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Abstract: Background: Hepatitis C virus (HCV) constitutes a global health problem, while hepatitis
E virus (HEV) is the major cause of acute viral hepatitis globally. HCV/HEV co-infections have
been poorly characterized, as they are hampered by the lack of robust HEV cell culture systems.
This study developed experimental models to study HCV/HEV co-infections and investigate viral
interference in cells and humanized mice. Methods: We used state-of-the art human hepatocytes
tissue culture models to assess HEV and HCV replication in co- or super-transfection settings.
Findings were confirmed by co- and super-infection experiments in human hepatocytes and in vivo
in human liver chimeric mice. Results: HEV was inhibited by concurrent HCV replication in human
hepatocytes. This exclusion phenotype was linked to the protease activity of HCV. These findings
were corroborated by the fact that in HEV on HCV super-infected mice, HEV viral loads were reduced
in individual mice. Similarly, HCV on HEV super-infected mice showed reduced HCV viral loads.
Conclusion: Direct interference of both viruses with HCV NS3/4A as the determinant was observed.
In vivo, we detected reduced replication of both viruses after super-infection in individual mice.
These findings provide new insights into the pathogenesis of HCV-HEV co-infections and should
contribute to its clinical management in the future.

Keywords: Hepatitis C virus (HCV); Hepatitis E virus (HEV); co-infection; human hepatocytes;
sofosbuvir; HCV protease; human liver chimeric mice

1. Introduction

Hepatitis E virus (HEV) is a member of the Orthohepevirus genus within the family of
Hepeviridae. The positive-sense RNA virus is an understudied pathogen, which accounts for
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approximately 20 million annual infections [1] and thus constitutes a major global health
burden [2]. Virus strains harmful to humans mainly belong to the species Orthohepevirus-A,
genotypes 1–4. HEV-1 and 2 are transmitted via the fecal–oral route, are endemic in
countries with poor sanitation standards and mainly lead to sporadic outbreaks and acute
hepatitis. In contrast, HEV-3 and 4 are mostly zoonotic and spread by close contact to
infected animals or consumption of their undercooked meat. While often self-limiting,
infection can evolve into chronicity in immunocompromised patients, of which solid-organ
transplant (SOT) recipients are the most studied population [3]. Besides tapering the
immunosuppression, the therapy of chronic HEV is limited to off-label use of ribavirin
and, in rare cases, peg-interferon [4]. It has been demonstrated that ribavirin therapy fails
to achieve a sustained virological response (SVR) in about 20% of patients [5,6]. To date,
there is no specific antiviral therapy against HEV available, which in part is due to the past
inability to efficiently propagate HEV in tissue culture [7–10].

Hepatitis C virus (HCV) is a positive-sense RNA virus belonging to the Hepacivirus
genus in the Flaviviridae family. HCV is distributed worldwide with geographic differences
in genotype prevalence [11]. Despite the appearance of direct acting antivirals (DAA)
with efficacies >90%, HCV continues to be a serious health threat, affecting an estimated
184 million patients worldwide [12]. Its primary transmission route is percutaneous expo-
sure to blood, such as iatrogenic infections or the use of contaminated devices for drug
injection [13]. Persistent HCV infection is associated with chronic inflammation [14], which
over time leads to hepatic injuries ranging from minimal necro-inflammatory changes
up to fibrosis and cirrhosis that may result in liver decompensation [15]. Major issues
preventing its eradication are HCV being underdiagnosed and, for low-income countries,
poor treatment affordability [12]. Even in high-income countries, efforts in eradication are
not on track everywhere, with 80% of high-income countries being expected to fail HCV
elimination targets for 2030 [16]. Therefore, HCV will likely remain a public health burden.

