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Editorial on the Research Topic

Viral Hepatitis: Pathophysiology, Prevention, and Control

Viral hepatitis, characterized by liver inflammation and damage, is among the leading human global
health threats (World Health Organization, 2012). Billions of people worldwide have been infected
with hepatitis viruses. Millions worldwide are living with viral hepatitis and over 1.4 million deaths
occur annually as a result of liver cirrhosis and cancer (World Health Organization, 2016). Notably,
many infected individuals are unaware of their infection and can transmit the virus to others.

The majority of viral hepatitis, alphabetically referred to as Types A, B, C, D, and E, are caused by
five different viruses. In addition, human adenoviruses are also known to cause hepatitis in
immunocompromised individuals. These viruses are from distinct taxonomic grouping, have
different infectivity, replication strategies, reservoirs, and pathogenesis. In turn, the course of the
disease, epidemiology, prevention and treatment could differ.

The enveloped hepatitis B virus (HBV) and hepatitis C virus (HCV) cause both acute and
chronic liver disease. Together HBV and HCV account for ~ 90% of the fatalities. HCV, a member
of the Flaviviridae family of positive-strand RNA virus, infects through exposures to virus-
containing blood or body fluids that contain blood. HBV is a member of the Hepadnaviridae
family with a reverse-transcribed partially double-stranded genome. It infects through puncture of
the skin or mucosal contact with infectious blood or body fluids. Hepatitis D virus (HDV) contains a
circular single-stranded negative-sense RNA genome and it co-infects people along with hepatitis B
or infect people who are already chronically infected by HBV. The envelope of HDV contains the
HBV envelope proteins and it uses the same cellular receptor for entry as HBV (Yan et al., 2012).
HDV and HBV co-infection can speed up liver disease progression.

Hepatitis A virus (HAV) and hepatitis E virus (HEV) from feces are nonenveloped viruses.
Interestingly, HEV from blood contain membrane from exosomes and are classified as quasi-
enveloped (Nagashima et al., 2017). Both viruses spread through close contact with an infected
individual or through ingestion of virus-contaminated food or drink. HAV and HEV belong to the
family of Picronaviridae andHepeviridae, respectively, and both possess single-stranded positive-sense
RNA genomes (Aggarwal, 2013; Lemon et al., 2017). It is important to note that HEV also infects a
number of animals that serve as reservoirs and ingestion of undercooked meats can lead to
transmission (Doceul et al., 2016). HAV and HEV typically lead to self-limiting diseases, although
the illness could last for a few months. In a small percentage of people, especially
immunocompromised individuals, specific genotypes of HEV can cause chronic infection
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(Hoofnagle et al., 2012). Severe acute infections can also lead to a
small percentage of fatalities, and fatalities could be higher in
pregnant women (Khuroo and Kamili, 2003).

Significant progress to prevent infection by hepatitis viruses has
been made. Highly effective and safe prophylactic vaccines are
available for hepatitis A and B. For hepatitis B, vaccination of
newborns weighing over 2 kg is recommended (Schillie et al., 2018).
Proper vaccination will also produce essentially life-long immunity
(Loader et al., 2019). Preventing HBV infection will also protect
against HDV infection. For chronically infected hepatitis B
patients, the vaccine will not cure the infection, but family
members and associates who receive the vaccine can be protected
from infection. A recombinant vaccine against HEV is available in
China (Zhu et al., 2010). A vaccine is not available for hepatitis
C. Prevention of infection should focus on improved education,
hygiene, improving infrastructure, and healthcare practices.

It is important to have therapies for viral hepatitis. Thus far,
therapy development have primarily focused on hepatitis B and C.
HBV can now be controlled with direct-acting antivirals (DAAs),
although the virus cannot be effectively eliminated. Additional
therapies with multiple modalities that can achieve functional
cures, the sustained loss of the HBV surface antigen, are actively
pursued by the biotech and pharma industry (Lok et al., 2017; Tang
et al., 2017). Treatment for hepatitis C has shifted from the use of
immunomodulators and the general viral inhibitor ribavirin to
molecules that target the viral replication proteins (Scheel and
Rice, 2013). Several combinations of DAAs can effectively
elimination pan-genotypic HCV with very low rate of viral relapse
(Zoratti et al., ). The general recommendation for individuals infected
with HAV is to rest and avoid stressors that can exacerbate
symptoms. As discussed above, there is more urgent need to treat
HEV infection. Currently, recombinant interferon and ribavirin are
available, but effective DAAs remain to be identified (Netzler et al., ).

This Research Topic contains both reviews and original articles
that deal with a range of topics on viral hepatitis. Despite the
significant advances made in Hepatitis B research, HBV continues
to be a serious threat to public health worldwide. In their review,
Steinmannetal.puthepatitisB intoahistorical contextandthe lessons
on proper formulation of vaccines. The authors emphasized on the
high heat tolerance of HBV and suggested the importance of proper
washing and disinfection to minimize HBV contamination and
overall safety. The entry of HBV into host cells is not completely
understood and is an area that requires more attention. Though
sodium-taurocholate cotransporting polypeptide (NTCP)was shown
to be a functional receptor for HBV, other molecules are reported to
aid inHBV infection. To better understandHBV infectivity, Hu et al.
documented that E-cadherin, an adhesion molecule that is abundant
in epithelial tissue, can interact with the HBV receptor to affect its
localization in cells and thus impact HBV entry. Interestingly,
E-cadherin binds only to the glycosylated form of NTCP, which is
important for it to act as the HBV receptor, and thus preferentially
regulates the membrane localization of glycosylated NTCP.

Three articles dealt with viral pathogenesis. Liu et al. used
transcriptome analysis to demonstrate that the HCV Core protein
expressed from a chimeric virus can induce interleukin-32
expression. Use of specific inhibitors in their study pointed to the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 25
involvement of PI3K/AKT pathway in IL32 induction. Authors
suggested that the HCV core protein dependent IL32 expression
leads to the elevated inflammation associated with severe hepatitis.
One of the peculiar diseasemanifestations ofHEV is its involvement
in neurological disorders. Not much is known about how HEV
induces neurological complications. Tian et al. showed that HEV
could cause mitochondrial-associated apoptosis in cultured human
brain cells and in the brains of HEV-infected gerbils. This further
induced the production of high amounts of pro-inflammatory
cytokines possibly explaining the observed extrahepatic injuries
associated with HEV infection. In the review by Sehgal et al., the
link between gut microbiota and the severity of viral hepatitis was
examined. The authors focused on the role of bacterial pathogen-
associatedmolecular patterns in activating innate immune receptors
resulting in the NFkB signaling in hepatitis B and C dependent
hepatitis. Fecal microbiota transplant could be an alternative
method of treatment and management for viral hepatitis.

Four articles deal with therapeutic development and possible
therapeutic molecules. Khan et al. reviewed the diverse HCV
replicons that were instrumental to the development of HCV
drugs and threw light on drug resistance. The replicons for all the
major HCV genotypes, including subgenomic and full-length
replicons, and their importance in HCV drug discovery are
discussed. For HEV, a promising drug target is the protease. HEV
encoded protease was suggested to be a papain-like cysteine
protease as well as chymotrypsin like protease. In their work,
Saraswat et al. showed that the HEV protease was able to process
the ORF1 polyprotein. Furthermore, the authors used biochemical
assays and in silico modeling to show that the HEV protease is
indeed a papain-like cysteine protease. Also in this Research Topic,
the modulation of polyamine synthesis as a possible antiviral
strategy was investigated. Polyamines are known to play a role in
the replication of many RNA and DNA viruses. Mao et al. showed
that polyamines help in HBV replication and an inhibitor of
polyamine synthesis can inhibit HBV by increasing the
proteasome-mediated degradation of the Core protein. Finally, in
this Research Topic, Wang et al. focused on another virus whose
infection can cause hepatitis, the human adenovirus. They
developed a mouse monoclonal antibody against one of the major
capsid proteins of human adenovirus (HAdV-7) and showed that
this antibody has a potent neutralizing activity.

The original articles and reviews presented in this Research
Topic showcase the work of diverse group of researchers from
different parts of the world on viral hepatitis. The knowledge
provided will contribute to the development of interference
strategies and treatment for viral hepatitis.
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B1-type human adenoviruses (HAdVs) HAdV-3, HAdV-7, and HAdV-55 have caused

epidemics in North America, Asia, and Europe. However, to date, no adenovirus vaccines

or antiviral drugs have been approved for general use. In the present work, a scFv-phage

immune library was constructed and mouse monoclonal antibody (MMAb) 10G12 was

obtained through selection. 10G12 is specific for HAdV-7 and binds the hexon loop1

and loop2 (LP12), resulting in strong neutralization activity against HAdV-7. Additionally,

it is stable in serum and buffer at various pH values. The findings provide insight into

adenovirus and antibody responses and may facilitate the design and development of

adenovirus vaccines and antiviral drugs.
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INTRODUCTION

Human adenoviruses (HAdVs), non-enveloped, icosahedral, double-stranded DNA viruses
spanning > 85 genotypes, are classified into seven species (A–G) (Yoshitomi et al., 2017). HAdV
infection is characterized by a broad spectrum of disease symptoms in humans, including sore
throat, pneumonia, fever, and acute otitis media, with most cases involving gastrointestinal
symptoms that vary with infection genotype (Arnold et al., 2010; Kunz and Ottolini, 2010).
Symptoms are generally mild and self-limiting in immune-competent adults, but outbreaks of
acute respiratory diseases (ARDs), such as community-acquired pneumonia (CAP), can occur in
newborns, school students, and military recruits (Tan et al., 2016). B1 type adenoviruses HAdV-3,
HAdV-7, and HAdV-55 are responsible for most epidemics in North America, Asia, and Europe
(Choi et al., 2005; Zhang et al., 2006; James et al., 2007; Selvaraju et al., 2011; Tang et al., 2011;
Gopalkrishna et al., 2016). To date, no vaccines for the general population available for HAdVs,
and only vaccines against HAdV types 4 and 7 have been developed for the USA military (Russell
et al., 2006; Kajon et al., 2015). Additionally, no antiviral drugs or efficient antiviral therapies have
been approved for treating HAdVs (Echavarría, 2008).

Immune reconstitution plays a critical role in controlling AdV infection, and serotype-specific
neutralizing monoclonal antibodies (MAbs) correlate with clearance of AdV (Heemskerk et al.,
2005; Echavarría, 2008). The adenovirus capsid is formed from threemajor proteins (hexon, penton
base, and fiber) and four minor proteins (IIIa, VI, VIII, and IX). Hexon, the most abundant
capsid protein, recruits cytoplasmic dynein, a crucial component for transporting viral capsids
along microtubules (Scherer and Vallee, 2015). Hexon is also an important antigen for neutralizing
antibodies against HAdV-3, -5, -7, -14, and -55 (Sumida et al., 2005; Tian et al., 2011; Yu et al.,
2013; Su et al., 2016). Type-specific neutralization epitopes on hexon proteins of many adenoviruses
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are primarily located in seven hypervariable regions (Rux et al.,
2003; Pichla-Gollon et al., 2007; Yuan et al., 2009; Bradley et al.,
2012; Qiu et al., 2012; Tian et al., 2018b). Hexon stimulates type-
specific neutralizing Abs (NAbs), whereas fiber induces Abs with
cross-neutralizing activity against HAdV-14 and HAdV-55 (Feng
et al., 2018). However, to date, only a few neutralization epitopes
on the HAdV fiber knob region have been identified.

In the present study, scFv 10G12 was screened from an
scFv-phage antibody immune library and subcloned to generate
an MMAb. We identified MMAb 10G12 as a potent antibody
that effectively targets HAdV-7 in vitro at low concentrations
by binding to hexon loop1 and loop2 (LP12). MMAb 10G12
displayed good stability in serum and phosphate buffer (PB) at
different pH values.

MATERIALS AND METHODS

Cell Lines and Viruses
HEK293F and A549 cells (ATCC, USA) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS) (Excell, China). FreeStyleTM 293-
F cells (Invitrogen, USA) were cultured in FreeStyleTM 293
Expression Medium (12338; Gibco, USA). Cells were incubated
at 37◦C in a 5% CO2 atmosphere. The HAdV-7 GZ6965
strain (human/CHN/GZ6965/2001) used herein was obtained
as described previously (Qiu et al., 2012) and maintained
in our laboratory. The HAdV-55 strain was isolated from a
patient and kindly provided by Prof. Hongbin Song (Center
for Disease Control and Prevention of Chinese PLA, Beijing,
China). HAdV-7 and HAdV-55 were propagated in HEK293-
F cells grown in DMEM containing 2% FBS. When 75–95% of
cells exhibited typical cytopathic effects (CPEs) consistent with
HAdV infection, the cell suspension was frozen at −80◦C and
thawed three times, centrifuged at 4,000 g for 5min, and the
supernatant was inactivated and purified using standard CsCl
gradient centrifugation (Wu et al., 2002). The obtained virus
particles were aliquoted and stored at−80◦C.

Construction and Selection of scFv-phage
Antibody Immune Libraries
Preparation and characterization of the scFv-phage display
library was subsequently performed. Female BALB/c mice at
6–8 weeks old were immunized with inactivated HAdV-7.
Pre-immune sera were collected from mouse tails and used
as negative controls. A 100 µg sample of inactivated HAdV-
7 emulsified in Freund’s complete adjuvant (Sigma, USA)
was intraperitoneally injected, followed by four boosters of
the same dose at 2-week intervals. Spleens were harvested 3
days after the final booster, and total RNA was isolated from
spleen cells and was reverse transcribed into cDNA (K1621,
Thermo Scientific, USA). Primers for reverse-transcription
were PmCGR (TGCATTTGAACTCCTTGCC) and PmCKR
(CCATCAATCTTCCACTTGAC). Full-length variable light
(VL) and variable heavy (VH) chain genes were amplified by
overlay-extended PCR and the scFv fragment was cloned into
phage display vector pADSCFV-S. Competent Escherichia coli
HST08 Blue cells were transformed with the ligation mixture by

electroporation. Transformed cells were titrated on agar plates
to determine the library size, and colony PCR was performed
on a selection of colonies to determine the presence of DNA
inserts in the vector. Harvested cells samples harboring the final
scFv antibody gene library were combined, aliquoted, and stored
at−80◦C.

Purified HAdV-7 (300 ng, 100 µl) in PBS was incubated in a
microtiter plate well overnight at 4◦C, then blocked with 3% BSA
in TBS (50mM Tris-HCl pH 7.5, 150mM NaCl) for 2 h at 37◦C.
A 100 µl sample of phage library at 1.9 × 107 plaque-forming
units (pfu) per ml was added and incubated for an additional 2 h
at 37◦C after a washing step. After washing, wells with TBST (TBS
containing 0.05% Tween-20), bound phage was eluted with 120
µl 0.1M glycine-HCl (pH 2.2) and neutralized with 15 µl 1M
Tris-HCl (pH 9.0). After eluting, phage was amplified by infecting
E. coli XL1-Blue cells, and four rounds of panning were carried
out. Positively selected phages were amplified and resulting scFv
was subjected to DNA sequence.

MMAb Generation of scFv
PCR was performed to amplify the full-length variable light (VL)
and variable heavy (VH) chain genes of positively selected phages.
PCR products were digested with restriction endonucleases
Sal I and Age I, then cloned separately into pMABG1 and
pMABKa vectors containing a mouse immunoglobulin constant
gene. Recombinant antibodies were obtained as IgG1 molecules,
regardless of their original isotype. FreeStyle 293-F cells were
transfected with equal quantities of plasmids encoding heavy
and light chains using a FectoPRO transfection kit (116-001,
Polyplus-Transfection, French) for antibody expression. At 4
days after transfection, antibody-containing supernatants were
harvested, and antibodies were purified using HiTrap MabSelect
Xtra (28-4082-60, GE Healthcare, USA).

Expression and Purification of Loop1 and
Loop2 (LP12) and Fiber
Viral DNA was extracted from A549 cells infected with HAdV-
7 or HAdV-55 using DNAVzol (Vigorous, Beijing, China)
following the manufacturer’s instructions. Genes encoding the
hexon LP12 fragment and fiber were amplified by PCR and
inserted into the pTIG-TRX vector. Primers used for PCR are
listed in Table 1 (7LP12, LP12 of HAdV-7; 55LP12, LP12 of
HAdV-55; 7Fiber, Fiber of HAdV-7; 55Fiber, Fiber of HAdV-
55). The pTIG-TRX-LP12 plasmid was transformed into E. coli
BL21 (DE3) cells (TransGen, Beijing, China) for expression
of His-tagged fusion protein. Transformed cells were cultured
in Luria-Bertani medium containing ampicillin at 37◦C, and
recombinant expression was induced with 0.6mM isopropyl
b-D-thiogalactoside (IPTG) when the absorbance at 600 nm
(OD600) reached 0.4–0.6. After reducing the temperature from
37◦C to 16◦C, cells were cultured for a further 16 h. Bacteria
were lysed by ultrasonic treatment, and recombinant protein was
purified by Ni-agarose resin.

ELISA Assay
Wells of ELISA assay plates (9018, Costar, USA) were coated
with 200 ng antigen and incubated overnight at 4◦C. Wells were
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TABLE 1 | Sequences of primers used for PCR.

Primer name Primer sequences (5′-3′)

7LP12-F AGGAATTCTAATGGGATCCCACCACCATCATCATCATACATCT

CAGTGGATAGTTACA

7LP12-R GTGCTCGAGCTCGAGCTATTAATTGTCCATTGGGTCAAG

55LP12-F AGGAATTCTAATGGGATCCCACCACCATCATCATCATAGTTTC

AAACCCTATTCTGGTAC

55LP12-R GTGCTCGAGCTCGAGCTATTACCGCCCGTTCATGTAGTCGTA

7Fiber-F AGGAATTCTAATGGGATCCCACCACCATCATCATCATACCAAG

AGAGTCCGGCTCA

7Fiber-R GGTGCTCGAGTCATTAGTCGTCTTCTCTGATGTA

55Fiber-F AGGAATTCTAATGGGATCCCACCACCATCATCATCATACCAA

GAGAGTCCGGCTCAGT

55Fiber-R GGTGCTCGAGTCATTAGTCGTCTTCTCTGATGTAG

then blocked with 200 µl of 5% (w/v) skimmed milk-PBS for
2 h at 37◦C, and 200 µl of antibody was added and incubated
for 2 h at 37◦C. Plates were washed three times with PBS-Tween
(0.1% v/v), and goat anti-mouse horseradish peroxidase (HRP)-
conjugated IgG antibody (1:5,000, v/v) was added and incubated
for 1 h at 37◦C. Finally, three rounds of washing with PBS-Tween
were carried out, and detection at 492 and 630 nmwas performed
using OPD chromogen substrate.

To examine whether MMAb 10G12 was specific
for HAdV-7, inactivated HAdV-7 and HAdV-55 were
used as antigens, and inactivated influenza virus H3N2
(A/swine/Colorado/1/77) (Karasin et al., 2000) and a synthetic
polypeptide antigen of foot-and-mouth disease virus (FMDV)
(ETQVQRRQHTDVSFILDRFVKVTPKDQINALDLMQTPAH
TEPGSRVTNVRGDLQVLAQKAARTLPPGSRHKQKIVAPVK
QLL) served as negative controls. The MMAb antibody 10G12
was used at a concentration of 7.5µg/mL. To examine the affinity
of MMAb 10G12 for HAdV-7, inactivated HAdV-7 was used
as antigen, and the MMAb 10G12 antibody was 2-fold serially
diluted from an initial concentration of 80µg/mL to 19.07
pg/mL. To identify which epitope MMAb 10G12 binds, fiber,
and the hexon LP12 from HAdV-7 and HAdV-55 were used as
antigens, and MMAb 10G12 antibody employed at 7.5 µg/mL.

Virus Neutralization Test
For in vitro adenovirus neutralization experiments, 100 µl of
A549 cells (3 × 105 cells/ml) were seeded in each well of 96-
well plates incubated overnight at 37◦C in a 5% CO2 atmosphere.
Purified 10G12 was serially diluted 2-fold from 25 to 0.1µg/ml
in DMEM, and 50 µl aliquots of each dilution were mixed with
50 µl HAdV-7 or HAdV-55 with 100TCID50. Anti-DENV1 (Lu
et al., 2018) and anti-EGFR (CN102993305B) antibodies served
as negative controls. Antibody-virus mixtures were incubated at
37◦C for 1 h, transferred to 96-well plates containing 85–95%
confluent A549 cell monolayers, and cultured in DMEM without
Phenol Red or serum for 72 h. Infected cells were observed under
a microscope and the number of holes in cells with lesions
was counted.

To test the ability of MMAb to rescue HAdVs infection, 100
µl of A549 cells (3 × 105 cells/ml) were seeded in each well
of 96-well plates and incubated overnight at 37◦C in a 5% CO2

atmosphere. Next, 100 µl samples of HAdV-7 or HAdV-55 with
100TCID50 were added to 96-well plates containing 85–95%
confluent A549 cell monolayers and incubated at 37◦C for 1 h.
Purified 10G12 was serially diluted 2-fold from 25 to 0.1µg/ml
in DMEM without Phenol Red and serum, and 100 µl aliquots
of each dilution were added to 96-well plates and incubated
for 1 week at 37◦C. Anti-DENV1 and anti-EGFR antibodies
served as negative controls. Infected cells were observed under
a microscope and the number of holes in cells with lesions
was counted.

MMAb Stability Analysis
To test the stability of MMAb in serum, purified 10G12
was diluted in fetal bovine serum (FBS, Excell) to 25µg/ml
and incubated for 3, 7, or 10 days at 37◦C. ELISA assays
were then performed to detect whether samples still efficiently
recognized HAdV-7.

To test the MMAb stability in PB at different pH values,
purified 10G12 was diluted in PB at pH 6.0, 6.5, 7.0, 7.5, and
8.0, and incubated at 37◦C for 5 or 8 days. ELISA assays
were then performed to detect whether samples still efficiently
recognized HAdV-7.

Western Blotting Assay
Purified antigens were quantified using a NanoDrop Onec

instrument (Thermo, USA). A 7.5 µg sample of reduced protein
was separated by SDS-PAGE and subsequently transferred to a
polyvinylidene fluoride (PVDF) membrane. Primary antibody
10G12 (1 mg/mL) was diluted 1:1,000, and secondary antibody
HRP-goat anti-mouse immunoglobulin G (IgG) (ZSGB-BIO)
was diluted 1:5,000. Signals were detected using Western HPR
Substrate Peroxide solution (Millipore).

Statistical Analysis
All experiments were repeated at least three times, except for the
stability assay. Data are presented as means± standard deviation
(SD). Statistical significance was determined using GraphPad
Prism 5.0 software. An affinity graphwas plotted, and EC50 values
were determined using GraphPad Prism 5.0 software, too. The
significance of differences in protective effects compared with
controls was evaluated using two-tailed Student’s t-tests, and
p-values < 0.05 were considered statistically significant.

RESULTS

Construction and Selection of scFv-phage
Antibody Immune Libraries
Female BALB/c mice at 6–8 weeks old were immunized with
inactivated HAdV-7, and spleens were harvested for RNA
extraction after four booster injections. Genes encoding VL and
VH chains were amplified by PCR, and DNA fragments of the
expected size (350 bp) were obtained. Overlay-extended PCR was
performed to generate scFv DNA fragments of ∼750 bp, which
were then cloned into the phage vector pADSCFV-S. The final
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FIGURE 1 | Identification of mouse monoclonal antibodies (MMAbs) against HAdV-7. (A) Screening of scFv-displaying phage by ELISA. After three round of panning,

11 positive clones were identified that recognized HAdV-7. (B) ELISA analysis of binding between MMAb 10G12 and various antigens. The synthetic polypeptide

antigen of foot-and-mouth disease virus (FMDV) and influenza A virus H3N2 (A/swine/Colorado/1/77) served as negative controls. HAdV-55 was tested for potential

cross-reactivity. Results are presented as means ± SD from three independent experiments (***p < 0.001 vs. negative controls calculated by t-tests). (C) Affinity curve

of the ELISA results for binding between HAdV-7 and serially diluted MMAb 10G12. ELISA assays were performed with 200 ng of inactivated HAdV-7 per well. MMAb

10G12 was serially diluted from an initial concentration of 80µg/mL.

scFv antibody gene library consisted of 1.9 × 107 independent
clones, with 80% correctness.

In total, 11 positive clones were identified from samples
after the third round of panning against HAdV-7, and their
ability to interact with HAdV-7 is shown in Figure 1A. These
phagemids were extracted and each insert was sequenced. The
results revealed five unique full-size scFv sequences among the
11 clones (10G12, 6H9, 10D7, 8G10, 6B10, 10G4, and 1C9 shared
the same sequence; 5H4 had the wrong sequence). VH and VL

of 10G12, 10A4, 1B1, and 5D12 were recloned into pMABG1
or pMABKa to generate murine IgG1 molecules. Although these
four antibodies were specific to HAdV-7, 10A4, 1B1, and 5D12
did not exhibit neutralizing activity (data not shown). Thus,
subsequent experiments only characterized 10G12.

MMAb 10G12 Is Specific for HAdV-7
To examine whether MMAb 10G12 is specific for HAdV-7,
an ELISA assay was performed. Since positive clones bound
to various unrelated viruses in the previous selection of the
scFv-phage antibody library, two unrelated antigens (influenza
virus H3N2 and the synthetic polypeptide antigen of FMDV)
were included as negative controls. Additionally, since there
are more than 85 HAdV genotypes, HAdV-55 was tested for
potential cross-reactivity with MMAb 10G12. As shown in

Figure 1B, MMAb 10G12 bound to inactivated HAdV-7, but not
to inactivated influenza virus H3N2, the synthetic polypeptide
antigen of FMDV, or HAdV-55. Furthermore, ELISA assay was
performed to test the affinity ofMMAb 10G12 for HAdV-7. Based
on the absorbance at 492 nm, and affinity graph was plotted using
GraphPad Prism 5.0 software (Figure 1C). The resulting EC50

values indicated that the affinity between MMAb and HAdV-7
was 0.14 nM.

In vitro Neutralizing Activity and
Therapeutic Effects of MMAb 10G12
To examine the neutralization potential ofMMAb 10G12, in vitro
adenovirus neutralization experiments were performed using
A549 cells. Purified 10G12 was serially diluted 2-fold from 25
to 0.1µg/ml in DMEM, and 50 µl aliquots of each dilution
were mixed with 50 µl HAdV-7 or HAdV-55 with 100TCID50.
The antibody-virus mixtures were transferred to A549 cells,
and every dilution included eight replicates. After 72 h, infected
cells were observed under the microscope, and wells containing
surviving cells were counted. Two antibodies (anti-DENV and
anti-EGFR) served as negative controls. As shown in Table 2,
50 µl aliquots of 10G12 with 0.4µg/ml could neutralize 100%
of 50 µl HAdV-7 with 100TCID50, and all cells at this dilution
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TABLE 2 | In vitro neutralization activity of MMAb 10G12 (surviving cell holes/total).

Virus Antibody Antibody concentration (µg/ml)

25 12.5 6.25 3.2 1.6 0.8 0.4 0.2 0.1

No 10G12 8/8 8/8 8/8 8/8 8/8 8/8 8/8 8/8 8/8

HAdV-7 Anti-DENV1 2/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8

HAdV-7 Anti-EGFR 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8

HAdV-7 No 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8

HAdV-7 10G12 8/8 8/8 8/8 8/8 8/8 8/8 8/8 4/8 0/8

HAdV-55 10G12 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8

TABLE 3 | In vitro therapeutic effects of MMAb 10G12 (surviving cell holes/total).

Virus Antibody Antibody concentration (µg/ml)

25 12.5 6.25 3.2 1.6 0.8 0.4 0.2 0.1

No 10G12 8/8 8/8 8/8 8/8 8/8 8/8 8/8 8/8 8/8

HAdV-7 Anti-DENV1 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8

HAdV-7 Anti-EGFR 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8

HAdV-7 No 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8

HAdV-7 10G12 8/8 8/8 8/8 8/8 6/8 2/8 0/8 0/8 0/8

HAdV-55 10G12 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8

had no lesions. Even 50 µl aliquots of 10G12 with 0.2µg/ml
could neutralize 50% of 50 µl HAdV-7 with 100TCID50, but cells
at this dilution had partial lesions. Furthermore, even 10G12 at
25µg/ml was unable to neutralize HAdV-55 with 100TCID50.

These findings indicate that MMAb 10G12 exhibited strong
neutralization activity against HAdV-7 and poor cross-reactivity
with HAdV-55.

Next, the ability of MMAb 10G12 to rescue HAdVs infection
was investigated to explore potential therapeutic effects. HAdV-
7 or HAdV-55 with 100TCID50 were added to 96-well plates
containing 85–95% confluent monolayers of A549 cells and
incubated at 37◦C for 1 h. Purified 10G12 was then serially
diluted 2-fold from 25 to 0.1µg/ml, added to infected A549
cells and incubated for 1 week at 37◦C. Anti-DENV1 and anti-
EGFR antibodies served as negative controls. Infected cells were
observed under a microscope and the number of holes in cells
with lesions was counted. As shown in Table 3, even at 1 h after
infection, 3.2µg/ml 10G12 could rescue 100% of cells infected
with 100TCID50 HAdV-7, and none of the cells at this dilution
displayed lesions. Even 0.8µg/ml 10G12 could protect 25%
of cells infected with 100TCID50 HAdV-7. Furthermore, even
25µg/ml 10G12 was unable to rescue A549 cells infected with
100TCID50 HAdV-55. These findings indicate thatMMAb 10G12
exhibited potent therapeutic effects against HAdV-7.

MMAb 10G12 Is Stable in Serum and PB at
Different pH Values
To test MMAb stability in serum, purified 10G12 was diluted in
FBS to 25µg/ml and incubated in 37◦C for 3, 7, and 10 days.
ELISA assays were then performed to detect whether samples
still efficiently recognized HAdV-7. As shown in Figure 2A,

compared with day 0, the binding activity of samples diluted in
FBS after 3, 7, and 10 days decreased by a statistically significant
amount. However, even after 10 days of incubation at 37◦C, the
binding activity was only decreased 20%. Additionally, from day
3 to 10, the binding activity did not decrease with increasing
incubation duration. Differences between fetal bovine serum and
the mouse monoclonal antibody may explain this decrease in
binding activity. The results indicate that MMAb 10G12 was
relatively stable in serum.

To test the MMAb stability in PB at different pH values,
purified 10G12 was diluted in PB at pH 6.0, 6.5, 7.0, 7.5, and 8.0,
and incubated at 37◦C for 5 or 8 days. ELISA assays were then
performed to detect whether samples still efficiently recognized
HAdV-7. As shown in Figure 2B, samples diluted in PB at pH
6.0, 6.5, 7.0, 7.5, and 8.0 after 8 days of incubation still had the
same binding activity as those before incubation. These results
indicate that MMAb 10G12 is stable in serum and PB at different
pH values.

MMAb 10G12 Binds Hexon Loop1 and
Loop2
Hexon is an important antigen of neutralizing antibodies, and
fiber also has a few neutralization epitopes. To determine to
which epitope MMAb 10G12 binds, fragments comprising loop1
and loop2 (LP12) of hexon and fiber from HAdV-7 and HAdV-
55 were amplified by PCR and subcloned into pTIG-TRX.
Recombinant proteins were expressed and purified (Figure 3A),
and the results of western blotting showed that MMAb 10G12
bound LP12 of HAdV-7 but not HAdV-55 or fiber (Figure 3B).
When using reduced protein samples for SDS-PAGE, 10G12
should bind the linear epitopes of 7LP12. Thus, ELISA assay
plates were coated with LP12 or fiber from HAdV-7 and HAdV-
55 at 200 ng per well, and the affinity for MMAb 10G12
was measured. As shown in Figure 3C, MMAb 10G12 bound
LP12 of HAdV-7 but not fiber, consistent with the results
of western blotting in Figure 3B. However, the ELISA result
showed that 10G12 bound LP12 of HAdV-55 with weaker affinity
than HAdV-7. Combined with the western blotting results in
Figure 3B, this indicates that 10G12 might bind some spatial
epitopes of 55LP12. However, 10G12 did not neutralize HAdV-55
(Table 2), suggesting that these might be non-neutralizing spatial
epitopes. In summary, MMAb 10G12 clearly bound the hexon
LP12 region.

DISCUSSION

In this study, we identified antibody MMAb 10G12 that binds
specifically to HAdV-7 through the hexon LP12 region. MMAb
10G12 exhibited strong neutralization activity against HAdV-7
and was stable in serum and PB at different pH values.

Despite more than 85 genotypes have been identified for
HAdVs, few neutralizing antibodies have been reported. Tian
et al. (2018a) reported that the recombinant trimeric HAdV-
11 fiber knob region is responsible for cross-neutralizing
antibody responses against HAdV-11, -7, -14p1, and -55 in
mice. Three neutralizing MAbs, 6A7, 3F11, and 3D8, were
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FIGURE 2 | Stability of 10G12 in serum and PB at different pH values. (A) ELISA analysis of the binding between HAdV-7 and MMAb 10G12 in serum. Purified 10G12

was diluted in fetal bovine serum to 25µg/ml and incubated at 37◦C for 3, 7, and 10 days. ELISA assays were performed with 200 ng of inactivated HAdV-7 per well.

(B) ELISA analysis of binding between HAdV-7 and MMAb 10G12 in PB at different pH values. Purified 10G12 was diluted in PB at pH 6.0, 6.5, 7.0, 7.5, and 8.0 and

incubated at 37◦C for day 5 and 8. ELISA assays were performed with 200 ng inactivated HAdV-7 per well. Data were obtained from two separate experiments, and

results are presented as means ± SD (**p < 0.01 vs. day 0 values calculated by t-test).

FIGURE 3 | Binding of MMAb 10G12 to loops 1 and 2 (LP12) of hexon. (A) Reducing polyacrylamide gel electrophoresis analysis of purified antigens. A 5 µg sample

of reduced Fiber and LP12 of HAdV-7 and HAdV-55 was separated by SDS-PAGE and subsequently stained with Coomassie Brilliant Blue. (B) Western blotting

analysis of binding between 10G12 and various antigens. A 7.5 µg sample of reduced Fiber and LP12 of HAdV-7 and HAdV-55 was separated by SDS-PAGE and

subsequently transferred to a PVDF membrane. Primary antibody 10G12 (1 mg/mL) was diluted 1:1,000, and secondary antibody HRP-goat anti-mouse IgG was

diluted 1:5,000. Signals were detected using Western HPR Substrate Peroxide solution. (C) ELISA analysis of binding between 10G12 and various antigens. Data

were obtained from three separate experiments, and results are presented as means ± SD (**p < 0.05 between 7LP12 and 55LP12, calculated by t-tests).

obtained via mouse hybridoma fusion, of which 3F11 and
3D8 cross-neutralized HAdV-11,-7, and -55, but not HAdV-
14p1 (Tian et al., 2018a). Feng et al. (2018) previously
demonstrated that a fiber-specific antibody in sera contributed

to cross-neutralizing activity against HAdV-14 and HAdV-55.
However, HAdV-55 is a recombinant chimera of HAdV-11 and
-14 that contains the fiber gene from HAdV-14. Our current
study shows that 10G12 does not neutralize HAdV-55, and
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has poor cross-reactivity, probably through interaction with
non-neutralizing epitopes.

MMAb 10G12 is a murine neutralizing antibody like 6A7,
3F11, and 3D8 (Tian et al., 2018a). Monoclonal antibodies of
mouse origin can induce human anti-mouse antibody (HAMA)
responses, which restricts the use of MMAb in humans (Hertel
et al., 1990). The first MMAb, Muromonab, has been on the
market since 1992, and humanized antibodies based on murine
MAb are increasingly being developed (Makulska-Nowak, 1993).
In future work, MMAb 10G12 may be further humanized for
therapeutic use.

In this study, we expressed and purified the recombinant LP12
hexon region. ELISA assay plates were coated with 200 ng of
inactivated HAdV-7 or LP12 per well, and the affinity for MMAb
remained the same (Figures 1B, 3C). This indicates that LP12 is
present in the main neutralization epitopes of HAdV-7. Previous
studies confirmed that hexon protein, the most abundant capsid
protein, is the predominant target of neutralizing antibodies
(NAbs) recognizing HAdV-3, -5, -7, -14, and -55 (Sumida et al.,
2005; Tian et al., 2011; Bradley et al., 2012; Yu et al., 2013; Su
et al., 2016; Feng et al., 2018). Additionally, the affinity results
indicate that LP12 could substitute for inactivated HAdV-7 in
initial screening and testing.

In summary, MMAb 10G12 was specific for HAdV-7 and
displayed good stability. In future work, we will explore whether
MMAb 10G12 can provide protection against HAdV-7 in vivo,
and if so, MMAb may be further humanized for use as a
therapeutic agent.
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Hepatitis E virus (HEV) infection has been associated with extrahepatic manifestations,

particularly neurological disorders. Although it has been reported that HEV infection

induced hepatocyte apoptosis associated with mitochondria injury, activation of

mitochondrial apoptotic pathway in the central nervous system during HEV infection was

not clearly understood. In this study, the induction of mitochondrial apoptosis-associated

proteins and pro-inflammatory cytokines were detected in HEV infected Mongolian

gerbil model and primary human brain microvascular endothelial cells (HBMVECs).

Mitochondrial exhibited fragments with loss of cristae and matrix in HEV infected

brain tissue by transmission electron microscope (TEM). In vitro studies showed that

expression of NADPH oxidase 4 (NOX4) was significantly increased in HEV infected

HBMVECs (p< 0.05), while ATP5A1 was significantly decreased (p< 0.01). Expressions

of pro-apoptotic proteins were further evaluated. Bax was significantly increased in both

HEV infected brain tissues and HBMVECs (p < 0.01). In vivo studies showed that

caspase-9 and caspase-3 were activated after HEV inoculation (p < 0.01), associated

with PCNA overexpression as response to apoptosis. Cytokines were measured to

evaluate tissue inflammatory levels. Results showed that the release of TNFα and IL-1β

were significantly increased after HEV infection (p < 0.01), which might be attributed

to microglia activation characterized by high level of IBA1 expression (p < 0.01). Taken

together, these data support that HEV infection induces high levels of pro-inflammatory

cytokines, associated with mitochondria-mediated apoptosis. The results provide new

insight into mechanisms of extra-hepatic injury of HEV infection, especially in the central

nervous system.

Keywords: Hepatitis E virus, mitochondrial apoptosis, neuroinflammation, mongolian gerbils, human brain

microvascular endothelial cells

INTRODUCTION

Globally, there were an estimated 20 million people infected by the Hepatitis E virus (HEV) in the
year of 2018 (Montpellier et al., 2018). HEV is a small non-enveloped virus with a 7.2 kb plus-strand
single-stranded RNA genome and up to 8 genotypes were reported (Wang et al., 2019). Except for
humans, genotypes 3 and/or 4 were observed in several domestic animals, including swine, deer,
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and rabbits (Kenney and Meng, 2019). Evidence for transmission
of HEV-3 and HEV-4 between humans and animals has
been reviewed, including waterborne transmission by accidental
fecal contamination of drinking water, zoonotic transmission
such as contact with infected animals or consumption of
contaminated food products, and iatrogenic transmission
through infected blood and blood products (Kamar et al.,
2017). Though infection with HEV usually causes an acute,
self-limiting form of liver inflammation, it is worth noting
that extrahepatic injury of HEV, including renal diseases,
reproductive system disorders, as well as pancreatitis, and
a variety of neurological disorders such as Guillain-Barré
syndrome, neuralgic amyotrophy, meningoencephalitis, and
peripheral neuropathy, which were reported (Pischke et al.,
2017; Soomro et al., 2017; Kenney and Meng, 2019; Tian et al.,
2019). Since HEV infection is commonly asymptomatic or
unrecognized, HEV associated extrahepatic manifestations are
frequently unscreened in clinical diagnosis. Thus, it is important
to understand the mechanism underlying HEV infection,
especially neurological injury during infection. Mitochondria-
mediated apoptosis was involved in many viral diseases. It has
been reported that the release of cytochrome c was increased
in BHK-21 cells infected with bovine ephemeral fever virus
(BEFV) and activation of caspase-9, as well as the downstream
effector caspase-3, were further detected (Lin et al., 2009). In
gerbil model of HEV infection, mitochondrial damages such
as mitochondria swelling, devoid of mitochondrial cristae were
observed in hepatocytes via transmission electron microscope
(TEM) (Yang et al., 2018). In Yang’s study, up-regulation of
mitochondria-mediated apoptosis regulating proteins, Bax and
Bcl-2, in HEV-infected gerbils, as well as induction of activated
caspase-9 and caspase-3 were observed.

