Duenas, M.E; Haq, L].; Verdon, B.; Thompson, B.].; Spegarova, ].S.; Gothe, F.;
Stephenson, E.; Gardner, A.L; et al. Delayed induction of type I and III interferons mediates nasal epithelial
cell permissiveness to SARS-CoV-2. Nat Commun 2021, 12, 7092, doi:10.1038/s41467-021-27318-0.

Sato, S.; Li, K.; Kameyama, T.; Hayashi, T.; Ishida, Y.; Murakami, S.; Watanabe, T.; Iijima, S.; Sakurai, Y.;
Watashi, K.; et al. The RNA sensor RIG-I dually functions as an innate sensor and direct antiviral factor for
hepatitis B virus. Immunity 2015, 42, 123-132, doi:10.1016/j.immuni.2014.12.016.

Verrier, E.R,; Yim, S.A.; Heydmann, L.; El Saghire, H.; Bach, C.; Turon-Lagot, V.; Mailly, L.; Durand, S.C.;
Lucifora, J.; Durantel, D.; et al. Hepatitis B Virus Evasion From Cyclic Guanosine Monophosphate-
Adenosine Monophosphate Synthase Sensing in Human Hepatocytes. Hepatology 2018, 68, 1695-1709,
doi:10.1002/hep.30054.

Suslov, A.; Boldanova, T.; Wang, X.; Wieland, S.; Heim, M.H. Hepatitis B Virus Does Not Interfere With
Innate Immune Responses in the Human Liver. Gastroenterology 2018, 154, 1778-1790,
doi:10.1053/j.gastro.2018.01.034.

Wieland, S.; Thimme, R.; Purcell, R.H.; Chisari, F.V. Genomic analysis of the host response to hepatitis B
virus infection. Proceedings of the National Academy of Sciences of the United States of America 2004, 101, 6669-
6674, doi:10.1073/pnas.0401771101.

Giersch, K.; Allweiss, L.; Volz, T.; Helbig, M.; Bierwolf, J.; Lohse, A.W.; Pollok, ].M.; Petersen, ].; Dandri,
M.; Lutgehetmann, M. Hepatitis Delta co-infection in humanized mice leads to pronounced induction of
innate immune responses in comparison to HBV mono-infection. Journal of hepatology 2015, 63, 346-353,
doi:10.1016/j.jhep.2015.03.011.

Luangsay, S.; Gruffaz, M.; Isorce, N.; Testoni, B.; Michelet, M.; Faure-Dupuy, S.; Maadadi, S.; Ait-
Goughoulte, M.; Parent, R.; Rivoire, M.; et al. Early inhibition of hepatocyte innate responses by hepatitis
B virus. Journal of hepatology 2015, 63, 1314-1322, doi:10.1016/j.jhep.2015.07.014.

Lucifora, J.; Durantel, D.; Testoni, B.; Hantz, O.; Levrero, M.; Zoulim, F. Control of hepatitis B virus
replication by innate response of HepaRG cells. Hepatology 2010, 51, 63-72, doi:10.1002/hep.23230.

Wei, C; Ni, C; Song, T.; Liu, Y.; Yang, X.; Zheng, Z.; Jia, Y.; Yuan, Y.; Guan, K,; Xu, Y.; et al. The hepatitis
B virus X protein disrupts innate immunity by downregulating mitochondrial antiviral signaling protein.
J Immunol 2010, 185, 1158-1168, doi:10.4049/jimmunol.0903874.

Wang, X.; Li, Y.; Mao, A,; Li, C; Li, Y.; Tien, P. Hepatitis B virus X protein suppresses virus-triggered IRF3
activation and IFN-beta induction by disrupting the VISA-associated complex. Cellular & molecular
immunology 2010, 7, 341-348, d0i:10.1038/cmi.2010.36.

Kumar, M,; Jung, S.Y.; Hodgson, A.].; Madden, C.R.; Qin, ].; Slagle, B.L. Hepatitis B virus regulatory HBx
protein binds to adaptor protein IPS-1 and inhibits the activation of beta interferon. | Virol 2011, 85, 987-
995, doi:10.1128/JV1.01825-10.