Given the population-based abundance of HEV and HCV, co-infections of these two
viruses would be expected to occur frequently in selected patients. HCV and HEV are both
underdiagnosed pathogens. The percentage of diagnosed HCV cases has been estimated
at 36.4% for the EU [17] and 12.2% for the US [18], respectively. On the other hand, the
number of reported HEV cases is low, despite studies suggesting high pervasiveness. A
meta-analysis found HEV seroprevalence to range from 7.5% to 31.9% in different EU
countries [19], while screening of blood donors suggests that 1 in 3000 people have an
active HEV infection [20]. These data imply that there might be many overlooked infections
and possibly co-infections with unknown influence of clinical course. However, only three
case reports have described active HCV/HEV co-infections so far [21–23], highlighting
that they are not well documented. Two patients had recurrent HCV infections after
liver transplantation with HEV infection of unknown origin. One received sofosbuvir,
daclatasvir and ribavirin and cleared both viruses [21], while the other patient was treated
with sofosbuvir and daclatasvir for 12 weeks and achieved an SVR for HCV, but not for
HEV [22]. The third patient had a triple infection of HCV, HEV and hepatitis B Virus
(HBV) and achieved an SVR by a 12-week regimen of tenofovir, daclatasvir, sofosbuvir and
ribavirin [23]. The aim of this study was to gain a deeper insight into the phenomenon
of HCV/HEV co-infection. So far, viral interferences or interactions between these two
hepatitis viruses have not been investigated due to the lack of appropriate experimental
model systems. This limitation has recently been overcome by the establishment of an
efficient and robust HEV cell culture system [8], allowing for the first time to characterize
HCV and HEV co-infections employing a variety of experimental model systems.

2. Materials and Methods
2.1. Plasmids

pFK_i389Lucubineo_NS3-3′_dg_JFH-1 [24], pFKi389Neo-NS3 3′_dg_JFH 1 _NS5Aaa23
59_RFP [25], pFK-Jc1 [26], pWPI_FLAG-JFH-1-NS34A and pWPI_FLAG-JFH-1-NS34A-
S139A [27] were previously described. The subgenomic Kernow-C1 p6 Gaussia luciferase
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(GLuc) [28] and GFP replicon [8], the subgenomic Sar55 S17 GLuc replicon [29], the subge-
nomic HEV83-2-27 GLuc replicon [30] (kind gift of the laboratory of Takaji Wakita) were all
previously described. The Kernow-C1 p6 GFP-Neo plasmid was cloned from a Kernow C1
p6 GLuc-Neo template (kindly provided by Viet Loan Dao Thi) by replacing the GLuc gene
with a GFP.

2.2. Compounds and Reagents

Ribavirin was received from Sigma Aldrich (St. Louis, MO, USA). Sofosbuvir and
telaprevir were purchased from MedChemExpress (Monmouth Junction, NJ, USA). 2 C′

methyladenosine (2′-CMA) was a gift from Timothy Tellinghuisen (The Scripps, Jupiter, FL,
USA). All compounds were diluted in DMSO and stored at −80 ◦C.

2.3. Cell Culture

The human liver cell lines Huh7.5 and Huh7-Lunet were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen, Karlsruhe, Germany) supplemented with
10% fetal calf serum (FCS, GE Healthcare, Chicago, IL, USA), 100 µg/mL of streptomycin
and 100 IU/mL of penicillin (Invitrogen), 2 mM L-glutamine and 1% nonessential amino
acids (Invitrogen) (DMEM complete). Huh7-Lunet cells stably expressing pFKi389Neo-NS3
3′_dg_JFH 1_NS5Aaa2359_RFP (Huh7-Lunet sg/neo) have been previously described [25].
Huh7.5-p6-GFP-Neo cells were produced by transfecting IVTs from Kernow-C1 p6 GFP
Neo into Huh7.5 cells. Huh7.5 cells overexpressing NS3/4A constructs and the RFP-NLS-
IPS sensor were produced by transduction of Huh7.5_RFP NLS-IPS cells with lentiviral
pseudoparticles. All cells were selected and maintained in DMEM supplemented with
750 µg/mL G418 Sulfate (ThermoFisher Scientific, Waltham, MA, USA). Cells were kept at
37 ◦C and 5% CO2.

2.4. In Vitro Transcription and Electroporation

All HCV containing plasmids as well as HEV Kernow-C1 p6 were linearized using
MluI (New England Biolabs, Fankfurt a. M., Germany), HEV 83-2-containing plasmids
were linearized with HindIII (New England Biolabs), and Sar55-containing plasmid with
EcoRV (New England Biolabs). HCV-based plasmids were in vitro transcribed as indi-
cated [31]. HEV-based plasmids were transcribed as indicated [8]. For transfection we
used the electroporation technique in accordance to the previous reports [28]. In brief,
5 × 106 Huh7.5 cells in 400 µL cytomix containing 2 mM ATP and 5 mM glutathione were
mixed with a total of 5 µg of RNA. Electroporation was carried out with a Gene Pulser sys-
tem (Bio-Rad, Munich, Germany). Cells were immediately transferred to 12.1 mL of DMEM
complete and the cell suspension was seeded in respective plates depending on the experi-
ment (2 × 104 cells/well seeded in a 96-well plate for luciferase assays, 2 × 105 cells/well
in 12-well plates for flow cytometry analysis and 7 × 104 cells/well in 24 well plates for
immunofluorescence (IF) analysis).