Mitochondria dysfunction was reported in lots of central
nervous system diseases. It has been reported that mitochondrial
production of reactive oxygen species (ROS) was increased
in Parkinson’s disease (PD), and pro-apoptotic pathways were
also activated with following activation of caspase-9, caspase-
3 and Bax, which were crucial factors in mitochondria-
mediated apoptosis pathway (Bose and Beal, 2016). Venezuelan
equine encephalitis virus (VEEV) infection in murine brain
microglial cells showed that VEEV inoculation increased cellular
apoptosis, with accumulation of ROS and a marked increase of
inflammatory cytokines, such as IFN-γ, IL-1α, and IL-1β (Keck
et al., 2018). Thus, mitochondria play critical roles during the
process of central nervous system injuries.

Previously, it was demonstrated that dysfunction of the blood-
brain barrier (BBB) especially tight junction proteins contributed
to the brain injury in HEV infection. However, in HEV
induced brain injury, whether mitochondria-mediated apoptosis
was activated or not has not been elucidated. In this study,
morphological changes of mitochondria in HEV-infected gerbil
brain tissues were observed by TEM. We further detected the
expression of proteins that involved in mitochondria injury and
significant alteration of NOX4, ATP5A1, and Bax were observed,
indicating that HEV infection might facilitate pro-apoptotic
signaling activation in brain tissues. Thus, caspase-9 and caspase-
3 which were key effectors of mitochondrial apoptosis were

examined. Both caspase-9 and caspase-3 inductionwere observed
in cells and brain tissues that were infected with HEV. We
have reported that HEV infection triggered the proliferation of
microglial cells in gerbils and rabbits infected with HEV (Shi
et al., 2016; Tian et al., 2019). IBA, a marker of microglial
cells, was highly expressed in HEV infected brain tissues,
which indicated HEV infection-induced inflammation of the
brain tissues. Our study further confirmed that inflammatory
cytokines such as TNFα and IL-1β were significantly induced in
HEV infected brain tissues. Hence, we hypothesized that HEV
induced brain tissue inflammation further promoted progress
of mitochondria injury and mitochondria-mediated apoptosis.
These findings provide new insights into further understanding
mechanisms of extra-hepatic injury of HEV, especially the central
nervous system.

MATERIALS AND METHODS

Virus, Inoculation, and Animals
The HEV strain (CHN-HB-HD-L2, GenBank accession number
KM024042) was derived from a swine liver. Shortly, the liver
tissue was homogenized in 0.9% NaCl and spin down (12,000
rpm, 4◦C) for 20min. Then the supernatant was collected and
filtered by a 0.22 um filter and the HEV load was tested by qPCR
with a titer of 6.57 × 105 genome equivalents (GE) per uL. The
viral stock was stored at−86◦C prior to inoculation.

72 SPF (specific-pathogen-free) male Mongolian gerbils,
purchased from the Department of Experimental Animal
Sciences of Capital Medical University (Beijing, China), with
body weights about 50–60g were randomly assigned to 2 groups
(mock group and HEV infectious group) and accommodated
in separate isolators in an air-conditioned room maintained at
21–24◦C with a cycle of 12 h of light and 12 h of dark for 1
week preceding the in vivo experiment, and feed and water
were provided ad libitum. Gerbils in the infected group were
intraperitoneally inoculated with 0.1mL (6.57 × 107 GE) of
prepared viral homogenate, while gerbils in the mock group
were injected with the same dose of HEV-negative swine
liver homogenates.

Sampling
Gerbils were sacrificed at 0, 7, 14, 21, 28, 42, and 56 day
postinoculation (dpi). Brain and spinal cord samples were
collected rapidly after euthanasia and stored at −86◦C or fixed
in neutral 4% paraformaldehyde or 2.5% (v/v) glutaraldehyde-
polyoxymethylene solution for further study.

The levels of serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total bilirubin (T-BIL) (Yang et al., 2015)
and pathological changes of the central nervous system (CNS)
induced by HEV infection were examined previously (Shi et al.,
2016). Positive and negative stand of HEV RNA in CNS have
been tested by PCR as shown before (Shi et al., 2016). Tissues
used in the present study derived from the same animals in
previous research (Yang et al., 2015; Shi et al., 2016). HEV RNA-
positive brain samples accompanying significant changes on liver
function index collected on 14, 21, and 28 dpi were chosen for
further study.
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All animal protocols were approved by the Animal Care
and Use Committee of China Agricultural University and were
performed humanely for the alleviation of suffering.

TUNEL Assay
TUNEL staining for apoptotic cells in the histological sections
was performed using in situ BrdU-Red DNA fragmentation
(TUNEL) Assay Kit (ab66110, Abcam) and slides were
counterstained with DAPI. The images were analyzed with
fluorescent microscopy. Quantification of positive signals was
performed by examining number of positive cells in five
randomly selected fields of each brain section.

Immunohistochemistry Assays
The brain tissues were dehydrated and embedded in paraffin
wax, and serial paraffin sections (4µm) were obtained for
immunohistochemical analysis. Immunohistochemical staining
was performed using a commercial kit, according to the
manufacturer’s instructions (ZSGB-BIO, Beijing, China).
Primary antibodies used in this study were anti-Bax (1:500,
BA0315), anti-Bcl-2 (1:200, BA0412) and anti-active caspase-
3 (1:300, BA3968), anti-active caspase-9 (1:300, BA0690),
anti-TNF-α (1:300, BA0130), obtained from Boster, Co., Ltd.,
Beijing, China. Anti-IBA1 (1:500, PB0517), anti-PCNA (1:300,
BS-2007R), anti-VIP (1:300, BS0077R), anti-IL-1β (1:300,
BS20449R), and anti-Substance P (1:500, BS0065R) were
purchased from Bioss, Co., Ltd., Beijing, China. Shortly, the
sections were immersed in three consecutive 5-min xylene
washes to remove paraffin and were subsequently hydrated
with five consecutive ethanol washes in descending order of
concentration: 100, 95, 80, 70%, and deionized water. Then, the
sections were incubated with primary antibodies, respectively.
The sections were executed in a moist chamber, and this
procedure has been exclusively described by Ding et al. (Ding
et al., 2011). The slides were finally visualized using a light
microscope (LM, BX51, Olympus Co., Japan). The positive signal
with brown or yellow granular mass was finally measured via
the Motic Med 6.0 CMIAS Image Analysis System (Motic China
Group Co., Ltd., China). The area density that represented the
positive staining intensity was calculated as the ratio between
the stained area and the total analyzed field. For quantitation of
PCNA positive signal, positive cells in each high power field were
counted. At least 5 high power fields in each slide were used for
the semi-quantitative test.

Transmission Electron Microscope (TEM)
For transmission electron microscopy, the brain samples were
cut into pieces (1 × 1× 1mm) and fixed in 2.5% (v/v)
glutaraldehyde-polyoxymethylene solution overnight at 4◦C. The
tissues were then washed and postfixed in 2% osmium tetroxide
for 1 h at 4◦C and embedded in Araldite CY212 after dehydration
in ascending grades of ethanol. Ultrathin sections (50–60 nm)
were cut and stained with alkaline and lead citrate uranyl acetate.
The sections were examined under a JEM 1230 transmission
electron microscope (JEOL, Ltd, Japan).

Cell Culture
Primary human brain microvascular endothelial cells
(HBMVECs) (BK-PM-010) were purchased from a company
(Biopike Technology Company Ltd., Beijing, China) and
cultured as described previously (Renou et al., 2014). Shortly,
cells were inoculated with HEV (300 multiplicity of infection)
and collected in 48 h for western blotting. HEV-negative
homogenate served as control.

Western Blotting
The protein concentration from HEV RNA inoculated cells
and controls were determined with the BCA protein assay
kit (Thermo Fisher Scientific, Waltham, MA, USA) and
20 µg of protein was separated by SDS-PAGE. The blots
were incubated with anti-NOX4 (1:600), ATP5A1 (1:500),
Bax (1:800), Bcl-2 (1:800), Caspase-9 (1:500), Caspase-3
(1:500) were purchased from Boster Biological Technology
Co., Ltd. (China), Beijing Bioss Biological Technology
Co., Ltd. (China) or ABclonal Biotechnology Co., Ltd
(US), and β-actin (1:2000) purchased from Cell Signaling
Technology (CST) (US), served as internal control, for
16 h at 4◦C. The membranes were then incubated with the
secondary antibodies conjugated with horseradish peroxidase
(Santa Cruz Biotechnology) and developed by enhanced
chemiluminescence (Thermo Scientific). The images were
analyzed with ImageJ (NIH, Bethesda, MD, USA) Gray
value was analyzed with ImageJ (NIH, Bethesda, MD,
USA) to quantitatively analyze the expression levels of
targeted proteins according to the level of exposure gray
(resolution). Data were finally normalized to the expression
of anti-β-actin.

Quantitative and Statistical Analysis
The data represents 3 experiments analyses by one-way analysis
of variance (ANOVA) or Dunnett’s test using GraphPad Prism
5 (GraphPad Software). The results are expressed as the mean
± SEM. Differences are considered to be statistically significant,
with ∗p < 0.05 and ∗∗p < 0.01 compared with the mock group.

RESULTS

HEV Infection Induced Mitochondrial
Dysfunction
To investigate the function of mitochondria in the process
of HEV infection, primary human brain microvascular
endothelial cells (HBMVECs) were infected with HEV. After
48 h inoculation, high levels of NOX4 were detected in HEV
infected cells (p < 0.05) (Figure 1A), while ATP5A1 was
significantly decreased in HEV infected cells (p < 0.01)
(Figure 1B). To further detect effects of HEV infection on
mitochondria morphological changes, HEV infected brain
and spinal cord tissues were examined under transmission
electron microscope (TEM) and fragmented mitochondria
with loss of cristae and matrix in HEV infected gerbil
brain tissues was observed (Figures 1F–H). Occasionally,
after HEV infection, mild distended cisternal space of the
rough endoplasmic reticulum was presented in neuron
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FIGURE 1 | Mitochondrial dysfunction was related to an increased level of

NOX4 and decreased expression of ATP5A1 in HEV infected brain tissues.

(A,B) in vitro, HBMVECs were inoculated with 300 MOI HEV for 48 h for

western blot, and HEV-negative homogenate served as control. Data showed

that expression of NOX4 in HBMVECs treated with HEV for 48 h was

significantly increased compared with mock group (*p < 0.05). Meanwhile,

ATP5A1 was detected significantly attenuated in HEV inoculated cells (**p <

0.01). (C-H) In vivo, brain and spinal cord tissues that detected for HEV-RNA

positive were selected for ultrastructural study. (C–E) Mitochondria were

observed with clear cristae folded by the inner membrane in brain tissue of

mock group. (F–H) Mitochondria with loss of cristae were found in tissues of

HEV infected animals (arrows). The rough endoplasmic reticulum of neuron

cells was also observed with mild distended cisternal space in HEV infected

tissues (arrowhead). For western blot, gray value was analyzed with ImageJ to

quantitatively analyze the expression levels of targeted proteins according to

the level of exposure gray (resolution). Data were finally normalized to the

expression of anti-β-actin.

cells (Figure 1F). In normal brain tissue, mitochondria
with intact membrane and visible cristae were showed
(Figures 1C–E).

Increased TUNEL-Positive Signals Were
Detected in HEV Infected Gerbils Brain
Tissue
To explore roles of HEV infection on cell apoptosis, apoptotic
cells were detected using TUNEL Assay Kit. The positive

FIGURE 2 | TUNEL-positive cells increased after HEV infection. TUNEL

staining of the HEV-RNA positive brain tissues collected on 14, 21, and 28 dpi

was performed using in situ BrdU-Red DNA Fragmentation (TUNEL) Assay Kit

and slides were counterstained with DAPI (Blue). TUNEL-positive signals

merged with DAPI were shown as purple. (A,B) Few positive signals were

detected in animals of mock group. (C–E) Positive signals were exhibited in

infected brain sections. The high magnification images (D,E) depicted

granular masses of positive signals at nucleus of the apoptotic cells.

(F) TUNEL-positive cells were significantly increased in HEV-infected gerbil

brain tissues (*p < 0.05).

signals were mainly located in nucleus of cells in the
brain. Few positive cells were detected in uninfected tissues
(Figures 2A,B). More positive signals were observed in
infected animals and high magnification images depicted
granular masses of positive signals at nucleus of the
apoptotic cells (Figures 2C–E). Further analysis showed
that the apoptotic cells were significantly increased in HEV-
infected brain tissues compared with uninfected animals
(p < 0.05) (Figure 2F).

Bax and Bcl-2 Expression Levels Increased
in HEV Infected Gerbils Brain Tissue
To test whether mitochondria-mediated apoptosis was activated
by HEV challenge in brain tissues, Bax and Bcl-2 were detected.
IHC study showed that positive signal of Bax protein in the
brain tissue of HEV infected gerbils was mainly distributed in
neurons and a small number of glial cells, and significantly
upregulated following HEV infection (Figure 3B), compared
with mock group (Figure 3A) (p < 0.05). Bcl-2 was expressed
in few neurons in both HEV infected gerbils and uninfected
animals, and expression level was not significantly changed
(Figures 3C,D). Western blot also showed that expression of Bcl-
2 was not significantly induced after HEV infection, while Bax
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FIGURE 3 | Pro-apoptotic protein Bax but not Bcl-2 was upregulated following HEV infection. (A–D) HEV-RNA positive brain tissues collected on 14, 21, and 28 dpi

were used for the immunohistochemistry study of Bax (rabbit polyclonal IgG) and Bcl-2(rabbit polyclonal IgG). Goat anti-rabbit IgG was chosen as secondary antibody.

The positive signal was measured via the Motic Med 6.0 CMIAS Image Analysis System. Data showed that Bax was mainly distributed in cytosol of neuron cells,

vascular endothelial cells and few microglial cells of HEV infection tissues with increased amount compared with mock group (*p < 0.05). Bcl-2 was detected in few

neurons and vascular endothelial cells in both groups. (E) For western blot, HBMVECs were inoculated with 300 MOI HEV for 48 h and HEV-negative homogenate

served as control. Data showed that expression level of Bax was significantly higher in HBMVECs inoculated with HEV (**p < 0.01), but induction of Bcl-2 was not

significant. For western blot, gray value was analyzed with ImageJ to quantitatively analyze the expression levels of targeted proteins according to the level of

exposure gray (resolution). Data were finally normalized to the expression of anti-β-actin.

protein was significantly increased in HBMVECs infected with
HEV (p < 0.01) (Figure 3E).

Caspase-9, Caspase-3, and PCNA
Expression Levels Significantly Increased
in HEV Infected Gerbils Brain Tissue
To further figure out whether caspase-9 and caspase-3 were
involved in this process, protein location, and expression levels
were examined by both IHC and western blot. IHC showed
that positive signals of activated caspase-9 and caspase-3 were
distributed in few neurons and vascular endothelial cells in brain
tissue of mock animals (Figures 4A,C) and more positive cells
were detected in HEV infected tissue (Figures 4B,D). Western
blot showed that high levels of activated caspase-9 and caspase-
3 in HBMVECs infected with HEV (p < 0.01) (Figures 4E,F).
In HEV infected animal brain tissues, PCNA positive cells were
mainly distributed in glial cells and vascular endothelial cells and

were significantly increased (p < 0.01) compared with normal
brain tissues (Figures 4G,H).

SP and VIP Expression Induced in HEV
Infected Gerbils Brain Tissue
To detect immunoregulatory response to HEV infection in
brain tissues, SP and VIP were examined by IHC. The results
showed that a positive signal of SP was distributed in the
cytoplasm of some large oval and conical neurons of the
gray matter of the brain in both uninfected and infected
animals (Figures 5A,B). Expression of VIP was observed in
vascular endothelial cells, astrocytes, and oligodendrocytes in
white matter of the brain tissue in both groups (Figures 5C,D).
Quantitative analysis of positive areas density of SP and
VIP showed that expression levels of both proteins were
significantly increased in HEV infected animals (p < 0.01,
p < 0.05) (Figure 5).
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FIGURE 4 | Mitochondrial apoptotic signaling was activated during HEV infection. HEV-RNA positive brain tissues collected on 14, 21, and 28 dpi were used for the

immunohistochemistry study of caspase-9 (rabbit polyclonal IgG), caspase-3 (rabbit polyclonal IgG) and PCNA (rabbit polyclonal IgG). Goat anti-rabbit IgG was

chosen as secondary antibody. The positive signal was measured via the Motic Med 6.0 CMIAS Image Analysis System. (A–D) Immunohistochemistry study showed

that expression levels of activated caspase-9 and caspase-3 were expressed in neuronal cells and vascular endothelial cells of the brain tissue, with higher amount in

HEV infected animals compared with mock animals (*p < 0.05). (E,F) For western blot, HBMVECs were inoculated with 300 MOI HEV for 48 h and HEV-negative

homogenate served as control. Data showed that expression levels of cleaved caspase-9 and caspase-3 were significantly increased in HBMVECs infected with HEV

compared with mock group (**p < 0.01). (G,H) Positive signal of PCNA was detected in glial cells and vascular endothelial cells, with significantly higher level in HEV

infected brain sections compared with mock group (**p < 0.01). For western blot, gray value was analyzed with ImageJ to quantitatively analyze the expression levels

of targeted proteins according to the level of exposure gray (resolution). Data were finally normalized to the expression of anti-β-actin.
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FIGURE 5 | Immunoregulation of the brain tissue during HEV infection. HEV-RNA positive brain tissues collected on 14, 21, and 28 dpi were used for

immunohistochemistry study of SP (rabbit polyclonal IgG) and VIP (rabbit polyclonal IgG). Goat anti-rabbit IgG was chosen as secondary antibody. The positive signal

was measured via the Motic Med 6.0 CMIAS Image Analysis System. (A,B) A positive signal of SP was found in the cytoplasm of neuronal cells of brain tissue in both

groups and was significantly induced in HEV infected animals compared with animals from mock group (**p < 0.01). (C,D) Expression of VIP was observed in vascular

endothelial cells, astrocytes and oligodendrocytes in both groups, with significantly increased levels in HEV infected tissues compared with tissues from mock group

(*p < 0.05).

TNFα, IL-1β, IBA1 Expression Levels
Induced in HEV Infected Gerbil Brain
Tissues
In order to evaluate the activation of microglial cells and
associated inflammatory response, TNFα, IL-1β, and IBA1 were
detected by IHC. The results showed that a positive signal of
TNFα was observed in few microglia and astrocytes in gerbil
brain of the mock group (Figure 6A). In HEV infected animals,
TNFα was diffusely distributed in a large number of microglia
and astrocytes, as well as a few pyramidal neurons (Figure 6B).
Expression of secretory IL-1β protein was detected in microglia,
astrocytes and few neuronal cytoplasms in gerbil brain of the
mock group (Figure 6C), while in HEV infected gerbils it was
diffusely distributed in a large amount of microglia, astrocytes
and neuron cells (Figure 6D). A positive signal of IBA1 was
observed in microglial cells in brain tissue of both groups
(Figures 6E,F). Quantitative analysis of positive areas density or
number of positive cells of TNFα, IL1β, and IBA1 showed that
expression levels of all proteins were significantly increased in
HEV infected animals (p < 0.01) (Figure 6).

DISCUSSION

Our previous study showed that HEV infection could cause
mitochondria damages, especially in the endothelial cells of
the brain tissue. Moreover, HEV infection in the brain tissues
disrupted the blood-brain barrier (BBB), especially the tight
junction protein expression in endothelial cells (Shi et al.,
2016; Tian et al., 2019). In the present study, primary human

brain microvascular endothelial cells (HBMVCs) were chosen to
further investigate the roles of mitochondria-mediated apoptotic
signaling during HEV infection.

Mitochondria play a pivotal role in cellular energy-generating
processes and are sensitive to cellular stress, which might
further initiate programmed cell death. Both NOX4 and
ATP5A1 are critical factors involved in mitochondria function
and alteration of their expression levels reflected changes

of mitochondria function. It has been documented that a
large number of reactive oxygen species (ROS) produced
by overexpression of NOX4, leading to oxidative stress in
brain tissue, with further increasing the permeability of
BBB and inducing neuronal apoptosis (Bedard and Krause,
2007). In our experiment, the expression of NOX4 in

HBMVCs inoculated with HEV was higher than that in mock
groups by western-blot assay, indicating that HEV infection
up-regulated the expression of NOX4 in HBMVCs, which
might lead to ROS accumulation in cells and increasing
tendency to apoptosis. The study has shown that mutation
of ATP5A1 gene led to fatal mitochondrial encephalopathy
in newborns, which proved the importance of ATP5A1 in
mitochondrial maintenance (Jonckheere et al., 2013). Our
experiment demonstrated that the expression of ATP5A1
in HBMVCs infected with HEV was lower than that in
the mock group by immunoblotting, indicating that HEV
infection may induce mitochondrial damage and trigger ATP
synthase dysfunction.

Apoptosis, a physiological process of cell death, is a form
of programmed cell death (PCD) that occurs in cells during
every minute of life. It can be induced through the activation

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7 December 2019 | Volume 9 | Article 43321

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Tian et al. Mitochondrial Apoptosis in HEV Infection

FIGURE 6 | Increased pro-inflammatory responses were examined in HEV infected animal brain tissues. HEV-RNA positive brain tissues collected on 14, 21, and 28

dpi were used for immunohistochemistry study of TNFα (rabbit polyclonal IgG), IL-1β (rabbit polyclonal IgG), and IBA1 (rabbit polyclonal IgG). Goat anti-rabbit IgG was

chosen as secondary antibody. The positive signal was measured via the Motic Med 6.0 CMIAS Image Analysis System. (A,B) Positive signal of TNFα was diffusely

observed in a large number of microglial cells, astrocytes and few pyramidal neurons in HEV infected animal brain tissues, and expression level was significantly

induced compared with mock group (**p < 0.01). (C,D) The expression level of activated IL-1β was found in microglia, astrocytes, and few neuronal cytoplasms and

was significantly increased in HEV infected brain sections compared with tissues from mock group (**p < 0.01). (E,F) Positive expression of IBA1 was detected in

microglial cells with significantly elevated levels in brain tissues infected with HEV compared with mock group (**p < 0.01).

of the death receptor or the mitochondrial apoptotic pathways.
Mitochondria mediated apoptosis, also known as the intrinsic
apoptotic pathway, is thought to be the central intracellular
pathway involved in the majority of apoptosis in mammalian
cells (Khosravi-Far and Esposti, 2004). TUNEL assay was
known to detect apoptotic cells undergoing extensive DNA
degradation (Kyrylkova et al., 2012). The morphology changes
of mitochondria are critically important in apoptosis (Burke,
2017). Many death signals converge on mitochondria to activate
Bak and Bax, which results in the permeabilization of the
outer mitochondrial membrane and the release of pro-apoptotic
factors into the cytosol and further activates caspase-9 and
the apoptotic effector caspases (Alirol and Martinou, 2006;
Lopez and Tait, 2015). The steady state of pro-survival Bcl-
2 members could also be destroyed after the activation of
Bak and Bax (McArthur et al., 2018). The previous study
has shown that HEV infection led to mitochondria-mediated
apoptosis of hepatocytes, such as induction of Bax, Bcl-2,
caspase-9, and caspase-3 (Yang et al., 2018). In our study,
increased TUNEL-positive signals were observed in infected

brain tissues. Further study showed that mitochondria-mediated
apoptosis was induced by HEV infection in brain tissues,
including induction of pro-apoptotic protein Bax and cleaved
caspase-9 and caspase-3. But expression of Bcl-2 was not
significantly changed in brain tissues infected with HEV. It might
be a possible reason that BBB acts effectively to protect the
brain from HEV infection, while hepatic blood flow directly
comes from other organs. In this condition, hepatocytes are
exposed to HEV that trigger hepatocytes injury. Additionally,
we observed overexpression of PCNA in brain tissue of
infected HEV gerbils. It is known that neuronal cells have a
high degree of differentiation and weak proliferative capacity
and overexpression of PCNA in cells with weak proliferative
capacity is a manifestation of DNA repair process, indicating
that PCNA expression in HEV-infected brain tissues may be
involved in DNA repair in responding to apoptosis. Together,
HEV infection caused mitochondrial dysfunction and activation
of mitochondrial apoptotic pathway. Previously, it has been
reported that apoptosis involved in neuronal cell death in
many of the neurological disorders, such as Alzheimer’s disease
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FIGURE 7 | Hypothesized pathway of mitochondrial apoptosis activation

induced by HEV infection. HEV entry to the brain tissue promoted the release

of Substance P (SP) to activate microglial cells, while increased production of

vasoactive intestinal peptide (VIP) negatively regulated activation of microglial

cells as a compensatory response. Activated microglial cells produced more

inflammatory cytokines such as TNFα and IL-1β. The release of TNFα and

IL-1β further initiated mitochondrial apoptotic pathway. During the process,

pro-apoptotic protein Bax induced ruptures of the outer membranes altered

mitochondrial membrane permeability and further induced activation of

caspase-9. Up-regulated expression of NOX4 and down-regulated expression

of ATP5A1 also contributed to activation of caspase-9 and caspase-3

cascade and ultimately induced mitochondria-mediated apoptosis, which

might be a potential way to eliminate virus but on the other hand caused

neurological disorders.

and Parkinson’s disease (Honig and Rosenberg, 2000). In our
study, mitochondrial apoptosis might contribute toHEV induced
brain injury, which might be correlated with HEV induced
neurological disorders.

It has been reported that expression of substance P (SP) and
vasoactive intestinal peptide (VIP) was associated with tissue
injury or tissue repair, especially in inflammatory responses
(Delgado et al., 2001; O’Connor et al., 2004). SP is widely
distributed in the nervous system where it exerts its biological
and immunological activity via high-affinity neurokinin 1
receptor (Suvas, 2017). It was shown that increased levels
of SP were detected in the serum of HIV infected patients
and simian immunodeficiency virus-infected rhesus macaques,
and viral levels were correlated with the amount of SP
released by immune cells (Johnson et al., 2016). VIP was
reported to have protective effects on the focal ischemia of

the brain and be a potential therapeutics for experimental
autoimmune encephalomyelitis (EAE) (Deng and Jin, 2017).
In our study, both induced high levels of SP and VIP were
observed in HEV inoculated animals, revealing the critical
immunoregulatory function of SP and VIP in HEV induced
brain injury.

It has been documented that mitochondrial dysfunctions can
result from abnormalities in immuno-inflammatory pathways
involving elevated pro-inflammatory cytokines (Morris and
Maes, 2014). TNFα was considered to play a role in hepatocytes
apoptosis and liver injury and further triggered Bax activation
and cleavage of caspase-9 and caspase-3 in acute liver failure
(ALF) (Xu et al., 2018). Maturation of IL-1β facilitated a decrease
of mitochondrial oxygen consumption, loss of mitochondrial
membrane potential, depletion of ATP synthesis (Morris and
Maes, 2014). Additionally, TNFα and IL-1β were reported
to disturb mitochondrial function in human chondrocytes

by inducing mitochondrial DNA damage, decreasing energy
production and mitochondrial transcription, which correlated
with the induction of apoptosis (Kim et al., 2010). In our
study, increased levels of TNFα and IL-1β were detected

in HEV infected brain tissues. In responding to internal
or external stimuli, TNFα and IL-1β could be produced by
microglia of the central nervous system. The previous study
has shown that Japanese encephalitis virus infection of the
central nervous tissue caused the proliferation of microglia

and astrocytes, which further triggered neuroinflammatory
responses (Chen et al., 2011). This work also showed that
expression level of ionized calcium-binding adapter molecule
1 (IBA1), which was an activated microglial marker, was

significantly increased in HEV infected animal brain sections.
Combined with our previous data (Shi et al., 2016), the present
results indicated that induction of the pro-inflammatory
cytokines might result from proliferation of microglial
cells in infected gerbils and activation and proliferation of
microglial cells further contribute to damage of brain tissue in
infected gerbils.

In conclusion, we hypothesized that HEV infection activated
the mitochondrial apoptosis of the brain tissue, according
to our examination including increased TUNEL-positive
signals and expression levels of Bax, cleaved caspase-9
and caspase-3. The up-regulation of PCNA might be a
compensatory response to repair injured tissue. Furthermore,
an increased amount of pro-inflammatory cytokines was
supposed to correlate with the induction of mitochondrial
apoptosis during HEV infection (Figure 7). These data
present perspectives on pathogenesis of HEV induced
injury of the central nervous system. More attention
must be paid to the intensive study of inflammatory
injury and mechanisms controlling apoptosis during
HEV infection.
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Hepatitis E Virus Cysteine Protease
Has Papain Like Properties Validated
by in silico Modeling and Cell-Free
Inhibition Assays
Shweta Saraswat, Meenakshi Chaudhary and Deepak Sehgal*
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Hepatitis E virus (HEV) has emerged as a global health concern during the last decade. In

spite of a high mortality rate in pregnant women with fulminant hepatitis, no antiviral drugs

or licensed vaccine is available in India. HEV-protease is a pivotal enzyme responsible

for ORF1 polyprotein processing leading to cleavage of the non-structural enzymes

involved in virus replication. HEV-protease region encoding 432–592 amino acids of

Genotype-1 was amplified, expressed in Sf21 cells and purified in its native form.

The recombinant enzyme was biochemically characterized using SDS-PAGE, Western

blotting and Immunofluorescence. The enzyme activity and the inhibition studies were

conducted using Zymography, FTC-casein based protease assay and ORF1 polyprotein

digestion. To conduct ORF1 digestion assay, the polyprotein, natural substrate of

HEV-protease, was expressed in E. coli and purified. Cleavage of 186 kDa ORF1

polyprotein by the recombinant HEV-protease lead to appearance of non-structural

proteins viz. Methyltransferase, Protease, Helicase and RNA dependent RNA polymerase

which were confirmed through immunoblotting using antibodies generated against

specific epitopes of the enzymes. FTC-casein substrate was used for kinetic studies

to determine Km and Vmax of the enzyme and also the effect of different metal ions and

other protease inhibitors. A 95% inhibition was observed with E-64 which was validated

through in silico analysis. The correlation coefficient between inhibition and docking

score of Inhibitors was found to have a significant value of r2 = 0.75. The predicted

3D model showed two domain architecture structures similar to Papain like cysteine

protease though they differed in arrangements of alpha helices and beta sheets. Hence,

we propose that HEV-protease has characteristics of “Papain-like cysteine protease,” as

determined through structural homology, active site residues and class-specific inhibition.

However, conclusive nature of the enzyme remains to be established.

Keywords: HEV-protease, papain like enzyme, baculovirus expression system, in silico modeling, biochemical

characterization
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INTRODUCTION

Hepatitis E virus (HEV) is one of the most important viruses
responsible for water born epidemics (Kamar et al., 2014). It
is primarily transmitted through the faeco-oral contaminated
drinking water. HEV was discovered in 1983 in an outbreak
of unexplained hepatitis in Soviet soldiers in Afghanistan.
Although, HEV is more prevalent in developing countries due
to poor sanitation and water supplies (Cao and Meng, 2012)
however, cases of HEV infection in industrialized countries like
Europe, USA and Japan are becoming more common (Minuk
et al., 2007; Bendall et al., 2008; Mushahwar, 2008). HEV causes
self-limiting acute infection in approximately 20 million people
annually, with a global mortality rate of 3% (Jameel, 1999; Nan
and Zhang, 2016). This mortality rate remarkably increases up to
30% in the infected pregnant women in their third trimester due
to fulminant liver failure (Navaneethan et al., 2008; Aggarwal and
Naik, 2009). Infection with HEV represents an important global
public health problem due to significant morbidity and mortality
(Gupta and Agarwala, 2018). Currently a vaccine has been
developed but licensed only in China, thus there is no vaccine
or therapeutics available against HEV infection elsewhere. Also,
there is no accepted treatment for HEV but the treatments of both
interferon and/or ribavirin as a combinatorial therapy have been
used successfully to treat chronic HEV infection (Kamar et al.,
2014), though it has some side effects.

Genetically, HEV genome is a non-enveloped single-stranded
positive sense RNA of ∼7.2 kb long and contains three partially
overlapping open reading frames ORF1, ORF2, and ORF3 (Tam
et al., 1991; Tsarev et al., 1992; Ahmad et al., 2011). HEV
ORF3 translates into a small phospho-protein that modulates
some of the host-regulatory functions including establishment
of infection and virion egress (Graff et al., 2005; Chandra
et al., 2008; Yamada et al., 2009). ORF2 forms a 660 amino
acid (72 kDa) protein and its processed form constitutes
the viral capsid. ORF1 is the largest ORF, 5,109 bases long
and translated into 1,693 amino acids, which encode the
non-structural polyprotein of ∼186 kDa, essential for viral
replication (Ansari et al., 2000). Computational analysis of
ORF1 has identified seven putative domains (Koonin et al.,
1992). These include an active methyltransferase domain (Met),
Y domain (Y) (Parvez, 2017), papain-like cysteine protease
(PCP) (Parvez, 2013; Paliwal et al., 2014), a proline -rich
region that contains a hypervariable region (H), X -domain
(X), helicase (Hel), and an RNA dependent RNA polymerase
(RdRP) From N- to C-terminal (Koonin et al., 1992; Parvez,
2017). Except PCP and Y domain, all other putative domains
have been partially characterized and their functions have
been predicted bioinformatically and some of them even
experimentally (Agrawal et al., 2001; Magden et al., 2001; Karpe
and Lole, 2010a,b). A recent report has identified an additional
ORF4 in genotype-1 HEV, which is presumed to play an essential
role in viral replication (Nair et al., 2016).

Various attempts have been made to study ORF1 processing
and validate proteolytic activity of the PCP domain but not
much success has been achieved. Expression of ORF1 in cell
free system and the bacteria showed a 186 kDa polyprotein

(Ansari et al., 2000) while the same construct, expressed using
vaccinia virus showed two fragments of 107 kDa and 78 kDa in
HepG2 cell (Ropp et al., 2000). In another study, transfection
of infectious HEV RNA into HepG2 cells showed processed
ORF1 fragments, of 35, 38, and 36 kDa using anti-MetT, anti-
Hel and anti-RdRp antibodies, respectively (Panda et al., 2000).
Similarly expression of ORF1 using baculovirus system showed
processing of ORF1 as eight fragments that was inhibited by cell
permeable cysteine protease inhibitor (E-64d) (Sehgal et al., 2006)
but this could not be concluded whether the ORF1 processing
was due to HEV-protease or an host-encoded protease. In recent
report the role of host factor Xa and thrombin was postulated
to initiate the HEV ORF1 processing but it still needs further
validation (Kanade et al., 2018). Recently, mutation in conserved
cysteine and histidine residues in the putative protease inhibits
its proteolytic activity indicating its role in ORF1 processing and
viral replication (Paliwal et al., 2014).

The HEV-protease has been reported to act as papain-like
cysteine proteases with conserved catalytic dyad (Cys and His)
(Koonin et al., 1992; Parvez and Khan, 2014), but it was also
reported as a chymotrypsin like protease in another study
(Paliwal et al., 2014).The main goal of our study has been to
validate the nature of HEV-protease and established its role in
the polyprotein processing. Since, other viral proteases have been
identified as a potent antiviral target in literature (Lv et al., 2015)
hence, HEV-prorease was thought to be a putative inhibitor
for HEV replication. Therefore, we report the expression of
a soluble, catalytically active recombinant HEV protease using
baculovirus system. Further, we developed highly sensitive and
reliable cell free assays to screen the cysteine protease activity.
Also a 3D model of the HEV protease was generated to
identify possible active sites and the residues responsible for
binding of inhibitors. We considered the HEV-protease to be a
Papain like cysteine protease. Collectively, this study significantly
advances our understanding of the structure and function of
HEV protease.

RESULT

Generation of Recombinant Baculovirus
Containing HEV-Protease
A 482 bp segment encoding HEV-protease was amplified
using pSK-HEV-2 clone as template by PCR (Figure 1A). The
purified HEV-protease amplicon was cloned in pFastBac/CT-
TOPO vector in frame with 6xHis at C-terminal, under
polyhedrin (PH) promoter (Figure 1B). Screening of selected
clones by PCR using gene specific primers confirmed integration
of desired sequence (Figure 1C). Further, DNA sequencing
confirmed the clone in correct reading frame with 100%
similarity to the PCP sequences of the genotype-1 of HEV
(Supplementary Figure 1, Data Sheets 2, 3). Transformation of
pFastBac-PCP in DH10Bac cells resulted in the formation of
recombinant bacmid carrying HEV-protease sequence under the
PH promoter and the recombination was confirmed through
PCR (Figure 1D). Hence, a recombinant baculovirus containing
the HEV-protease expression cassette was formed by transfecting
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FIGURE 1 | Generation of recombinant baculovirus to express HEV-protease. (A) Amplification of HEV-protease gene from pSK-HEV2 plasmid; lane M, 100 bp DNA

ladder, lane 1, negative control (non-template control); lane 2, PCR amplified HEV-protease fragment. (B) Vector map of recombinant pFastBac-PCP showing

integration of PCP gene under PH promoter. (C) Colony PCR of DH5α transformants to identify clones having PfastBac-PCP construct; lane M, marker, lane 1

negative control, lane 2–5 amplification from different colonies obtained after transformation of PfastBac-PCP construct in DH5α cells, lane 6, Positive control

(amplified product of pSK-HEV2 plasmid). (D) Analysis of recombinat bacmid DNA by PCR; lane M, marker, 1, negative control (amplification without template), lane 2,

amplification from recombinant bacmid containing HEV-protease, lane 3, Positive control (amplified product of pSK-HEV2 plasmid), (E) Production of recombinant

baculovirus in transfected Sf21 cells; lane M, marker, lane 1–4, amplification from recombinant baculovirus infected Sf21 cells. lane 5, Positive control (PCR

amplification from pSK-HEV2 plasmid); lane 6, Amplification from uninfected Sf21 cells.

FIGURE 2 | Immunofluorescence analysis of HEV-protease expression in Sf-21 cells. (a,d) represent the DAPI-stained uninfected and infected sf21 cells; (b,e)

represent immunoflorescence of uninfected and infected Sf21 cells after staining with HEV-protease epitope specific primary antibody and goat anti-rabbit IgG-Alexa

Fluor 488 secondary antibody; (c,f) shows composite image of DAPI- and Alexa Fluor 488-stained uninfected and infected Sf21cells.

the recombinant bacmid into Sf21 insect cells. Transfection leads
to cell enlargement, granulation, and vacuole formation after
72 h. Integration of HEV-protease was confirmed by PCR from
baculovirus genomic (Figure 1E).