Yu, S.; Chen, J.; Wu, M.; Chen, H.; Kato, N.; Yuan, Z. Hepatitis B virus polymerase inhibits RIG-I- and Toll-
like receptor 3-mediated beta interferon induction in human hepatocytes through interference with
interferon regulatory factor 3 activation and dampening of the interaction between TBK1/IKKepsilon and
DDX3. ] Gen Virol 2010, 91, 2080-2090, doi:10.1099/vir.0.020552-0.

Wang, H.; Ryu, W.S. Hepatitis B virus polymerase blocks pattern recognition receptor signaling via
interaction with DDX3: implications for immune evasion. PLoS pathogens 2010, 6, e1000986,
doi:10.1371/journal.ppat.1000986.

Zhou, L.; He, R;; Fang, P.; Li, M.; Yu, H.,; Wang, Q.; Yu, Y.; Wang, F.; Zhang, Y.; Chen, A; et al. Hepatitis B
virus rigs the cellular metabolome to avoid innate immune recognition. Nat Commun 2021, 12, 98,
doi:10.1038/s41467-020-20316-8.

Novotny, L.A; Evans, ].G.; Guo, H.; Kappler, C.S.; Meissner, E.G. Interferon lambda receptor-1 isoforms
differentially influence gene expression and HBV replication in stem cell-derived hepatocytes. Antiviral Res
2024, 221, 105779, doi:10.1016/j.antiviral.2023.105779.

Gordien, E.; Rosmorduc, O.; Peltekian, C.; Garreau, F.; Brechot, C.; Kremsdorf, D. Inhibition of hepatitis B
virus replication by the interferon-inducible MxA protein. | Virol 2001, 75, 2684-2691,
doi:10.1128/JV1.75.6.2684-2691.2001.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

29 of 32

Li, N.; Zhang, L.; Chen, L.; Feng, W.; Xu, Y.; Chen, F; Liu, X.; Chen, Z.; Liu, W. MxA inhibits hepatitis B
virus replication by interaction with hepatitis B core antigen. Hepatology 2012, 56, 803-811,
doi:10.1002/hep.25608.

Wang, Y.X,; Niklasch, M.; Liu, T.; Wang, Y.; Shi, B.; Yuan, W.; Baumert, T.F.; Yuan, Z; Tong, S.; Nassal, M.;
et al. Interferon-inducible MX2 is a host restriction factor of hepatitis B virus replication. Journal of hepatology
2020, 72, 865-876, d0i:10.1016/j.jhep.2019.12.009.

Mao, R.;; Nie, H.; Cai, D.; Zhang, J.; Liu, H.; Yan, R.; Cuconati, A.; Block, T.M.; Guo, J.T.; Guo, H. Inhibition
of hepatitis B virus replication by the host zinc finger antiviral protein. PLoS pathogens 2013, 9, e1003494,
doi:10.1371/journal.ppat.1003494.

Leong, C.R,; Funami, K.; Oshiumi, H.; Mengao, D.; Takaki, H.; Matsumoto, M.; Aly, H.H.; Watashi, K;
Chayama, K.; Seya, T. Interferon-stimulated gene of 20 kDa protein (ISG20) degrades RNA of hepatitis B
virus to impede the replication of HBV in vitro and in vivo. Oncotarget 2016, 7, 68179-68193,
doi:10.18632/oncotarget.11907.

Liu, Y.; Nie, H.; Mao, R.; Mitra, B.; Cai, D.; Yan, R.; Guo, ].T.; Block, T.M.; Mechti, N.; Guo, H. Interferon-
inducible ribonuclease ISG20 inhibits hepatitis B virus replication through directly binding to the epsilon
stem-loop structure of viral RNA. PLoS pathogens 2017, 13, 1006296, doi:10.1371/journal.ppat.1006296.
Yan, R.; Zhao, X.; Cai, D.; Liu, Y.; Block, T.M.; Guo, ]J.T.; Guo, H. The Interferon-Inducible Protein Tetherin
Inhibits Hepatitis B Virus Virion Secretion. | Virol 2015, 89, 9200-9212, d0i:10.1128/JVI.00933-15.

Lv, M,; Zhang, B,; Shi, Y.; Han, Z.; Zhang, Y.; Zhou, Y.; Zhang, W.; Niu, J.; Yu, X.F. Identification of BST-
2/tetherin-induced hepatitis B virus restriction and hepatocyte-specific BST-2 inactivation. Sci Rep 2015, 5,
11736, d0i:10.1038/srep11736.