2.5. Luciferase Assay

Compounds were added 4 h post electroporation (h p.e.). For measuring GLuc, 20 µL
of supernatant were collected at indicated timepoints and transferred to a white, flat-
bottom microplate (Greiner Bio-One, Solingen, Germany Ref. 655074). For measuring
Firefly luciferase (FLuc), cells were washed once with PBS and taken up in 20 µL lysis buffer
(containing 0.1% Triton-X100, 25 mmol/L glycylglycine, 15 mmol/L MgSO4, 4 mmol/L
EGTA tetrasodium, and 1 mmol/L dithiothreitol, pH 7.8) and lysed via freeze-thaw and
then transferred to a white, flat-bottom microplate. Supernatants were incubated with
luciferase substrate (1 µmol/L of coelenterazin in PBS, P.J.K Biotech, Kleinblittersdorf,
Germany) and luciferase activity was measured in a luminometer (CentroXS3 LB960,
Berthold technologies, Bad Wildbad, Germany). Cell lysates were incubated with luciferase
substrate (200 µmol/L luciferin, 25 mmol/L glycylglycine, pH 8) and measured with a
luminometer (CentroXS3 LB960, Berthold technologies).
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2.6. Immunofluorescence Staining

Cells were fixed at the end of respective incubation time in 3% PFA solution for at
least 10 min at room temperature before permeabilization with 0.2% Triton X-100 in PBS
and blocking by 5% horse serum (ThermoFisher Scientific, 26050-088) in PBS at room
temperature for at least 1 h. For co-infection and sequential infection experiments, HEV
capsid was stained with rabbit anti-HEV-ORF2 serum (kind gift of Prof. Rainer G. Ulrich,
Friedrich Loeffler Institute, Germany, 1/4000 in PBS supplemented with 5% horse serum),
while for super-infection experiments, HEV was stained with rabbit anti-GFP (Invitrogen,
A11122, 1/1000 in PBS supplemented with 5% horse serum). HCV was stained with
murine anti-HCV-NS5A-9E10 antibody (kind gift of Prof. Charles M. Rice, Rockefeller
University, New York, USA, 1/10,000 in PBS supplemented with 5% horse serum), all
overnight at 4 ◦C. HEV secondary staining was performed with Alexa 488-labeled goat
anti-rabbit IgG (Invitrogen A11008, 1/1000 in PBS supplemented with 5% horse serum),
HCV with Alexa 555-labeled donkey anti-mouse IgG (Invitrogen, A32773, 1/1000 in PBS
supplemented with 5% horse serum). Plates were imaged at an Olympus IX81 microscope
(Olympus) (transfection experiments) or a Keyence BZ X810 (Keyence Deutschland GmbH,
Neu-Isenburg, Germany).

2.7. Quantification of HCV and HEV-Positive Cells in Fluorescence Microscopy Pictures

Mean fluorescence intensities of HCV immunofluorescence were obtained from a
5-pixel wide cytoplasm ring (cytoring) following segmentation of DAPI-stained nuclei
using CellProfiler. HEV immunofluorescence intensities were also obtained from this
cytoring. To distinguish noninfected cells from infected cells, minimum intensity thresholds
were applied. Cells were classified into four categories: positive for both HCV and HEV,
positive for HCV only, positive for HEV only or double negative.2.8. Western Blot.

Cells were detached with trypsin and taken up in DMEM, washed once with PBS
and taken up in SDS sample buffer. After freeze-thaw, samples were digested with 1 µL
benzonase (25–29 Units/µL, Millipore, Burlington, MA, USA; 70664-10KUN) until solution
was easy to pipet. Samples were boiled at 98 ◦C for 5 min. A total of 300,000 cells each
were separated on an SDS PAGE and immobilized on a polyvinylidene fluoride membrane
(GE Healthcare #10600023). Membrane was blocked in PBS with 0.5% Tween20 (PBS-T),
supplemented with 5% skimmed milk powder. NS3 was detected with murine anti NS3
#337 F3A6 (homemade, 1/500) for 3.5 h at room temperature, ß actin with anti-murine
anti ß-actin antibody (Sigma-Aldrich, St. Louis, MO, USA; A2228, 1/1000) for 1 h at room
temperature. Bound primary antibodies were detected by incubation with anti-mouse-IgG-
HRP (Sigma, A4416, 1/20,000) for 1 h at room temperature.