Confirmation of HEV-Protease Expression
In order to confirm the expression of HEV-protease in infected
Sf21 cells, an indirect immunofluorescence assay was performed
using HEV-protease epitope specific antibody. The Baculovirus-
infected Sf21 cells produced fluorescence after staining with
HEV-protease antibody (Table 1, Figure 2).

Expression and Purification of
HEV-Protease
The highest expression of HEV-protease was obtained at
27◦C at 10 MOI after 48 h of infection. SDS-PAGE analysis
showed expression of ∼18 kDa HEV-protease on SDS-PAGE
(Figure 3A) which was confirmed by immunoblotting using
anti HEV-protease antibody (Figure 3B). The expressed protein
was solubilized using 1% CHAPS and 10% DMSO. Purification
was performed by Ni2+-NTA affinity chromatography under
native conditions. The eluted protein was >95% pure by gel
analysis (Figure 3C).

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3 January 2020 | Volume 9 | Article 47828

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Saraswat et al. Characterization of HEV-Protease

FIGURE 3 | Expression and Purification profile of HEV-protease. Highest expression level was seen at 48 h of post infection at 10 MOI. (A) SDS-PAGE and coomassie

blue staining of Sf21 expressed HEV-protease. (B) Western blot analysis of HEV-protease by HEV PCP antibody; lane M marker, lane 1 cell lysate of uninfected Sf21

cells, lane 2 and 3, cell lysate of infected Sf21 cells after 48 and 72 h of post infection. (C) SDS-PAGE and coomassie blue staining of Ni-NTA chromatography

fractions: lane M, marker; lane 1, solubilized protein; lane 2, Flow through; lane 3,4, Wash fractions; lane 5–9, Elution Fractions.

FIGURE 4 | Zymography of HEV protease using gelatin as a substrate. Purified HEV-protease was loaded in the wells for determining cleavage of gelatin; lane M,

protein ladder, lanes 1 and 2 were loaded with 10 and 20 µl of solubilization buffer to eliminate any contaminating protease activity, lane 3 was loaded with 20 µl cell

sup of uninfected Sf21 cells, lane 4–7 were loaded with increased quantity of HEV-protease (5,10,15, and 20 ng, respectively), lane 8 was left blank, and lane 9 was

loaded with 5 ng of trypsin as a positive control. The cleavage of gelatin confirmed the protease activity. There was no digestion of gelatin in the negative control lane,

indicating the absence of any non-specific protease activity.

Substrate Specific Catalytic Activity of HEV
Protease
The activity of purified HEV-protease was determined by
negative staining using native gelatin zymography. Gelatin
is a non-specific substrate for protease and forms a clear
zone on zymography assay due to its digestion. Increasing
quantity of HEV-protease (5, 10, 15, and 20 ng) resulted with
increased intensity of clear zone due to digestion of gelatin
(Figure 4, lane 4–7). Digestion of gelatin was not seen in
negative control (Figure 4, lane 2,3), indicating specificity of
the assay.

Further, protease activity was confirmed by digestion assay
using ORF1 as a substrate. ORF1 has been reported to cleave
in putative domains of MeT, PCP, Hel, and RdRp (Sehgal

et al., 2006). For the first time we showed digestion of ORF1
polyprotein into smaller fragments. After digestion, 186 kDa
polyprotein breaks in to 110 and 85 kDa products which further
breaks into smaller product of 55, 37, 27, and 18 kDa (Figure 5,
lane 3–5). No autolysis has been seen in full length ORF1 even

after 24 h of incubation at 37◦C (Figure 5A, lane 2) validating the
specificity of proteolysis of ORF1 by HEV-protease in digestion

assay. To confirm the processing of ORF1, digested samples
were immunoblotted using anti-MeT, anti-protease, anti-RdRp

and anti-Hel antibodies (Table 1). Approximately 35, 20, 55,

and 27 kDa size of bands were visualized with anti-Met, anti-
protease, anti-RdRp and anti-Hel antibodies corresponding to
the size of putative domain of methyletransferase (Figure 5B,
lane 3–5), protease (Figure 5C, lane 3–5), RdRp (Figure 5D, lane
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FIGURE 5 | ORF1 digestion by HEV Protease. Full length ORF1 protein of HEV was purified and used as the natural substrate of HEV-protease. The ORF1 protein

was digested with HEV-protease and fractionated on SDS-PAGE. Western blot was performed using antibodies generated against other domains of ORF1

polyprotein. (A) SDS-PAGE and coomassie blue staining of digested ORF1 using protease. lane 1, Marker; lane 2, Undigested ORF1; lane 3–5, digested ORF1 after 1,

3, and 5 h digestion. (B) western blot analysis using anti-Met antibodies, the Met was seen as the digested product of ORF1 (B, lane 3–5). Similarly, the blots were

probed with protease, RdRp and helicase antibodies (C–E). Lane 2 represents undigested ORF1 while lane 3–5 represents the ORF1 digestion at different time points

(1, 3, and 5 h respectively). The figure clearly showed 186 kDa ORF1 and the Met, RdRp and Hel as proteolytic fragment of ORF1.

3–5), and Helicase (Figure 5E, lane 3–5). This suggests the role
of HEV-protease in cleavage of ORF1 polyprotein.

Enzyme Kinetics
Next, FTC-casein was used as a substrate to determine the
activity of HEV protease. The cleavage of FTC-casein results
TCA-soluble, FTC-peptides in the presence of active protease.
Protease activity was quantified by measuring absorbance at
492 nm. As seen in Figure 6A significant protease activity
could be detected as compared to the mock reaction. Protease
activity was proportional to the quantity of the substrate.
Signal saturation was obtained at 9 h (Figure 6B). Further
experiments were carried out to estimate kinetic parameters
of HEV protease using the above conditions Reaction velocity
V0 (mM/h) was found to be different for each substrate
concentration S (mM). Accordingly, different V0 and S the
Lineweaver-Burk graph was plotted against 1/V and 1/S to
calculate Km and Vmax. Through the slope and the interception
of the plot of 1/V vs. 1/S, the exact values of Km and Vmax
were determined to be 0.054mM and 0.77 mM/h, respectively
(Figures 6C,D).

Optimization of Reaction Conditions of
Protease Activity
Buffer and assay conditions were optimized to find activity at pH
4–7.8. Higher pH impaired the protease activity significantly in
comparison to lower pH (Figure 7A). The optimal temperature
for protease activity was found to be 37–48◦C (Figure 7B).
The effect of glycerol (anti-chemotropic agent) was also
observed. At 10–20% glycerol concentration, slight increase in
protease activity was seen. However, further increase in glycerol
concentration resulted in the decrease of protease activity
(Figure 7C). The results with different Na+ concentrations
indicated that the optimal concentration was around 50–150mM

and that the enzyme is relatively insensitive to Na+ (Figure 7D)
Analysis of the effect of different divalent cations like Ca2+,
Cu2+, Mg2+, Mn2+, Ni2+, Zn2+, Fe2+, and Pb2+ on the activity
of HEV protease revealed that Ca2+, Mg2+, Pb2+, and Fe2+

had no effect, however, Zn2+ (p= 0.0001), Ni2+, Pb2+ (p =

0.01) and Mn2+(p = 0.001) significantly decreased the protease
activity (Figure 7E).

Analysis of the Effect of Protease Inhibitors
The effect of different protease inhibitors was tested using
FTC-casein protease assay in the presence of inhibitors. The
enzyme was completely resistant to serine proteases inhibitors
(PMSF, AEBSF, aprotinin), aspartic proteases (pepstatin), amino-
peptidases (bestatin), metallo-endoproteases (phosphoramidon).
The enzyme was moderately inhibited by cysteine protease
inhibitors (antipain, leupeptin, ALLN, chymostatin, and E-
64) (Figure 8A). Minimum relative protease activity seen
with E-64 suggested it to be a papain like cysteine protease.
Further, activity of HEV protease on ORF1 digestion was
tested in the presence of twelve different protease inhibitors
in independent reactions (Figure 8B). It was observed that
HEV protease was strongly inhibited by E-64 (99%) and
chymostatin (98%). Moderate inhibition was seen with
leupeptin, ALLN and antipain whereby no inhibition was
observed with phosphoramidon, PMSF, AEBSF, aprotinin,
pepstatin (Figure 8B).

In silico Analysis of HEV-Protease
To further know the active site residue involved in the interaction
between HEV-protease with inhibitors, its 3D structure has
been modeled which also showed the nature of the HEV-
protease. The predicted model showed two domains architecture,
N-terminal helix and C-terminal β-sheet domain similar to
papain-like cysteine proteases (Verma et al., 2016) but differ
in arrangement of secondary structure elements. An active site
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FIGURE 6 | Enzyme kinetics of HEV protease: (A) FTC-casein based protease assay was developed for the determination of HEV protease activity. A negative control

(NC) reaction was performed without enzyme, which did not show any change in the absorbance. (B) Real-time profile of proteolytic assay with increasing substrate

concentrations, ranging from 0.01 to 2mM, using 1µM protease was performed and the absorbance measured at different time points every 1 h till 12 h till increase in

absorbance was observed. Background absorbance (NC) was subtracted for clarity for comparison. (C) Lineweaver–Burk plot and regression equation plotted to

determine km and Vmax of HEV-protease. (D) Reaction velocity (mM/h) calculated with the help of standard curve and plotted over different range of substrate

concentration (means of three independent experiments performed in triplicate).

(catalytic pocket) for substrate binding was present between
two domains. The residues present in the predicted active site
cleft were Gln479, Thr482, Cys483, Val507, Asp508, Leu582,
Pro509, Ile561, Glu588, Arg589, His590, Asn591, Leu592,
Met474, Lys457, Leu476, Phe575, and Gly478. A “Cysteine(Cys)-
Histidine(His)-Asparagine(Asn)” catalytic triads has also been
seen between N-terminal helical domain and a C-terminal β-
sheet domain.Cys483-His590-Asn591 residues were found to be
involved in this catalytic triad, which is the main characteristic
of the “papain” family. One Di-sulfide bond observed between
Cys434 and Cys481 necessary for stability and the proper
folding of the protein. Residues present in CTC motif (Cys481
and Cys483) and CHC motif (Cys457 and Cys 459) may
be involved in zinc metal ion coordination and catalysis
(Figure 9A). It is reported that the Zn binding site present on
the opposite side of active site (Herold et al., 1999), which
even validated by crystal structure of hepatitis C virus NS3
proteases (Stempniak et al., 1997; Barbato et al., 1999; Arasappan
et al., 2005) picornavirus 2A (Yu and Lloyd, 1992) PL1pro

of HCoV-229E (Ziebuhr et al., 2007), p150 of RUBV (Zhou
et al., 2007), and Lpro of FMDV (Guarne et al., 2000). The
diagrammatic representation indicates presence of CHC motif,
opposite to the predicted active site, could be zinc binding site of
HEV-protease (Figure 9).

Docking Study of Inhibitors for the
Validation of HEV PCP Model
The inhibition efficiency of all the inhibitors used in protease
assay was also proved by docking studies to know the interaction
between inhibitors and predicted active site residues of HEV-
protease. Results summarized in Table 2 showed that most
of the active compounds had good agreement between the
docking score and experimental results (r2 ≈ 0.75). It suggests
that the parameters of docking simulations and quality of
structural model are good in reproducing experimental course
of these compounds in the modeled HEV PCP. The observed
difference among E64 docking scores and interacting residues
may be due to difference in binding affinity of different
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FIGURE 7 | Optimal reaction conditions for the protease activity of HEV-protease (A) Effects of pH on protease activity. HEV protease and substrate were incubated

with various buffers of pH ranging from 4 to 12. The relative activity was calculated at different pH at pH 7.8 as 100%. (B) Effects of temperature (4–60◦C), the relative

activity was calculated by taking activity at 37◦C as 100%. (C) Effect of glycerol and (D) NaCl concentration on protease activity. HEV protease and substrate were

incubated in a buffer of 50mM Tris (pH 7.8) containing the indicated concentrations (0, 50, 100, 150, 200, 250, and 300mM) of NaCl. (E) Effects of various divalent

cations (2mM) on protease activity (*p < 0.01, **p < 0.001, ***p < 0.0001) with respect to control.

inhibitors as observed in inhibitory efficiency. Four inhibitors
(E64, Chymostatin, Leupeptin, and ALLN) showed good ligand–
receptor interactions that correlated better with the enzyme
inhibition activity of recombinant HEV PCP protein with Glide
docking (Table 2). Docking result shows that cysteine protease
inhibitors E64, Chymostatin, Leupeptin, and ALLN (docking
score −6, −5.1, −5.8, −4.3 respectively) have strong binding
affinity. Result of E64 docking shows that strong H-bond
interactions formed with backbone oxygen of Leu477and Lys475
and side chain OE2 atom of Glu 586 and nine hydrophobic
interactions observed with Met474, Gln479, Cys483, Ala513,
Val507, Ile561, His590, Asn591, Leu592, Arg589, Leu581,

residues (Table 3). All inhibitors bound to the HEV PCP active
site in a manner similar to the inhibitor E64 (Figure 10).
In Chymostatin five H-bond interactions formed, two with
backbone oxygen of Met474 and Leu477 and one nitrogen atom
of Asn591, whereas two side chain H-bond interactions were
observed with oxygen atom of Glu479 and Thr482 and eight
hydrophobic interactions were observed with Val507, His590,
Leu592, Phe576, Glu586, Leu581, Glu583, Leu535 residues.
Leupeptin had an H-bond with backbone oxygen of Asn591 and
twelve hydrophobic interactions observed with Gln479, Met474,
Thr482, Ala513, Val507, Ile517, Ile561, Phe576, His590, Leu592,
Arg589, Leu581 residues. Inhibitor ALLN showed two side chain
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FIGURE 8 | Inhibition assay: (A) Effects of different protease inhibitors on protease activity. The FTC-casein based protease assay was performed in presence of

various inhibitors. The relative protease activity was determined by taking protease activity as 100% without inhibitor. The standard errors of the means of results from

three independent experiments have been seen. The asterisk indicates statistical significance (**p < 0.001, ***p < 0.005) with respect to control (without inhibitors).

(B) Activity of HEV protease was studied in the presence of twelve protease inhibitors. lanes 1 undigested ORF1, lane 2 digested ORF1 without any inhibitor. Lanes

3–14 represent ORF1 over digestion (5 h at 37◦C) in the presence of 1× concentration of various inhibitors. By this time, active protease without any inhibitor (lane 2)

had cleaved the entire pORF1. The most effective inhibition was observed with E-64 and chymostatin (lanes 7 and 8, respectively).

FIGURE 9 | (A) 3D model of HEV-Protease found to be similar with Papain like cysteine protease as to have conserved catalytic triad and “papain-like β-barrel fold.”

(B) Predicted Zinc coordination in the HEV PCP model, the diagrammatic representation of CHC motif and Zn binding site.

interactions with nitrogen atom of Glu479 and oxygen atom of
Glu583, respectively. Eight hydrophobic interactions observed
with Val507, His590, Leu592, Arg589, Leu581, Asn591 residues.
Among the remaining inhibitors, PMSF Phosparamidon and
AEBSF which were found to be inactive in the HEV
PCP enzyme inhibition assay, ligand–receptor interaction

analysis showed that inhibitor PMSF and Phosparamidon did
not formed H-bond interactions (Table 3). Three inhibitors
AEBSF, Bestatin and Pepstatin showed week H-bond and
hydrohobic interactions. Interestingly, two inhibitors EDTA
and Antipain which were inactive in experimental results
remain undocked.
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TABLE 1 | Peptide sequence of antibodies generated against epitope of all

non-structural proteins of HEV genotype-1.

S.no. Protein name Peptide sequence Location on ORF1

1 Methyl transferase AGRDVQRWYTAPTRC 111–124

2 HEV-protease LDPRVLVFDESAPC 444–457

3 Helicase TADARGLIQSSRAH 1,505–1,518

4 RNA dependent RNA

polymerase

PKESLKGFWKKHSG 1,156–1,169

TABLE 2 | Correlation between relative protease activity of recombinant HEV-PCP

and Docking score of the inhibitors.

Relative protease activity Docking score Correlation

Without Inhibitor 100 − 0.75

PMSF 100 −2.6

E-64 4 −6

Chymostatin 6 −5.1

Leupeptin 13 −5.8

ALLN 11 −4.3

AEBSF 82 −4.8

Phosparamidon 95 *

EDTA 77 −

Antipain 23 −

*Although very good docking score −6.8 was found with Phosparamidon but its binding

site was different to others and no H-bond interaction were seen (Table 3).

DISCUSSION

Viral proteases are good targets for development of antiviral
therapeutics due to their crucial role in viral polyprotein
processing. Thus, as a pre-requisite for screening of small
molecule inhibitors (SMIs) against HEV protease, we expressed
and purified a soluble, catalytically active recombinant viral
protease with good yield and homogeneity in baculovirus
expression system. Further, we developed a robust cell free
assay with high sensitivity, selectivity and reproducibility to
screen targeted compounds with anti-HEV protease activity.
We validate HEV cysteine protease as a papain like protease
on the basis of in silico 3D modeling and inhibition with
specific inhibitors.

Positive-strand RNA viruses are supposed to encode
proteases to process their polyproteins usually required for
enzymatic activities, interactions with other proteins, subcellular
localization, and the viral assembly (Debing et al., 2016).
Processing of HEV ORF1 by its protease domain remains
controversial due to unavailability of well-characterized
native HEV protease. It was hypothesized that a putative
region between residues 433 and 592 of HEV-ORF1 encodes
protease (Koonin et al., 1992; Parvez and Khan, 2014) but
the nature of protease, its biochemical and biophysical
characterization need to be understood. In some reports,
role of cysteine protease in HEV processing has been identified

TABLE 3 | Interaction and distance between the inhibitors and key amino acids of

HEV-PCP in XP docking complex determined using LIGPLOT program.

Inhibitors H-bonds

(residue (atom

number-distance in Å-ligand

atom number) ligand)

Other interactions

(total hydrophobic

interacting residues)

E64 B-Leu477 (O-3.13-N4)L,

B-Leu477 (O-2.91-N5)L,

S-Glu586 (OE2-2.60-O3)L,

B-Lys475 (O-2.95-N5)L.

(11) Gln479, Cys483,

Met474, Ala513, Val507,

Ile561, His590, Leu592,

Arg589, Leu581, Asn591.

Leupeptin B-Asn591(N-3.22-O4)L (12) Gln479, Met474,

Thr482, Ala513, Val507,

Ile517, Ile561, Phe576,

His590, Leu592, Arg589,

Leu581.

Chymostatin S-Thr482 (OG1-3.30-N2) L,

B-Met474 (O-2.83-N7) L,

B-Leu477 (O-2.89-N7) L,

B-Asn591 (N-3.33-O6) L,

S-Glu479 (OE1-2.95-N2) L.

(8) Val507, His590, Leu592,

Phe576, Glu586, Leu581,

Glu583, Leu535.

ALLN S-Glu479 (NE2-3.01-O2)L,

S-Glu583 (OE1-2.84-N2)L.

(8) Val507, His590, Leu592,

Arg589, Leu581, Asn591.

PMSF – (4) Val507, His590, Leu581,

Leu592.

AEBSF B-Met474(O-2.9-N1)L,

B-Leu477(O2-2.92-N1)L.

(5) Gln479, Val507, Leu581,

Leu592, Thr482.

Phosphoramidon – (10) Lys475, Gln479,

Leu477, Leu581, Phe576,

Ile561, Leu592, Glu583,

Glu588, Arg589.

Bestatin S-His590(ND1-3.05-O1)L. (5) Gln479, Leu581, Val507,

Asp589, Leu592.

Pepstatin S-Gln479(OE1-3.14-N4)L,

S-Gln479(NE2-2.90-O2)L,

S-Glu583(OE1-3.01-N2)L.

(8) Val507, His590, Glu588,

Leu582, Leu592, Asp536,

Leu535, Phe576

S, Side chain; B, Backbone.

but possibility of other proteases could not be ruled out
(Ropp et al., 2000; Sehgal et al., 2006).

In previous study HEV protease was expressed from different
genotype of HEV in E. coli (Accession no: FJ457024 region 440-
610) containing extra 9 amino acid (SFDASQSTM) at the C-
terminal region have 170 amino acids. This refolded protein
was also found to be active and classified as chymotrypsin
like protease (Paliwal et al., 2014). In the present study a
161 amino acid long protein of Accession no: AF444002_1
region 432-592 of genotype1, similar to the one predicted by
putative domain of HEV (Koonin et al., 1992; Parvez, 2013)
has been expressed using baculovirus expression system and
purified in native condition. These constructs having significant
variation, could result in difference as mentioned by Paliwal
et al. (2014) and our study. With the present data it cannot be
interpreted the nature of protein with dual properties of papain
like Cysteine protease or Chymotrypsin like properties. Further
studies will be required to validate this fact. In the present study,
recombinant HEV protease was expressed using the baculovirus
expression system since it is considered to be an efficient insect
expression system with the ability to carry post-translational
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FIGURE 10 | 3D view of cysteine protease inhibitor E64 docked in the binding pocket of the HEV-protease model. Inhibitor E64 is shown as stick with color code

pink. The H- bonds are highlighted by dotted yellow lines. Some part of the ribbon has been removed for clarity. Residues present in active site are shown as CPK in

Gray color. Only catalytically important residues are marked. These residues are located in the substrate binding cleft.

modifications (Chambers et al., 2018). Previously it has been
reported that baculovirus system can express toxic proteins and
proteases of different organisms (Keyvani-Amineh et al., 1995;
Sali et al., 1998). The cell free assay was developed to quantify
the activity of HEV protease since no robust protocols for
protease digestion have been described so far. For development
of cell free assays, three different approaches have been used to
measure protease activity i.e., gelatin zymography, FTC-casein
based assay and digestion of full lengthORF1 polyprotein. In
pevious report gelatin zymography based assays has been used
for hepatitis E viruses (Paliwal et al., 2014), whereby a clearing
zone on the slide due to digestion of gelatin was formed. Similar
to that, a clear zone was observed on zymogram when the
native HEV protease was used. To determine the conditions
for the optimal activity of the protease, it has been reported
that cysteine protease activates at lower pH (Sundararaj et al.,
2012). In our study the protease activity has been shown at
lower pH which is typical of a cysteine protease. Digestion of
gelatin in zymography gave the first direct evidence of protease
activity by the expressed putative protease domain (432–592
aa) of pORF1 leading us to express pORF1 in bacteria to be
used as the substrate. The natural activity of HEV-protease
could be studied by proteolysis of ORF1 polyprotein which
was expressed via E. coli. Bl21-DE3 cells. HEV-protease cleaves
ORF1 polyprotein in a time dependent manner. After 1 h of
incubation, bands of ∼100 and ∼84 kDa were seen, which
further cleaved into smaller products with time and after 5 h,
multiple band of smaller size were seen due to proteolysis of
ORF1. Digestion of ORF1 by cysteine protease resulted in ∼84
kDa RdRp-Hel, and ∼67 kDa Met-PCP fragments which were
further processed into ∼55 kDa RdRp, ∼35 kDa Met, and

∼27 kDa Hel fragments with higher incubation time. The above
obtained fragments were similar in molecular mass to the ones
observed in previous immunoprecipitation studies with replicon
transfected HepG2 cells (Panda et al., 2000) and after expression
of ORF1 polyprotein in cell free system as well as in mammalian
cells (Ropp et al., 2000). In addition, ∼55 kDa intermediately
processed form of the RdRp and∼35 kDa Met protein has also
been seen in previous study after digestion of 84 kDa RdRp-
Hel and 67 kDa Met-PCP fragments by immunoprecipitation
(Paliwal et al., 2014). Similar size of products also has
been seen in self-digestion of baculovirus derived ORF1
polyprotein (Sehgal et al., 2006). These results suggest role
of HEV-protease in ORF1 polyprotein processing and HEV
life cycle.

For the first time, enzyme kinetics of native active HEV
protease has been determined in this study using FTC-casein
substrate based assay to validate enzymatic activity and kinetics
of HEV-protease. The values of Km and Vmax were found to be
0.054mM and 0.77mM/h, respectively. The optimal temperature
for protease activity was found to be 37–48◦C which corresponds
well to the appropriate environments for HEV growth in the cells
(Emerson et al., 2005; Tanaka et al., 2007; Johne et al., 2016).
Activity of HEV protease was found to be pH dependent. The
protease activity was found to be optimal at low pH of 4 which
is the crucial factor to activate Papain like cysteine proteases
(Richau et al., 2012; Sundararaj et al., 2012). A number of reports
have shown that cysteine proteases can be auto catalytically
activated in vitro from zymogen to mature enzyme even at
reduced pH (Lowther et al., 2009; Sundararaj et al., 2012; Verma
et al., 2016) indicating it to be a cysteine protease. In an attempt
to validate the nature of the protease we used various inhibitors
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to monitor its activity. Twelve inhibitors were used to study the
inhibition and it was found that the enzyme was completely
resistant to the inhibitors of serine proteases (PMSF, AEBSF,
aprotinin), aspartic proteases (pepstatin) and metalloproteases
(EDTA) while it was moderately inhibited by cysteine protease
inhibitor leupeptin, chymostatin and E-64. HEV protease was
strongly inhibited by E-64 (99%) and chymostatin (98%), which
had been reported to inhibit papain like cysteine protease (Saha
et al., 2018). To confirm these results, modeled HEV protease
structure has been docked with above inhibitors which shows
that cysteine protease inhibitors E64, Chymostatin, Leupeptin,
and ALLN have good docking score and strong binding affinity
whereas remaining inhibitors PMSF, Phosparamidon, AEBSF,
Bestatin and Pepstatin showed no or weak interactions and
EDTA and Antipain remain undocked. Correlation coefficient
was found 0.75 which showed good agreement between in
vitro and in silico studies, suggesting strongly that the HEV-
protease is a Papain like cysteine protease. Besides, in silico
modeled structure of HEV-protease was found to be similar
with Papain like cysteine proteases as it has structurally similar
N-terminal helix domain and C-terminal β-sheet domain and
conserved Cys–His–Asn triad at the active site (Koonin et al.,
1992; Coulombe et al., 1996). Cys483 and His590 form a catalytic
triad with Asn 591 which is present in active site between N-
terminal helical domain and a C-terminal β-sheet domain of
HEV-protease. A histidine residue, presents in the active site
act as proton donor and increase the nucleophilicity of the
cysteine residue. Nucleophilic cysteine, act up on the carbon
of the reactive peptide bond, release of an amine or amino
terminus fragment of the substrate and producing the first
tetrahedral thioester intermediate (Coulombe et al., 1996). This
intermediate is now stabilized by hydrogen bonding between
highly conserved glutamine residue and substrate oxyanion.
Subsequently, thioester bond is hydrolyzed and form a carboxylic
acid moiety from the remaining substrate fragment (Verma et al.,
2016). Earlier, the Papain like proteases are characterized by the
presence of two domains, an α- helix and a β-sheet domain
forming a deep cleft which contains Cys-His-Asn residues along
with Gln acting as a substrate-binding site (Turk et al., 2001).
Similar observation has been recorded in our predicted 3Dmodel
showing two domain architecture structures where the Cys-
His-and Asn triad is formed along with Gln at the active site.
Further, according to our findings, the Cys483 and His590 forms
a catalytic triad with Asn 591 present in active site between N-
terminal helical domain and a C-terminal β-sheet domain of
HEV-protease. Further, our findings are also in agreement with
previous study where HEV-protease has been categorized as a
Papain like cysteine protease (Koonin et al., 1992; Parvez and
Khan, 2014). In this study HEV protease was found to have
these characteristics and on the basis of structural similarity
with papain like protease it has been characterized as papain
like cysteine protease. These findings are in the agreement of
previous study where HEV-protease has been categorized as a
Papain like cysteine protease (Koonin et al., 1992; Parvez and
Khan, 2014).

Effect of different divalent cations like Ca2+, Cu2+, Mg2+,
Mn2+, Ni2+, Zn2+, Fe2+, and Pb2+ were studied on activity of

HEV protease. Out of these divalent cations Zn2+ remarkably
decreased protease activity. Divalent cations like zinc and its
conjugates have been identified as protease inhibitors for SARS-
CoV proteases (Hsu et al., 2004), also zinc have been found
to be essential for Structural stability, folding of NS3 protease
of HCV (Urbani et al., 1998) and catalytic activity of Rubella
protease (Liu et al., 1998). In another report, Zn has been
found to be an essential structural cofactor for human corona
virus papain like protease (Herold et al., 1999). Thus, we were
interested in testing the influence of metal conjugated compound
on HEV protease activity. Further, in silico studies have been
performed to determine the zinc binding sites present in HEV
protease. Two zinc binding sites have been identified, as “Zn2+

binding motif ” Cys457-His458-Cys459 (CHC) and Cys481-
Thr482-Cys483 (CTC) and these findings are in agreement with
previous report (Parvez and Khan, 2014) who studied that
mutation in Cys 481 and Cys 483 leads to loss of protease
activity (Parvez, 2013; Paliwal et al., 2014). These residues
present in the zinc binding site may play role in its structural
stability and proper folding. It was reported that zinc binding
site mediates proteolytic activity of Corona viral papain like
protease (Berg and Shi, 1996). These findings support our
report where the loss of protease activity has been found in the
presence of zinc, which may act as a cofactor and confer the
structural stability.

Most of the RNA viral proteases are categorized either as
chymotrypsin like or papain-like proteases (Neurath, 1984).
Chymotrypsin like proteases have been found to exhibited with
three different catalytic triads Ser-His-Asp, Cys-His-Asp, and
Cys- His-Glu (Bazan and Fletterick, 1988; Gorbalenya et al.,
1989; Matthews et al., 1994), whereas papain like proteases are
found to have the conserved Cys-His dyad which are assisted
by unique Asn and Asp residues (Gorbalenya et al., 1991).
In both the chymotrypsin-like or papain-like proteases, Zn2+

is located at the site opposite to the active center (Herold
et al., 1999). Therefore, the classification of HEV protease not
only depends on the involvement of cysteine and histidine
but also on structure and sequence homology. Papain like
cysteine proteases are very stable enzymes and often are found
in proteolytically harsh environments (Richau et al., 2012).
Besides catalytic dyad/triad prediction we find that HEV-protease
activity was found to be optimal at low pH of 4 which is the
crucial factor to activate cysteine proteases. It is already reported
that cysteine protease activates at lower pH (Sundararaj et al.,
2012). In our study the protease activity has been shown at
lower pH which is typical of a cysteine protease. On the basis
of structural homology, active site residue and class specific
inhibition we have classified HEV-protease as a “Papain-like
cysteine protease.”

MATERIALS AND METHODS

Cells and Virus
Spodoptera frugiperda (Sf21) cells (Invitrogen, California,
US) were used for generation, propagation and titration of
recombinant baculovirus. Sf21 cells were maintained in Sf900III
insect cell medium (Gibco, Newyork, US) and supplemented
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with 10% fetal bovine serum (Gibco, Newyork, US) at 27◦C
in refrigerated incubator. HEV cDNA clone pSK-HEV-2
genotype 1 GenBank accession no. AF444002 was used as
a reference virus in this study. All the virus experiments
were performed in BSL-2 facility in Shiv Nadar University,
Dadri, India.

Cloning of HEV Protease Using Bac to Bac
Expression System
The HEV protease domain (nts 1319–1801t of HEV; GenBank
accession no. AF444002) was PCR-amplified by 5′CTCAGA
ATTCATGGCTCAGTGTAGGCGCTG3′ and 5′TCTAGC
GGCCGC GAGATTGTGGCGCTC6TGG3′ forward and
reverse primer from full length HEV cDNA clone pSK-
HEV-2 using Pfu DNA polymerase (NEB, Massachusetts,
US). Amplified product was cloned into pFastBac/CT-TOPO
vector (Invitrogen, California, US) following manufacture’s
protocol and transformed into One ShotTM Mach1TM T1R
Chemically Competent E. coli (Invitrogen, California, US).
Positive transformants were screened by PCR and confirmed by
DNA sequencing. Further, pFastBac/CT-HEV protease construct
was transformed into MAX EfficiencyTM DH10BacTM Competent
E. coli (Invitrogen, California, US) that contains baculovirus
shuttle vector or bacmid. Positive Colonies were confirmed by
PCR amplification using pUC/M13 reverse and forward primers.
The recombinant bacmid was purified using PureLink HiPure
Plasmid Miniprep Kit (Invitrogen, California, US) following
manufacture’s protocol.

Generation of Recombinant Baculovirus
Containing HEV-Protease
Recombinant bacmid containing HEV protease gene was
transfected in Sf21 cells using CellfectinTM II reagent
(Invitrogen, California, US). Briefly 8 × 105 Sf21 cells /well
were seeded in six well plates. Five-hundred nanogram
bacmid DNA was mixed with cellfectinII reagent and
transfected into Sf21 cells. After 1 h incubation at 27◦C,
complete Sf900III medium was added and plate incubated
at 27◦C for 72 h. Supernatant was collected and titrated
using plaque assay. Further, plaques were purified and
amplified in Sf21 cells while the recombinant baculovirus
was confirmed through PCR of genomic DNA of the infected
Sf21 cells.

Demonstration of HEV Protease
Expression in Sf21 Cells by
Immunofluorescence Assay
In order to demonstrate the expression of HEV-protease
in Sf21 cells, 1 × 106 Sf21 cells were seeded in six well
plates and infected at 1 MOI (multiplicity of infection) with
recombinant baculovirus clone having HEV-protease gene. After
48 h of infection, cells were fixed with chilled methanol for
30min, followed by permeabilisation with 0.1% Triton X-
100 for 15min. The cells were blocked for 1 h at room
temperature with 3% BSA in PBST (PBS with 0.1% Triton
X100). Infected Sf21 cells were probed with HEV-protease

epitope specific antibodies constructed by Genscript against
444–457 peptide region of HEV-protease (Table 1) for 1 h
at room temperature. After three washing with PBS, the
cells were stained with goat anti-rabbit IgG-Alexa Fluor 488
(Biogenix) for 60min at room temperature. Subsequently, the
cells were washed with PBS and their nuclei were stained with
DAPI (4′,6-diamidino-2-phenylindole) (Sigma) for 10min at
room temperature. The cells were washed and fluorescence
was visualized using a fluorescence microscope (Olympus IX
71, Germany).

Expression of Recombinant HEV-Protease
in Sf21 Insect Cells
Expression of HEV-protease was performed in Sf21 cells as
described previously (Sehgal et al., 2006). Briefly 2 × 107 Sf21
cells were seeded in T175 tissue culture flask and incubated at
27◦C to attach the cells. Cells were washed with incomplete
SF900 III medium and infected with the recombinant baculovirus
at MOI of 10. The cells were incubated at 27◦C for 90min
followed by addition of 20ml SF900III medium (Invitrogen,
California, US) containing 10% FBS and incubated at 27◦C for
48 h. The infected Sf21 cells were daily observed for cytopathic
effect (CPE) and harvested after 48 h of infection, when the CPE
was ∼95%. The harvested cells were centrifuged at 1,500 × g
for 10min at 4◦C, washed using PBS and stored at −80◦C until
further use.

Solubilization and Purification of
Recombinant HEV-Protease
Extraction of HEV-protease from Sf21 cells was performed, as
described earlier (Ramya et al., 2011) with somemodifications. In
order to solubilise the HEV-protease, 2 × 107 infected Sf21cells
were resuspended in 1ml resuspension buffer (50mM Tris-
HCl pH 8.0, 150mM NaCl, 10% DMSO and 1% CHAPS) and
incubated on ice for 30min. The cells were sonicated for 2min
(2 s on 30 s off) at 20% amplitude on ice and incubated for
4 h at 4◦C in end to end rotator. Cell lysate was centrifuged at
21,000 x g for 1 h at 4◦C. Solubilized protein was purified through
immobilized metal affinity chromatography (IMAC) using Ni–
NTA super flow chelating agarose column (Qiagen, Germany).
The column was equilibrated with buffer A (50mM Tris-HCl,
150mM NaCl, 0.5% CHAPS and 10mM Imidazole pH 8.0),
followed by washing with buffer B (50mM Tris-HCl, 150mM
NaCl, 0.5% CHAPS and 20mM Imidazole pH 8.0). The protein
fraction was eluted in buffer C (50mM Tris-HCl, 150mM NaCl,
0.5% CHAPS and 250mM Imidazole pH 8.0) and analyzed on
12% SDS-PAGE. Theelutes were pooled and dialyzed against
PBS and analyzed by Western blot using HEV-protease epitope
specific antibodies (Genscript, US) (Table 1).

Determination of Protease Activity by
Gelatin Zymography Assay
Activity of purified recombinant HEV-protease was determined
by gelatin zymography, as described earlier (Saitoh et al., 2007).
Briefly 12% SDS-PAGE having 4 mg/ml gelatin was polymerized
in 1mM thickness plate. Different quantities of recombinant
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HEV-protease (1–10 µg), cell lysate of uninfected cells and
trypsin were loaded as negative and positive control, respectively.
The gel was run at 100 Volt until separation, washed twice for
30min at 37◦Cwith wash buffer (2.5%Triton X-100, 50mMTris-
HCl, pH 7.5, 5mM CaCl2 and 1µM ZnCl2) to remove SDS. The
gel was rinsed twice with distilled water and incubated at 37◦C
in incubation buffer (1% Triton x 100, 50mM Tris-HCl, pH 6.8,
5mM CaCl2 and 1µM ZnCl2) for 24 h. After incubation, gel
was stained by coomassie brilliant blue R (CBBR) (0.5 g in 40%
methanol, 10% acetic acid, and 50% distilled water). A clear zone
was visualized after destaining with 40% methanol, 10% acetic
acid, and 50% distilled water.

ORF1 Polyprotein Digestion Assay
The role of HEV-protease in ORF1 polyprotein processing
was determined by digestion assay. Briefly, full length ORF1
polyprotein was expressed in E. coli. BL21 cells and purified by
Ni-NTA chromatography and characterized by Western blotting
using HEV epitope specific antibodies (Table 1). The 186 kDa
protein was used as a substrate for HEV-protease. To set up
digestion assay, 100 ng of ORF1 polyprotein was incubated with
1 ng of HEV-protease in 0.1M Tris-HCl (pH 7.2) and incubated
at 37◦C for 1–5 h. Further, to check internal protease activity
in full length ORF1, it was incubated without HEV-protease for
24 h. After incubation, protein was fractioned on SDS-PAGE and
size of digested products was checked by Western blotting using
epitope specific antibodies against all four enzymes present on
ORF1 viz. Methyl transferase, Cysteine protease, Helicase and
RdRP (Table 1).

Fluorescein Thiocarbamoyl-Casein Based
Protease Assay
FTC-casein based assay was performed to check the activity of
protease as described earlier (Twining, 1984). Fifty micrometer
FTC-casein was incubated with 1µM HEV-protease for 1–12 h
at 37◦C. Similar reaction was set up with trypsin as a
positive control and without any protease. Protease cleaves
FTC- casein into smaller, TCA-soluble, FTC-peptides. 0.5%
TCA was added to the reaction mixture, to precipitate any
remaining undigested FTC-casein. The supernatant was collected
following centrifugation at 12,000 g at 4◦C and the FTC-peptides
were quantified by measuring the absorbance at 492 nm in
spectrophotometer. The intensity of color estimated by the assay
was found to be proportional to the total protease activity present
in the sample.