Zheng, B.; Zhang, J.; Zheng, T.; Wang, H.; Li, Z; Huan, C; Ning, S;; Wang, Y.; Zhang, W. ATP1B3
cooperates with BST-2 to promote hepatitis B virus restriction. Journal of medical virology 2020, 92, 201-209,
doi:10.1002/jmv.25599.

Rosmorduc, O.; Sirma, H.; Soussan, P.; Gordien, E.; Lebon, P.; Horisberger, M.; Br Chot, C.; Kremsdorf, D.
Inhibition of interferon-inducible MxA protein expression by hepatitis B virus capsid protein. ] Gen Virol
1999, 80 ( Pt 5), 1253-1262, d0i:10.1099/0022-1317-80-5-1253.

Zoladek, J.; Deymier, S.; Cimarelli, A.; Nisole, S. Not all RNAs are created equal for the antiviral RNase
ISG20. Trends Microbiol 2025, 33, 583-585, doi:10.1016/j.tim.2025.01.014.

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

McCown, C.; Yu, C.H,; Ivanov, D.N. SAMHD1 shapes deoxynucleotide triphosphate homeostasis by
interconnecting the depletion and biosynthesis of different dNTPs. Nat Commun 2025, 16, 793,
doi:10.1038/s41467-025-56208-y.

Yang, S.; Zhan, Y.; Zhou, Y,; Jiang, Y.; Zheng, X.; Yu, L.; Tong, W.; Gao, F.; Li, L.; Huang, Q.; et al. Interferon
regulatory factor 3 is a key regulation factor for inducing the expression of SAMHDI in antiviral innate
immunity. Sci Rep 2016, 6, 29665, d0i:10.1038/srep29665.

Sommer, A.F.; Riviere, L.; Qu, B.; Schott, K_; Riess, M.; Ni, Y.; Shepard, C.; Schnellbacher, E.; Finkernagel,
M.; Himmelsbach, K.; et al. Restrictive influence of SAMHD1 on Hepatitis B Virus life cycle. Sci Rep 2016,
6, 26616, d0i:10.1038/srep26616.

Hu, J.; Qiao, M.; Chen, Y.; Tang, H.; Zhang, W.; Tang, D.; Pi, S,; Dai, J.; Tang, N.; Huang, A_; et al. Cyclin
E2-CDK2 mediates SAMHDI1 phosphorylation to abrogate its restriction of HBV replication in hepatoma
cells. FEBS Lett 2018, 592, 1893-1904, d0i:10.1002/1873-3468.13105.

Decorsiere, A.; Mueller, H.; van Breugel, P.C.; Abdul, F.; Gerossier, L.; Beran, R.K,; Livingston, C.M.; Niu,
C.; Fletcher, S.P.; Hantz, O.; et al. Hepatitis B virus X protein identifies the Smc5/6 complex as a host
restriction factor. Nature 2016, 531, 386-389, d0i:10.1038/nature17170.

Murphy, C.M.; Xu, Y.; Li, F.; Nio, K,; Reszka-Blanco, N.; Li, X.; Wu, Y.; Yu, Y.; Xiong, Y.; Su, L. Hepatitis B
Virus X Protein Promotes Degradation of SMC5/6 to Enhance HBV Replication. Cell Rep 2016, 16, 2846-
2854, doi:10.1016/j.celrep.2016.08.026.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

30 of 32

Niu, C.; Livingston, C.M.; Li, L.; Beran, R.K,; Daffis, S.; Ramakrishnan, D.; Burdette, D.; Peiser, L.; Salas, E.;
Ramos, H.; et al. The Smc5/6 Complex Restricts HBV when Localized to ND10 without Inducing an Innate
Immune Response and Is Counteracted by the HBV X Protein Shortly after Infection. PLoS One 2017, 12,
€0169648, doi:10.1371/journal.pone.0169648.

Abdul, F.; Filleton, F.; Gerossier, L.; Paturel, A.; Hall, J.; Strubin, M.; Etienne, L. Smc5/6 Antagonism by HBx
Is an Evolutionarily Conserved Function of Hepatitis B Virus Infection in Mammals. | Virol 2018, 92,
doi:10.1128/JV1.00769-18.