Biochemical Characterization of
HEV-Protease
Biochemical properties of HEV-protease were characterized
through kinetic studies under varying reaction conditions like pH
(4–12), temperature (4–60◦C), salt concentration (0−300mM
NaCl), presence of glycerol (0–50%) and various enzyme and
substrate concentration described previously (Ahmed et al.,
2011). Finally apparent kinetic parameters (Vmax and Km)
of the HEV-protease were determined by FTC-casein based
protease assay. The initial velocity was measured using varying
substrate concentration and the reciprocal of initial velocity

and substrate concentration were plotted using Lineweaver-
Burk curve to determine Briefly, Different concentration of
the substrate (0.001–1.2mM) was incubated with 1µM HEV-
protease in 4X incubation buffer (200mM Tris-HCl, pH 7.8,
20mM CaCl2) at 37

◦C. To measure enzyme kinetics, absorbance
was taken in multiplate reader (Bio-rad) at 492 nm for 1–12 h
and initial velocity of each reaction was determined. Finally, the
reaction rate was calculated using Michaelis-Menten equation
(Michaelis and Menten, 1913)

V = Vmax [S]/Km+ [S]

Vmax is the maximum rate of reaction and Km is the
substrate concentration at which reaction rate is half of the
obtained Vmax.

Further, the effect of various activators or divalent cations
on the protease activity was examined by supplementing the
reaction with 20mM of CuCl2, NiCl2, MgCl2, CaCl2, ZnCl2,
MnCl2, FeCl2, and PbCl2 as described above. Similar reaction
was also performed in the presence of various types of protease
inhibitors (Protease inhibitor set; G Biosciences) to determine
the nature of protease by inhibition assay, Briefly, 100 µl
(1µM) HEV protease was pre-incubated with 1× protease
inhibitors AEBSF, ALLN, antipain dihydro chloride, aprotonin,
bestatin, chymostatin, sodium EDTA, E-64, leupeptin, pepstatin,
phosphoramidon and PMSF and the inhibition assay was
performed using FTC-casein. Inhibition of protease activity was
measured as relative absorbance at 492 nm. For relative inhibition
activity, same reaction was performed without any inhibitors. In
order to validate the inhibition, ORF1 digestion was performed in
presence of these inhibitors. A protease-negative control with 100
ng pORF1 was incubated in parallel under the same conditions to
monitor pORF1 autolysis. These reactions were incubated for 5 h
at 37◦C for over-digestion. All the reactions and controls were
resolved by 10% SDS-PAGE.

In silico Studies of HEV Protease
The 3D model of HEV PCP (AAL50055.1, region 432–592)
was generated using homology modeling, fold recognition and
threading techniques (Zhang, 2008; Roy et al., 2010; Yang et al.,
2015). Initially I-TASSER was used for modeling of 161 amino
acid residues; unfortunately only C-Terminal region could be
modeled using 6NU9 as a template and N-Terminal region
remain unmodeled. Integrated Protein Structure and Function
Prediction Server IntFOLD Version 5.0 (Roche et al., 2011;
McGuffin et al., 2015, 2019) was used for modeling of N-
Terminal residues 432–513 Amino Acids of ORF1. Finally
easy modeler was used for final model generation (Kuntal
et al., 2010). The generated model was energy minimized in
water using OPLS (optimized potencials for liquid simulations)
force field with the convergence threshold of 0.05 by using
Macromodel of Maestro (MacroModel, 2017), to remove steric
clashes between atoms and to improve overall structural quality
of predicted models (Sastry et al., 2013; Protein Preparation
Wizard, 2017). 3D model was validated on the basis of
stereochemical and geometric consideration and docking studies
(Glide, 2017). The top ranked model was further validated
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and analyzed based on their Ramachandran plot, Verify 3D
and ERRAT analysis (Bowie et al., 1991; Lüthy et al., 1992;
Laskowski et al., 1993; Colovos and Yeates, 1993). To identify
possible binding sites, site map of maestro was used for
binding site prediction (Halgren, 2007, 2009; SiteMap, 2017).
Further, Receptor grid generation was done using Glide module.
Docking study was done in using Grid based ligand docking
with energetic (GLIDE) (Friesner et al., 2004, 2006; Halgren
et al., 2004). The 3D model of HEV PCP was docked
with inhibitors retrieved from Pubchem search. Eleven known
protease inhibitors were docked against HEV-PCP structural
model. The different conformations of the compounds were
docked flexibly and maximum 1,000 poses per compound
were generated (Ligprep, 2017). The analysis of the poses,
complexes and the binding affinities between the receptor and
ligands was analyzed using Schrodinger’s software Glide and
correlation coefficient between inhibitory concentration and
docking score was calculated using “CORREL” function of MS
Excel (Microsoft corp., USA).

Statistical Analysis
For enzyme kinetics, initial velocities were calculated using
the linear regression function in the Microsoft Office excel
software. Data was analyzed and plotted using Michaelis-Menten
equation with Graph Pad Prism to obtain kinetic parameters.
All the assays were performed in triplicate and results were
graphed, with error bars indicating the SD. Inhibition assay data
was analyzed using student’s t-test p < 0.05 was considered
statistically significant. Each experiment was performed thrice
in triplicate.
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During the World War II jaundice and hepatitis in the US army were observed after

vaccination with the yellow fever vaccine containing human plasma for stabilization.

This led to first heat experiments with volunteers without knowledge of the causative

agents. Finally, experiments of human serum with volunteers and chimpanzees led to the

conclusion that the hepatitis B virus (HBV) which had been identified as the responsible

agent of the contamination of the vaccine, could not be inactivated at 98◦C after 1min,

whereas 2min in two chimpanzees were enough. Meanwhile, a cell culture system

became available showing that 2min exposure time is not enough depending on the virus

strain used whereas 5min means complete inactivation of HBV. The great stability of the

blood-borne HBV was also of interest in hospital hygiene due to the use of moist heat

for disinfection of heat-stable medical devices in washer-disinfectants. The requirements

for washer-disinfectors and the parameters describing disinfection with moist heat are

defined in the EN ISO 15883. In this standard, the efficacy of this thermal disinfection

is described by the A0 value. For heat-resistant viruses a higher A0 = 3,000 is often

recommended including semi-critical instruments that undergo thermal disinfection and

no final sterilization. All experiments including volunteers, chimpanzees and now cell

culture were performed with greater A0 values than 3,000. Therefore, an A0 value of

3,000 e.g., being reached by 90◦C and 5min in washer-disinfectants, can easily elevated

to 6,000 by prolongation of the exposure time to 10min. In contrast to the different

laboratory experiments with high virus titers it should be considered that in practice

the necessary cleaning step upfront will help to reduce virus load and then protect the

personnel in the medical area.

Keywords: hepatitis B virus, thermostability, inactivation, cell culture, moist heat, A0 value

HBV AND THERMAL DISINFECTION

Despite the availability of vaccination, infections with hepatitis B virus (HBV) are still a severe
global health burden, with ∼2 billion infected individuals and more than 250 million carriers
worldwide. HBV, a small, enveloped, hepatotropic DNA virus is the major cause of chronic
liver diseases, the primary causative agent of hepatocellular carcinoma (HCC) and responsible
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for 887,000 deaths worldwide annually (WHO, 2017). Chronic
hepatitis B (CHB) is still an incurable disease.

HBV is highly contagious circulating in patients’ blood with
a minimal infectious dose of only 10 genomes (Komiya et al.,
2008). Healthcare workers are at constant risk of acquiring HBV
infection from occupational exposure. Moreover, nosocomial
transmissions of HBV with an increasing number of outbreaks
have been reported worldwide over the past few years. Common
routes of HBV transmission include the use of multi-dose vials
(Fisker et al., 2006; Sauerbrei, 2014), dental or biopsy equipment
(Drescher et al., 1994), dialysis unit (Carrilho et al., 2004),
contaminated finger-stick devices (Bender et al., 2012; Lanini
et al., 2012), acupuncture needles (Walsh et al., 1999), reuse of
syringes (Thompson et al., 2009), endoscopes (Santos et al., 2004)
and unsafe surgical and injection procedures (Welch et al., 1989;
Goldmann, 2002; Buster et al., 2003; Redd et al., 2007). Most of
these HBV infections remain clinically asymptomatic and are not
immediately recognized by medical personnel.

HBV can survive and remain infectious on environmental
surfaces for at least 7 days (Bond et al., 1981). Since moist
heat is known to kill microorganisms including viruses, thermal
disinfection in the hospital for decontamination of heat-stable
reusable medical devices is an essential process in the prevention
of nosocomial infections including HBV. After a cleaning step,
the thermal disinfection of medical devices is running in
automated washer-disinfectors machines.

The requirements for washer-disinfectors and the parameters
describing disinfection with moist heat are defined in
the European (EN) and International Organization for
Standardization (ISO) 15883 (DIN EN ISO 15883-2:2009-
09)1. In this standard, the efficacy of this thermal disinfection is
described by the A0 value. The A0 value is defined as610(T−80)/z)

× 1t. This value is based on exposure times and temperatures
necessary for inactivation of microorganisms with a defined z
value. By this, various time-temperature relationships can be
compared. A low value of A0 = 60 is regarded as minimum for
devices coming into contact with intact skin and pathogens like
heat-sensitive viruses, whereas A0 = 600 is necessary for surgical
instruments (DIN EN ISO 15883-2:2009-09)1. For heat-resistant
viruses a higher A0 = 3,000 is often recommended including
semi-critical instruments that undergo thermal disinfection
and no final sterilization (Röhm-Rodowald et al., 2013). In
the past, the conclusion that a high A0 value = 3,000 must be
chosen if an efficacy against heat-resistant viruses such as HBV
is necessary was questioned (Rosenberg, 2003). Furthermore,
in the discussion of the necessary A0 value for heat resistance
viruses it also has to be considered that the amount of HBV in
the human serum of chronic carriers can be very high and is
not part of the A0 value. Virus titers up to 109/mL HBV DNA
copies can be found in sera of patients. However, disinfection
is always performed after a cleaning step which should reduce
the number of microorganisms on the instruments by some

1DIN EN ISO 15883-2:2009-09: Washer-disinfectors - Part 2: Requirements

and tests for washer-disinfectors employing thermal disinfection for surgical

instruments, anaesthetic equipment, bowls, dishes, receivers, utensils, glassware,

etc. DIN 15883-2 (2009).

orders of magnitude. This reduction has important consequence
for the requirements of thermal heating. Moreover, this is a
very important step for the protection of processing personnel
(Rosenberg, 2003). However, before the concept of the DIN EN
ISO 15883 was established the choice of biological indicators
was the basis of describing general requirements regarding
disinfection with moist heat in washer-disinfectors. The high
thermal resistance of HBV as a blood-borne virus was already a
key question when the A0 concept was introduced first.

A HISTORICAL OVERVIEW OF THE
THERMOSTABILITY OF HBV

A recent study described the heat stability of HBV resulting
from cell culture assays under defined laboratory conditions
(König et al., 2019). The reported data on heat-resistant HBV
were the first using patient-derived viruses and a HBV cell
culture model system in parallel. These results are important for
the requirements of thermal disinfection in washer-disinfectors
using moist heat. All other data which are already used for
recommendations of thermal disinfection in the past were based
on experiments with human volunteers and chimpanzees due
to the lack of a suitable cell culture system. Therefore, the
comprehensive story of heat stability of HBV can be continued
and perhaps finished.

Our first knowledge of HBV heat stability started with several
experiments with human volunteers after jaundice and hepatitis
occurring after yellow fever vaccination in World War II. A
vaccine might contain viruses if blood-products like plasma
were used for production. Already in 1885, Lürmann described
vaccination against smallpox glycerinised with human lymph in
a shipyard in Bremen resulting in 191 men becoming jaundiced
within 2–8 months (Lürmann, 1885). This was one of the first
observations in the nineteenth century without knowledge of the
etiologic agent that blood containing products like vaccines were
responsible for epidemic transmission of homologous serum
hepatitis (Figure 1). Another large outbreak was then described
by the office of the Surgeon General of the US army in April
1942 (Office of the Surgeon General, 1942). At that time cases
of jaundice and hepatitis occurred in US military personnel
who received yellow fever vaccine during World War II. The
observed symptoms were linked to a specific lot of vaccine named
17D (Oliphant et al., 1943; Neefe et al., 1944a). An experiment
with nine volunteers for confirmation and detailed clinical
observations followed (Neefe et al., 1944b). Finally, 23,664 cases
of hepatitis in Armed Forces personnel were reported in 1944
(Sawyer et al., 1944). In parallel, identical observations after
vaccination were made in Brazil (Fox et al., 1942). At that
time human immune serum was used to stabilize the vaccine
after being heating at 56◦C for 30–60min. Consequently, the
use of human serum in vaccine production was stopped. In
a review describing mortality and morbidity among military
personnel between 1930 and the end of World War II after
yellow fever vaccination in total 49,233 cases of jaundice or
hepatitis were reported among US troops (Thomas et al., 2013).
Consequently, studies with volunteers were initiated to examine
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FIGURE 1 | Timeline of landmarks HBV transmission and inactivation studies.

the effect of heat to the unknown agent of homologous serum
hepatitis. Sawyer et al. (1944) and MacCallum and Bauer (1944)
confirmed that heating at 56◦C for 30–60min was not enough
for complete inactivation of the responsible agent. At that time
the agent was described as filterable and resistant to heating
to 56◦C for 30min (Havens, 1945). In contrast, the virus of
the homologous serum hepatitis appeared to be inactivated in
a human albumin solution at 60 and 64◦C for 10 h (Gellis
et al., 1948). Later, this activity by heating against HBV was
not confirmed by Shikata et al. showing that heat treatment at
60◦C for 10 h provided only a four log10 reduction of virus titer,
but no complete inactivation when inoculated in chimpanzees
(Shikata et al., 1978). In addition, introducing a shortage of
incubation time at 60◦C to 4 h samples of plasma containing the
agent of homologous serum hepatitis also retained the ability to
produce hepatitis in volunteers (Murray and Diefenbach, 1953).
Finally, the studies of Krugman et al. at the Willowbrook State
School for mentally disabled children in 1970 when describing
two types of hepatitis MS-1 and MS-2, HBV serum underwent
heat inactivation at 98◦C for 1min after 43 s of heat-up time
in a flask over an electric burner (Figure 1). After cooling to
room temperature in 25min, serum was inoculated (0.1mL)
to each of 29 volunteers (Krugman et al., 1970). The titer was
given as 107.5 chimpanzee infective dose (CID)50 mL before
1:10 dilution and inoculation of 0.1mL. Later, the A0 value
for this experiment was calculated to a value of 3,786 (Uetera
et al., 2010). The data showed no evidence of infection clinically
or in the laboratory tests available in this year. But in 1979,
a more sensitive test (radioimmunoassay) revealed three sub-
clinically infected volunteers without liver involvement. At that
time the frozen sera were re-examined for HBsAg (Krugman
et al., 1979).

In another experiment serum with subtype adr of HBV after
1:1,000 dilutions was treated at 98◦C for 2min after 4min of
heat-up time in a thermostat bath. After cooling in an ice-water
bath the sample was inoculated two chimpanzees without any
evidence of infection (Kobayashi et al., 1984). The calculated A0

value for this moist heat treatment of 105 CIC50/mL was 7,571
following the calculation of Uetera et al. (2010).

To confirm or disprove the data of Krugman et al. and
Kobayashi et al. it was recently shown with a newly developed
HBV cell culture system that cell culture-derived virus was
still detectable after 2min incubation at 98◦C (Figure 1). The
tests were run in thin-wall PCR tubes in a thermal cycler with
immediate cooling to ice (König et al., 2019). Inactivation profiles

of three HBV isolates from patients showed that one isolate was
inactivated after 1min, whereas the isolates from the two other
patients could not be inactivated after 2min exposure time. After
treatment at 98◦C for 5min no virus infection was detectable
testing all isolates (König et al., 2019).

The difference between the data from human volunteers,
chimpanzees, and cell culture might partly be derived from the
technical standard used in the laboratories at different times. In
1970, the heating was performed with an electric burner with
43 s of heat-up time and cooling down time within 25min before
inoculation of the volunteers (Krugman et al., 1970). In 1984, the
heating was performed in a bath of liquid paraffin after 4min
heat-up time and a rapidly cooling in an ice-water bath before
chimpanzees were inoculated (Kobayashi et al., 1984). In the
recent study in 2019 with cell culture, thermo heaters were used
which allowed a more precise control of all parameters used
compared to those in the past (König et al., 2019).

Furthermore, it cannot be excluded, that different virus
strains/genotypes influence thermal stability, since the different
studies used various virus strains. Krugman et al. used the
MS-2 strain, while Kobayashi et al. performed the experiments
with the JTB001 strain (subtypes adr) in 1984. In the recent
study, the different virus isolates from the patient material were
genotype C, whereas the other viruses derived from HepAD38
cells were genotype D.

Besides the technical changes described and the different
viruses incorporated, the HBV titers will influence the results
in the largest extent. In the voluntary active immunization of
volunteers, a 1:10 dilution of an infectivity titer of 107.5 was
used (Krugman et al., 1970). Both chimpanzees received a 1:1,000
dilutions of a serum with 108 units/mL (Kobayashi et al., 1984).
In the recently published study of Koenig et al. virus titers
ranged from 5.8 × 1010 GEq/mL (genome equivalent) for the
cell culture virus to 1.1 × 107 to 5.5 × 109 GEq/mL for patient-
derived viruses.

Uetera et al. calculated that the A0 value was 3,786 when
the experiments with the volunteers at the Willowbrook State
School were performed (Uetera et al., 2010). Here no complete
inactivation was observed after 1min exposure time. In the
chimpanzee infection model with 2min exposure the A0 reached
7,571 thus confirming virus inactivation. Concerning the failure
in the study at theWillowbrook State School in comparison to the
chimpanzee model, it was argued that the serum infectivity titer
of the human volunteer study wasmore than 30 times higher than
that used in the animal model (Uetera et al., 2010). In the study
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of Koenig et al. an A0 value resulted of 5,400 without complete
abrogation of infectivity within 2min exposure time using high
titers for the cell culture and the patient-derived viruses.

Nowadays, the capacity of washer-disinfectorsmust be not less
than A0 = 3,000 and at least A0 = 600 (DIN EN ISO 15883-
2:2009-09)1. In summary, all experiments reviewed here with
volunteers, chimpanzees and cell culture models now confirm a
necessary A0 value of >3,000. An A0 value of 3,000 in washer-
disinfectors is often reached by 90◦C and 5min exposure time.
After prolongation to 10min an A0 value of 6,000 can be reached.
Furthermore, the material compatibility must additionally be
considered and the important fact that a cleaning step up
front is included which also will increase the safety of the staff
thus lowering a possible viral contamination with HBV (Röhm-
Rodowald et al., 2013).

CONCLUSION

In conclusion, there are data available derived from volunteers
and chimpanzees concerning the heat stability of HBV in serum
under not ideally defined conditions. A newly developed cell

culture system should allow more precise information on this
characteristic of an important virus in human medicine. The
pronounced heat stability after experiments with volunteers and
chimpanzees in the past was even surpassed. Finally, the still on-
going discussion on thermal stability of HBV with consequences
for moist heat disinfection can be finished.
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Hepatitis B virus (HBV) infection is a major cause of chronic liver disease and

hepatocellular carcinoma. Current antiviral therapy does not effectively eradicate HBV

and further investigations into the mechanisms of viral infection are needed to enable

the development of new therapeutic agents. The sodium-taurocholate cotransporting

polypeptide (NTCP) has been identified as a functional receptor for HBV entry in liver

cells. However, the NTCP receptor is not sufficient for entry and other membrane

proteins contribute to modulate HBV entry. This study seeks to understand how the

NTCP functions in HBV entry. Herein we show that knockdown of the cell-cell adhesion

molecule, E-cadherin significantly reduced infection by HBV particles and entry by HBV

pseudoparticles in infected liver cells and cell lines. The glycosylated NTCP localizes to

the plasma membrane through interaction with E- cadherin, which increases interaction

with the preS1 portion of the Large HBV surface antigen. Our study contributes novel

insights that advance knowledge of HBV infection at the level of host cell binding and

viral entry.

Keywords: hepatitis B virus (HBV), virus entry, HBV co-receptor, E-cadherin, NTCP

INTRODUCTION

Hepatitis B virus (HBV), a member of the Hepadnaviridae family, is a small, enveloped DNA virus
(Glebe and Bremer, 2013) that infects human liver parenchymal cells. Although the widespread
use of vaccines has greatly reduced the rate of infection, HBV continues to pose a serious threat
to global health, affecting more than 350 million individuals worldwide, all of whom are at
increased risk of developing liver cirrhosis and hepatocellular carcinoma (HCC) (Trepo et al.,
2014). Current therapeutic regimens that employ direct-acting antivirals, with or without ribavirin,
have significantly increased the prevalence of escape mutants, caused significant adverse effects
while eliciting a low curative rate in HBV patients (Gish et al., 2012).

The lack of effective therapeutic options for HBV is partially due to our incomplete
understanding of the HBV life cycle, including the stages during which the virus enters host cells,
undergoes DNA replication, and assembles and releases virions from the cells. Productive HBV
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infection occurs following viral entry into a host cell, which
is initiated through the binding of preS1 the domain of HBV
large envelope protein (LHBs) with high affinity HBV receptors
on hepatocytes (Le Duff et al., 2009; Glebe and Urban, 2017).
The sodium-taurocholate cotransporting polypeptide (NTCP), a
bile acid transporter expressed at the basolateral membrane of
human hepatocytes, has been identified as a functional receptor
for HBV (Yan et al., 2012). Exogenous expression of NTCP in
human hepatoma cell lines, such as HepG2 or Huh7, confers
susceptibility to HBV infection, and thus, constitute effective cell
culture models for examining HBV entry (Yan et al., 2012; Ni
et al., 2014). However, the overexpression of NTCP in human or
extrahepatic human cell lines, such as HeLa cells, or in mouse
hepatocytes, is insufficient for productive HBV infection in these
cells, suggesting that additional molecules are also required for
efficient HBV infection (Tong and Li, 2014).

The overexpression of the hepatitis B surface antigen
binding (SBP) protein in HepG2 cells (HepG2-SBP) induced
susceptibility to HBV infection. SBP was shown to interact
directly with HBV envelope proteins (Sun et al., 2018). Moreover,
heparin sulfate proteoglycans can function to bind HBV and
bring the virus to the proximity of the NTCP receptor (Schulze
et al., 2007). Verrier et al. (2016) also reported that Glypican 5
attaches to the surface of HBV particles prior to NTCP binding,
thereby assisting in host cell entry. These studies indicated that
other molecules in addition to NTCP have important roles in
efficient and productive HBV infection.

Cadherin adhesion molecules are core components in
adherens junctions, located on the basement membrane aspect
of polarized epithelial cells. E-cadherin is a calcium-dependent
adhesion integrin that is abundant in epithelial tissues and plays
an important role in cell-cell adhesion complexes including
desmosomes and adherens junctions (Fonseca et al., 2018). E-
cadherin play a role in pathogen infection (Bonazzi and Cossart,
2011). Herein, we investigated the role and mechanism for E-
cadherin to modulate HBV infection.

MATERIALS AND METHODS

Cell Lines
HepG2-NTCP, HepAD38 (in which HBV replication can be
regulated by tetracycline), and Huh-7cells, were provided by
Professor Juan Chen of the Chongqing Medical University,
Chongqing, China. HepG2-NTCP and HepAD38 cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM,
Hyclone, Logan, UT, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco, Franklin Lakes, NJ, USA) and
400µg/mL G418. HepG2-NTCP cells were cultured with
collagen pretreatment. Huh-7 cells were maintained in DMEM
containing 10% FBS. HepaRG cells were purchased from Beijing
Beina Science and Technology (Beijing, China) andwere cultured
in William’s E Medium (Sigma-Aldrich, St. Louis, MO, USA)
with 10% FBS, 2mM L-glutamine, 5µg/mL insulin (Sigma-
Aldrich), and 50µM hydrocortisone hemisuccinate (Sigma-
Aldrich). Primary human hepatocytes (PHH) were obtained
from ScienCell Research Laboratories (Carlsbad, CA, USA) and
were maintained in Hepatocyte Medium (HM, Catalog no. 5210,

ScienCell Research Laboratories). All cells were cultured in a
humidified incubator at 37◦C with 5% CO2.

Plasmids and Gene Products
The pNL4-3.Luc.R-E- reporter plasmid was obtained through
the NIH AIDS Reagent Program. The plasmid of pNL4-3.Luc.R-
E- was constructed by rendering this clone Env- and Vpr- with
frameshift and inserting the luciferase into the pNL4-3 nef gene,
the HIV-1 proviral clone (Connor et al., 1995; He et al., 1995).
The pcDNA3.1-E-cadherin plasmid was obtained from Addgene
(Cambridge, MA, USA). Partial cDNA for human E-cadherin
subcloned into the pcDNA3.1 to generate the pcDNA3.1-Ecad-
1 35 and then the 425-bp fragment encoding the missing
COOH-terminal residues and generated by PCR was sub-cloned
into pcDNA3.1-Ecad-1 35 to generate full-length pcDNA3.1-
E-cadherin plasmid (Gottardi et al., 2001). The pcDNA3.1-
HBV1.3 (replication-competent 1.3-fold overlength HBV) and
the pcDNA3.1 (vector) plasmids were provided by Professor
Juan Chen of Chongqing Medical University (Chongqing,
China).To study the effect of E-cadherin on HBV binding to
HepG2-NTCP cells, the FITC- and Biotin-labeled preS1 peptides
encoding the stable region of preS1 (2-47aa) was synthesized
by Zhejiang Baitai Biological Company (Zhejiang, China).
The sequence used to produce the FITC- and Biotin-labeled
preS1 peptides was: Myr-GTNLSVPNPLGFFPDHQLDPAFGA
NSNNPDWDFNPNKDHWEANQVK (Yan et al., 2012). The
second amino acid of the preS1 peptides was myristoylated.

Protein Extraction and Western Blotting
Analysis
Total protein was extracted from cells using a Protein Extraction
Kit (KaiJi, Tianjin, China) according to the manufacturer’s
instructions. The concentration of protein was quantified via
bicinchoninic acid (BCA) protein assay (Beyotime, Shanghai,
China) according to the manufacturer’s instructions. Equal
amounts of total protein from each sample (50 µg) were
separated using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a nitrocellulose
membrane. The membranes were incubated with rabbit anti-
E-cadherin (1:1,000; Cell Signaling Technology, Boston, MA,
USA), rabbit anti-HBc (1:1,000; Dako, Glostrup, Denmark),
rabbit anti-NTCP (1:1,000; Sigma-Aldrich), rabbit anti-Na+-
K+-ATPase (1:1,000; Abgent, San Diego, CA, USA), and anti-
actin (1:1;000; Boster, Wuhan, China) primary antibodies at
4◦C overnight, and subsequently incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies (1:10,000;
Boster) at 37◦C for 1 h. Blots were developed using an
enhanced chemiluminescence reagent (Pierce, Rockford, IL,
USA) according to the manufacturer’s instructions. The gray
value of blots was calculated by the Image Lab.

Preparation of Cell Membrane Fractions
Cell membrane proteins were isolated using MinuteTM

Plasma Membrane Protein Isolation and Cell Fractionation
Kit (ScienCell Research Laboratories) according to the
manufacturer’s instructions. Protein concentrations in the
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extraction samples were quantified using BCA protein assays
(Beyotime) according to the manufacturer’s instructions.

Immunofluorescence Assay
Coverslips containing cells were washed with phosphate buffered
saline (PBS) twice, fixed with 4% paraformaldehyde at 37◦C
for 10min, blocked with goat serum at 37◦C for 1 h, and
incubated with primary antibodies, such as rabbit anti-HBs
(1:100; Abcam, Catalog no. ab68520, Cambridge, UK) and
rabbit anti-NTCP (1:100; Sigma-Aldrich) at 4◦C overnight.
The coverslips were then incubated with secondary antibodies
(FITC-anti-rabbit IgG, 1:100; Boster) at 37◦C for 1 h, and

stained with 4
′

,6-diamidino-2-phenylindole (DAPI) at 37◦C for
8min. Immunofluorescence analysis were performed using a
DFC5000 camera (Leica, Wetzlar, Germany) attached to an
FV500 Confocal Laser Scanning microscope (Olympus, Tokyo,
Japan). The virus infection rate of the cells is the percentage
of cells expressing green fluorescence calculated by the ImageJ-
win 64.

Analysis of Messenger RNA Expression by
Quantitative Real-Time Polymerase Chain
Reaction
Total RNA was extracted from cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Reverse-transcription of total RNA was performed
using PrimeScript RT Reagent Kit with gDNA Eraser (Takara
Shiga, Japan). Quantitative real-time polymerase chain reaction
(qRT-PCR) of the HBV 3.5 kb mRNA was performed using
SYBR Green Master Mix (Roche, Basel, Switzerland). The
primers for the HBV 3.5 kb were: forward: 5′-GCCTTAGAG
TCTCCTGAGCA-3′ and reverse: 5′-GAGGGAGTTCTTCTT
CTAGG-3′. The primers for the E-cadherin were: forward: 5′-
CCCACCACGTACAAGGGTCAGGT-3′ and reverse: 5′-ACG
CTGGGGTATTGGGGGCA-3′. The primers for the NTCP were:
forward: 5′-CCACAACGCGTCTGCCCCAT-3′ and reverse: 5′-
TGCAGCCCAGCGAGAGCATG-3′.The primers for β-actin
were: forward: 5′- TCCCTGGAGAAGAGCTACGA-3′ and
reverse: 5′-AGCACTGTGTTGGCGTACAG−3′. The qRT-PCR
was run on a Bio-Rad with the following protocol: 2min at 95◦C
to pre-denaturation, followed by 40 cycles of denaturation at
95◦C for 20 s, annealing at 60◦C for 20 s, extension at 72◦C for
20 s. All values were normalized to β-actin expression and were
calculated using the 211CT method.

siRNA Transfections
The concentration of siRNAs is 20 pmol/µl. 100 pmol of targeting
small interfering or non-targeting siRNAs were transfected into
HepG2-NTCP, HepaRG or PHH cell lines planted into 6-
well plate using siRNA-mate (Genephama, Shanghai, China)
according to the manufacturer’s protocol. Further treatments
were typically performed 72 h after siRNA transfection began,
when gene silencing was determined to reach peak efficiency. The
sequence used for siRNA targeting E-cadherin was: 5′-CAGACA
AAGACCAGGACUA-3′. The sequence of the siRNA targeting
NTCPwas: 5′-CAGUUCUCUCUGCCAUCAA-3′. The sequence

of the negative control siRNA was: 5′- UUCUCCGAACGUGUC
ACGUdTdT-3′.

HBV Particle Production and Infection
HBV particles were enriched from the supernatant of HepAD38
cells using 8% PEG8000 (Sigma-Aldrich) (Ladner et al., 1997).
HepG2-NTCP, HepaRG and PHH cells were seeded in 24-well
plates and maintained in William’s E Medium supplemented
with 10% FBS, 2mM L-glutamine, and 2% DMSO for 1 d at
the time of HBV infection. HBV infection was assessed at 2 d
by qRT-PCR quantification of HBV 3.5 kb RNA, and at 3 d via
western blotting analysis of HBV core protein (1:1,000; Dako),
and immunofluorescence assay of HBsAg, using the rabbit anti-
HBsAg antibody (1:100; Abcam).

HBV particles from adult chronic HBV patients were obtained
and used for infection as previously described (Sun et al., 2018).
Briefly, HepG2-NTCP and PHH cells were seeded at a density
of 5 × 104 per well into 24-well plates. On the following day,
cells were incubated with the HBV-positive serum (>5 × 107

copies/mL) diluted in DMEM at a multiplicity of infection (MOI)
of 100. Infected cells were maintained in DMEM or HM with
2% FBS. The HBV 3.5 kb RNA, HBc and HBsAg were assessed
at 4d post-infection.

Packaging and Infection of HBV
Pseudotyped Particles
HBV pseudotyped particles (HBVpps) can infect liver cells
but cannot replicate in human hepatocytes. Infection and
packaging of HBVpps were achieved as previously described
(Meredith et al., 2016). Infectious virus can be produced by
co-transfection with HBV membrane protein expression vector.
Therefore, HBVpps were produced by co-transfecting pNL4-
3.Luc.R-E- and pcDNA3.1-HBV1.3 plasmids into Huh7 cells
using Lipofectamine 2000 Transfection Reagent (Invitrogen).
The supernatants containing HBVpps were harvested 72 h after
transfection and centrifuged at 1,500 × g for 15min to remove
debris. The pseudotyped particles were then added to 96-well
microplates, which had been seeded with target cells at a density
of 5 × 103 on the previous day, at a volume of 100 µL/well.
The medium was supplemented with polybrene (Santa Cruz, CA,
USA) at a final concentration of 4µg/mL. Twenty-four hours
after infection, 100 µL of fresh medium was changed per well.
Luciferase assays were performed after 72 h using a GloMaxTM
96 Microplate Luminometer (Promega, Madison, WI, USA).

Co-immunoprecipitation Assay
Co-immunoprecipitation assay was performed as
previously described (Sun et al., 2018). Cells were lysed in
immunoprecipitation buffer supplemented with complete
protease inhibitor. After lysing with ultrasound, lysates were
centrifuged to remove insoluble components. Lysates were
then incubated overnight with rabbit anti-E-cadherin (Cell
Signaling Technology) or rabbit IgG primary antibodies at 4◦C.
Protein G beads (Beyotime) were then added to the lysates. The
precipitated proteins were measured via western blot analysis as
described above.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3 February 2020 | Volume 10 | Article 7449

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Hu et al. E-cadherin-Bound NTCP Facilitates HBV Entry

Pull-Down Assay
Magnetic beads (ThermoFisher Scientific, Waltham, MA, USA)
were incubated with biotin-labeled preS1 antibodies at 37◦C for
1 h according to the manufacturer’s instructions. The beads were
washed thrice with TBST, incubated with 500 µL HepG2-NTCP
cell lysate at 4◦C overnight, and washed a further three times.
Thirty microliters of SDS-PAGE reducing sample buffer was then
added to each tube and heated at 100◦C in a heating block
for 5min. The precipitated proteins were quantified via western
blotting analysis.

CCK-8 Cell Proliferation Assay
HepG2-NTCP and HepaRG cells were seeded in 96-well plates
(5 × 103 cells in 100 µl per well). At different time points, 10
µl of cell counting kit-8 (CCK-8) solution (Dojindo, Shanghai,
China) was added and incubated for 2 h. The value of OD
was measured at 450 nm in a microplate reader (ThermoFisher
Scientific, Waltham, MA, USA).

Detection of HBsAg Expression With ELISA
HBsAg in culture samples collected from the infected cells at 4
days was detected with ELISA kits (LiZhu, Guangdong, China)
according to the manufacturer’s instructions. The value of cut off
is equal to the negative value plus 0.09. The value of S/CO is the
ratio of OD to the value of cut off.

HBV Pre-S1 Binding and Internalization
Assay
The experiment was performed as the previous study (Sun et al.,
2018). Fivemicrogram of FITC-preS1 was added into theHepG2-
NTCP or PHH cells in 96-well plate. The cells were incubated
at 4◦C for 2 h and then washed with PBS for three times. We
determined the binding of pre-S1 by observing cells with linear
or dot-like fluorescence on the cell membrane with fluorescence
microscope. Besides, incubate it at 37◦C for 2 h and then wash
it with PBS for three times. We determined the internalization
of pre-S1 by observing the green fluorescence inside the cell. We
counted the number of cells in white light and then counted the
number of cells that express fluorescence in the cell membrane or
inside the cell.

Ethics Statement
We collected fresh serum from adult chronic HBV patients.
The study was approved by the Ethics Committee of the
Second Affiliated Hospital of Chongqing Medical University.
This research was conducted according to the relevant guidelines,
and all participants gave written informed consent before
the experiment.

Statistical Analyses
Statistical Package for the Social Sciences (SPSS) 16.0 was used
to perform unpaired Student’s t-tests. Results with p < 0.05 were
considered statistically significant. Each experiment was repeated
a minimum of three times.

RESULTS

Downregulation of E-cadherin Reduces
Infection Efficacy of HBV Particles
HepG2-NTCP cells that stably express a recombinant NTCP
receptor, PHH from human donors, and HepaRG cells that
differentiated into hepatocytes can be infected by HBV in culture
(Schulze et al., 2012; Ren et al., 2018). We used these cells to
elucidate the role of E-cadherin in modulating HBV infection.
HepG2-NTCP, HepaRG, and PHH cells were transfected with
20 pmol of siRNA-NC, siRNA-E-cadherin, siRNA-NTCP or
a combination of siRNA-E-cadherin and siRNA-NTCP before
infection with 1× 103 genome equivalents/cell of HBV produced
from HepAD38 cells in 24-well plate. The mRNA level of E-
cadherin and NTCP were downregulated about or more than
50% following siRNA treatment in HepG2-NTCP and HepaRG
cell lines (Figures 1A,B). Transfection with siRNA had no effect
on viability in HepG2-NTCP and HepaRG cells (Figures 1C,D).
Moreover, silencing of E-cadherin and NTCP significantly
reduced the level of HBV 3.5 kb mRNA in HepG2-NTCP,
HepaRG, and PHH cell lines (Figure 1E); while silencing of both
E-cadherin and NTCP in HepG2-NTCP and PHH cells served
to further reduce the level of HBV 3.5 kb mRNA compared to
that observed by either E-cadherin or NTCP separately. Western
blot, ELISA and immunofluorescence analysis determined that
downregulation of E-cadherin or NTCP independently, or
together, reduced the levels of HBV core protein and HBsAg
(Figures 1E–J). These results suggest that reducing E-cadherin
levels reduced productive HBV infection.

Silencing of E-cadherin Inhibits Infection
With HBV Particles Isolated From the
Serum of an HBV Carrier
To further elucidate the relationship between E-cadherin and
HBV infection, HepG2-NTCP and PHH cells were infected
with HBV particles obtained from a chronic HBV patient.
Infection were detected after 4 days. Silencing of E-cadherin
or NTCP alone or at the same time, the levels of HBV 3.5 kb
mRNA were downregulated about or more than 50% in HepG2-
NTCP and PHH cells (Figure 2A). Moreover, silencing of E-
cadherin also significantly inhibited the level of HBV core and
HBsAg proteins (Figures 2B–E). These results demonstrate that
reducing E-cadherin inhibited infection by HBV isolated from an
HBV patient.

Overexpression of E-cadherin Promotes
HBV Particles Infection
The concentration of E-cadherin was lower in HepaRG cells
by about 50% compared to HepG2-NTCP cells (Figures 3A,B).
Therefore, to elucidate the effect of E-cadherin overexpression
on HBV infection, HepaRG cells were transfected with either
pcDNA3.1-E-cadherin (E-cadherin) or pcDNA3.1 (vector).
After transfected with pcDNA3.1-E-cadherin, the level of E-
cadherin was upregulated double (Figures 3C,D). At 3 days
post-transfection, HepaRG cells were infected with enriched
HBV particles. E-cadherin overexpression increased the level
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FIGURE 1 | Downregulation of E-cadherin reduces infection efficacy of HBV particles enriched from supernatants of HepAD38 cells. (A) E-cadherin expression was

silenced in HepG2-NTCP and HepaRG cells by siRNAs. (B) NTCP expression was silenced in HepG2-NTCP and HepaRG cells by siRNAs. Silencing efficacy was

(Continued)
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FIGURE 1 | assessed for E-cadherin and NTCP by qRT-PCR 2 days post-transfection. The value of si-NC group was normalized to 1. (C,D) CCK8 assay showed

proliferation of HepG2-NTCP and HepaRG cells transfected with si-NC, si-E-cadherin, and si-NTCP. There was no significant difference between the groups. (E) Total

RNA was extracted 2 days post-infection and HBV infection was assessed by qRT-PCR quantification of HBV 3.5 kb mRNA normalized to β-actin mRNA. The value of

si-NC group was also normalized to 1. (F) Total protein was extracted 3 days post-infection and expression of HBV core (HBc) was assessed by western blot analysis

in HepG2-NTCP and HepaRG cells. (G) The densitometric ratios were normalized to the β-actin and then compared to the controls. (H) HBsAg in culture collected

from the infected cells at 4 days was detected with ELISA kits in HepG2-NTCP and HepaRG cells. The value of S/CO is the ratio of OD to the value of cut off. (I)

HBsAg expression was assessed by immunofluorescence 3 days post-infection in HepG2-NTCP, HepaRG and PHH cells treated with si-NC, si-E-cadherin, si-NTCP

or si-E-cadherin and si-NTCP together. (J) The virus infection rate of the cells is the percentage of cells expressing green fluorescence calculated by the ImageJ-win

64. Representative data is shown from triplicate experiments. *p < 0.05, **p < 0.01, ***p < 0.001; error bars: standard deviation (SD).

FIGURE 2 | Downregulation of E-cadherin inhibits infection of HBV particles from the serum of an HBV carrier. HepG2-NTCP, HepaRG and PHH cells were incubated

with the HBV-positive serum diluted in DMEM at an MOI of 100 after 3 days post-transfection with si-NC, si-E-cadherin, si-NTCP, or si-E-cadherin and si-NTCP

together. (A) Total RNA was extracted 4 days post-infection and HBV infection was assessed via qRT-PCR quantification of HBV 3.5 kb mRNA normalized to β-actin

mRNA. The value of si-NC group was also normalized to 1. (B) Total protein was extracted 4 days post-infection and HBV core (HBc) expression was assessed by

western blot analysis in HepG2-NTCP cells. (C) The densitometric ratios were normalized to the β-actin and then compared to the controls. (D) HBsAg expression

was assessed by immunofluorescence 4 days post-infection in Hep2-NTCP and PHH cells. (E) The virus infection rate of the cells is the percentage of cells

expressing green fluorescence calculated by the ImageJ-win 64. Representative data is shown from triplicate experiments. **p < 0.01; ***p < 0.001; error bars:

standard deviation (SD).
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FIGURE 3 | Overexpression of E-cadherin promotes HBV particles infection in HepaRG cells. (A) E-cadherin expression was assessed via western blot analysis in

HepaRG and HepG2-NTCP cells. (B) The densitometric ratios were normalized to the β-actin and then compared to the controls. (C) Four microgram of

pcDNA3.1-E-cadherin was transfected into HepaRG cells planted in 6-well plate. E-cadherin expression was assessed via western blot analysis 3 days

post-transfection. (D) The densitometric ratios were normalized to the β-actin and then compared to the controls. (E) 0, 2, 4, and 8µg of pcDNA3.1-E-cadherin was

transfected into HepaRG cells planted in 6-well plate. Then the cells were planted into 24-well plate at 2 days after transfection and then infected with HBV virus. Total

RNA was extracted 2 days post-infection and the amount of HBV was assessed via qRT-PCR quantification of HBV 3.5 kb mRNA normalized to β-actin mRNA. (F–I)

Four microgram of pcDNA3.1-E-cadherin was transfected into HepaRG cells planted in 6-well plate. Then the cells were planted into 24-well plate at 2 days after

transfection and then infected with HBV virus. (F) Total protein was extracted 3 days post-infection and HBV core (HBc) expression was assessed by western blot

analysis in HepaRG cells. (G) The densitometric ratios were normalized to the β-actin and then compared to the controls. (H) HBsAg expression was assessed by

immunofluorescence 3 days post-infection in HepaRG cells. (I) The virus infection rate of the cells is the percentage of cells expressing green fluorescence calculated

by the ImageJ-win 64. Representative data is shown from triplicate experiments. E-Cad, E-cadherin. *p < 0.05; **p < 0.01; ***p < 0.001; error bars: standard

deviation (SD).
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FIGURE 4 | Downregulation of E-cadherin inhibits entry of HBV pseudoparticles. HepG2-NTCP and HepaRG cells were infected with luciferase-encoding

pseudotyped virus particles bearing HBV large envelope glycoprotein LHBs 3 days post-transfection with siRNA. Luciferase assays were performed 72 h after

infection. The value of si-NC group was normalized to 100 and the values of other groups were compared to the controls. Representative data is shown from triplicate

experiments. **p < 0.01; ***p < 0.001; error bars: standard deviation (SD).

of HBV 3.5 kb mRNA and in a concentration-dependent
manner (Figure 3E). Furthermore, expression of recombinant E-
cadherin enhanced the level of HBV core and HBsAg proteins
(Figures 3F–I). These results suggest that E-cadherin contributed
to HBV infection.

E-cadherin Specifically Modulates HBV
pseudoparticle Entry
Lentivirus-based pseudoparticles had been used to study the
entry pathways of a range of viruses, including human
immunodeficiency virus (HIV) and hepatitis C virus (Moller-
Tank and Maury, 2015). To further clarify the steps of the HBV
life cycle impacted by E-cadherin expression, HBV pseudotyped
virus (HBVpps) was conducted. HBVpps could only infect cells,
but could not replicate within cells. Therefore, the amount of
virus entering into the cell could be detected by measuring
the luciferase activity. Silencing of E-cadherin or NTCP
individually or together by siRNAs served to significantly inhibit
HBVpps entry into HepG2-NTCP and HepaRG cells (Figure 4),
suggesting that E-cadherin impacts HBV binding/entry.

Silencing of E-cadherin Inhibits HBV
Pre-S1 Binding and Internalization to
HepG2-NTCP and PHH Cells
We next sought to determine the mechanism employed by E-
cadherin to enhance HBV binding. We, therefore, quantified the
binding of HBV pre-S1 (Myr-2-47aa) via immunofluorescence
assays in HepG2-NTCP and PHH cells after 120min incubation
at 4◦C, which is the conditions in which viral binding most
readily occurs, or at 37◦C, when uptake of pre-S1 occurs. Results
revealed that when E-cadherin or NTCP were silenced separately
or at the same time, significant inhibition of preS1 binding
and uptake were observed in HepG2-NTCP and PHH cells

(Figure 5). These results suggest that E-cadherin modulates HBV
entry by affecting preS1 binding and internalization by host cells.

E-cadherin Regulates NTCP Cell Surface
Distribution
To further explore the mechanism by which E-cadherin mediates
HBV particle entry, we examined whether it influenced the
total NTCP concentration. The densitometric ratios of every
bands were normalized to the β-actin and then compared to
the controls. Results show that silencing of E-cadherin did
not affect the level of NTCP in HepG2-NTCP and HepaRG
cells (Figures 6A–D), which suggests that E-cadherin does not
modulate HBV entry by directly affecting the expression and
stability of NTCP. We, therefore, speculated that E-cadherin
might influence the membrane distribution of NTCP. Our
results showed that silencing E-cadherin in HepG2-NTCP cells
significantly impacted the subcellular distribution of NTCP.
Specifically, NTCP which primarily localizes to the cell surface
was instead gathered in the cytoplasm (Figure 6E). We next
separated membrane proteins to confirm the observed changes
in NTCP cell surface distribution. Na+-K+-ATPase mainly
distributed in the cell membrane was used as an internal
reference. As shown in Figures 6F,G, knockdown of E-cadherin
resulted in reduced levels of NTCP at the cell membrane
in HepG2-NTCP cells. Besides, the data also indicated that
overexpression of E-cadherin increased the levels of NTCP at the
cell membrane in HepaRG cells (Figures 6H,I).

To elucidate the mechanism employed by E-cadherin to
impact the cellular distribution of NTCP, we further examined
the interactions between E-cadherin and NTCP via co-
immunoprecipitation (co-IP). Surprisingly, when an E-cadherin
antibody was used to precipitate the cellular lysate of HepG2-
NTCP cells, an ∼50 kDa protein band was detected in the
precipitates with the NTCP antibody. To confirm whether the
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FIGURE 5 | Silencing E-cadherin inhibits HBV preS1 binding and internalization by HepG2-NTCP and PHH cells. HepG2-NTCP and PHH cells were cultured with

HBV preS1 for 2 h at (A) 4◦C or (C) 37◦C 3 days after transfection with si-NC, si-E-cadherin, si-NTCP or si-E-cadherin, and si-NTCP together. The binding or

internalization rate was quantified by counting the total number of cells in the white light and the number of cells expressing fluorescence in the cell membrane or

inside the cell. ***p < 0.001; error bars: standard deviation (SD) (B,D). Representative data is shown from triplicate experiments.

50 kDa protein was glycosylated NTCP, the precipitate was
treated by PNGase F and further probed with NTCP antibodies.
Results demonstrated that PNGase F treatment caused the 50

kDa protein to change into a 39 kDa variant; suggesting the
50 kDa protein was a glycosylated form of NTCP (Figure 6J).
Furthermore, after treating cell membrane proteins with PNGase
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FIGURE 6 | E-cadherin facilitates NTCP localization to the cell surface through interacting with glycosylated NTCP. Total protein was extracted 3 days post-transfection

with siRNA-NC or siRNA-E-cadherin. NTCP expression was assessed by western blot analysis in (A) HepG2-NTCP and (C) HepaRG cells. The samples were derived

from the same experiment and gels were processed in parallel. (B,D) The densitometric ratios of every band were normalized to the β-actin and then compared to the

controls. There was no significant difference between the groups. (E) NTCP expression was assessed by immunofluorescence 3 days post-transfection with

E-cadherin siRNA in HepG2-NTCP cells. (F) Membrane protein was extracted 3 days post-transfection with siRNA-NC (left panel) or siRNA-E-cadherin (right panel)

and NTCP expression was assessed by western blot analysis in HepG2-NTCP cells. (G) The densitometric ratios were normalized to the Na+-K+-ATPase and then

compared to the controls. (H) Membrane protein was extracted 4 days post-transfection with pcDNA3.1 plasmid or pcDNA3.1-E-cadherin and NTCP expression was

assessed by western blot analysis in HepaRG cells. (I) The densitometric ratios were normalized to the Na+-K+-ATPase and then compared to the controls. (J)

Co-immunoprecipitation was performed to confirm the interaction between E-cadherin and NTCP. Input: Total protein from cell extract. IgG of rabbit was used as the

control group. IP: Total protein from Hep2-NTCP cells was incubated with anti-E-cadherin, or anti-NTCP at 4◦C overnight. (K) The precipitate of IP and membrane

protein were treated by PNGase F at 37◦C for 1 h and detected by western blot. (L) The HepG2-NTCP cell lysates were incubated with pre-S1 to confirm that preS1

was bound to glycosylated NTCP. Representative data is shown from triplicate experiments. *p < 0.05; error bars: standard deviation (SD).
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F, we also observed a shift in electrophoresis size from 50 to
39 kDa, indicating that a large fraction of the NTCP localized
at the cell membrane was glycosylated (Figure 6K). Lastly, after
incubating preS1 with HepG2-NTCP cell lysates, we observed
the formation of preS1, glycosylated NTCP and E-cadherin
complexes (Figure 6L). Taken together these results suggest that
E-cadherin binds to glycosylated NTCP, allowing for efficient
localization to the cell surface.

DISCUSSION

HBV entry into the host cell is the critical step in their
life cycle. This process includes particle delivery and capture,
complex internalization, and membrane fusion (Hayes et al.,
2016). HBV entry requires a tightly coordinated group of specific
viral proteins and multiple host receptors (Miao et al., 2017).
In the current study, we report that E-cadherin acts as a
novel host factor that facilitates HBV entry. The functional
role of E-cadherin as a host entry factor was confirmed by
numerous studies. Specifically we showed that silencing of E-
cadherin acted to inhibit HBV particle entry into HepG2-NTCP,
HepaRG and PHH cells (Figures 1, 2); overexpression of E-
cadherin contributed to HBV particle entry in HepaRG cells
(Figure 3) and silencing of E-cadherin inhibited HBVpps entry
in HepG2-NTCP and HepaRG cells (Figure 4). Moreover, E-
cadherin silencing caused a significant decrease in the binding
and internalization of the HBV pre-S1 peptide by HepG2-
NTCP and PHH cells (Figure 5). Mechanistic studies suggested
that E-cadherin regulates the cell-surface distribution of NTCP
(Figure 6). This study represents an important step forward in
understanding the molecular mechanisms and cellular regulatory
events involved in HBV entry.

Although Li J. et al. (2016) reported that HepG2-NTCP
cells exhibited poor susceptibility to HBV particles derived
from patient serum, our study demonstrated the opposite effect
with HepG2-NTCP cells being efficiently infected with HBV
particles from serum of chronic HBV patients. These results
were confirmed by quantifying specific markers of HBV infection
(HBV 3.5 kb RNA, HBc and HBsAg) to confirm infection
of HepG2-NTCP cells (Figure 2). Similarly, Yan et al. (2012)
successfully infected HepG2-NTCP cells with an HBV genotype
B virus from the plasma of a carrier with HBV. An additional
study also reported successful infection of HepG2-NTCP cells
with an HBV genotype D virus isolated from serum to determine
the effect of glypican-5 (GPC5) expression onHBV entry (Verrier
et al., 2016).

E-cadherin is a type I classical cadherin and a calcium-
dependent adhesion glycoprotein expressed in the epithelium
(Harris and Tepass, 2010). E-cadherin has been described as
a critical component in the regulation of pathways highly
associated with cancer development, including cellular
proliferation, apoptosis, invasiveness, metabolism, and
metastasis, through mediating multiple cellular signaling
pathways (Yulis et al., 2018). Many additional studies have
focused on the effect that E-cadherin has on pathogenic
infections caused by bacteria and viruses (Bonazzi and

Cossart, 2011). Listeria monocytogenes is a foodborne pathogen
that crosses the intestinal barrier upon binding between
its surface protein InlA and the host receptor E-cadherin
occurs (Nikitas et al., 2011). Candida albicans produces two
types of invasins, namely, Als1 and Als3, in combination
with E-cadherin or N-cadherin, which together facilitate the
internalization of bacteria (Phan et al., 2007). Moreover, E-
cadherin associates directly with nectin-1 which is critical
for HSV-1 infection (Drees et al., 2005). Connolly et al.
(2005) also reported that E-cadherin overexpression may
strengthen intercellular junctions and shorten the distance
between infected and uninfected cells, thereby increasing the
regional concentration of nectin-1 to facilitate efficient viral
spread. E-cadherin was also found to play a critical role in
HCV entry through regulating membrane distribution of the
HCV receptors, claudin-1 (CLDN1) and occludin (OCLN)
(Li Q. et al., 2016). These studies provide evidence that E-
cadherin acts directly as a receptor while also modulating
the expression and activity of other receptors to mediate
pathogenic infections.

Herein we show that E-cadherin plays a critical role in
HBV entry by influencing the distribution of NTCP, the
functional receptor of HBV. NTCP, a 349 residue glycoprotein,
becomes glycosylated at N5 and N11 in the endoplasmic
reticulum and Golgi apparatus before being trafficked to the
cell surface, resulting in a band that spans from 39 to 56
kDa (Appelman et al., 2017). Surprisingly, we found that
E-cadherin interacts with the glycosylated form of NTCP
(Figure 6E). Therefore, when E-cadherin is distributed on the
cell membrane, the glycated NTCP bound to E-cadherin could
also be localized to the cell membrane. A previous study
indicated that glycosylation is essential for NTCP to act as a
receptor for HBV since the non-glycosylated form of NTCP
is rapidly internalized and degraded (Appelman et al., 2017).
Yan et al. (2012) also found that Myr-preS1 cross-links with
glycosylated NTCP. However, another study claimed that both
the glycosylated and non-glycosylated forms of NTCP effectively
mediate HBV infection, since differentiated HepaRG cells only
express non-glycosylated NTCP (Lee et al., 2018). In our study,
both glycosylated and non-glycosylated NTCP were detected
in differentiated HepaRG and HepG2-NTCP cells, however,
only glycosylated NTCP were detected in membrane proteins.
Moreover, Myr-2-47aa was found to bind to the glycosylated
form (Figure 6G). Our results showed that E-cadherin was
associated with glycosylated NTCP (Figure 6E), and, thus, we
propose that E-cadherin exerts a regulatory role on the cellular
entry of HBV through interacting with glycosylated NTCP and
facilitating its membrane localization in hepatocytes. Moreover,
NTCP is a hepatic Na+ bile acid symporter and is responsible
for cotransportation of sodium and bile acids across cellular
membranes to maintain the enterohepatic circulation of bile
acids (Stieger, 2011). Whether E-cadherin could affect the
physiological roles of NTCP such as transportation of sodium
and bile acids need to be further studied.

Furthermore, E-cadherin is the primary component of
adherens junctions at the basolateral surfaces of polarized
epithelial cells and function to establish cellular polarity
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(Shneider et al., 1997). Cell polarization, defined as the
asymmetric distribution of components and functions in a cell,
is not only required for proper cellular functioning but has also
been defined as being associated with pathogenic infection (Ruch
and Engel, 2017). The archetypal polarized animal cell is the
epithelial cell, however, hepatocytes are also highly polarized.
Pathogens such as Helicobacter pylori (Tammer et al., 2007),
Salmonella typhimurium (Liao et al., 2008), Shigella dysenteriae
(Beau et al., 2007), and Rotavirus (Guglielmi et al., 2007), either
interfere with the establishment of cellular polarization, or adapt
to use polarized molecules as their functional receptors, thereby
facilitating self-infection of host cells. Furthermore, Schulze et al.
(2012) reported that hepatocyte polarization is essential for HBV
entry. So, E-cadherin may affect HBV entry through affecting
hepatocyte polarization and this need to be studied in the future.

In summary, E-cadherin improved the rate of HBV entry
through binding to glycosylated NTCP thereby, impacting the
membrane distribution of NTCP. This study provides novel
insights that advance the current understanding of the HBV
life cycle as well as inform the development of pharmaceutical
interventions targeting E-cadherin as a means to prevent
HBV infection.
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Current treatments of hepatitis B virus (HBV) are limited to Interferon-alpha or the

nucleos(t)ide analogs antiviral therapies, and it is crucial to develop and define

new antiviral drugs to cure HBV. In this study, we explored the anti-HBV effect of

difluoromethylornithine (DFMO), an irreversibly inhibitor of decarboxylase 1(ODC1) on

HBV replication. Firstly, we found that polyamines contributed to HBV DNA replication

via increasing levels of the HBV core protein (HBc) and capsids. In contrast, depletion

of polyamines either by silencing the expression of ODC1 or DFMO treatment, resulted

in decreasing viral DNA replication and levels of HBc protein and capsids. Furthermore,

we found that DFMO decreased the stability of the HBc protein without affecting mRNA

transcription and protein translation. Taken together, our findings demonstrate that DFMO

inhibits HBV replication by reducing HBc stability and this may provide a new approach

for HBV therapeutics.

Keywords: hepatitis B virus, DFMO, ODC1, polyamines, HBc

INTRODUCTION

Despite employing an effective vaccine against Hepatitis B virus (HBV) infection, HBV remains
a major serious health problem worldwide (Lampertico et al., 2017). There are about 257 million
people chronically infected worldwide and over 887,000 death every year according to a WHO
report (Revill et al., 2019). Chronic hepatitis B infection (CHB) often causes cirrhosis and liver
cancer (Schweitzer et al., 2015). Currently, there are two approved antiviral treatments for CHB,
including interferon-alpha and nucleotide analogs (NAs) (Block et al., 2015). However, due to the
side effects of interferon-alpha or drug resistance for NAs (Zoulim and Locarnini, 2009), the current
therapeutic efficacy is limited. Therefore, developing new drugs that directly target either virus or
host factors for an efficient CHB treatment is viral and urgent (Mitra et al., 2018).

HBV is a small enveloped virus that encodes four overlapping open-reading
frames (ORFs) including the HBV polymerase, the HBV core protein (HBc), envelope
proteins, and the HBV X protein (HBx) (Seeger and Mason, 2015). Increasing
evidence has indicated that HBc displays multiple complex functions during HBV
replication (Diab et al., 2018), including capsid formation (Zlotnick et al., 2015)
and epigenetic regulation of the cccDNA minichromosomal (Pollicino et al., 2006).
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Thus, HBc has been considered to be an attractive and promising
target for anti-HBV therapy (Block et al., 2015; Durantel and
Zoulim, 2016), and drugs targeting HBc are currently under
development (Stray and Zlotnick, 2006; Yang et al., 2016; Ko et al.,
2019).

Polyamines (including putrescine, spermidine and spermine)
are small and positively charged molecules, which are involved
in several cellular processes in mammalian cells, such as gene
transcription, mRNA translation, cell growth and apoptosis
(Igarashi and Kashiwagi, 2015; Miller-Fleming et al., 2015).
Polyamines are implicated in more aspects of the replication
cycle of several viruses, such as the herpes simplex viruses
(HSV), where polyamines facilitate viral DNA packaging
(Gibson and Roizman, 1971) or chikungunya virus (CHIKV)
and Zika virus (ZIKV), where polyamines are necessary
for translation of the viral mRNAs (Mounce et al., 2016b).
In addition, Ornithine decarboxylase (ODC1), spermidine
synthase (SRM) and spermine synthase (SMS) are rate-limiting
enzymes in intracellular polyamine biosynthetic pathway
(Raul, 2007; Figure 1A). As an irreversibly inhibitor of
ODC1, difluoromethylornithine (DFMO) has been recently
demonstrated to inhibit replication of diverse viruses such
as Human Cytomegalovirus (HCMV) (Gibson et al., 1984)
by reducing the levels of polyamines. DFMO can also inhibit
replication of several RNA virus, such as the Dengue virus
(DENV), the ZIKV, the CHIKV (Mounce et al., 2016a). These
findings have strengthened the importance of the polyamines
toward viral replication and highlighted the potential function of
DFMO as a promising broad-spectrum antiviral drug. However,
whether polyamines are involved in HBV life cycle or DFMO
can inhibit HBV replication are remain unclear. In this study, we
revealed that polyamines were required for HBV replication, and
DFMO could restrict the viral DNA replication via reducing the
HBc protein levels. These results highlight the potential role of
DFMO as a promising therapeutic target for anti-HBV treatment.

MATERIALS AND METHODS

Cell Culture and Transfection
HepAD38, HepG2, HepG2-NTCP and HepG2.2.15 cells
were cultured in the Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (Biological
Industries, Israel),100 U/mL penicillin (Gibco, Life Technologies,
Carlsbad, CA, USA) and 100 g/mL streptomycin (Gibco, Life
Technologies, Carlsbad, CA,USA). To maintain the stably
transfected HBV genome, HepG2.2.15 cells were grown with 200
ug/mL G418. As for the HepAD38 cells, 1µg/mL tetracycline
was added to suppress HBV transcription.

The expression vector for 3xFlag-HBc was cloned with
a N-terminal 3xFlag-tag in pEZ-M12 vector by Genecopoeia
Company. The expression vectors for 3xFlag-HBx and 3xFlag-
HBs are plasmids expressing the HBx and HBV surface
antigen (HBs), respectively. Small interfering RNAs (siRNAs)
were purchased from Shanghai Jima Company and the siRNA
sequences targeting human ODC1, SRM, elF5A1 and elF5A2
have been showed in Supplement Table 1. Lipofectamine 3000

(Invitrogen, Carlsbad, CA, USA) was used for the transfection of
plasmids or siRNAs according to the manufacturer’s instructions.

Chemical Reagents
DFMO was purchased from selleckchem company. Exogenous
polyamines, spermidine and spermine were purchased from
Sigma company. Cycloheximide (CHX) and carbobenzoxy-Leu-
Leu-leucinal (MG132) were purchased from AbMole. All drugs
were stored at−20◦C until further use.

RNA Purification and Real-Time RT-PCR
For RNA purification, cells were washed with PBS and total
RNA was extracted by TriZol (Life Technologies, Carlsbad, CA,
USA) according to the manufacturer’s instructions. Purified RNA
was transcribed into cDNA with Primescript RT reagent Kit
with gDNAEraser (Takara,Tokyo, Japan). Real-time RT-PCRwas
performed to determine the levels of target gene. Expression
levels of GAPDH mRNA were used as an internal control, and
the 2−11Ct method was used for the final evaluation. Primers
have been shown in Supplement Table 1.

Western Blotting
The methods for protein measurement in cell lysates and
Western blotting were performed as described previously (Chen
et al., 2018). The antibodies for immunoblots used in this
study are follows: anti-HBc (B0586, Dako, Denmark), anti-
flag (MA-1-91878, Thermo, USA), anti-ODC1(sc-398116, Santa
Cruz, USA), anti-SRM (bs-17653R, Bioss, China), anti-elF5A
(ET1610-49, HangzhouHuaAn Biotechnology, China), anti-HBs
(NB100-62652, Novus, USA), anti-GAPDH (100242-MM05,
Sino Biological, China). Quantifications of the immunoblot band
intensities were analyzed by the Image J software.

Enzyme-Linked Immunosorbent Assay
(ELISA)
Hepatitis B surface antigen (HBsAg) in cell supernatant was
detected using an ELISA assay kit (KHB, Shang Hai, China)
according to the manufacturer’s protocol.

Virus Production and HBV Infection
For production of the HBV virions, supernatants of HepAD38
cells were filtered, precipitated with 10% PEG8000, and
centrifuged as described previously (Chen et al., 2018). For
HBV infection, the HepG2-NTCP cells were infected with
HBV viral particles at 1,000 genome equivalents (GE) per cell
in the presence of PEG8000. After removing virus from the
infected cells, they were maintained in the Williams’ E media
before harvest.

Extraction and Quantitative Analysis of
HBV DNA by Southern Blotting and
Real-Time PCR
Themethod for the extraction and detection of intracellular HBV
core-associated DNA was conducted as described previously
(Chen et al., 2018). Briefly, the intracellular HBV core-associated
DNA was extracted through a sucrose density gradient and
purified by phenol/chloroform, then the extracted viral DNA was
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FIGURE 1 | ODC1 and SRM in polyamine metabolism pathway are upregulated in HBV replicating hepatoma cells. (A) Schematic representation of polyamine

metabolic pathway including enzymes and inhibitors. As shown in the image, DFMO could block ODC1 activity, which converts ornithine into the putrescine.

Putrescine is converted into spermidine via spermidine synthase (SRM), the spermidine is then converted into spermine via spermine synthase (SMS). (B) Real-time

RT-PCR (left panel) and Western blotting (right panel) analysis of ODC1, SRM and SMS expression levels in the HepAD38 cells after removing tetracycline for different

time points. (C) Real-time RT-PCR (left panel) and Western blotting (right panel) analysis of ODC1, SRM and SMS expression levels in the HepG2-NTCP infected with

HBV particles with different time points. The levels of ODC1 and SRM proteins were normalized to the levels of GAPDH and analyzed by the Image J software.

Statistical significance was determined by one-way ANOVA with the Tukey post-hoc test (*p < 0.05, **p <0.01, ***p <0.001; ns, not significant). Data have been

represented as the mean ± SD of three independent experiments.

electrophoresed on 1.0% agarose gels and transferred into nylon
membranes (Roche, Basel, Switzerland). After immobilization
on the membranes, the viral DNA was detected by using the
DIG high prime DNA labeling and detection starter kit (Roche
Diagnostics). For the assessment of the HBV core-associated
DNA levels by real-time PCR was conducted as previously
described (Hu et al., 2018).

Native Gel Analysis of HBV Capsids
The method for the detection HBV core particles was conducted
as described previously (Hu et al., 2018). Briefly, cell lysates
were loaded on native 1% agarose gels, and the viral particles

transferred onto a nitrocellulose (NC) membrane were probed
with an anti-HBV core antibody (B0586, Dako, Denmark).

Drug Viability Assay
The cytotoxic effects of drugs employed in this research on
human hepatoma cells were detected by using the Celltiter
96 aqueous non-radioactive cell proliferation assay (Promega,
Madison, WI, USA). For that, cells were seeded into 96-
well plates and maintained with drugs for 3 days, followed
by measuring the absorbance at 490 nm according to the
manufacturer’s instruction.
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Statistical Analysis
Statistics evaluations were performed using the GraphPad
Prism8.0 (GraphPad Software, San Diego, CA, USA). Unpaired
t-test or ANOVA by one way with Tukey post-hoc test was used
to determine significant differences. Differences were considered
as statistically significant as p < 0.05.

RESULTS

ODC1 and SRM in Polyamine Metabolism
Pathway Are Up-Regulated in HBV
Replicating Hepatoma Cells
ODC1, SRM and SMS are rate-limiting enzymes involved
in intracellular polyamine biosynthetic pathway (Figure 1A),
therefore, we initially investigated the expression of these three
enzymes in the presence of HBV. In HBV-stable expressing cells
HepAD38, the HBV replication was inducted by removing the
tetracycline. The expression of ODC1 and SRM, but not for SMS,
was gradually increased both at mRNA and the protein levels
with HBc expression (Figure 1B). Furthermore, we examined the
expression of ODC1, SRM and SMS in HepG2-NTCP cells that
support HBV infection. We also found that the expression of
ODC1 and SRM increased both at mRNA and the protein levels
by an HBV infection (Figure 1C). These results suggested that
ODC1 and SRM that regulate the levels of cellular polyamines
were upregulated in HBV replication and infection cell models.

Silencing the Expression of ODC1 and
SRM Decrease Levels of the HBV
Core-Associated DNA and the HBc Protein
Next, we continued to test the potential function of ODC1 or
SRM in regulating HBV replication. For that, the expression
of ODC1 or SRM were knockdown by using specific siRNAs
in HepAD38 (Figure 2A) and HBV markers, including HBsAg
in the supernatant, the core-associated DNA levels or the HBc
expression levels were then measured by ELISA, real-time PCR
or Western blotting, respectively. As shown in Figures 2B–D,
silencing of ODC1 or SRM in HepAD38 cells resulted in
decreased viral DNA levels, as well as in the levels of the HBc
protein and capsids, while it had no noticeable effect on the
HBsAg levels in the supernatant. These findings suggest that
ODC1 or SRM that regulating polyamine levels may be involved
in HBV replication.

DFMO Inhibits HBV Core-Associated DNA
Replication by Reducing HBc Protein
Levels
To confirm the critical role of ODC1 in regulating HBV
replication in hepatoma cells, we used DFMO, a specific inhibitor
against ODC1. DFMO treatment had no impact on HBV-stably
expressing cells HepAD38 or HepG2.2.15 cell viability even at
high concentration of 200µM (Figure 3A). The HepAD38 cells
were firstly treated with DFMO under subtoxic concentration,
and the HBV markers were then measured. As shown in
Figure 3B, DFMO treatment reduced 34% of the viral DNA
levels and 84% of the HBc protein levels at concentration

of 100µM. Similarly, the levels of viral capsids were also
reduced significantly by DFMO treatment (Figure 3B). However,
DFMO treatment had no effect on the levels of HBsAg in
the supernatant or the HBV 3.5kb RNA levels (Figures 3C,D).
Similar results were observed in HepG2.2.15 cells (Figures 3E,F).
These results indicate that DFMO inhibits HBV core-associated
DNA synthesis mostly by reducing HBc protein levels.

Next, to determine whether the decrease of HBc and HBV
DNA levels had a potential impact on the infectiveness of this
virus, HepAD38 cells were treated with DFMO for 3 days,
followed by a collection of the HBV particles in the supernatants
for an HepG2-NTCP cells infection. The cytoplasmic viral DNA
was extracted and investigated by real-time PCR analysis. As
shown in Figure 3G, the levels of viral DNA were decreased
by 31% in the DFMO treatment group, suggesting that DFMO
treatment reduced the infection capacity of viral particles. As
DFMO target HBc, and nucleotide analogs such as LAM,
and target HBV polymerase, we tested whether DFMO in
combination with LAM led to the increased inhibition of the
HBV DNA replication. Both LAM and DFMO reduced the HBV
DNA levels. However, no significant combinatorial effect was
observed (Supplement Figure 1).

Polyamines Facilitate Viral Replication and
HBc Protein Levels
Considering that silencing of ODC1 or inhibition of polyamine
biosynthesis by DFMO can deplete preexisting polyamines pools
in cells (Gupta et al., 2016; Mounce et al., 2016b), we tested
whether adding the exogenous polyamines could also affect
HBV replication. First, HepAD38 cells were directly treated
with polyamines for 3 days, and the intracellular viral DNA
was extracted and measured by real-time PCR. As shown in
Figures 4A–C, polyamines, without the DFMO pretreatment,
had a minor effect of stimulating the viral DNA replication and
the HBc protein levels, as well as moderate capsids levels, while
no noticeable effect on HBsAg levels in the supernatant was
observed. However, the addition of exogenous polyamines to
the DFMO-pretreated HepAD38 cells significantly rescued the
HBc protein and capsids levels (Figure 4D), suggesting HBV
replication may requires threshold levels of polyamines.

Since spermine and spermidine are essential polyamines in
mammals (Yuan et al., 2001; Moinard et al., 2005), then we
investigated the potential function of spermine or spermidine
toward an HBV replication. As expected, replenishment of
spermidine or spermine at a subtoxic concentration to DFMO-
pretreated HepAD38 cells rescued the HBc protein and capsids
levels (Figures 4D,E), suggesting that polyamines stimulate viral
replication by increasing HBc protein levels. Based on the data
presented in Figures 2, 3, we conclude that polyamines were
involved in HBV replication.

DFMO Reduces of HBc Protein Levels
Independent of Transcription and
Translation Regulation
As DFMO reduced, and polyamines increased the HBc protein
levels Figures 3, 4, we investigated the underline mechanism of
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FIGURE 2 | Silencing the expression of ODC1 and SRM restricted the HBV replication and reduced the HBc protein levels. (A) HepAD38 cells were transfected siRNA

targeting ODC1 or SRM, and the knockdown efficiency was confirmed by using real-time RT-PCR. (B) The HBsAg levels in the supernatants were determined by

ELISA methods. (C) The intracellular HBV DNA was extracted and measured by real-time PCR. (D) The protein levels of HBc, SRM and ODC1 were measured by

Western blotting using relevant antibodies, as described in Figure 1. For viral capsid measurement, HBV particles were analyzed using a Native gel assay. Statistical

significance was determined by one-way ANOVA with Tukey post-hoc test (*p < 0.05, **p <0.01, ***p <0.001; ns, not significant). Data have been represented as the

mean ± SD of three independent experiments.

DFMO-mediated inhibition of the HBc protein levels. HepG2
cells were transfected with Flag-tagged HBc, HBx and HBs
expression plasmids, and the cells were treated with 50µM
DFMO for 3 days. We observed that only HBc, but not for
HBx or HBs protein levels were significantly reduced by DFMO
treatment (Figure 5A), supporting our suggestion that DFMO
inhibits viral replication mainly by targeting the HBc protein.
In addition, DFMO treatment led to decreased protein levels
of HBc without affecting its mRNA levels in HepG2 cells
(Figure 5B), suggesting that DFMO inhibits HBc expression
at the post-transcriptional level. Similar results were observed
by replenishment spermidine or spermine to DFMO-pretreated
HepG2 cells (Figure 5C).

It had been reported that spermidine is necessary for the
hypusination of the eukaryotic initiation factor 5A(eIF5A)

(Jao and Chen, 2006; Park, 2006). Hypusinated eIF5A is a
translation factor that is currently regarded to be important
for peptide chain elongation and broadly participates in
the replication of multiple viruses, such as HIV, EBOV
and HSV-1 (Malim et al., 1990; Olsen et al., 2016; Mounce
et al., 2017). In mammalian cells, there are two isoforms
of eIF5A, eIF5A1 and eIF5A2, which share 84% homology
and both harbor the hypusine modification (Caraglia
et al., 2013). We examined whether eIF5A was necessary
for the HBc protein translation. However, silencing the
expression of eIF5A1 or eIF5A2 had no noticeable effect on
HBc protein levels or viral DNA replication (Figure 5D),
which indicated that DFMO inhibited HBc protein
levels independent of hypusination modification of eIF5A
by spermidine.
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FIGURE 3 | DFMO decreases the HBV core-associated DNA and the HBc protein levels. (A) Determination of cytotoxicity of HepAD38 and HepG2.2.15 cells treated

DFMO measured by the MTS assay. (B) HepAD38 cells were treated with DFMO (50µM, 100µM), and the HBV core-associated DNA was extracted 3 days later and

measured by Southern blot (upper panel). The levels of HBc and HBs were measured by Western blotting, and capsids levels were determined using a Native gel

assay (lower panel) as described above. (C) The levels of HBsAg in supernatant were measured by ELISA assay as described above. (D) HBV 3.5kb RNA levels were

measured by real-time RT-PCR. (E) and (F) HepG2.2.15 cells treated with DFMO (50, 100µM) for 3 days, then the levels of intracellular HBV DNA or HBsAg levels in

the supernatant were detected by real-time PCR (E) or ELISA assay (F). (G) DFMO decreased the infection capacity of the HBV particles. HepAD38 cells in the

absence of tetracycline were treated with DSMO or DFMO with indicated concentration for 3 days, and the HBV viral particles were then collected and added to the

HepG2-NTCP cells. Five days later, the cytoplasmic viral DNA were extracted and measured by real-time PCR. RC, relaxed circular; DL, double stranded linear; SS,

single stranded. Experiments were performed in triplicate, and data are represented as means ± SD. Statistical significance was determined by one-way ANOVA with

the Tukey post-hoc test (*p < 0.05; ns, not significant).

DFMO Treatment Decreases the HBc
Protein Stability
Finally, we investigated whether DFMO treatment affected the
HBc protein stability. HepAD38 cells were pretreated with
DFMO for 3 days, and after the removal of tetracycline from
the medium to initiate HBV replication, cycloheximide (CHX)
was added to the cells in order to block protein synthesis. As

shown in Figure 6A, DFMO treatment significantly reduced the

half-life of HBc protein in HepAD38 cells. Similar results were

obtained in the HepG2 cells transfected with Flag-tagged HBc

expression plasmid (Figure 6B). These findings suggested that

DFMO inhibited the HBc protein levels by reducing its stability.