Yao, Q.; Peng, B.; Li, C.; Li, X;; Chen, M.; Zhou, Z,; Tang, D.; He, J.; Wu, Y.; Sun, Y.; et al. SLF2 Interacts
with the SMC5/6 Complex to Direct Hepatitis B Virus Episomal DNA to Promyelocytic Leukemia Bodies
for Transcriptional Repression. | Virol 2023, 97, e0032823, doi:10.1128/jvi.00328-23.

Zhang, S.; Guo, ].T.; Wu, ].Z.; Yang, G. Identification and characterization of multiple TRIM proteins that
inhibit hepatitis B virus transcription. PLoS One 2013, 8, 70001, doi:10.1371/journal.pone.0070001.

Song, Y.; Li, M.; Wang, Y.; Zhang, H.; Wei, L.; Xu, W. E3 ubiquitin ligase TRIM21 restricts hepatitis B virus
replication by targeting HBx for proteasomal degradation. Antiviral Res 2021, 192, 105107,
doi:10.1016/j.antiviral.2021.105107.

Gao, B.; Duan, Z.; Xu, W.; Xiong, S. Tripartite motif-containing 22 inhibits the activity of hepatitis B virus
core promoter, which is dependent on nuclear-located RING domain. Hepatology 2009, 50, 424-433,
doi:10.1002/hep.23011.

Luo, M.; Hou, J.; Mai, H.; Chen, J.; Chen, H.; Zhou, B.; Hou, J.; Jiang, D.K. TRIM26 inhibits hepatitis B virus
replication by promoting HBx degradation and TRIM26 genetic polymorphism predicts PeglFNalpha
treatment response of HBeAg-positive chronic hepatitis B Patients. Aliment Pharmacol Ther 2022, 56, 878-
889, doi:10.1111/apt.17124.

Luo, H,; Hu, X,; Li, Y; Lei, D.; Tan, G.; Zeng, Y.; Qin, B. The antiviral activity of tripartite motif protein 38
in hepatitis B virus replication and gene expression and its association with treatment responses during
PEG-IFN-alpha antiviral therapy. Virology 2023, 579, 84-93, doi:10.1016/j.virol.2022.12.014.

Tian, X.; Dong, H.; Lai, X,; Ou, G.; Cao, ]J.; Shi, J.; Xiang, C.; Wang, L.; Zhang, X.; Zhang, K.; et al. TRIM56
impairs HBV infection and replication by inhibiting HBV core promoter activity. Antiviral Res 2022, 207,
105406, doi:10.1016/j.antiviral.2022.105406.

Lin, Y.C.; Hsu, E.C,; Ting, L.P. Repression of hepatitis B viral gene expression by transcription factor nuclear
factor-kappaB. Cell Microbiol 2009, 11, 645-660, d0i:10.1111/j.1462-5822.2008.01280.x.

Turelli, P.; Mangeat, B.; Jost, S;; Vianin, S.; Trono, D. Inhibition of hepatitis B virus replication by
APOBEC3G. Science 2004, 303, 1829, doi:10.1126/science.1092066.

Lei, Y.C; Hao, Y.H.; Zhang, Z.M,; Tian, Y.J.; Wang, B.J.; Yang, Y.; Zhao, X.P.; Lu, M.].; Gong, F.L.; Yang,
D.L. Inhibition of hepatitis B virus replication by APOBEC3G in vitro and in vivo. World | Gastroenterol
2006, 12, 4492-4497, doi:10.3748/wjg.v12.128.4492.

Baumert, T.F.; Rosler, C.; Malim, M.H.; von Weizsacker, F. Hepatitis B virus DNA is subject to extensive
editing by the human deaminase APOBEC3C. Hepatology 2007, 46, 682-689, doi:10.1002/hep.21733.

Chen, Z.; Eggerman, T.L.; Bocharov, A.V.; Baranova, LN.; Vishnyakova, T.G.; Patterson, A.P. APOBEC3-
induced mutation of the hepatitis virus B DNA genome occurs during its viral RNA reverse transcription
into (-)-DNA. ] Biol Chem 2021, 297, 100889, d0i:10.1016/j.jbc.2021.100889.