Next, we used a proteasome inhibitor MG132 to
determine whether DFMO-mediated HBc degradation was
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FIGURE 4 | Polyamines enhances the HBc protein levels. (A–C) HepAD38 cells were treated with polyamines mixture for 3 days, then the levels of intracellular HBV

DNA, HBsAg in supernatant, HBc or capsids were measured using real-time PCR (A),(B) ELISA assay or (C) Western blotting. (D) HepAD38 cells were pretreated

with DFMO (100µM) for 3 days, then divide in four groups: the control (lane 1), DFMO-treated group (lane 2), group replenished with a polyamine mixture (lane 3 and

4) for another 3 days, followed with Western blotting or Native gels to measure the levels of HBc or viral capsids as described above. (E) Determination of cytotoxicity

of HepAD38 treated spermidine or spermine measured by using the MTS assay. (F) HepAD38 cells were pretreated for 3 days with DFMO (100µM) to deplete the

levels of polyamines, followed by an addition of DFMO (100µM), exogenous spermidine (10µM) or spermine (10µM) for another 3 days, then the levels of HBc

protein or capsids were determined as described above. Statistical significance was determined by one-way ANOVA with the Tukey post-hoc test (*p < 0.05, ns, not

significant). Mean ± SD values from three independent experiments have been shown.

dependent on the proteasome pathway. Indeed, the effects
of DFMO treatment on downregulating the levels of HBc
protein were abolished by MG132 treatment both in the

HepAD38 and HepG2 cells (Figures 6C,D), indicating that
DFMO inhibited the HBc protein levels via promoting
its ubiquitination.
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FIGURE 5 | DFMO-mediated reduction of the HBc protein levels was independent of the transcription and translation pattern. (A) HepG2 cells were transfected with

Flag-tagged HBs, Flag-tagged HBc, and Flag-tagged HBx plasmids, and treated with 50µM DFMO for 3 days. Total proteins were extracted and subjected to

Western Blotting. (B) HepG2 cells were transfected with Flag-tagged HBc plasmid, followed by DFMO treatment of different concentration for 3 days. The levels of

HBc mRNA and protein were detected by using real-time RT-PCR (left panel) and Western blotting (right panel), respectively. (C) HepG2 cells were pretreated with

50µM DFMO, then transfected with Flag-tagged HBc plasmid, followed by a replenishment using a polyamines mixture (5x), spermidine (10µM) or spermine (10µM)

for another 3 days as described in Figure 4. The levels of HBc mRNA or proteins were determined by using real-time RT-PCR (left panel) or Western blotting (right

panel). (D) HepAD38 cells were transfected siRNA targeting elF5A1 or elF5A2 and the levels of intracellular HBV DNA or HBc protein were determined by real-time

PCR or Western blotting. Statistical significance was determined by using one-way ANOVA with the Tukey post-hoc test (*p < 0.05, ns, not significant). Mean ± SD

values from three independent experiments have been shown.

DISCUSSION

It is known that viruses can utilize host cell resources for their
own replication. Understanding this process in more detail can
provide strategies for the development of antiviral treatment.
Polyamines play various roles within the mammalian cells,
including gene transcription and mRNA translation (Childs
et al., 2003; Pegg, 2009; Igarashi and Kashiwagi, 2015; Kashiwagi
et al., 2018). The intracellular levels of polyamines are regulated
by several rate-limiting enzymes such as ODC1, SRM and

SMS. Recent reports have indicated that viral infection can
affect polyamine synthesis, for instance via influencing the
expression of the enzymes involved in regulation of the
polyamine biosynthetic pathway and polyamine levels, and, as
a consequence, contribute to their own replication during viral
life cycle (Mounce et al., 2017). For example, the levels of
ODC1 have been reported to increase in adenovirus-infected
cells (Liu et al., 1985). Similarly, HCMV infection also stimulates
the activity of ODC1 (Isom, 1979) and an increment of the
spermine and spermidine levels (Clarke and Tyms, 1991). In
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FIGURE 6 | DFMO decreased the HBc protein stability. (A) HepAD38 cells were treated with 100µM DFMO in the absence of tetracycline for 3 days, and cultured

then with 100µg/mL CHX for indicated time periods. The steady-state levels of HBc were determined by Western blotting (left panel). Quantification of the HBc

protein by ImageJ has been shown in the right panel. (B) HepG2 cells were treated with 50µM DFMO for 3 days, then transfected with Flag-tagged HBc, followed

with 100µg/mL CHX treatment as described in A. (C) HepAD38 cells were treated with 100µM DFMO for 3 days in the absence of tetracycline for 3 days, followed

by a treatment with 10µM MG132. The levels of HBc were measured by Western blotting analysis. (D) HepG2 cells treated with 50µM DFMO, transfected with

Flag-tagged HBc, cultured with MG132 as described in (C). The levels of HBc were measured by Western blotting analysis. Statistical significance was determined by

one-way ANOVA with the Tukey post-hoc test (*p < 0.05, ns, not significant). Mean ± SD values from three independent experiments have been shown.

contrast, the expression of ODC1, as well as the levels of
spermine and spermidine have been reported to be reduced
in cells harboring a full-length HCV replicon (Smirnova et al.,
2017). In our study, we found that the expression of ODC1 and
SRM were both upregulated in the HBV replication cells and
cell models of infection (Figure 1). Furthermore, silencing the

expression of ODC1 or SRM (Figure 2), as well as inhibition
of polyamine biosynthesis with DFMO treatment (Figure 3),
affected the replication of the viral intracellular DNA, the levels of
theHBc protein and capsids, suggesting that HBV infection could
utilize polyamine synthesis to regulate its replication. For the
further mechanistic clarification of the polyamine metabolism,
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the cells pretreated with DFMOwere replenished with exogenous
polyamines, including the spermine or spermidine, which
significantly rescued the HBc protein and capsids levels
(Figure 4). This observation strengthens the important role of
polyamines in promoting HBV replication during the HBV life
cycle. However, supplementing cells directly with polyamines
had slight effect on the replication of the viral DNA and the
HBc protein levels and moderate influence on the capsids
levels (Figure 4), suggesting that HBV replication required a
threshold levels of polyamines. Similar results were observed for
polyamines in CHIKV replication (Mounce et al., 2016b).

As a new emerging anti-viral drugs, DFMO inhibits
replication of several viruses via complex pathways: for DNA
virus, such as HCMV, DFMO represses the production of viruses
by interfering with the viral assembly (Tyms and Williamson,
1982; Gibson et al., 1984); while for RNA viruses, such as CHIKV
and ZIKV, DFMO exhibits broad spectrum of antiviral functions
by depleting the polyamines pools (Mounce et al., 2016a). In
addition, hypusination of eIF5A, a unique posttranslational
modification of an aminobutyl moiety from the spermidine at the
Lys50 site via deoxyhypusine synthase (DHPS), is necessary for
viral protein translation (Olsen and Connor, 2017). As a result,
reducing the levels of spermidine by DFMO treatment can also
inhibits the expression of EBOV minigenome (Olsen et al., 2016,
2018). In our research, we revealed that DFMO reduces the HBc
protein levels by promoting its ubiquitination (Figure 6), as a
consequence, inhibiting HBV capsids levels and DNA replication
(Figure 3). This finding provides a new insight into DFMO
function against viral replication. It has been reported that HBc
protein can be modified by ubiquitination, and lysine K7 and
K96 were potential target sites for ubiquitination (Rost et al.,
2006; Lubyova et al., 2017). In addition, Np95/ICBP90-like RING
finger protein (NIRF), a novel E3 ubiquitin ligase, which could
promote HBc protein degradation via binding to HBc (Qian
et al., 2012). In our study, we found DFMO inhibited the HBc
protein levels via promoting its ubiquitination. As DFMO is an
inhibitor of ODC1, which would affect the cellular polyamines
levels, it is possible that ODC1/polyamines may regulating the
ubiquitination of HBc by affect the expression of E3 ubiquitin
ligase such as NIRF. Further work for identification of DFMO
role in the ubiquitination of HBc protein will help to clarify this
mechanism. Of note, the concentration of DFMO for inhibition
of HBV replication applied in our study was relatively high
(100µM), meanwhile, the concentration of 500µM was used in
other studies for testing a DFMO-mediated viral RNA replication
(Mounce et al., 2016a). As the human ODC1 has a rapid turnover
(t1/2 <1 h) (Heby et al., 2003), it is necessary to apply high doses
of the treatment in these studies.

In summary, our findings demonstrate that DFMO restricts
the HBV replication via targeting the HBc stability, which

highlights the importance of DFMO and reveal a newmechanism
against viral replication. Given that DFMO is the Food and Drug
Administration (FDA)-approved drug used to treat female facial
hirsutism (Wolf et al., 2007), human African trypanosomiasis
(Pepin et al., 1987), and some cancers (Casero andWoster, 2009).
More importantly, DFMO is safe to use and is well tolerated in
humans (Creaven et al., 1993), which highlights the its potential
values as an anti-HBV therapy.
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Bochao Liu 1, Xiaorui Ma 1, Qi Wang 1, Shengxue Luo 1, Ling Zhang 1, Wenjing Wang 1,
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Common marmosets infected with GB virus-B (GBV-B) chimeras containing hepatitis

C virus (HCV) core and envelope proteins (CE1E2p7) developed more severe hepatitis

than those infected with HCV envelope proteins (E1E2p7), suggesting that HCV core

protein might be involved in the pathogenesis of viral hepatitis. The potential role of

HCV core in hepatic inflammation was investigated. Six individual cDNA libraries of liver

tissues from HCV CE1E2p7 or E1E2p7 chimera-infected marmosets (three animals per

group) were constructed and sequenced. By differential expression gene analysis, 30 of

632 mRNA transcripts were correlated with the immune system process, which might

be associated with hepatitis. A protein–protein interaction network was constituted by

STRING database based on these 30 differentially expressed genes (DEGs), showing that

IL-32 might play a central regulatory role in HCV core-related hepatitis. To investigate

the effect of HCV core protein on IL-32 production, HCV core expressing and mock

constructs were transfected into Huh7 cells. IL-32 mRNA and secretion protein were

detected at significantly higher levels in cells expressing HCV core protein than in

those without HCV core expression (P < 0.01 and P < 0.001, respectively). By KEGG

enrichment analysis and using the specific signaling pathway inhibitor LY294002 for

inhibition of PI3K, IL-32 expression was significantly reduced (P < 0.001). In conclusion,

HCV core protein induces an increase of IL-32 expression via the PI3K pathway in hepatic

cells, which played a major role in development of HCV-related severe hepatitis.

Keywords: HCV core protein, viral hepatic inflammation, IL-32, PI3K pathway, common marmosets

INTRODUCTION

Hepatitis C virus (HCV), a serious infectious disease that is transmitted through blood, is one of
the most common viral causes of liver disease, affecting more than 170 million people worldwide.
Chronic HCV infection causes chronic viral hepatitis C and liver dysfunction, which relates to the
progression of cirrhosis and human hepatocellular carcinoma (HCC) (Choo et al., 1991). HCV
is a single-stranded RNA flavivirus and has a 9.6-kilobase genome (kb) that encodes 10 proteins:
structural core and envelope E1, E2, and p7, non-structural NS2, NS3, NS4A, NS4B, NS5A, and
NS5B, respectively. Some of these proteins could interact with host cellular factors and promote
tumor growth in vivo and in vitro (Ray et al., 1996; Gale et al., 1999; Park et al., 2000; Lerat
et al., 2002). Previous studies found that core, NS3, NS5A, and NS5B could affect cell proliferation
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(Machida et al., 2001; Massague, 2004; Hara et al., 2006) or
enhance oncogenic transformation (Banerjee et al., 2010).

HCV core protein is involved in the regulation of liver cell
proliferation and cell transformation. It is thought that HCV
is an important factor leading to HCC, although the molecular
mechanisms determining such functions of virus remained
unclear. HCV core protein may interact with transcription
factors of p53, p21, NF-kB, and 14-3-3 protein, which are
known to be involved in the development of HCC (Banerjee
et al., 2010). HCV core protein could inhibit apoptosis, which
is mediated by TNF-α (Ray et al., 1998; Marusawa et al., 1999)
and interacted with TNF receptor 1 and lymphotoxin-β receptor
that is involved in apoptotic signaling (Marusawa et al., 1999).
HCV core protein expression reportedly affected the cell cycle
of hepatocytes (HepG2) by increasing the levels of cell-cycle-
dependent kinase inhibitor (CdkI) p21 (Nguyen et al., 2003).
Common marmosets (Callithrix jacchus) are a kind of New
World small primates and can be infected byGB virus B (GBV-B),
a flavivirus closer to HCV (Bukh et al., 1999). Marmosets infected
with GBV-B exhibited typical viral hepatitis similar to hepatitis
C patients (Lanford et al., 2003; Jacob et al., 2004) and could
be used as a surrogate animal model for HCV infection (Bright
et al., 2004). In order to explore the core protein function, the
marmosets infected with chimeric viruses of HCV structural core
and envelope protein (CE1E2p7) or envelope protein (E1E2p7)
sequences integrated within GBV-B genome were comparatively
analyzed in combination with previous infected animals (Li et al.,
2014).

De novo transcriptome sequencing has been used widely for
studying specific gene expression patterns in different tissues or
at different developmental stages, prediction of new transcripts
(Denoeud et al., 2008), identification of alternative splicing
(Lin et al., 2016), detection of single-nucleotide polymorphisms
(SNPs) (Trick et al., 2009), and discovery of insertions/deletions
in transcripts (Trapnell et al., 2010). In this study, cDNA
libraries of liver tissue samples from two groups of marmosets
infected with HCV-CE1E2p7/GBV-B or HCV-E1E2p7/GBV-B
chimeras were sequenced. The IL-32 expression induced by HCV
core protein was identified, which was demonstrated to play
a critical role in occurrence of hepatic inflammation during
HCV infection.

MATERIALS AND METHODS

Ethics Statement
The use of commonmarmoset experimentation was approved by
the Southern Medical University (SMU) Animal Care and Use
Committee (permit numbers: SYXK[Yue]2010-0056). All animal
care and procedures (NFYYLASOP-037) were in accordance with
national and institutional policies for animal health and well-
being. All efforts were made to minimize suffering of animals.

Animal Liver Tissue Samples
Six common marmosets (C. jacchus) were obtained from Tianjin
Medical University and individually fed in Laboratory Animal
Research Center of Nanfang Hospital, Guangzhou, China. Liver
tissue samples were collected specifically for this study from the

animals infected with HCV/GBV-B chimeras in our previous
study (Li et al., 2014).

Histopathological Examination
Small sections of liver tissue from left, right, and caudate lobes
of each animal liver were examined with hematoxylin and eosin
(H&E) staining as described previously (Li et al., 2014). The
necrosis and inflammation were graded on a 0–18 scale according
to the modified HAI system (Knodell et al., 1981).

CDNA Libraries and Sequencing
Total RNA was isolated from liver tissue samples using
TRIzol reagents according to the manufacturer’s introduction
(Invitrogen, Carlsbad, USA). Hepatic mRNAs were isolated
from the extracted total RNA by Oligo (dT) after treatment
with DNase I and then reversely transcribed to cDNAs. The
purified cDNA fragments were connected with adapters and
the suitable fragments were amplified by PCR. The quality
control (QC) was implemented in cDNA library establishment
by using Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-
Time PCR System. The cDNA libraries were sequenced by using
Illumina HiSeq4000.

Sequence Data Processing and Analysis
In order to get clean sequencing data, the raw sequence reads
were filtered for the low-quality sequences by eliminating the
adaptors or a large amount of unknown sequencing reads.
After mapping clean reads to reference genome, novel transcript
prediction, SNP and INDEL detection, and differentially splicing
gene (DSG) detection were performed. When obtaining novel
transcripts, the coding sequences were compared with references
to obtain a complete reference, and then gene expression analysis
against this reference was performed. Differentially expressed
genes (DEGs) were detected, in which possible function and
pathway were analyzed by the Gene Ontology (GO) annotation
system and the KEGG database, respectively. GO terms or
pathways with a corrected P ≤ 0.05 were considered significantly
enriched for DEGs. GO annotation results were analyzed by the
Web Gene Ontology Annotation Plot (WEGO) software.

Cells and Plasmids
Huh7 (human hepatocellular cell line) cells were cultured at 37◦C
in a 5% CO2 incubator in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% FBS, 100 g/ml streptomycin,
and 100 g/ml penicillin. The HCV or GBV-B core-expressing
plasmid pcDNA3.1 constructs were generated by inserting either
the full-length HCV core (genotype 1b) or the GBV-B core
sequence as described previously (Li et al., 2014). T-vector
containing the same sequence of HCV core or GBV-B core was
used as non-expressing construct.

Cell Transfection and Inhibition
A density of 4 × 105 Huh7 cells in 2ml of complete RPMI 1640
medium without antibiotics were plated in a 6-well plate for
24 h incubation. For transfection, 10 µl of Lipofectamine 2000
(Invitrogen) was diluted in 250 µl of FBS and antibiotic-free
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Opti-MEM (Invitrogen) and incubated for 5min. Meanwhile, 2-
µg DNA constructs (pcDNA3.1-HCV or -GBV-B core, T-vector-
HCV or -GBV-B core) were diluted in 250 µl of Opti-MEM and
incubated for 5min. Then, the mixture of Lipofectamine and
construct solutions and 1.5ml of Opti-MEM were added onto
the cells and incubated for 6 h. The medium was replaced with
10% FBS RPMI 1640 and incubated for 24–72 h for detection.
Inhibition of signaling pathway in transfected Huh7 cells was
conducted by incubation with the specific inhibitors (LY294002,
SB203580, and SH-4-54) at different concentrations (5, 10, and
20µM), respectively.

Verification by Quantitative Real-Time
RT-PCR
Total RNA of liver tissue samples or Huh7 cells were extracted
using TRIzol method (Invitrogen) and reverse-transcripted using
Reverse Transcription System according to the manufacturer’s
instructions (Roche, Basel, Switzerland). RT-PCR reactions were
performed with SYBR Master Mix following the manufacturer’s
protocol (Roche, Basel, Switzerland). Amplification reactions
were started for 2min at 95◦C, and then performed for 40
cycles at 95◦C for 15 s, 55◦C for 30 s, and 72◦C for 30 s. All
quantifications were carried out in triplicate and glyceraldehyde-
3-phosphatedehydrogenase (GAPDH) was taken as internal
control. Results were presented as mean value ± standard
deviation (SD). IL-32-specific primers included a forward primer,
5′-CGACTTCAGAGAGTGCATGTT-3′, and a reverse primer,
5′-TGTTGCCTCTGAGTCGTAATTC-3′. The primers for the
other analyzed proteins (IL-6, TNFa, IL18, IL8, IL1b, and
GAPDH) were cited appropriately (Fujii et al., 2013; Jagessar
et al., 2013). The fold change (FC) for the level of mRNA
was calculated by the following equations: 1CT = 1CT(target)
– 1CT(GAPDH); 11CT = 1CT(infected) – 1CT(control);
mRNA fold change= 2–11CT.

Immunohistochemistry
Immunohistochemical staining (IHC) was performed as
previously described (Li et al., 2014). Briefly, after dewaxing
and dehydration, the tissue slides were incubated with anti-
IL-32 antibody (BioLegend, San Diego, CA). Then, the
HRP-conjugated secondary antibody (PV-6002 Two-step IHC
Detection Reagent, ZSGB company, Beijing, China) was added
to the tissue sections and incubated for 30min. Slides were
developed with DAB and counterstained with hematoxylin,
and then dehydrating in ethanol and xylene. The scoring was
evaluated according to the intensity of staining and the frequency
of stained cells (Koo et al., 2009).

Enzyme Immunoassay (EIA)
The amount of IL-32 in culture supernatants was measured
by a kit with Human IL-32 DuoSet ELISA (R&D Systems,
Minneapolis, MN, USA).

Immunofluorescence Staining (IFS)
Huh7 cells were seeded onto 24-well plates and transfected
with pcDNA3.1-HCV core, pcDNA3.1-GBV-B core, or mock
plasmid by Lipofectamine 2000 (Invitrogen, Guangzhou, China).
The monoclonal antibody (mAb) to HCV core (C1F5 clone)

or GBV-B core (1E5 clone) was used as primary antibody
provided in the laboratory (Li et al., 2014), whereas Alexa
Fluor 594 (red) goat anti-mouse IgG (Invitrogen) was used
as secondary antibody for detection of the core protein in
transfected cells. Diamidinophenylindoldiacetate (DAPI) was
added to stain cell nuclei.

Western Blot
Cells were lysed with RIPA buffer containing protease inhibitors
at 24–72 h after transfection or treatment, and total protein
lysate of each group was separated by 12% SDS-PAGE, and then
transferred to a PVDF membrane (Millipore). The membranes
were saturated with blocking solution (containing 1% BSA)
for 2 h at room temperature and then incubated with specific
primary antibody overnight at 4◦C. After washing with PBST,
the membranes were incubated with HRP-conjugated secondary
antibody for 1 h at room temperature. Immunostaining was
detected using an ECL substrate and GAPDH served as the
internal reference.

Statistical Analysis
All experiments were performed at least three times
independently. The data were analyzed using the statistical
package SPSS v. 16.0. The results were presented as the mean ±

SD. Difference between groups were analyzed by using Student’s
t-test, and P < 0.05 was considered statistically significant.

RESULTS

Difference of Necroinflammatory Grade in
Histopathological Changes of Liver
Tissues Between Marmosets Infected by
HCV Chimeras With or Without HCV Core
Protein
Among HCV/GBV-B chimera-infected marmoset models, we
observed that the necroinflammatory grades of pathological
changes in liver tissues from HCV-CE1E2p7/GBV-B chimera-
infected marmosets (M3, M6, and M15) were obviously severe
than those from marmosets (M1, M10, and M18) infected by
HCV-E1E2p7/GBV-B chimera without HCV core protein. To
further confirm this phenomenon, the liver tissue sections from
left, right, and caudate lobes of each animal liver were examined
for histopathological changes (Figure 1A). The HAI scores were
evaluated for significant difference between two chimeric virus-
infected marmosets with HCV core or without HCV core protein
(mean of HAI score: 3.89 vs. 1.56; Table 1 and Figure 1B, P <

0.001). The viral loads in the liver tissues at the time points
used for cDNA library construction and sequencing are shown
in Figure 1C. The data suggested that HCV core might play a
role in leading to severely hepatic inflammation of HCV chimera-
infected marmosets.

De novo Assembly of Illumina Sequencing
Reads and Annotation of DEGs
To reveal the difference of genomic transcripts in liver tissues
between HCV chimera-infected marmosets with or without
HCV core protein, six cDNA libraries of individual liver tissues
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FIGURE 1 | Difference of necroinflammatory grade in histopathological changes of liver tissues between marmosets infected by HCV chimeras with or without HCV

core protein. (A) H&E staining was conducted on the liver tissues collected by left, right, and caudate lobes of each liver from marmosets. The original magnification

was × 800. (a) Lymphocytic infiltrates, (b) ballooning degeneration (edema), (c) ground glass liver cells, and (d) eosinophilic cells. (B) Necroinflammatory grades in

histopathological changes of liver tissues were scored by the modified HAI system, in which inflammation grades were on a scale of 0 to 18. ***P < 0.001. (C) The viral

loads in the liver tissues infected with HCV-CE1E2p7/GBV-B or HCV-E1E2p7/GBV-B for the time points used for cDNA library construction and sequencing.

from two groups of HCV-CE1E2p7 or -E1E2p7 chimera-infected
marmosets were constructed and sequenced in a single run.
After mapping the sequence reads against reference genomes
and the reconstructed transcripts, 26,758 novel transcripts were
obtained, in which 17,413 were previously unknown. Splicing
events for known genes generated 1,113 novel coding transcripts
with unknown features, and the remaining 8,232 were long
non-coding RNAs.

A transcript-level expression analysis was conducted to detect
the differentially expressed mRNAs between two groups of
HCV chimera-infected liver tissues using ballgown R package.
Taking P < 0.05 and fold change (FC) > 1.5 as cutoff, 235
mRNAs were found to be down-regulated, while 397 mRNAs
were up-regulated in the group infected by CE1E2p7 chimera
with HCV core protein (Figure 2A). The MA plot (Figure 2B)
and the volcano plot (Figure 2C) showed the distribution and
significance of the differentially expressed genes (DEGs).

Using DEGs, we performed GO classification and functional
enrichment. Among 632 DEGs, 30 genes were correlated with
immune system process, which played an important role in
hepatitis and contained in biological process (Figure 2D). By
comprehensive analysis of data obtained from these 30 DEGs, a
protein–protein interaction network was constituted by STRING
database (Figure 2E), which indicated that IL-32 played a core
regulatory role in the immune system. To validate the RNA-
seq results, the relative fold changes of IL-32 and the five DEGs
including IL-6, TNF-α, IL-18, IL-8, and IL-1β that correlated with
IL-32 in this network in liver tissue samples from HCV CE1E2p7
or E1E2p7 chimera-infected marmosets were measured by RT-
qPCR (Figure 2F). The Pearson correlation of fold changes in
gene expression between RT-qPCR and RNA-seq analysis was
significant (Figure 2G), which suggested that RT-qPCR results
were consistent with RNA-seq results. Immunohistochemical
staining results showed that the relative mean density of
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TABLE 1 | Histopathological observations.

Virus Marmoset Time point

(week)

Necroinflammatory grade*

Left

lobe

Right

lobe

Caudate

lobe

Mean

value

CE1E2p7 M3 26 3 4 4 3.67

M6 20 4 4 4 4

M15 44 4 4 4 4

E1E2p7 M1 37 4 2 2 2.67

M10 29 1 1 1 1

M18 17 1 1 1 1

*The histological status was determined by the modified HAI system (Kondell score),

which grades necrosis and inflammation on a scale of 0–18 (periportal inflammation and

necrosis, 0–10; lobular inflammation and necrosis, 0–4; portal inflammation, 0–4).

hepatic IL-32 staining in liver tissues from HCV-CE1E2p7/GBV-
B chimera-infected marmosets was significantly increased
compared with that of animals infected with HCV-E1E2p7/GBV-
B chimera (mean of IHC scores: 8.63 vs. 3.23; Figures 3A,B,
P < 0.01). The levels of IL-32 expression (IHC scoring) in
liver tissues were positively correlated with the HAI scores of
histopathological changes in liver tissues from six marmosets
(Figure 3C, P = 0.001, R2 = 0.9462), but not correlated with
viral loads.

As shown in Figures 3D,E, level of hepatic or
serum IL-32 from HCV-CE1E2p7/GBV-B chimera-
infected marmosets was significantly higher than
that from HCV-E1E2p7/GBV-B chimera-infected
animals (P < 0.05).

HCV Core Protein Induces IL-32
Production in Huh7 Cells
To investigate the effect of HCV core protein on IL-32
expression, pcDNA3.1-HCV core, pcDNA3.1-GBV-B core,
and mock construct DNAs were transfected into Huh7
cells. Forty-eight hours later, the production of HCV core
or GBV-B core protein was confirmed in the expressing
vector-transfected cells but not in mock plasmid-transfected
cells by immunofluorescence staining (Figure 4A) and
Western blot (Figures 4B,C), suggesting that HCV core or
GBV-B core protein was present in the cells, respectively.
Meanwhile, IL-32 mRNA from transfected cells was measured
by RT-qPCR (Figure 5A), showing that IL-32 mRNA level
increased significantly in the cells transfected with HCV core
expressing construct. It was five times higher than that in
the cells transfected with GBV-B core expressing construct (P
< 0.01).

To confirm the effect of HCV core protein on IL-32
expression, culture supernatants from transfected cells
were tested for secreted IL-32 protein by ELISA. As
shown in Figure 5B, IL-32 protein concentration was
twofold higher in the supernatant of pcDNA3.1-HCV core
construct-transfected cells than that in pcDNA3.1-GBV-B
core-transfected cells (P < 0.001). The results suggested

FIGURE 2 | The RNA-seq results revealed the critical role of HCV core in the

development of severe hepatic inflammation in HCV/GBV-B chimera-infected

marmosets. (A) Among 632 DEGs, 235 genes were found to be

down-regulated, while 397 genes were up-regulated in the group infected by

CE1E2p7 chimera with HCV core protein. The MA plot (B) and the volcano

plot (C) showed the distribution and significance of the differentially expressed

genes (DEGs). (D) Among 632 DEGs, 30 genes were correlated with immune

system process, which were contained in the biological process when

performing GO classification and functional enrichment. (E) IL-32 played a

core regulatory role in protein–protein interaction network constituted by the

30 DEGs involved in immune system process. The interaction network map

was constructed by STRING database. Green indicated up-regulation, red

indicated down-regulation, and blue indicated the DEGs correlated with IL-32,

which was marked in yellow. The data were obtained from the transcriptome

sequencing results. (F) The relative fold changes of IL-32 mRNA and the DEGs

correlated with IL-32 in samples of marmoset’s liver tissues were quantified by

RT-qPCR and RNA-seq. Total RNA of liver tissue samples were extracted and

reversely transcripted. All quantitative measurements were carried out in

triplicate and normalized to GAPDH control in every reaction. Results were

expressed as mean value ± standard deviation (SD) from three independent

experiments. (G) Pearson correlation of fold changes (FC) in gene expression

between RT-qPCR results and RNA-seq results (P < 0.01).
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FIGURE 3 | IL-32 protein was detected in liver tissues or sera from HCV chimera-infected marmosets. (A) Immunohistochemical staining of IL-32 protein in liver

tissues from marmosets M3, M6, and M15 infected with HCV-CE1E2p7 chimera, or M1, M10, and M18 infected with HCV-E1E2p7 chimera. The original

magnification was × 200. (B) The IHC score was assessed according to the intensity of staining (no staining, 0; weak staining, 1; moderate staining, 2; strong

staining, 3) and the extent of stained cells (0%, 0; 1 to 10%, 1; 11 to 50%, 2; 51 to 80%, 3; 81 to 100%, 4). The final score was determined by multiplying the intensity

scores by the extent of positivity scores of stained cells. The difference between HCV CE1E2p7 and E1E2p7 chimera-infected marmosets was significant (P < 0.01).

(C) Level of IL-32 expression in liver tissues from six marmosets is correlated with necroinflammatory grades (HAI scores) in histopathological changes of liver tissues

scored by the modified HAI. (D) Liver IL-32 protein or (E) serum IL-32 protein from six marmosets (the last week before sacrifice) was tested by ELISA. The difference

between the two groups was significant (P < 0.05). Data were presented as mean value ± SD from three separate experiments. *P < 0.05, **P < 0.01.

that the presence of HCV core protein could significantly
increase IL-32 secretion in the supernatant of transfected
Huh7 cells.

To eliminate the possibility that HCV core DNA might
induce IL-32 expression, T-vector-HCV core, T-vector-GBV-B
core, and empty-pcDNA3.1 or empty-T-vector mock plasmids
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FIGURE 4 | The expression of HCV core or GBV-B core protein was confirmed in the expressing vector transfected Huh7 cells. (A) Immunofluorescence staining for

HCV or GBV-B core protein in transfected Huh7 cells. Huh7 cells were seeded onto 24-well plates and transfected with 1 µg of pcDNA3.1-HCV core or

pcDNA3.1-GBV-B core or mock plasmid, respectively. After 48 h, the cells were stained with mAb to HCV core or GBV-B core. Cell nuclei were stained in blue with

DAPI. Original magnification was ×200. (B,C) Western blot analysis for HCV core and GBV-B core proteins in transfected Huh7 cells at the time point of 24, 48, and

72 h. *P < 0.05 vs. the 24-h group. All experiments were repeated three times.

were transfected into Huh7 cells. Forty-eight hours later, IL-32
at mRNA and supernatant protein levels from transfected Huh7
cells were measured by RT-qPCR and ELISA, respectively. The
results showed no difference among T-vectorial HCV core DNA,
GBV-B core DNA, and empty-vector controls (Figures 5A,B),
suggesting that only HCV core protein could induce IL-32
expression in these cells.

HCV Core-Induced IL-32 Expression via
the PI3K/AKT Pathway
Since little was known about the regulation of IL-32 production,
we further examined which signaling pathway was involved in
production of IL-32 stimulated by HCV core protein in Huh7
cells. Here, 562 out of 632 DEGs were categorized to 268 KEGG
pathways. To identify the most impacted pathways, a KEGG
enrichment analysis was performed for HCV-CE1E2p7/GBV-B
chimera-infected marmosets, which contained 92 pathways of
P < 0.05. Among these pathways, PI3K/AKT, JAK/STAT, and
MAPK were previously described relative to IL-32 (Nishida et al.,
2008; Ko et al., 2011; Moschen et al., 2011).

To identify which pathway was involved in HCV core
protein for inducing IL-32 production, the specific signaling
pathway inhibitors of LY294002 (PI3K inhibitor), SB203580
(MAPK inhibitor), and SH-4-54 (STAT inhibitor) were utilized

in pcDNA3.1-HCV core construct-transfected Huh7 cells. Levels
of IL-32 mRNA transcripts and proteins were quantified by RT-
qPCR and ELISA, respectively (Figures 5C,D). Approximately
60–80% reduction of IL-32 mRNA level in transfected cells
was observed by PI3K and MAPK inhibitors (P < 0.001;
Figure 5C), while a 46% reduction of IL-32 protein secretion in
the supernatant of transfected cells was solely found by PI3K
inhibitor (P < 0.001; Figure 5D). Furthermore, the levels of
PI3K, pAKT, AKT, and IL-32 expression were quantified by
Western blot (Figure 5E). When compared with the control
group, HCV core protein increased the expression levels of
PI3K, pAKT, and IL-32 in Huh7 cells. In contrast, when
compared with the HCV core expression group, the inhibitor
LY294002 (with concentrations of 5, 10, and 20µM) inhibited
the expression of PI3K, pAKT, and IL-32 in Huh7 cells in
a dose-dependent fashion (Figure 5F). These results suggested
that HCV core protein may induce IL-32 production via the
PI3K/AKT pathway. Further, to identify the regulatory role
of IL-32 associating with inflammatory cytokines, levels of
mRNA transcripts for IL-6, IL-1β, TNFα, IL-18, and IL-8
were detected from Huh7 cells in 48 h incubated with the
supernatants from pcDNA3.1-HCV core-transfected Huh7 cells
only (Figure 5Ga), supernatants from transfected Huh7 cells
treated with 20µM LY294002 (Figure 5Gb), and anti-IL-32
antibody neutralized supernatants from transfected Huh7 cells
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FIGURE 5 | HCV core-induced IL-32 expression via the PI3K/AKT pathway.

(A) The level of IL-32 mRNA (relative fold change, FC) in samples of Huh7 cells

transfected for 48 h with pcDNA3.1-HCV core, pcDNA3.1-GBV-B core, or

mock plasmid was quantified by RT-qPCR. (B) The level of IL-32 protein in

culture supernatants of Huh7 cells in 48 h after transfecting with

pcDNA3.1-HCV core, pcDNA3.1-GBV-B core, or mock plasmid was

quantified by ELISA. (C–E) Inhibition of HCV core induced IL-32 expression in

Huh7 cells by specific signaling pathway inhibitors. Huh7 cells were treated

with the specific signaling pathway inhibitors of LY294002 (PI3K inhibitor),

SB203580 (MAPK inhibitor), and SH-4-54 (STAT inhibitor), respectively, by

following transfection with pcDNA3.1-HCV core construct DNA. After 48 h, (C)

levels of IL-32 mRNA transcripts and (D) secretion protein were quantified by

RT-qPCR and ELISA. Huh7 cells transfected with pcDNA3.1-HCV core but

without inhibitor were used as negative control (NC). A reduction of IL-32

mRNA or protein in transfected cells was compared between inhibitor and

control. (E,F) The levels of downstream molecules including PI3K, AKT, pAKT,

(Continued)

FIGURE 5 | and IL-32 were detected by Western blot for analyzing PI3K

pathway. Huh7 cells transfected with mock plasmids were used as control.

PI3K and IL-32 were normalized against GAPDH, and pAKT were normalized

against GAPDH as well as total AKT. #P < 0.05 vs. control; *P < 0.05 vs. HCV

core group; **P < 0.01; ***P < 0.001. (G) The level of inflammatory cytokine

mRNAs from Huh7 cells in 48 h incubated with the (a) supernatants from

pcDNA3.1-HCV core-transfected Huh7 cells; (b) supernatants from

pcDNA3.1-HCV core-transfected Huh7 cells treated with 20µM LY294002; (c)

anti-IL-32 antibody neutralized supernatants from pcDNA3.1-HCV

core-transfected Huh7 cells. The levels of inflammatory cytokine mRNAs from

Huh7 cells in 48 h incubated with supernatants from mock plasmid-transfected

Huh7 cells were set as controls. *P < 0.05 vs. control; **P < 0.01 vs. control.

Data were presented as mean value ± SD from three separate experiments, in

which each measurement was carried out in triplicate.

(Figure 5Gc), respectively. Compared with the controls from
mock plasmid-transfected Huh7 cells, these five inflammatory
cytokine mRNAs were significantly elevated, especially 10.96-
fold for TNFα and 19.13-fold for IL-8 (Figure 5Ga). After
treating with LY294002 or anti-IL32 antibody, these mRNA levels
decreased significantly (Figure 5Gb,c). These results suggested
that IL-32 might act as a central role in the hepatic inflammation
regulatory network.

DISCUSSION

Chronic HCV infection is a risk factor for development of hepatic
steatosis, cirrhosis, and HCC (Raimondi et al., 2009). However,
the exact molecular pathogenesis of chronic HCV infection-
mediated hepatitis is not entirely explored. A study suggested that
expression of the core protein increased cell proliferation, DNA
synthesis, apoptosis, cell cycle progression, cell transformation,
steatosis, and HCC in transgenic mice (Moriya et al., 1998).
Looking back at our previously reported study (Li et al.,
2014), we observed that the marmosets infected with HCV
core protein-containing viral chimera experienced more severe
hepatic inflammation than animals infected with viral chimera
that did not express HCV core protein. These data suggested
that HCV core might lead to hepatic inflammation. Despite
the availability of complete genome sequence from marmosets
(Worley et al., 2014), no data covers the transcriptome of liver
tissue for marmosets. Based on the mRNA transcripts of liver
tissues from HCV chimera-infected marmosets in the present
study, we found that the presence of HCV core protein was
positively correlated with the severe viral hepatitis in marmosets
(Figure 3C), which might be a stage toward progression to
HCC as demonstrated previously in mice for HCV core protein
inducing HCC (Moriya et al., 1998).

In this study, the complexity of liver transcriptome of
marmosets was analyzed by high-throughput RNA sequencing.
We found 632 genes with expression patterns differentiating
between two groups of marmosets infected with HCV CE1E2p7
chimera and E1E2p7 chimera, respectively. Among those
mRNA transcripts, IL-32 was considered the most important
factor leading to hepatitis in infected marmosets. IL-32 is
a cytokine produced by T-cells, natural killer (NK) cells,
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monocyte/macrophage, and epithelial cells, that includes six
isoforms of IL-32α, β, γ, δ, ε, and ζ. IL-32α is the most abundant
isoform (Ko et al., 2011). IL-32 could activate the NF-kB and
p38-MAPK pathways to induce proinflammatory cytokines (IL-
1β, IL-6, and TNFα) and chemokines (IL-8 and MIP-2) by
stimulating monocytes and macrophages (Yousif et al., 2013).
A previous study indicated that the levels of IL-32 mRNA were
significantly correlated with hepatic inflammation and that HCV
infection of Huh 7.5 cells increases IL-32 expression (Moschen
et al., 2011). However, this study indicated that HCV infection
induced IL-32 transcription in Huh7.5 cells without clarifying
whether the IL-32 expression was induced by HCV core protein.
Further, to confirm IL-32 relating to the hepatic inflammation
regulatory network, five inflammatory cytokine mRNAs (IL-6,
IL-1β, TNFα, IL-18, and IL-8) were measured from Huh7 cells
incubated with or without the functional IL-32 (Figure 5G). The
data supported the idea that IL-32 promoted the production
of inflammatory cytokines. To test the hypothesis that HCV
core protein induced IL-32 expression, pcDNA3.1-HCV core
or -GBV-B core expressing constructs, pT-Vector-HCV core
or -GBV-B core non-expressing constructs, and empty-vector
controls were transfected into Huh7 cells. We first found that
HCV core protein expression induced an increase of IL-32
mRNA transcripts and secretion proteins in transfected cells.
Since IL-32 exerts pro-inflammatory effects in various cell types
including epithelial, endothelial, and mononuclear cells (Kim
et al., 2005; Nold-Petry et al., 2009), our results might explain the
important role of HCV core protein in developing viral hepatitis.

As described previously, the PI3K/AKT pathway regulates
IL-32α production in human alveolar epithelial cells (Ko et al.,
2011) and also mediates IL-32α induction in human pancreatic
periacinar myofibroblasts (Nishida et al., 2008). MAPK signaling
pathway is also related to MyD88-dependent IL-32α production
in IL-1β-stimulated human alveolar epithelial cells (Moschen
et al., 2011). TNFα alone or in combination with IFNα could
induce IL-32 production in Huh7.5 cells as well as in Hep3B cells.
The IL-32 induction was completely abrogated by inhibition of
NF-kB signaling (by BAY11-7082) but not JAK/STAT signaling
(by Jak Inhibitor I). In contrast to hepatocytes, IL32 induction
was dependent on bothNF-kB and JAK/STAT signaling pathways
in CD14+ monocytes (Moschen et al., 2011). Since the NF-
kB pathway was not found in the 92 pathways obtained
from DEG sequencing results (P < 0.05), we focused on
PI3K/AKT, JAK/STAT, and MAPK as the potential targets for the
pathways involved in IL-32 induction stimulated by HCV core
protein. To explore the critical role of those signaling pathways,
specific signaling pathway inhibitors of PI3K (LY294002), MAPK
(SB203580), or STAT inhibitor (SH-4-54) were added to HCV
core expressing construct-transfected Huh7 cells. A reduction
of IL-32 mRNA level in transfected cells was obtained by PI3K
and MAPK inhibitors, while only a reduction of secretion IL-
32 protein was identified in the supernatant of transfected
cells by PI3K inhibitor. This suggested that HCV core protein-
induced IL-32 production wasmainly through the PI3K pathway.
Western blot results show that (Figures 5E,F) HCV core protein
increased the expression of PI3K, pAKT, and IL-32 in Huh7 cells.
In contrast, LY294002 inhibited the expressions of PI3K, pAKT,

and IL-32 in Huh7 cells. Thus, the changes in the expression
levels of IL-32 inHCV core construct-transfectedHuh7 cells were
regulated by the PI3K/AKT signaling pathway.

The secretion of IL-32α could be stimulated by IL-1β in
A549 cells, regulated by the PI3K/AKT signaling pathway, and
suppressed by inhibitors of SFKs, PKCδ, or p38 (Ko et al.,
2011). IL-32 could also be constitutively produced in Huh7.5
cells stimulated by IL-1β and TNFα (Moschen et al., 2011), and
it also could be induced in monocyte by HCV (Pang et al.,
2016). IL-1β acts an important role in various cellular responses
such as inflammation (Charles, 1997). The binding of IL-1β to
type I IL-1 receptors (IL-1RI) could trigger recruitment of the
adapter protein MyD88, which could affect PI3K/AKT signaling
pathway by regulating PKCδ and PI3K (Braddock and Quinn,
2004). HCV could activate production of IL-1β through the
NLRP3 inflammasome pathway (Ramos et al., 2012), which could
show response in both acute and chronic inflammation (Allen
et al., 2009). The exact mechanism by which HCV core protein
stimulates IL-32 expression and secretion through the PI3K/AKT
pathway may be dependent on inflammatory cytokines like IL-1β
or TNFα. As the relationship between HCV core and IL-1β (or
TNFα) was not explored in this study, we focused on how HCV
core protein affected PI3K/AKT signaling pathway, andwewould
examine that if IL-1β or TNFα was involved in this progression
in the future.

In summary, an increase of IL-32 production was induced
by HCV core protein via the PI3K/AKT pathway, which
might explain the association with a high grade of hepatic
inflammation in HCV-infected individuals. Clearance of HCV
core protein or modulation of IL-32 activity might be an
option to reduce inflammation in patients with chronic
hepatitis C.
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The development of direct-acting antivirals (DAAs) has revolutionized the state-of-the

art treatment of HCV infections, with sustained virologic response rates above 90%.

However, viral variants harboring substitutions referred to as resistance-associated

substitutions (RASs) may be present in baseline levels and confer resistance to DAAs,

thereby posing a major challenge for HCV treatment. HCV replicons have been the

primary tools for discovering and evaluating the inhibitory activity of DAAs against

viral replication. Interest in replicon systems has further grown as they have become

indispensable for discovering genotype-specific and cross-genotype RASs. Here, we

review functional replicon systems for HCV, how these replicon systems have contributed

to the development of DAAs, and the characteristics and distribution of RASs for DAAs.

Keywords: hepatitis C virus, replicon, direct-acting antiviral, resistance-associated substitution, drug discovery,

drug resistance, genotype

INTRODUCTION

The molecular cloning of hepatitis C virus (HCV) in 1989 led to advances in fundamental research
to fully decipher the virus life cycle and develop treatments for its eradication (Hoofnagle et al.,
1986; Choo et al., 1989; Scheel and Rice, 2013; Alazard-Dany et al., 2019). HCV is a member of
the Flaviviridae family that also includes the causative viruses of West Nile, Dengue, Yellow fever,
and Zika diseases. Following acute HCV infection, 70% of individuals develop chronic hepatitis C.
The Word Health Organization (WHO) estimates that ∼71 million people have chronic hepatitis
C globally (World Health Organization, 2017). Chronic hepatitis C can lead to cirrhosis and
hepatocellular carcinoma (HCC), followed by death in about 5% of individuals (Stanaway et al.,
2016). Currently available HCV treatments have successful elimination rates above 95% (Holmes
et al., 2019). Successful treatment is confirmed by the absence of HCV RNA via polymerase chain
reaction (PCR) assays, with an assessment at 12 weeks after the end of treatment, thereby indicating
sustained virologic responses (SVR). There are currently no prophylactic or therapeutic vaccines
against hepatitis C (Roingeard and Beaumont, 2020).

Improvement in the treatment and SVR against HCV was facilitated by the discovery of
pangenotypic direct-acting antivirals (DAAs), with replicon systems playing significant direct
roles. HCV replicons are subgenomic RNA molecules that are capable of autonomously
replicating in hepatoma cells. The replicons are primary composed of NS3-to-NS5B
sequences that encode enzymes essential for viral replication (Lohmann et al., 1999;
Bartenschlager, 2002, 2006; Lohmann, 2009). The underlying mechanism relies on DAAs targeting
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viral enzymes that are not expressed by hepatoma cell
genomes, and they should also be effective in treating HCV-
infected patients, in addition to likely inducing minimal side
effects. However, the high genetic variation of HCV poses a
major challenge for developing pangenotypic DAAs. The high
viral diversity is partly due to high error rates from HCV
replication (Ogata et al., 1991; Neumann, 1998; Geller et al.,
2016). Resistance to DAAs arises from mutations in NS3-to-
NS5B sequences that encode viral enzyme targets of DAAs.
Consequently, selection and persistent replication of variants
harboring amino acid substitutions that confer resistance to
DAAs are major causes for reduced treatment efficacy (Wyles
and Luetkemeyer, 2017). Hence, preclinical assessments of
drug resistance profiles have gained important roles in the
development of DAAs. Further, replicon systems have been used
to study treatment-related resistance associated substitutions
(RASs) that confer resistance to DAAs across genotypes (GTs)
and subtypes (Ng et al., 2017a; Han et al., 2019) .

VIROLOGY

HCV is an enveloped virus comprising an ∼9.6-Kbp-long
single-strand RNA genome with positive polarity. The genome
constitutes a 5’ non-translated region (NTR), and a single
large open reading frame, followed by a 3’ NTR. An internal
ribosomal entry site (IRES) present at the 5’ NTR translates
the ORF to a large polyprotein of about 3,000 amino acids
length that is then processed by viral and cellular proteases into
three structural and seven non-structural proteins (Figure 1)
(Moradpour et al., 2007; Alazard-Dany et al., 2019). The
structural protein core forms the virus capsid. E1 and E2 are
envelope transmembrane glycoproteins that aid in receptor-
mediated endocytosis for viral entry (Bartosch et al., 2003).
The P7 protein forms an ion channel in the endoplasmic
reticulum (ER) and plays a role in viral infection. Nonstructural
proteins, NS2, NS3, NS4A, NS4B, NS5A, and NS5B, act together
to form replication complexes on membranous webs derived
from the ER (Romero-Brey et al., 2012). NS2 is a cysteine
protease that autocatalyzes the polyprotein precursor cleavage
between NS2 and NS3 (Grakoui et al., 1993). NS3 also exhibits
cysteine and serine protease activities that cleave NS4A-NS5B
at junction regions to release individual protein components
and also act as a viral helicase, while NS4A is a co-factor
of NS3 (Tomei et al., 1993; Lin et al., 1994). NS4B is an
integral membrane protein that aids in the formation of the viral
replication complex (Egger et al., 2002). NS5A is a membrane
phosphoprotein that permits viral binding and assembly of
the replication complex (Tanji et al., 1995). NS5B (an RNA-
dependent RNA polymerase) directs transcription of the (+)
strand for production of the (-) strand that becomes the
template for the new (+) strand genomes (Behrens et al.,
1996; Lohmann et al., 1997). Given their essential role, the
non-structural proteins of replication complex are the targets
of DAAs, which can disrupt specific steps in the replication,
have now become the core of the HCV treatment strategies
(Lontok et al., 2015).

HCV GENETIC HETEROGENEITY AND THE
EMERGENCE OF DAA RESISTANCE

Sequencing and phylogenetic analyses of HCV isolates from
different geographic regions have revealed that HCV can be
classified into eight genotypes (GTs 1–8) and 86 subtypes that
differ at the nucleotide (nt) level by 30 and 15%, respectively
(Hedskog et al., 2019). The appearance of HCV in at least
eight GTs has important implications for HCV treatment, as
differences exist in achieved SVR rates against different GTs
using various regimens (Mangia and Mottola, 2012). Further,
the two inherent replication features of HCV can contribute to
suboptimal responses to DAAs at the patient level, including
their: (a) high error rate during replication and (b) high virion
turnover. Due to the lack of NS5B exonuclease activity, HCV
replicates with an error rate of 10−3 to 10−5 mutations per nt
per round of replication and reproduce with an estimated 1010-
1012 virion turnover per day in an infected individual (Ogata
et al., 1991; Neumann, 1998; Geller et al., 2016). The resultant
large reservoir of genetic variants circulating at a given time in
an infected patient is classically referred to as a “quasispecies”
(Perales et al., 2015). The majority of variants are unable to
replicate due to deleterious or lethal effects of the new mutations
or are otherwise cleared by the host immune system. However,
some variants with beneficial mutations are continuously selected
upon due to evolutionary advantages or better adaptation to
adverse conditions, such as the presence of a DAA (Agarwal et al.,
2018; Singh et al., 2020). Consequently, natural variants with
various levels of susceptibility to DAAs may exist within patients
and can be selected after DAA exposure (Ahmed and Felmlee,
2015). The selection of variants may then confer resistance to
DAAs and treatment failure.

Following the discovery of HCV, numerous attempts have
been made to recapitulate viral life cycles using in vitro cell
culture systems. The first significant development was the
establishment of a “subgenomic replicon” system wherein
replicon cell lines were isolated that persistently harbored
autonomously replicating HCV non-structural genes at
appreciable levels (Lohmann et al., 1999). These replicons
generally lack the viral structural genes involved in capsid
formation and are hence subgenomic. The subsequent isolation
of more efficient replicons paved the way for understanding
HCV replication, the molecular interplay between viruses and
cells, and the identification and development of inhibitors that
are effective against HCV replication. The second significant
breakthrough was the establishment of the infectious “HCV
cell culture” system (HCVcc) based on the JFH-1 wild type
isolate (GT2a) that exhibits all stages of the virus life cycle
(Kato et al., 2001; Wakita et al., 2005). Further advances using
JFH-1 HCVcc were made by generating a highly infectious GT2a
J6/JFH1 chimera (Lindenbach and Rice, 2005). The repository
of infectious HCVcc systems was expanded to include GT1a (Yi
et al., 2006), GT1b (Pietschmann et al., 2009), GT2b (Ramirez
et al., 2014) GT3a (Saeed et al., 2013), and 6a (Pham et al., 2018).
HCVcc systems of intergenotypic are also developed (reviewed
in Ramirez and Bukh, 2018). Indeed, infectious HCVcc systems
have paved the way for a deeper understanding of HCV biology,
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FIGURE 1 | HCV genome organization and direct-acting antivirals for the treatment of HCV Infection. The HCV genome is consisted of single open reading frame

(ORF) that is flanked by 5’ and 3’ non-translated regions (NTRs). The IRES present at the 5’ NTR mediates the translation of the ORF leading to the formation of a

polyprotein, which is further processed into three structural (core, E1 and E2) and seven nonstructural proteins (P7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B). The

NS3-to-NS5B coding region is the minimal sequence required for RNA replication (Lohmann et al., 1999). Recommended direct-acting antivirals are listed below and

include the NS3/4A (or protease; names end in -previr) inhibitors, the NS5A inhibitors (names end in -asvir), and the NS5B (or polymerase) inhibitors of nucleoside and

non-nucleoside (names end in -buvir).

including the identification of DAA-resistant variants in the
context of infectious viral life cycles (Ramirez et al., 2016; Serre
et al., 2016; Jensen et al., 2019).

Although infectious HCVcc systems allow the more complete
study of complete viral replication cycles and understanding
of genotype-specific pathogenesis, HCV replicon technology
continues to be critical due to its ease of use in the discovery
of candidate DAAs, and also in the identification and evaluation
of RASs to improve the effectiveness of HCV treatments. Here,
we provide a summary of different aspects of the HCV replicon
systems and our current knowledge of RASs associated with
resistance to DAAs.

REPLICON SYSTEMS

Structure and Development of the
Classical Bicistronic Replicon
Lohmann et al. successful proof-of-principle demonstration that
the minimal HCV replication and translation machinery require
the NTRs and the NS3-to-NS5B coding sequences forms the
basis for HCV replicon technology (Lohmann et al., 1999;
Bartenschlager, 2002). Functional replicons have been established
for different GTs and several subtypes have now become
indispensable tools for preclinical DAA discovery (Fourati and
Pawlotsky, 2015). Consensus 1 (Con1), the first HCV replicon
that was generated from the consensus GT1b isolate sequence
consists of two gene clusters, each with an independent cistron:
(i) the HCV 5’ NTR and the first 16 codons of the core gene
fused in-frame with the selectable neomycin phosphotransferase

gene (neo), and (ii) the IRES of the encephalomyocarditis virus
(EMCV) that directs the translation of fused HCV NS3-to-
NS5B coding sequence, and the HCV 3’ NTR (Figure 2A). A
replicon cloned downstream of the T7 promoter in a plasmid
serves as template to generate bicistronic transcripts. Huh7 cells
that are then transfected with the bicistronic transcripts are
propagated for several cell division cycles in the presence of
the aminoglycoside antibiotic G418. The neo gene that confers
resistance to the cytotoxic drug G418 then enabled the selection
of “stable replicon cells” that support the autonomous replication
of Con1 transcripts, thereby constituting a stable HCV replicon
assay. The Con1 replicon carrying the NS5B GND amino acid
motif (GND in place of GDD results in loss of NS5B polymerase
activity) has been used as a negative control for viral replication.
Efficiency of colony formation could then be quantified as the
number of selected colonies per microgram of transfected RNA.
Northern blot analysis of total RNA isolated from stable Con1
replicon cells that were treated with actinomycin D (an inhibitor
of DNA-directed, but not RNA-directed RNA synthesis) could
then detect HCV (+)- and (−)-strand RNA (Lohmann et al.,
1999; Blight et al., 2000).

The G418-resistant Con1 replicon cells that were generated
persistently carried replicating HCV RNAs, albeit with low
colony formation efficiency and viral RNA levels that reflected
adaptive constraints in the Huh7 cell environment. Sequencing
of the viral RNAs from isolated replicon cell clones then
revealed key mutations localized to different non-structural
genes. Inclusion of these mutations conferred the original
Con1 replicon with increased colony formation efficiency,
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FIGURE 2 | Schematic comparison of different HCV replicons. (A) Classical bicistronic subgenomic replicon comprised 5’ NTR, first 16 codons of core, neo gene, a

selectable marker followed by EMCV IRES, HCV NS3-to-NS5B coding region and HCV 3’ NTR; Other selectable markers less widely used are hygro and pac.

Modified bicistronic replicons may carry either: (B) a Renilla luciferase (RLuc) or firefly luciferase (FLuc) (reporter gene) instead of a selectable marker, (C) a GFP at

certain positions within NS5A, (D) a reporter gene that is fused with a selectable marker, (E) ubiquitin, a host cell cleavable sequence fused in-frame between a

reporter and selectable marker, (F) a non-structural sequence derived from patient in Con1 or JFH-1 replicons genetic background or (G) an entire HCV ORF,

core-to-NS5B and 3’ NTR. Monocistronic replicons are composed of (H) HCV 5’ NTR and first 12 codons of core followed by NS3-to-NS5B coding sequences and

3’ NTR and (I) ubiquitin in-frame with either a reporter gene or selection marker. NTR, non-translated region; Ubi, ubiquitin, rg, reporter gene; sm, selection marker;

neo, gene encoding neomycin phosphotransferase; hygro, hygromycin phosphotransferase; PAC, puromycin N-acetyltransferase; c, core; EMCV IRES, internal

ribosomal entry site from encephalomyocarditis virus; GDD, amino acid motif in the catalytic site of RNA polymerse; GFP, green fluorescent protein. Viral and non-viral

coding sequences are marked by rectangles; non-coding regions are indicated by horizontal lines.

and this phenomenon subsequently was termed ‘adaptive
mutation.’ Specifically, Con1-based replicons carrying two
adaptive mutations located at NS3 E176G and T254I, and one
at NS5A S225P (Krieger et al., 2001) or NS4B K129T (Lohmann
et al., 2003) conferred synergistically enhanced RNA replication.
In addition, Blight et al. (2000) identified S232I as a key adaptive
mutation localized in NS5A that appears to correspond to highly
efficient replication. However, the GT1b HCV-N replicon was
observed to replicate efficiently in Huh7 cells, even in the
absence of adaptive mutations (Ikeda et al., 2002). Moreover,
two independent studies observed that NS3 P470L and NS5A
S232Imutations synergistically enhanceH77-based replication of
the GT1a replicon (Grobler et al., 2003; Yi and Lemon, 2004).
In particular, the NS5A S232I mutation played a key role in
expanding the repertoire of efficient non-GT1 replicon systems
(Saeed et al., 2012; Peng et al., 2013; Wose Kinge et al., 2014;

Yu et al., 2014). Recently, it is shown that Sec14L2 expressing
Huh7.5 cells supported replication of natural HCV isolates in
cell culture (Saeed et al., 2015). The exact mechanism underlying
how adaptive mutations confer enhanced replication of HCV
RNAs is not completely understood. A recent study showed that
S232I reduces the hyperphosphorylation of NS5A and disrupts
the NS5A interaction with human vesicle associated proteins,
thereby negatively regulating viral replication and contributing to
the adaptive phenotype (Evans et al., 2004). Another recent study
has shown that adaptive mutations could prevent a cellular lipid
kinase, phosphatidylinositol 4-kinase IIIα (PI4KA) activation,
which create a permissive membrane microenvironment in
hepatoma cells. Further, inhibition of PI4KA activity was found
to promote replication of unadapted viral isolates (Harak et al.,
2017). Since the first report, HCV replicons have been further
modified to be more suitable for studying viral RNA replication
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and to promote drug discovery. A few of the various HCV
replicon derivatives are described in further detail below.

Other Bicistronic Replicons and
Modifications
The molecular structure of the classical replicon was used to
establish the GT1b (Ikeda et al., 2002) GT2a (Kato et al., 2003),
GT3a (Saeed et al., 2012), GT4 (Saeed et al., 2012; Peng et al.,
2013), GT5a (Wose Kinge et al., 2014) and GT6a (Yu et al., 2014;
Camus et al., 2018) replicon systems. In all of these systems,
neo was used to select stable cell lines. Another selection marker
that was less frequently used was puromycin N-acetyltransferase
(Liang et al., 2005) and hygromycin phosphotransferase (Sir et al.,
2012) (Figure 2A). Generating G418-resistant stable cell lines is
time consuming, taking up to 3–4 weeks, and is dependent on
the replication capacity of the replicon. To produce a rapid and
direct means of analyzing transient replication capacity, neo was
replaced by firefly luciferase (FLuc) or Renilla luciferase (Rluc)
reporter genes in the replicon, thereby eliminating the need
for selection and allowing analysis of replicon RNA replication
over 72 h of post-transfection via a transient HCV replicon
assay (Figure 2B) (Krieger et al., 2001; Lohmann et al., 2001;
Camus et al., 2018). Other reporter gene alternatives include
β-lactamase or green fluorescent protein (GFP) (Murray et al.,
2003). The Con1 replicon carrying an in-frame insertion of
GFP at certain positions within the NS5A gene permits the
direct visualization of active replication complexes in real time
(Figure 2C) (Moradpour et al., 2004). However, the insertion of
GFP reduces the replication capacity of replicons by about 100-
fold relative to the parental replicon without GFP (Appel et al.,
2005). The most widely used replicons comprising fused RLuc
and neo genes allows the simultaneous selection of hepatoma
cells while luciferase activity provides direct evaluation of RNA
replication levels (Figure 2D) (Krieger et al., 2001; Peng et al.,
2013; Yu et al., 2014; Camus et al., 2018). A bicistronic replicon
has ubiquitin (host cleavable sequence) in-frame between
reporter and selection marker helps in assessing inhibitory
activity of antivirals (Figure 2E) (Vrolijk et al., 2003). Further,
the replacement of nonstructural genes in replication-competent
GT1b (Con1) and GT2a (JFH-1) replicons by corresponding
non-structural genes of patient isolates from different GTs and
subtypes resulted in the production of intergenotypic chimeras
that have helped substantiate the identification of pangenotypic
DAAs and resistance (Figure 2F) (Herlihy et al., 2008; Sheaffer
et al., 2011; Liu et al., 2015; Ng et al., 2017b; Han et al.,
2019). The molecular structures of bicistronic replicons shown
in Figure 2D have been used as the basis to generate the
intergenotypic replicons.

Full-Length Bicistronic Replicons
Full-length bicistronic or genomic HCV replicons encode the
entire HCV open reading frame core–NS5B and were generated
for GT1b and GT1a that carried adaptive mutations (Figure 2G)
(Pietschmann et al., 2002; Blight et al., 2003). The presence of
neo also facilitated the selection of stable cell lines that support
full-length RNA replication. However, the replication efficiency
of full-length replicons was about 5-fold less than for subgenomic

counterparts carrying the same adaptive mutations, and no
evidence for infectious progeny release from hepatoma cells was
observed. However, selectable JFH-1 full-length replicons are
capable of producing infectious progeny (Date et al., 2007).

Monocistronic Subgenomic Replicons
Monocistronic replicons lack EMCV IRES and consist of only
HCV 5′ NTR that direct the translation of downstream viral
coding sequences. Therefore, they closely resemble the structure
of viral genomes (Figure 2H). Monocistronic replicons comprise
the 5’ NTR and first 12 codons of core sequence followed
by the in-frame NS2-to-NS5B sequences. In this model, the
cellular signaling peptidase mediates the cleavage between the
capsid and NS2 (Blight et al., 2000). In other monocistronic
replicons, the 5′ NTR translates the reporter gene that is in-frame
with ubiquitin and the NS3-to-NS5B coding region, followed
by the 3′ NTR (Figure 2I) (Reiss et al., 2013). (Frese, 2002)
generated a monocistronic replicon containing the selection
marker hygromycin phosphotransferase. In this case, cleavage
between ubiquitin and NS3 is mediated by a cellular ubiquitin
carboxyl-terminal hydrolase (Figure 2I). Monocistronic replicon
replication can then be assessed by detection of viral proteins
using non-structural protein-specific antibodies and viral mRNA
with quantitative real-time RT-PCR.

Replicon Systems in the Era of DAAs
The treatment strategies for HCV infections have radically
changed in the last two decades, and particularly in the last
10 years (Cuypers et al., 2016). A better understanding of the
molecular structure and function of hepatitis C proteins has
especially allowed the design of antivirals that directly target
non-structural proteins, including NS3/4A, NS5A, or NS5B, that
facilitate RNA replication (Bartenschlager et al., 2013; Scheel
and Rice, 2013). The NS3/4A inhibitor ciluprevir (BILN-2061)
was the first developed DAA using the GT1a (Con1) replicon
system and was tested in hepatitis C patients to demonstrate the
proof-of-principle (Lamarre et al., 2003). However, ciluprevir was
less effective against GT2 and GT3, emphasizing the dire need
to develop efficient non-GT1 replicon systems. The non-GT1
replicon systems that have been developed have proven highly
useful for testing the pangenoypic HCV replication inhibition
activity by DAAs. Hence, HCV replicon systems have become
indispensable in the preclinical research and development of
effective DAAs, owing to advantages that include: (i) stable
replicon cells easily integrate into high-throughput screening
assays; (ii) it is reliable to assess and compare levels of HCV
replicon replication; (iii) they are efficient for determining
preclinical cytotoxicity; (iv) they are robust for determining
pangenotypic antiviral activity and have a high genetic barrier to
resistance; and (v) replicon systems yield no infectious progeny,
thereby minimizing the risk of exposure unlike infectious
HCVcc systems.

A candidate DAA would have desirable preclinical attributes
that support its clinical development for HCV treatment. Since
the identification of the first NS3/4A inhibitor, HCV replicon
systems have been widely used to identify safe and effective
pangenotypic antivirals. Among many effective, not limited
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to, the most effective DAAs that are recommended for HCV
treatment include, NS3/4A protease inhibitors (PIs, names end
in -previr): glecaprevir (ABT-493) (Ng et al., 2014), grazoprevir
(MK-5172) (Summa et al., 2012), paritaprevir (ABT-450) (Pilot-
Matias et al., 2015), and voxilaprevir (GS-9857) (Taylor et al.,
2019); NS5A inhibitors (names end in -asvir): daclatasvir (BMS-
790052) (Gao et al., 2010), ledipasvir (GS-9451) (Yang et al.,
2014), elbasvir (MK-8742) (Coburn et al., 2013), velpatasvir (GS-
5816) (Cheng et al., 2013), ombitasvir (ABT-267) (DeGoey et al.,
2014), pibrentasvir (ABT-530) (Ng et al., 2014) and ruzasvir
(MK-8408) (Tong et al., 2017); inhibitors of NS5B nucleoside
polymerase (NPIs, names end in -buvir): sofosbuvir (GS-7977)
and non-nucleoside (NNPIs): dasabuvir (?ABT-333) (Maring
et al., 2009) (Figure 1). These DAAs exhibited subnanomolar
50% effective concentrations (EC50s) toward replicons expressing
a wide range of HCV GTs with minimal cytotoxicity. Despite the
limited inventory of druggable viral enzymes and corresponding
low molecular weight DAAs exhibiting high efficacy, current
DAA-based treatments have been highly effective for HCV
elimination. However, the emergence of HCV resistance to
DAAs in small patient populations (< 5%) poses challenges
to eradication (Popping et al., 2018). The crystal structures of
NS3/4A, NS5A and NS5B are helping to solve the mechanisms
of action of various DAAs and the molecular basis for DAA
resistance (reviewed in Bartenschlager et al., 2013; Götte and
Feld, 2016).

HCV treatment has dramatically improved since 2014
coinciding with the pegIFN and RBV-free co-administration
of two or three pangenotypic DAAs that shorten treatment
durations and lead to SVR rates above 95% in patients with
chronic hepatitis C (EASL, 2018). It is worth to note that
all currently recommended DAA regimen consists an NS5A
inhibitor. The mode of action of DAAs at molecular level is
not yet understood. HCV variants may harbor RASs that are
associated with reduced susceptibility given the high mutation
rate of HCV, and these may exist naturally and can be selected
in patients due to the application of some DAAs. The biological
and clinical implications of variant selection that are resistant to
DAA and cause treatment failure are well-known (Lontok et al.,
2015). Thus, insight into the nature of RASs and their mode of
action is important to understand viral resistance to DAAs and
to promote the eradication of HCV (Lontok et al., 2015; Cuypers
et al., 2016; Wyles and Luetkemeyer, 2017). RASs are reported
as “single letter amino acid code-number-single letter amino acid
code.” For example, the NS5A-specific RAS Y93Hmanifest as the
typically expected amino acid at position 93 of the NS5A protein
in the predominant circulating virus has tyrosine (Y) and in some
patients, viral variants may harbor the amino acid histidine (H)
at position 93 of the NS5A protein. Sequencing technologies can
be used to detect drug-specific RASs circulating in patients (Li
and Chung, 2019). RASs present in at least 15% of all drug-target
encoding viral sequences circulating in patients reduces the SVR
for the patient (Pawlotsky, 2016). The number and type of RAS(s)
required for a variant to remain fit in the presence of a DAA are
referred to as the genetic barrier to resistance, which also differ
according to DAA and class (Götte, 2012). A single RAS at a key
position in the target protein can confer a low genetic barrier
to resistance, while a high genetic barrier to resistance requires

at least three RASs (McCown et al., 2008; Pawlotsky, 2011). The
emergence of DAA resistance depends on the fitness of RASs and
whether they exist at baseline in patients prior to treatment. The
fitness of RASs determines the speed of resistant variant selection
in the presence of DAAs (Feld, 2017). The individual NS5A-RASs
M28T, Q30E/H/R, L31M/V, and Y93H/N are commonly found at
baseline in 10–15% of GT1 treatment-naïve patients. These high
fitness RASs to NS5A-inhibitors (e.g., daclatasvir, ledipasvir, and
ombitasvir) confer a low barrier to resistance, and can emerge
early and persist in patients following administration of NS5A-
based treatments (Krishnan et al., 2015b; Zeuzem et al., 2017;
Dietz et al., 2018; Fourati et al., 2018). The majority of these
RAS are also selected in replicon cells and confer resistance to
recently recommended pangenotypic NS5A-inhibitors (Cheng
et al., 2013; Liu et al., 2015; Ng et al., 2017a; Asante-Appiah
et al., 2018). In contrast, the NS5B RAS S282T exhibited reduced
fitness and does not appear to emerge in patients following
administration of sofosbuvir (NPI) (Lam et al., 2012; Wyles et al.,
2017). Consequently, a typical goal of DAA-based combination
regimens is to increase the genetic barrier such that resistant
variants do not arise so readily (Chacko and Gaglio, 2015).

Considering that any RASs that may confer resistance to a
candidate DAA are not known or that they will likely rise, the
replicon systems remain innovative, for instance, in the treatment
of stable replicon cells with increasing doses of a DAA that may
facilitate emergence of RASs (Bartenschlager, 2006). Another
instance where replicon systems have proven useful is when new
RASs might be selected for in patients following administration
of a DAA. These new RASs could be introduced into the replicon
by site-directed mutagenesis and are then challenged by DAAs
at increasing doses based on EC50 or EC90 values for replication
inhibition compared to the wild-type counterpart, which is
commonly expressed as fold resistance (Figure 3). These two
examples provide opportunities to examine the development of
DAA resistance using replicon systems.Moreover, it is reasonable
to assume that RASs conferring resistance to DAAs in vitro have
clinical significance.

REPLICONS OF GENOTYPES 1–6 AND
RESISTANCE-ASSOCIATED
SUBSTITUTIONS

Genotype 1
HCV GT1 is the most globally widespread group and represents
46% of all infections. Subtype 1b is more prevalent than 1a,
at 68 vs. 31%, respectively (Messina et al., 2015). Boceprevir
and telaprevir (PIs) were the two first DAAs recommended for
use in combination with pegIFN and RBV in patients infected
with GT1 HCV in 2011. Although both PIs increased the
SVR rate by about 30% in treatment-na?ve and -experienced
patients compared to standard pegIFN and RBV, their low
genetic barrier to resistance and highly adverse effects in GT1
patients (Pearlman, 2012; Wendt and Bourlière, 2013) led to the
development of more effective PIs with higher genetic barriers
to resistance. The pegIFN- and RBV-free DAA combination
regimens targeting viral enzymes were developed in 2014 and
have improved the SVR rate to above 90%, along with shorter
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FIGURE 3 | Phenotypic assay of HCV resistance to antivirals. Bicistronic replicons described in Figure 2D are the most widely used systems for determination of

phenotypic direct-acting antiviral resistance. Replicon RNAs from wild type or mutant are synthesized by in vitro transcription of linearized plasmids harboring HCV

replicon, which are then transfected into hepatoma cells, subsequently subjected to G418 selection pressure for 3–4 weeks. Cells harboring active replicon RNAs

become resistance to G418 due to expression of neo gene, whereas untransfected cells or cells that do not support RNA replication will be eliminated during the

process. After the establishment of stable cell line supporting HCV autonomous replication, cells are subjected to increasing antiviral concentrations based on of EC50

or EC90 values. The level of susceptibility is evaluated by measuring the luciferase activity at 24, 48, and 72 h after treatment, in comparison to its wild type

counterpart, which is commonly expressed as fold resistance. Luc-Neo, fused luciferase and neo gene encoding neomycin phosphotransferase; c, core; EMCV IRES,

internal ribosomal entry site from encephalomyocarditis virus. Viral and non-viral coding sequences are marked by rectangles; non-coding regions are indicated by

horizontal lines.

treatment durations of about 8 or 12 weeks and minimal
adverse effects (Afdhal et al., 2014; Kowdley et al., 2014). The
currently recommended four highly effective DAA combination
regimes, elbasvir/grazoprevir, glecaprevir/pibrentasvir,
ledipasvir/sofosbuvir, or sofosbuvir/velpatasvir, exhibit SVR
rates of 98%−100% (Afdhal et al., 2014; Kowdley et al.,
2014; Feld et al., 2015; Forns et al., 2015). The amino acid
substitutions V36M, T54S, Q80K/H/R, R155K/M, A156T/V, and
D168E/V/Y/H/T confer resistance to different PIs in GT1 HCV
patients. In addition, the NS5A-associated substitutions M28T/V,
L28M/I, Q30H/R, L31M, and Y93H are the most prevalent in
GT1 isolates (Zeuzem et al., 2017).

GT1a (H77) and GT1b (Con1) replicons, or their backbones
in chimeric form, are extensively used to identify pangenotypic
HCV inhibitors. Replicons harboring single NS3 RASs at

positions 36, 43, 54, 80, 155, 156, or 168 or in combinations
comprising two or three of the mutations have been tested for
resistance to PIs. Both replicons with NS3 D168A/E/V conferred
significant resistance to paritaprevir and grazoprevir, while
A156T/V conferred resistance to glecaprevir. The replicon with
NS3 R155K lost susceptibility to paritaprevir, but maintained
susceptibility to glecaprevir and grazoprevir (Ng et al., 2017b).
The RASs R155W, A156T, and D168K/L/R conferred 20- to 100-
fold resistance, whereas A156/L/V exhibited>100-fold resistance
to voxilaprevir (Han et al., 2019). The NS5A amino acid
substitutions M28T/V and Q30D/E/H/R/K in the GT1a replicon
yielded moderate to high resistance to ruzasvir, daclatasvir,
ledipasvir, ombitasvir, elbasvir, and pibrentasvir, while L31M/V
toGT1b, whereas Y93H/N/C in both the GT1 replicons conferred
negligible to significantly high resistance (Krishnan et al., 2015a;
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TABLE 1 | Amino acid substitutions that confer resistance to NS3/4A, NS5A and

NS5B inhibitors from HCV genotypes 1–6.

Replicon

genotype

Amino acid

and position

Amino acid

substitution(s)

(> 2-fold resistance)

Direct-acting antiviral

NS3/4A

1a V36 A GRA/PTV/VOX/GLE/GZR

C/G PTV

L VOX/GZR

M GLE/PTV/GZR/VOX

L PTV/GZR

F43 S VOX

A GZR

T55 I VOX

H PTV/GZR

Y56 K GZR/PTV/VOX

Q80 L PTV

R GZR/GLE/PTV

G GZR/PTV

K PTV

R155 I PTV

K GRA/PTV/VOX/GLE/GZR

M PTV

Q GRA/PTV/VOX/GLE/GZR

S/W PTV

T GZR/PTV

V GZR

R156 T PTV

S GRA/PTV/VOX/GLE/GZR

G VOX

A156 T GLE

L VOX

D168 C GZR/PTV

E GLE/GZR/PTV

G/T GZR

H GZR/ PTV

K GZR/VOX

L/R VOX

N GZR/PTV

V GLE/GZR/PTV

Y GZR/PTV

T VOX

I170 V VOX

A GRA/PTV/VOX/GLE/GZR

1b V36 C/G/K PTV

M/G PTV/GZR

S GZR

R GZR/GLE/VOX

Q80 K PTV

R155 K GRA/PTV/VOX/GLE/GZR

G GZR/PTV/GLE

A156 S/A GZR/PTV

(Continued)

TABLE 1 | Continued

Replicon

genotype

Amino acid

and position

Amino acid

substitution(s)

(> 2-fold resistance)

Direct-acting antiviral

T GZR/PTV/GLE/VOX

V GZR/GLE/VOX

D168 E/H/K/T/V/Y GZR/PTV

G/N GZR

Q GRA

2 R123 V GRA/PTV

I132 A GZR

R155 K GRA/PTV/VOX/GLE/GZR

T GZR/PTV

G GZR/PTV/GLE

W PTV/VOX

A156 S GZR/PTV

V GZR/GLE/VOX

T GLE/VOX

A/E/G/H/N/V GZR/PTV

D168 V GRA

I170 F GRA/PTV

L175 R VOX

3 K26 R/K VOX

Q41 A VOX

T54 R VOX/GLE

Q80 K VOX

A/C/F/T/Y VOX

S122 K GRA/PTV/VOX/GLE/GZR

R155 G GZR/PTV/GLE

A156 S GZR/PTV/GLE

T GLE

S166 A GZR/PTV

D168 V PTV

R GRA/PTV

Q168 R/H/I VOX

R VOX/GLE

L GLE

V170 T GRA/ PTV

I170 H/R VOX

4 Q41 S VOX

T54 A/N/S/V VOX

T122 K GRA/PTV/VOX/GLE/GZR

R155 C VOX/GLE/PTV/GZR

G GZR/PTV/GLE

A156 S GZR/PTV

L/T/V VOX/GLE

S VOX

A166 E/K VOX

D168 V VOX/GLE/PTV/GZR

H GLE/PTV/GZR

I/L VOX

V170 V GRA

(Continued)
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TABLE 1 | Continued

Replicon

genotype

Amino acid

and position

Amino acid

substitution(s)

(> 2-fold resistance)

Direct-acting antiviral

5 E30 A/G/V VOX

T122 K GRA/PTV/VOX/GLE/GZR

R155 G GZR/PTV/GLE

A156 S GZR/PTV

S VOX

A166 A GZR/PTV/VOX

D168 E/H/V GZR/PTV/VOX/GLE

N GZR/PTV

K/R/Y VOX

V VOX

E GLE

I170 A GRA/PTV/VOX/GLE/GZR

6 V36 K/R VOX

Q41 C GRA/PTV

F43 A VOX

V55 H VOX

Y56 K/Q/R VOX

L80 A/D/G/N/T VOX

S122 K GRA/PTV/VOX/GLE/GZR

R155 T PTV

G GZR/PTV/GLE

A156 S/I GZR/PTV

V158 A GZR/PTV/VOX

D168 E/V GZR/PTV/VOX

A/H GLE/GZR/PTV

G/N GZR/PTV

Y/V VOX/GLE

NS5A

1a K24 G LDV

N LDV

R LDV

M28 A DCV/LDV/ELB/OMV

G DCV/LDV

T DCV/LDV/OMV/PBT/

OMV/VEL/ELB

V OMV

Q30 D ELB

E DCV/LDV/OMV/PBT/

OMV/VEL/ELB

G LDV/ELB

H DCV/LDV/OMV/PBT/

OMV/VEL/ELB

K LDV/VEL

L LDV/VEL

R DCV/LDV/OMV/PBT/

OMV/VEL/ELB

T LDV

L31 F DCV/LDV/OMV/ELB

I LDV/VEL

M DCV/LDV/ELB/VEL

(Continued)

TABLE 1 | Continued

Replicon

genotype

Amino acid

and position

Amino acid

substitution(s)

(> 2-fold resistance)

Direct-acting antiviral

V DCV/LDV/OMV/PBT/

OMV/VEL/ELB

P32 L DCV/LDV/VEL

S DCV/LDV/VEL

S38 F LDV

H58 D DCV/LDV/OMV/PBT/

OMV/VEL/ELB

A92 T LDV

Y93 C DCV/LDV/OMV/PBT/

OMV/VEL/ELB

F LDV/VEL

H DCV/LDV/OMV/PBT/

OMV/VEL/ELB

N DCV/LDV/OMV/PBT/

OMV/VEL/ELB

R DCV/VEL

S LDV/VEL/OMV

W VEL

1b L28 M ELB

T DCV/OMV

I OMV

R30 H DCV

L31 F DCV/LDV/OMV/ELB

M DCVLDV/OMV/VEL

V DCV/LDV/OMV/PBT/

OMV/VEL/ELB

P32 L DCV/LDV/VEL

S DCV/LDV/VEL

P58 D LDV

S DCV

A92 K LDV

Y93 H DCV/LDV/OMV/PBT/

OMV/VEL/ELB

N DCV/LDV/OMV/PBT

/OMV/VEL/ELB

C VEL/DCV

S VEL

2 F28 S DCV/OMV

L28 F OMV

L31 M DCV/LDV/VEL

V DCV/LDV/OMV/PBT/

OMV/VEL/ELB

C92 R DCV

Y93 H DCV/LDV/OMV/PBT/

OMV/VEL/ELB

3 M28 T DCV/LDV/OMV/PBT/

OMV/VEL/ELB

A30 K DCV/ELB/VEL

T DCV

L31 F DCV/LDV/

OMV/ELB

(Continued)
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TABLE 1 | Continued

Replicon

genotype

Amino acid

and position

Amino acid

substitution(s)

(> 2-fold resistance)

Direct-acting antiviral

M DCV/LDV/OMV/VEL

V DCV/LDV/OMV/PBT/

OMV/VEL/ELB

S62 L DCV

Y93 H DCV/LDV/OMV/PBT/

OMV/VEL/ELB

4 L28 V OMV

L30 H DCV

R VEL

F ELB

S VEL

Y93 C VEL

H DCV/LDV/OMV/PBT/

OMV/VEL/ELB

N DCV/LDV/OMV/PBT/

OMV/VEL/ELB

R DCV/VEL

5 L28 I OMV

L31 F DCV/LDV/OMV

V DCV/LDV/OMV/PBT/

OMV/VEL/ELB

6 L31 M DCV/LDV/

ELB/VEL

V DCV/LDV/OMV/PBT/

OMV/VEL/ELB

P32 L DCV/LDV/V EL

S DCV/LDV/VEL

T58 A DCV/OMV

N DCV/OMV

S DCV/OMV

NS5B

1a S282 T SOF

C316 H DSV

Y DSV

N SOF

F SOF

L320 F SOF

A395 G DSV

M414 T DSV

N444 K DSV

E446 K DSV

Q DSV

Y448 C DSV

H DSV

A553 T DSV

S556 G DSV

N DSV

D559 G DSV

Y561 H DSV

S565 F DSV

(Continued)

TABLE 1 | Continued

Replicon

genotype

Amino acid

and position

Amino acid

substitution(s)

(> 2-fold resistance)

Direct-acting antiviral

1b S282 T SOF

C316 H DSV

Y DSV

N DSV

L320 F SOF

S368 T DSV

N411 S DSV

M414 T DSV

Y448 C DSV

H DSV

P495 A DSV

A553 V DSV

G554 S DSV

S556 G DSV

D559 G DSV

2 S282 T SOF

M289 L SOF

3 S282 T SOF

GZR, grazoprevir; PTV, paritaprevir; GLE, glecaprevir; VOX, voxilaprevir; DCV, daclatasvir;

EBR, elbasvir; LDV, ledipasvir; PBT, pibrentasvir; OMV, ombitasvir; DSV, dasabuvir;

SOF, sofosbuvir.