Suspene, R.; Guetard, D.; Henry, M.; Sommer, P.; Wain-Hobson, S.; Vartanian, J.P. Extensive editing of both
hepatitis B virus DNA strands by APOBEC3 cytidine deaminases in vitro and in vivo. Proceedings of the
National Academy of Sciences of the United States of America 2005, 102, 8321-8326, d0i:10.1073/pnas.0408223102.
Chen, Y.; Hu, J.; Cai, X.;; Huang, Y.; Zhou, X,; Tu, Z.; Hu, J.; Tavis, ].E.; Tang, N.; Huang, A.; et al. APOBEC3B
edits HBV DNA and inhibits HBV replication during reverse transcription. Antiviral Res 2018, 149, 16-25,
doi:10.1016/j.antiviral.2017.11.006.

Chen, Z.; Eggerman, T.L.; Bocharov, A.V.; Baranova, LN.; Vishnyakova, T.G.; Patterson, A.P. APOBEC-1
cofactors regulate APOBEC3-induced mutations in hepatitis B virus. | Virol 2025, 99, e0187924,
doi:10.1128/jvi.01879-24.

Chen, R.; Zhao, X.; Wang, Y.; Xie, Y.; Liu, ]. Hepatitis B virus X protein is capable of down-regulating
protein level of host antiviral protein APOBEC3G. Sci Rep 2017, 7, 40783, d0i:10.1038/srep40783.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

31 of 32

Kostyushev, D.; Brezgin, S.; Kostyusheva, A.; Ponomareva, N.; Bayurova, E.; Zakirova, N.; Kondrashova,
A.; Goptar, I; Nikiforova, A.; Sudina, A.; et al. Transient and tunable CRISPRa regulation of APOBEC/AID
genes for targeting hepatitis B virus. Mol Ther Nucleic Acids 2023, 32, 478-493,
doi:10.1016/j.omtn.2023.04.016.

Chen, Y.; Shen, B.; Zheng, X.; Long, Q.; Xia, J.; Huang, Y.; Cai, X.; Wang, D.; Chen, J.; Tang, N.; et al. DHX9
interacts with APOBEC3B and attenuates the anti-HBV effect of APOBEC3B. Emerg Microbes Infect 2020, 9,
366-377, d0i:10.1080/22221751.2020.1725398.

Tapescu, I; Cherry, S. DDX RNA helicases: key players in cellular homeostasis and innate antiviral
immunity. | Virol 2024, 98, 0004024, doi:10.1128/jvi.00040-24.

Parthun, M.; Long, M.E.; Hemann, E.A. Established and Emerging Roles of DEAD/H-Box Helicases in
Regulating Infection and Immunity. Immunol Rev 2025, 329, e13426, d0i:10.1111/imr.13426.

Kukhanova, M.K,; Karpenko, I.L.; Ivanov, A.V. DEAD-box RNA Helicase DDX3: Functional Properties and
Development of DDX3 Inhibitors as Antiviral and Anticancer Drugs. Molecules 2020, 25,
d0i:10.3390/molecules25041015.

Ko, C; Lee, S.; Windisch, M.P.; Ryu, W.S. DDX3 DEAD-box RNA helicase is a host factor that restricts
hepatitis B virus replication at the transcriptional level. | Virol 2014, 88, 13689-13698, doi:10.1128/JV1.02035-
14.

Mao, R.;; Dong, M,; Shen, Z.; Zhang, H.; Liu, Y.; Cai, D.; Mitra, B.; Zhang, J.; Guo, H. RNA Helicase DDX17
Inhibits Hepatitis B Virus Replication by Blocking Viral Pregenomic RNA Encapsidation. | Virol 2021, 95,
e0044421, doi:10.1128/JVI1.00444-21.

Wang, ].C.; Nickens, D.G.; Lentz, T.B.; Loeb, D.D.; Zlotnick, A. Encapsidated hepatitis B virus reverse
transcriptase is poised on an ordered RNA lattice. Proceedings of the National Academy of Sciences of the United
States of America 2014, 111, 11329-11334, doi:10.1073/pnas.1321424111.

Dong, M.L.; Wen, X; He, X; Ren, ].H.; Yu, H.B.; Qin, Y.P.; Yang, Z.; Yang, M.L.; Zhou, C.Y.; Zhang, H.; et
al. HBx Mediated Increase of DDX17 Contributes to HBV-Related Hepatocellular Carcinoma
Tumorigenesis. Front Immunol 2022, 13, 871558, d0i:10.3389/fimmu.2022.871558.