Liu et al., 2015; Asante-Appiah et al., 2018). HCV GT1 replicons
carrying amino acid substitutions that confer > 2-fold resistance
to various DAAs are listed in the Table 1.

Genotype 2
HCV GT2 infections comprised 8% of the patients with chronic
hepatitis C virus in Europe (Mangia and Mottola, 2012).
Treatment of HCV GT2 infections have historically resulted in
higher SVRs than with HCV GT1 infections, even with lower
doses of RBV and a shorter duration of therapy. SVR rates of 99%
have been observed for HCV GT2 with sofosbuvir/velpatasvir
or glecaprevir/pibrentasvir treatment in patients that previously
failed therapy with pegIFN and RBV or a combined sofosbuvir
and RBV treatment (Feld et al., 2015; Forns et al., 2017).

The efficient replication by the JFH-1 replicon makes it
among the most extensively used replicon systems for identifying
pangenotypic HCV inhibitors. The JFH-1 replicon carrying
NS5A-F28S confers resistance to declatasvir, lidipasvir, and
velpatasvir while L31V confers resistance to ombitasvir and
Y93H to ruzasvir (Asante-Appiah et al., 2018). Several NS3 RASs
confer significant resistance, including R155W to voxilaprevir
and A156T/V to volxilaprevir and glecaprevir (Ng et al., 2017b;
Han et al., 2019). The S282T mutation in the NS5B polymerase
region is the only mutation that is associated with resistance to
sofosbuvir and was identified in a 2b-infected patient that failed
therapy during a clinical trial (Hedskog et al., 2015). HCV GT2
replicons harboring amino acid substitutions that confer> 2-fold
resistance to various DAAs are listed in the Table 1.
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Genotype 3
The GT3 genotype accounts for 20–30% of all of the
HCV infections globally and is the second most prevalent
reported genotype in several East Asian and some European
countries (Gower et al., 2014; Messina et al., 2015). Patients
with GT3 infections have relatively faster rates of fibrosis
progression in addition to higher incidence of steatosis
and HCC when compared with individuals infected with
other HCV GTs (Chan et al., 2017). Dual DAA regimens
including sofosbuvir/velpatasvir and glecaprevir/pibrentasvir
show effective SVR rates ranging from 94 to 100% and have thus
become mainstays for treatment-naïve patients (Jacobson et al.,
2017; Kwo et al., 2017; Zeuzem et al., 2018). The most commonly
observed baseline NS5ARASs that confer high levels of resistance
in GT3 infected patients are Y93H, A30K, and L31I/F (Lawitz
et al., 2016; Wyles and Luetkemeyer, 2017). The RAS A30K is
found in 87% of GT3b infected patients at baseline, while paired
RAS A30K + L31M in 100% of patients infected with GT3b and
GT3g (Bagaglio et al., 2019; Smith et al., 2019).

The GT3 bicistronic subgenomic replicon was constructed
from the consensus sequence of the isolate S310 (SGR-S310)
that yielded G418-resistant colonies. The inclusion of NS3
T235I, NS5A-T210A, and NS5B-R465K increased the replication
potential of the parental replicon, rendering the replicon
amenable for screening and evaluation of DAAs (Saeed et al.,
2013). An intergenotypic GT3 replicon cloned in the Con1
genetic background that carried the RAS NS5A-Y93H mutation
conferring resistance to different NS5A inhibitors, including
daclatasvir, ombitasvir, and elbasvir, also conferred significant
loss in susceptibility to the recently discovered pibrentasvir
and ruzasvir (Ng et al., 2017a; Asante-Appiah et al., 2018). In
addition, a stably replicating GT3a replicon (PR87A7) harboring
NS3-168Q, which is a highly conserved amino acid among GT3a
isolates, was found to impart resistance to several anti-NS3 DAAs
(Guo et al., 2019). Recently, it is reported that RAS NS5b-A150V
was shown associated with a reduced response to treatment with
sofosbuvir and RBV, with or without pegIFN. Inclusion of A150V
in NS5B of GT3a (S52) subgenomic replicon conferred resistance
against sofosbuvir (Saeed et al., 2012; Wing et al., 2019). HCV
GT3 replicons harboring amino acid substitutions that confer >

2-fold resistance to various DAAs are listed in the Table 1.

Genotype 4
GT4 is responsible formore than 80% of all of the HCV infections
in Africa and the Middle East, and GT4 infections account for
nearly 20% of global infections (Nguyen and Keeffe, 2005;
Kamal, 2011). Approved dual DAA regimens for GT4 treatment
include glecaprevir/pibrentasvir, sofosbuvir/velpatasvir,
elbasvir/grazoprevir, and ledipasvir/sofosbuvir (Curry et al.,
2015; Feld et al., 2015). The recommended triple regimens
comprise ombitasvir-paritaprevir-ritonavir and sofosbuvir-
velpatasvir-voxilaprevir (Bourlière et al., 2017). Current HCV
GT4 treatments exhibit SVR rates above 95% (Feld et al., 2015;
Bourlière et al., 2017).

The GT4a replicon ED43 was constructed from the cDNA
consensus sequence to facilitate the development of antivirals
with pangenotypic activity (Gottwein et al., 2010). Although

the wild-type bicistronic replicon (fused RLuc-Neo) failed to
replicate, stable cell lines were established by the inclusion of
the adaptive mutations NS5A Q34R and NS3 T343R in addition
to NS5A-S232I, which was previously shown to enhance GT1b
(Con1) replication (Peng et al., 2013). Incorporation of the
mutation R465G (NS5B), which was also identified in Con1,
combined with NS5A S232I yielded few G418 resistant colonies
(Saeed et al., 2012). In the ED43 genetic background (carries
adaptive mutations NS3 G162R) inclusion of the NS5A RASs
L28V or L30H do not confer significant resistance against
pibrentasvir, nor do Y93H or L30H against ruzasvir (Ng et al.,
2017a; Asante-Appiah et al., 2018). However, incorporation
of NS3-R156T/V and D168H/V in the stable chimeric GT4a
replicon in a Con1 genetic background conferred resistance
to glecaprevir, while NS5A L28V conferred resistance to
ombitasvir (Krishnan et al., 2015a; Ng et al., 2017b). HCV GT4
replicons harboring amino acid substitutions that confer> 2-fold
resistance to various DAAs are listed in the Table 1.

Genotypes 5 and 6
Chronic hepatitis C due to GT5 or GT6 infections has low
global prevalence. However, GT5 is widespread in Southern
Africa, wherein up to 40% of individuals with chronic HCV
have GT5 infections (Al Naamani et al., 2013). In contrast, GT6
is mainly concentrated in Southeast Asia, including in China,
Vietnam, Thailand, and Myanmar, with a prevalence of ∼30–
40% (Luo et al., 2019). Due to limited numbers of patients with
reported GT5 and GT6 infections, data for treatment efficacy
are limited to small cohorts. FDA-recommended treatments for
patients infected with HCV GT5 and GT6 include sofosbuvir
combined with an NS5A inhibitor like velpatasvir or ledipasvir.
Such treatments have achieved 95–100% SVR rates among
treatment-naive patients with or without cirrhosis (Feld et al.,
2015; Jacobson et al., 2017; Nguyen et al., 2019).

GT5a strain SA13 was isolated from the plasma of a
chimpanzee infected with a South African patient sample (Bukh
et al., 2010) and was used to develop an efficient GT5a replicon
and intergenotypic replicons. Inclusion of the NS5A S232G
adaptive mutation in the SA13 background has facilitated the
generation of a stable replicon, but E176K, E196C, D405N/Y, and
E533K have not (Camus et al., 2018). A replicon consisting of
the NS5A coding sequence in the GT2a (JFH-1) background was
recently synthesized to evaluate the antiviral activity of ruzasvir,
which is a pangenotype NS5A inhibitor (Asante-Appiah et al.,
2018). The RASs L18F, L31F, and L31S have frequently emerged
as resistance-conferring mutations to ruzasvir (Asante-Appiah
et al., 2018). Inclusion of the adaptive mutation NS5A S232I
that was originally found in the GT1b Con1 replicon within the
GT5a replicon [SA1/SG-neo(I)] moderately increases replicon
replication compared to its wild-type counterpart. However,
inclusion of NS3 E176K and K379S adaptive mutations in
addition to the NS5A S393P mutation further enhanced replicon
replication and facilitated screening of antivirals (Wose Kinge
et al., 2014).

Gilead Sciences has generated GT6a subgenomic replicons
containing the NS5A S232I adaptive mutation. Further,
additional adaptive mutations including the NS3 mutations
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E30V and K272R and the NS4A mutation K34R enhances
GT6a replicon replication. Inclusion of these new adaptive
mutations allowed the establishment of an efficient replicon that
was engineered with RLuc-Neo fusion to achieve reproducible
quantification of HCV replication (Yu et al., 2014). Further,
inclusion of the adaptive mutations NS3 K272R plus NS5A
P237L enhanced the replication capacity of a GT6a replicon
(GS16a-1) (Camus et al., 2018). In addition, a chimeric replicon
consisting of the complete NS5A sequence GT6 in the GT2a
(JFH-1) background was generated to evaluate the antiviral
activity of ruzasvir (Asante-Appiah et al., 2018). The GT5a and
GT6a replicons harboring the NS3 amino acid substitutions
D168H/G/V and D168E/V/Y were associated with reduced
susceptibility to glecaprevir and voxilaprevir, respectively
(Ng et al., 2017b; Han et al., 2019). The RAS NS3-D168E
was found in 48.6% of GT5 natural HCV sequences and
2.7% of those of GT6 (Patiño-Galindo et al., 2016). HCV
GT5 and GT6 replicons carrying amino acid substitutions
that confer > 2-fold resistance to various DAAs are listed in
the Table 1.

CONCLUSION

After the molecular cloning of HCV genome, establishing
functional Con1 replicon constitutes one of the most significant

steps in fundamental research on this pathogen of public health
concern. Further improvements are accomplished by the advent

of HCV replicons for most of the genotypes. HCV replicon
systems are already proving valuable research tools for the
discovery of effective pangenotypic DAAs, and to evaluate RAS(s)
identified in both preclinical and clinical studies. It is not much
of an exaggeration to say that HCV replicon systems have
been and will continue to be the primary workhorses of the
DAA discovery process and may provide a foundation for the
elimination of HCV.
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Role of Microbiota in Pathogenesis
and Management of Viral Hepatitis
Rashi Sehgal, Onkar Bedi and Nirupma Trehanpati*

Department of Molecular and Cellular Medicine, Institute of Liver and Biliary Sciences, New Delhi, India

Hepatitis is a condition that can be self-limiting or can progress to fibrosis (scarring),

cirrhosis, or liver cancer. These days, gut microbiota becomes an important part of our

immune system, which is important for disease progression or recovery. Translocation

of gut microbial and metabolic products causes intestinal inflammation by modulating

immune cells leading to impairment of the primary barrier. But there are limited studies

discussing pathogenesis andmanagement of hepatitis with gut microbiota. In this review,

we have discussed the role of gut microbiota in pathogenesis andmanagement of various

hepatitis, especially hepatitis B and C. We have discussed the role of bacterial products,

LPS-TLR4 pathway, and unmethylated CpG DNA, which ultimately affects downstream

NF-kB signaling in hepatitis. Finally, we have discussed the role of fecal microbiota

transplantation in the management of hepatitis.

Keywords: hepatitis, fecal microbiota transplantation, gut microbiota, lipopolysaccharides (LPS), probiotic,

bacteria

INTRODUCTION

Hepatitis is generally known as an inflammation of the liver that can be caused by hepatic
and non-hepatic viruses, can be caused by alcohol, can be drug induced, and can be caused by
autoimmunity. Gut microbiota composition is known to be associated with disease pathogenesis.
However, dynamic alteration of the gut microbiota in disease pathogenesis is not well-understood.

Microbiota involves communities of commensal, symbiotic, as well as pathogenic
microorganisms found in organisms, i.e., plants and animals. Microbiota of a healthy individual
shows more of commensalism or symbiosis without causing any disease. These microbes mainly
colonize humans during birth or shortly thereafter and remain throughout the course of life. These
can be found in many areas like skin, respiratory tract, urinary tract, and digestive tract, while
brain, lungs, and the circulatory system are free of microbes. Approximately 1014 microbes are
present in a healthy individual gut (Minemura and Shimizu, 2015). Therefore, gut microbiota has
an important role to modulate the immune system in disease progression or recovery.

Translocation of microbes or their metabolic products cause intestinal inflammation leading
to impairment of the primary barrier (Hill et al., 2010). There is limited available information
regarding the role of gut microbiota in hepatitis, which makes it important to majorly focus on
clinical data of gut microbiota linked with hepatitis B and C virus.

GUT MICROBIOTA

Gut or gastrointestinal tract starts from the mouth and ends at the back passage (anus). Gut helps
in the digestion of food by absorbing energy and nutrients. Majority of gut microbiota (80 to 85%)
contains good bacteria, and only 15 to 20% are harmful bacteria in different parts of the intestine

99
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(Bajaj et al., 2014). In mouth and upper respiratory tract, normal
flora is more of the commensal bacteria like Streptococcus,
Moraxella, Neisseria, and Haemophilus. Very few species of
bacteria are present in the stomach and small intestine, while
the large intestine and colon contain dense population of
microbes, i.e., up to 1012 cells/g. Along with bacteria, many other
microorganisms like fungi, protists, archaea, and viruses also
symbiotically harbor in the gut.

There are four dominant phyla of bacteria present in the
gut, and they are Firmicutes, Bacteroidetes, Actinobacteria,
and Proteobacteria (Khanna and Tosh, 2014). Most important
genera in which bacteria belong are Bacteroides, Clostridium,
Faecalibacterium, Eubacterium, Ruminococcus, Peptococcus,
Peptostreptococcus, and Bifidobacterium (Fernández et al., 2018).
Some of the fungal species that also coexist in the gut are
Candida, Saccharomyces, Aspergillus, Penicillium, Rhodotorula,
Trametes, Pleospora, Sclerotinia, Bullera, and Galactomyces,
among others (Raimondi et al., 2019).

Functions of Gut Microbiota
Gut microbiota plays an important but diverse role such as
barrier effect, vitamin synthesis, and fermentation. Resident
bacteria of the gut acts as a barrier and protect the intestinal
mucosa from invasion of the other potential pathogens (Hooper
et al., 1999). Many factors including diet, age, medication,
illness, stress, and lifestyle influence the gut microbiota, which
have a great impact on disease pathogenesis. In fact, many
bacteria, i.e., Bacteroides, Eubacterium, Propionibacterium, and
Fusobacterium, are instrumental in the synthesis of vitamins K
and B (i.e., folate, B12, and biotin) (Canny and McCormick,
2008). They are also involved in the fermentation of non-
digestible carbohydrates for the production of short-chain fatty
acids (SCFAs), which are helpful in maintaining metabolic
homeostasis. In addition to the production of SCFA, glycolysis
and pentose phosphate pathway also produce butyrate, which
promotes the growth of Lactobacilli and Bifidobacteria bacteria
in the colon (Venegas et al., 2019). Various studies supported the
fact that nutrients derived from microbiota play a pivotal role
in the normal functioning of the hepatic system (Li et al., 2012;
Zheng et al., 2013; Moratalla et al., 2014; Jiminez et al., 2016;
Cremer et al., 2017; Wang et al., 2017a).

Gut Microbiota in Liver Diseases
Commensal bacteria play a decisive role in maintaining immune
homeostasis (Figure 1) and also guard immune reactions at
mucosal surfaces (Ichinohe et al., 2011). Intestinal microflora is
a dynamic and complex ecosystem, which helps in proliferation,
growth, and differentiation of epithelial cells to fight infections
and improve immunity. Despite its crucial role in the synthesis
of vitamin K, folate, SCFA, and peroxides, gut microbiota
acts as a chief environmental as well as etiological factor
for the progression of many liver diseases (O’Hara and
Shanahan, 2007). Particularly, gut microbiota has a larger
influence on alcoholic liver disease, non-alcoholic fatty liver
disease, viral hepatitis (hepatitis B and C), autoimmune
hepatitis (AIH), primary sclerosing cholangitis (PSC), and
primary biliary cholangitis (PBC) (Mohamadkhani, 2018).

Lactobacillus, Bifidobacterium, Saccharomyces boulardii, and
Lactobacillus plantarum play a bigger role in the management
of various metabolic disorders and hepatitis (Mohamadkhani,
2018).

Several pathogens, including viruses and intestinal
microorganisms, use mucous membranes as a doorway
(Karst, 2016). Hepatic viruses breach the intestinal permeability
leading to gut dysbiosis and release pro-inflammatory cytokines
instrumental in developing liver cirrhosis and HCC. It is also
observed that the use of probiotics reduces the tolerogenic
response and enhances the mucosal defense against viral
pathogens (Rigo-Adrover M del et al., 2018). Lactobacillus
alone can influence the production of interferon by modulating
the antiviral effects of vitamin A (Lee and Ko, 2016). The
mixture of various probiotics and Bifidobacterium with galacto-
oligosaccharides and fructo-oligosaccharides has a defensive
effect against Rotavirus infection by aggregating the production
of TNF-α, IL-4, IFN-γ, and TLR2 expression (Rigo-Adrover M
del et al., 2018). In most of the liver disease, especially cirrhosis,
dysbiosis of the gut increases Proteobacteria, Enterobacteriaceae,
and Veillonellaceae, while it decreases Bacteroidetes and
Lachnospiraceae (Sanduzzi Zamparelli et al., 2017). Recently,
the cirrhosis dysbiosis ratio (CDR) is coined for defining
the changes in gut microbiome in cirrhosis patients with
beneficial Lachnospiraceae and Ruminococcaceae and harmful
Enterobacteriaceae bacteria (Bajaj et al., 2014). Other groups
have also associated patients with severe cirrhosis and hepatic
encephalopathy with overgrowth of Enterobacteriaceae bacteria
(Chen et al., 2011).

ROLE OF GUT MICROBIOTA IN HEPATIC
VIRAL INFECTIONS

Acute viral hepatitis due to hepatitis A and E viral infections
is a major community health problem especially in developing
countries. Hepatitis A and E cause acute infection which
could be short-lived and self-clearing unless the subjects are
immunocompromised or in transplant settings. Acute hepatitis
E infection also becomes detrimental and life-threatening during
pregnancy, affecting both the mother and the child.

Both hepatitis A and E are RNA viruses that transmit
through oral fecal routes (Lemon et al., 2018) and may have
devastating effects on intestinal microflora. It was observed
that administration of the healthy probiotic bacterium like
Enterococcus faecium NCIMB 10415 affects the reduction as well
as the removal of enteric HEV viruses in pigs (Kreuzer et al.,
2012). However, there is lack of relevant data in humans.

As per the World Health Organization (WHO), hepatitis
B virus (HBV) infection caused 887,000 deaths in 2015 and
4.5 million (16.7%) diagnosed with chronic infection in 2016.
Similarly, hepatitis C virus (HCV) caused 399,000 deaths with an
estimated 71 million diagnosed with chronic infection in 2016.
Both these viruses cause chronic infections at 10% in HBV and
more than 30% in HCV leading to cirrhosis and hepatocellular
carcinoma. Hepatic viruses have evolved mechanisms to avoid
their detection from the host innate and adaptive immunity
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FIGURE 1 | Protective role of fecal microbiota transplantation and use of probiotics in immune restoration.

and characterized as viral escape (Visvanathan et al., 2007).
It is observed that chronic hepatitis patients have larger
translocation of the intestinal microbiota (Lu et al., 2011; Li et al.,
2018).

Bacterial translocation cause intestinal inflammation via
dysregulation of immune cell, overgrowth of pathogenic bacteria,
as well as dysfunction of the primary barrier (Hill et al., 2010).
Xu et al. (2015) also supported the fact that intestinal flora
loses homeostasis during dysbiosis, which in fact helps the
advancement of hepatitis viral infection (Xu et al., 2015).

Therefore, it is now understood that during chronicity,
commensal microbiota have greater impact not only on viral host
cell interaction but also on viral replication.

In viral hepatitis, few harmful bacteria like Escherichia coli,
Enterobacteriaceae, Enterococcus faecalis, and Faecalibacterium
prausnitzii directly alter the profile of good intestinal microbiota
with a lower number of intestinal lactic acid species such
as Lactobacillus, Pediococcus, Weissella, and Leuconostoc (Bajaj
et al., 2014; Chen et al., 2016). Some of the bacterial species, i.e.,
Neisseria, E. coli, Enterobacteriaceae, E. faecalis, F. prausnitzii,
and Gemella, are also found responsible for the progression of
hepatitis B and C virus–related cirrhosis and primary biliary
cirrhosis (Chen et al., 2016; Mohamadkhani, 2018). Candida
is also frequently found in patients with hepatitis B–related
cirrhosis (Cui et al., 2013).

Role of Gut Microbiota in Hepatitis B Viral
Infection
Dysbiosis of gut microbiota in chronic hepatitis B infection
affects disease pathogenesis and causes liver failure in a
large proportion. LPS (lipopolysaccharides) from the outer
membrane of gram-negative bacteria help in the activation
of innate immune response by recognizing TLRs, especially
TLR2 and 4. HBV infection leads to progressive decline
in butyrate-producing bacteria. However, LPS-producing
genera is enriched in HBV infection. In HBV infection, a
beneficial bacterium, Lachnospiraceae, plays a role in the
management of HBV infection via reduction in LPS section
and bacterial translocation (Chen et al., 2011; Ren et al.,
2019). Studies have shown the role of Faecalibacterium,
Pseudobutyrivibrio, Lachnoclostridium, Ruminoclostridium,
Prevotella, Alloprevotella, and Phascolarctobacterium in potential
anti-inflammatory SCFA activity, which increases the abundance
of butyrate compared to normal subjects (Liu et al., 2019).
Lu et al. (2011) have demonstrated that copy numbers of F.
prausnitzii, E. faecalis, Enterobacteriaceae, Bifidobacteria, and
lactic acid bacteria (Lactobacillus, Pediococcus, Leuconostoc,
and Weissella) have marked variation in the intestine of HBV
cirrhotic patients. During HBV infection, dysbiosis in the
oral microbiota was observed, and yellow tongue coating is
suggestive of a reduction in Bacteroidetes but an increase
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in Proteobacteria. Zhao et al. (2018) also suggested positive
correlation of Neisseriaceae with the serum HBV-DNA.

Cirrhotic patients with HBV infection showed a significant
decrease in the Bifidobacteriaceae/Enterobacteriaceae (B/E) ratio
(Lu et al., 2011), while Yun et al. observed no difference in the
B/E ratio in HBsAg+ with normal or high ALT and in non-
cirrhotic HBV carriers (Yun et al., 2019). It means the B/E ratio
is disturbed only in cirrhosis. However, other study observed
that the Megasphaera genus from the Firmicutes phylum was
abundant in the HBsAg+ high ALT group than the normal ALT.
In patients with normal ALT, butyrate-producing bacteria like
Anaerostipes are more in feces compared to HBsAg-ve (Yun
et al., 2019). It is interesting to note that both Megasphaera
and Anaerostipes produce SCFA as a by-product of lactate
fermentation and butyrate. However, butyrate is known as
anticarcinogenic and anti-inflammatory, and plays a role in
oxidative stress (Hamer et al., 2008). Another study suggests that
chronic hepatitis B infected cirrhotic patients exhibit a decrease
in Bifidobacteria and Lactobacillus levels, while significantly
increasing Enterococcus and Enterobacteriaceae levels compared
to healthy individuals.

Bacterial translocation is also observed in the development
of hepatocellular carcinoma (HCC). Recently, Wang et al. have
defined the serum zonulin as an intestinal permeability marker
and showed its association with AFP levels in HBV-associated
liver cirrhosis and HCC. They are helpful in correlating it with
advanced stages of the diseases (Fasano, 2012).

The use of probiotic in HBV-infected patients showed benefit
and suggested that probiotic VSL#3 plays an important role in the
management of HBV viral infection (Dhiman et al., 2014).

Role of Gut Microbiota in Hepatitis C Viral
Infection
Chronic hepatitis C infection is another leading cause of
cirrhosis, HCC, and in some cases, liver failure and death.
In majority, Enterobacteriaceae and Bacterioidetes increased in
chronic HCV patients, but Firmicutes found to be decreased.
HCV infection cause marked elevation in LPS, which is
suggestive of microbial translocation and inflammation during
disease progression (Dolganiuc et al., 2007; Inoue et al., 2018).
On the other hand, it was observed that antiviral treatment of
HCV with ribavirin (RBV) and immune modulator pegylated
interferon (PEG-IFN) has no direct impact on gut dysbiosis.
In fact, it increases the production of bile acids, which is
important for gut microbiota (Ponziani et al., 2018). Some
pathogenic bacteria such as Enterobacteriaceae, Staphylococcus,
and Enterococcus decreased the bile acid in HCV-infected
cirrhotic patients, which normalized after a direct-acting antiviral
treatment. Oral direct-acting antivirals (DAAs) were also found
to be helpful in improving gut especially Lachnospira and Dorea
genera, and restored TNFα levels (Pérez-Matute et al., 2019,?).

But after DAA treatment, expression of calprotectin, ZO1,
and LPS was found more in HCV patients with cirrhosis. It
was also suggested that during HCV infection, L. acidophilus
and Bifidobacterium spp. can act as a supportive supplement
with antiviral and antibacterial activities (Dore et al., 2014).

Immune response in HCV patients can be stimulated by useful
microbiota via activation of CD3+ cells and CD56+ NK cell
counts, which were explained by Doskali et al. (2011) and further
suggested that good flora increases the cytotoxic effects of NK
cells against viral infected cells inhibiting the replication of HCV.
Use of probiotics in HCV-infected patients with cirrhosis was
significantly beneficial (Preveden et al., 2017).

Another hepatic virus, hepatitis D virus, is a new player
and not much is known about it yet. It was also suggested
that endotoxemia in HCV and HDV patients seems to
be multifactorial, likely depending on impaired phagocytic
functions and reduced T-cell-mediated antibacterial activity
(Kefalakes and Rehermann, 2019).

MICROBIOTA MODULATES MOLECULAR
SIGNALING IN HEPATITIS

LPS is the key component of gram-negative bacteria,
i.e., Enterobacteriaceae. The active receptor for LPS is
CD14/TLR4/MD2 receptor complex on induction, which
secretes many pro-inflammatory cytokines including tumor
necrosis factor-α, IL-1, IL-6, and chemokines through the NF-κB
signaling (Fooladi et al., 2010; Seki and Schnabl, 2012; Bryant
et al., 2015) to cause liver injury. In the intestinal tract, LPS
downregulates the expression of various tight junction proteins
(ZO-1 and closed protein) by increasing the permeability of
the intestinal mucosa and enters the blood flow through the
portal venous system (Park et al., 2010). In liver, Kupffer cells as
specialized macrophages are induced by the LPS-TLR4 pathway
for the release of immunosuppressive mediators, such as IL-10,
which in turn suppress the release of inflammatory mediators
by Kupffer cells (Dixon et al., 2013). In this way, during viral
hepatitis, virus specific immune responses are suppressed and
ultimately inhibit efficient clearing of bacteria as well as viruses.

In addition to LPS, unmethylated CpG DNA, bacterial
DNA/RNA bacterial cell wall also contains teichoic acid,
peptidoglycan, and specialized proteins (flagellin). Bacterial
DNA/RNA is recognized by TLRs as well as all components of
cell-wall-like teichoic acid and peptidoglycan also recognized by
TLR2, while TLR5 got activated by flagellin. dsRNA bacteria
are recognized by TLR3. ssRNA activates receptors of both
TLR7 and TLR8. All these TLRs ultimately stimulate the JAK-
STAT pathway. Hepatitis viruses are also recognized by TLRs in
the liver or in the intestine and activate downstream signaling
pathways (Mencin et al., 2009).

Unmethylated CpG DNAs are found abundantly in the
Lactobacillus family, i.e., L. casei, L. plantarum, L. rhamnosus, and
others like Bifidobacteria, Proteobacteria, and Bacteroidetes in
the intestinal flora of animals. Unmethylated CpGDNA is sensed
by TLR9, expressed on various mononuclear cells, and stimulates
both innate immune response as well as adaptive immune
response (Krieg, 2006; Kauppila et al., 2013). Activation the of
CpG-TLR9 pathway stimulates downstreammolecules ofMyD88
such as IRAK4, TRAF6, and IRAK1, ultimately triggering NF-
κB and MAPK signaling pathways. These downstream pathways
help in the activation of DCs for the secretion of cytokines and

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4 August 2020 | Volume 10 | Article 341102

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


S
e
h
g
a
le
t
a
l.

M
ic
ro
b
io
ta

a
n
d
L
ive

r
D
ise

a
se
s

TABLE 1 | Randomized FMT clinical trials for the treatment of chronic hepatitis B infection.

S.No Study title Study type No. of

subjects

Intervention/

Treatment

Status Phase Primary outcome

measures

Secondary outcome measures ClinicalTrials.gov

Identifier:

1. Randomized Controlled Trial

Comparing the Efficacy and

Safety of FMT in Hepatitis B

Reactivation Leads to Acute

on Chronic Liver Failure.

Location:

Institute of liver and Biliary

Sciences

New Delhi, Delhi, India

Interventional

(Clinical Trial)

64 Drug: Tenofovir

Drug: Fecal Microbiota

Transplantation (FMT)

Completed Completed Transplant free survival.

[Time Frame: 3 months]

Reduction in Hepatitis B Virus DNA

level ≥ 2 log. [Time Frame: 2

weeks]

Improvement in MELD (Model for

End Stage Liver Disease) score.

[Time Frame: 2 weeks]

NCT02689245

2. Study on Effect of Intestinal

Microbiota Transplantation

in Chronic Hepatitis B

Location: Zhongshan

Hospital Affiliated to Xiamen

University

Xiamen, Fujian, China

Interventional

(Clinical Trial)

60 Other: intestinal

microbiota transplant

Drug: Antiviral Agents

Recruiting N.A. Change of serum hepatitis B

virus e antigen(HBeAg) level

[Time Frame: 1, 3, 6

months]

Serum hepatitis B virus e

antigen(HBeAg) levels is

measured in S/CO

Change of serum hepatitis B virus

surface antigen(HBsAg) level [Time

Frame: 1, 3, 6 months] Serum

hepatitis B virus surface

antigen(HBsAg) levels is measured

in IU/mL.

Change of serum anti-hepatitis B

virus e antigen(anti-HBe) [Time

Frame: 1, 3, 6 months] Appearance

of serum anti-hepatitis B virus e

antigen(anti-HBe) suggest the ability

of body to resistant HBV.

Change of serum anti-hepatitis B

virus surface antigen(anti-HBs)

[Time Frame: 1, 3, 6 months]

Appearance of serum anti-hepatitis

B virus surface antigen(anti-HBs)

suggest the ability of body to

resistant HBV.

Changes of gut microbiota [Time

Frame: 1, 3, 6 months] Alpha and

Beta diversity of GI microbiota by

High-throughput sequencing (16S

rRNA) on baseline line and 1, 3, 6

months after treatment

Relief of constipation [Time Frame:

1, 3, 6 months]; Relief of diarrhea

[Time Frame: 1, 3, 6 months]; Relief

of abdominal pain [Time Frame: 1,

3, 6 months] The onset and

duration of constipation will be

assessed by “Evaluation Score

Table of Gastrointestinal

Symptoms.”

NCT03429439
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chemokines (Krieg, 2006; Kauppila et al., 2013). Chronic HBV
patients have reduced Lactobacillus and Bifidobacteria. Both are
rich in unmethylated CpG DNA levels, ultimately affecting the
CpG DNA-TLR9 pathway and immune response on HBV (Lin
and Zhang, 2017).

ROLE OF FECAL MICROBIAL
TRANSPLANTATION (FMT) IN VIRAL
HEPATITIS

FMT mainly involves the insertion of healthy microbiota in the
diseased gut. In brief, fecal matter derived from a healthy family
member of the patient receiving the same diet as the patient is
processed and introduced in the intestinal tract of the patient.
These have minimal side effects and proved helpful in reinstating
healthy gut flora in the patient. FMT administration can be
done using several routes such as oral, nasogastric, nasoduodenal,
nasojejunal, endoscopic, rectal, and colonoscopic or midgut
transendoscopic enteral tubing (Cui et al., 2015; Tang et al.,
2017). For cirrhotic patients with dysbiosis, small bowel route is
most affected, while mostly used route is oral delivery. In severe
alcoholic hepatitis (SAH), in comparison to steroids, FMT is
associated with decreased disease severity and improved survival.
Earlier, Wang et al. (2017b) have observed that FMT restored the
cognitive function, liver function indexes, and TLR response in
carbon tetrachloride (CCl4)-induced acute hepatitis in rats.

Woodhouse et al. have observed in a PROFIT clinical trial
the benefits of fecal microbiota transplantation in the small
bowel of cirrhotic patients (Woodhouse et al., 2019). Meiglani
et al. (2020) also observed that cirrhotic patients with antibiotic-
resistant Clostridioides difficile infection (CDI) responded well
after FMT treatment. In fact, fecal microbiota of alcohol-
resistant mice when given to alcohol-sensitive mice has reduced
Bacteroidetes and increased Actinobacteria as well as Firmicutes
and protected steatosis development (Ferrere et al., 2017).
Limited studies are published yet on FMT administration in
alcohol-related liver disease. However, all these studies showed
immense benefit of FMT. Bajaj et al. (2017) observed the recovery
of cognitive function and hepatic encephalopathy in patients
under clinical trial after administration of FMT. Studies recently
published from our center have found better efficiency of FMT

in severe alcoholic patients than standard medical treatment
(Sarin et al., 2019). There are only a couple of randomized
FMT clinical trials for chronic hepatitis B infected patients
(Table 1).

Recently, groups have addressed how FMT is modulating
immunity in gut and liver. Mucosa-associated invariant T
(MAIT) cells are found abundant in liver (20% to 50% of
intrahepatic T cells), gut, peripheral blood, as well as lungs. Gao
et al. have observed that functional MAIT cells were altered in
SAH resulting in more bacterial infection in patients. Alteration
in circulating MAIT cells is observed with defective antibacterial
cytokine/cytotoxic response against the infection (Gao et al.,
2018). They believe that FMT administration has a profound
effect on the expression of MAIT cells in alcohol-related diseases.

SUMMARY AND CONCLUSION

Gut microbiota has an important role in viral, alcoholic,
and metabolic liver diseases. Gut microbiota plays a crucial
role in modulating the toll-like receptors, NF-κB signaling,
janus kinase/signal transducer and transcription (JAK/STAT)
pathway, and CD4+T cell activation. Numerous useful
microbiotas like Ruminoclostridium, Faecalibacterium,
Lachnoclostridium, Prevotella, Alloprevotella, Pseudobutyrivibrio,
and Phascolarctobacterium play an important role in potentiating
anti-inflammatory short chain fatty acid (SCFA) activity and
increased the butyrate abundance, which play a crucial role in
the management of various hepatitis-related viral infections.
Fecal microbiota transplantation became an attractive and
safest mode of treatment for the management of various liver
diseases especially in severe alcoholic hepatitis. Despite recent
publications, there are still gaps in understanding the role of
microbiota in viral hepatitis especially in acute HAV and HEV
viral infections. Therefore, there is a need to explore more in
these infections.
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