Chapus, F.; Giraud, G.; Huchon, P.; Roda, M.; Grand, X.; Charre, C.; Goldsmith, C.; Roca Suarez, A.A.;
Martinez, M.G.; Fresquet, J.; et al. Helicases DDX5 and DDX17 promote heterogeneity in HBV transcription
termination in infected human hepatocytes. Journal of hepatology 2024, 81, 609-620,
doi:10.1016/j.jhep.2024.05.016.

Roca Suarez, A.A.; Plissonnier, M.L.; Grand, X.; Michelet, M.; Giraud, G.; Saez-Palma, M.; Dubois, A.;
Heintz, S.; Diederichs, A.; Van Renne, N.; et al. TLR8 agonist selgantolimod regulates Kupffer cell
differentiation status and impairs HBV entry into hepatocytes via an IL-6-dependent mechanism. Gut 2024,
73,2012-2022, doi:10.1136/gutjnl-2023-331396.

Pang, J.; Zhang, G.; Lin, Y.; Xie, Z; Liu, H.; Tang, L.; Lu, M,; Yan, R.; Guo, H,; Sun, J.; et al. Transforming
growth factor beta-activated kinase 1 transcriptionally suppresses hepatitis B virus replication. Sci Rep 2017,
7,39901, doi:10.1038/srep39901.

Benedik, N.S.; Proj, M.; Steinebach, C.; Sova, M.; Sosic, I. Targeting TAK1: Evolution of inhibitors,
challenges, and future directions. Pharmacol Ther 2025, 267, 108810, doi:10.1016/j.pharmthera.2025.108810.
Kang, L.J.; Choi, Y.J.; Lee, S.G. Stimulation of TRAF6/TAK1 degradation and inhibition of JNK/AP-1
signalling by ginsenoside Rg3 attenuates hepatitis B virus replication. Int | Biochem Cell Biol 2013, 45, 2612-
2621, doi:10.1016/j.biocel.2013.08.016.

Li, Z.; Rahman, N.; Bi, C.; Mohallem, R.; Pattnaik, A.; Kazemian, M.; Huang, F.; Aryal, U.K.; Andrisani, O.
RNA Helicase DDX5 in Association With IFI16 and the Polycomb Repressive Complex 2 Silences
Transcription of the Hepatitis B Virus by Interferon. Journal of medical virology 2024, 96, €70118,
doi:10.1002/jmv.70118.

Zhang, H.; Xing, Z.; Mani, S.K.; Bancel, B.; Durantel, D.; Zoulim, F.; Tran, E.].; Merle, P.; Andrisani, O. RNA
helicase DEAD box protein 5 regulates Polycomb repressive complex 2/Hox transcript antisense intergenic
RNA function in hepatitis B virus infection and hepatocarcinogenesis. Hepatology 2016, 64, 1033-1048,
doi:10.1002/hep.28698.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.
276.

277.

32 of 32

Sun, J.; Wu, G,; Pastor, F.; Rahman, N.; Wang, W.H.; Zhang, Z.; Merle, P.; Hui, L.; Salvetti, A.; Durantel, D.;
et al. RNA helicase DDX5 enables STAT1 mRNA translation and interferon signalling in hepatitis B virus
replicating hepatocytes. Gut 2022, 71, 991-1005, doi:10.1136/gutjnl-2020-323126.

Liu, Y.; Wang, H.; Zhang, J.; Yang, J.; Bai, L.; Zheng, B.; Zheng, T.; Wang, Y.; Li, J.; Zhang, W. SERINC5
Inhibits the Secretion of Complete and Genome-Free Hepatitis B Virions Through Interfering With the
Glycosylation of the HBV Envelope. Frontiers in microbiology 2020, 11, 697, d0i:10.3389/fmicb.2020.00697.
Chabrolles, H.; Auclair, H.; Vegna, S.; Lahlali, T.; Pons, C.; Michelet, M.; Coute, Y.; Belmudes, L.; Chadeuf,
G.; Kim, Y.; et al. Hepatitis B virus Core protein nuclear interactome identifies SRSF10 as a host RNA-
binding protein restricting HBV RNA production. PLoS pathogens 2020, 16, 1008593,
doi:10.1371/journal.ppat.1008593.

Michelet, M.; Alfaiate, D.; Chardes, B.; Pons, C.; Faure-Dupuy, S.; Engleitner, T.; Farhat, R.; Riedl, T.;
Legrand, A.F.; Rad, R.; et al. Inducers of the NF-kappaB pathways impair hepatitis delta virus replication
and strongly decrease progeny infectivity in vitro. JHEP Rep 2022, 4, 100415,
doi:10.1016/j.jhepr.2021.100415.

Lange, F.; Garn, ]J.; Bruhn, M.; Pietschmann, T.; Carpentier, A. Single-cell analysis of mature hepatocytes
reveals an IRFl-driven restricion of HDV infection. JHEP Rep 2025, 7, 101429,
doi:10.1016/j.jhepr.2025.101429.

Brugarolas, J.; Lei, K.,; Hurley, R.L.; Manning, B.D.; Reiling, ].H.; Hafen, E.; Witters, L.A.; Ellisen, L.W.;
Kaelin, W.G,, Jr. Regulation of mTOR function in response to hypoxia by REDD1 and the TSC1/TSC2 tumor
suppressor complex. Genes Dev 2004, 18, 2893-2904, doi:10.1101/gad.1256804.

Simonson, B.; Subramanya, V.; Chan, M.C.; Zhang, A.; Franchino, H.; Ottaviano, F.; Mishra, M.K.; Knight,
A.C.; Hunt, D.; Ghiran, I; et al. DDiT4L promotes autophagy and inhibits pathological cardiac hypertrophy
in response to stress. Sci Signal 2017, 10, doi:10.1126/scisignal.aaf5967.

Whitney, M.L.; Jefferson, L.S.; Kimball, S.R. ATF4 is necessary and sufficient for ER stress-induced
upregulation of REDDI1 expression. Biochem Biophys Res Commun 2009, 379, 451-455,
doi:10.1016/j.bbrc.2008.12.079.

Schupp, M.; Chen, F.; Briggs, E.R.; Rao, S.; Pelzmann, H.]J.; Pessentheiner, A.R.; Bogner-Strauss, ].G.; Lazar,
M.A.; Baldwin, D.; Prokesch, A. Metabolite and transcriptome analysis during fasting suggest a role for the
p53-Ddit4 axis in major metabolic tissues. BVIC genomics 2013, 14, 758, doi:10.1186/1471-2164-14-758.
Lempp, F.A.; Mutz, P.; Lipps, C.; Wirth, D.; Bartenschlager, R.; Urban, S. Evidence that hepatitis B virus
replication in mouse cells is limited by the lack of a host cell dependency factor. Journal of hepatology 2016,
64, 556-564, d0i:10.1016/j.jhep.2015.10.030.

Cantor, J.R.; Abu-Remaileh, M.; Kanarek, N.; Freinkman, E.; Gao, X.; Louissaint, A., Jr.; Lewis, C.A,;
Sabatini, D.M. Physiologic Medium Rewires Cellular Metabolism and Reveals Uric Acid as an Endogenous
Inhibitor of UMP Synthase. Cell 2017, 169, 258-272 €217, doi:10.1016/j.cell.2017.03.023.

Golikov, M.V.; Valuev-Elliston, V.T.; Smirnova, O.A.; Ivanov, A.V. Physiological Media in Studies of Cell
Metabolism. Mol Biol 2022, 56, 629-637, d0i:10.1134/S0026893322050077.

Golikov, M.V.; Bartosch, B.; Smirnova, O.A.; Ivanova, O.N.; Ivanov, A.V. Plasma-Like Culture Medium for
the Study of Viruses. mBio 2023, 14, €0203522, d0i:10.1128/mbio.02035-22.

Stevens, K.M. Oxygen requirements for liver cells in vitro. Nature 1965, 206, 199, doi:10.1038/206199a0.
Yanagi, K.; Ohshima, N. Improvement of metabolic performance of cultured hepatocytes by high oxygen
tension in the atmosphere. Artif Organs 2001, 25, 1-6, doi:10.1046/j.1525-1594.2001.025001001.x.

Nahmias, Y.; Kramvis, Y.; Barbe, L.; Casali, M.; Berthiaume, F.; Yarmush, M.L. A novel formulation of
oxygen-carrying matrix enhances liver-specific function of cultured hepatocytes. Faseb ] 2006, 20, 2531-2533,
doi:10.1096/£j.06-6192fje.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1517.v1
http://creativecommons.org/licenses/by/4.0/