2.8. VSV Infection

The vesicular stomatitis virus was kindly provided by Dr. Gert Zimmer [32]. Cells were
infected with VSV-GFP for 16 h followed by fixation with 3% paraformaldehyde (PFA).

2.9. Flow Cytometry

After respective incubation times, cells were trypsinized, washed and fixed in PBS
supplemented with 1% FCS and 0.5% PFA for 10 min at room temperature. Cells were
analyzed at a BD Acurri C6 Plus FACS (BD Biosciences, Franklin Lakes, NJ, USA).

2.10. Pseudoparticle Production for Production of Transduced Cell Lines

Lentiviral pseudoparticles were produced by transfecting pcz-VSV-G, pCMV-dR8.74
and pWPI with the respective gene of interest into HEK 293T cells with Lipofectamine 2000
(Thermo Fisher, 11668019). Supernatants were harvested after 24 and 48 h, pooled and
filtered through 0.45 µM filters (Sarstedt, Nümbrecht, Germany; Filtropur 0.45, 83.1826)
und used to infect target cells. Target cells were selected and maintained in DMEM com-
plete, containing Geneticin (G418-Sulfate, ThermoFisher Scientific, 11811031, 750 µg/mL
final concentration).
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2.11. HCVcc and HEVcc Production

For infectious cell-culture derived HCV (HCVcc) production, HCV IVTs were electro-
porated into Huh7.5 cells. Supernatant was harvested 48 and 72 h post electroporation,
pooled and centrifuged at 200× g. Virus titer was determined by TCID50 and aliquoted and
frozen at −80 ◦C until usage. For infectious cell culture derived HEV (HEVcc) production,
HEV IVTs were electroporated into HepG2 cells. Cells were trypsinized and resuspended
in fresh DMEM 7 days post electroporation and lysed via three freeze thaw cycles. The
lysate was cleared from cell debris by a 10,000× g centrifugation for 10 min and titrated on
HepG2/C3A cells to determine viral titers. Virus was frozen at −80 ◦C until usage.

2.12. HEV Super-Transfection Experiments

To prepare Huh7-Lunet cells stably expressing NS3 3′_dg_ JFH-1NS5Aaa2359_RFP
for super-transfection experiments, G418 selection was discontinued with simultaneous
introduction of sofosbuvir, ribavirin or DMSO treatment. Cells were cultivated under these
conditions for 3 days before electroporation and subsequently cultivated for 5 days before
subjecting cells to IF or flow cytometry analysis. For DAA treatment of HCV selected
replicons, selection antibiotic was removed, and cells were treated with indicated drugs for
5 days before super-transfection with HEV.

2.13. HEV Infection Experiments

For all infection experiments, 2 × 104 cells/well were seeded in 24-well plates and
allowed to adhere overnight. Infection was performed the next day. Virus inoculum was
removed after 24 h. Cells were either fixed 4 days post infection (d p.i.) or received a
second virus infection for 24 h followed by 4 days incubation and subsequent fixation and
preparation for IF. All infections were carried out with a multiplicity of infection of 1.

2.14. HCV Super-Infection on HEV Expressing Cells

A total of 2 × 104 cells/well were seeded in 24-well plates and allowed to adhere
overnight without G418 selection agent. Infection was performed the next day and inocu-
lum was replaced after 24 h with DMEM. 5 d p.i., cells were fixed with PFA and prepared
for IF.

2.15. Determination of Viral Titers

To determine titers of infectious HCV, tissue culture infectious dose (TCID50/mL)
assay was performed, as described previously [33]. To determine infectious HEV titers,
focus forming units were determined as described [8].

2.16. Production and Infection of Human Liver Chimeric Mice

uPA+/+-SCID mice were transplanted with cryopreserved primary human hepato-
cytes (PHH), as previously described [34]. Successful engraftment was assessed by human
albumin concentration in mouse plasma, determined by ELISA (Bethyl Laboratories, Mont-
gomery, TX, USA). Mice were either intraperitoneally injected with a fecal suspension con-
taining 106 IU HEV-3f or intrasplenically with a plasma sample containing 1.5 × 105 IUHCV
GT 1a. Fecal and blood samples were routinely collected and stored at−80 ◦C until analysis.
The animal study protocol was approved by the Animal Ethics Committee of the Faculty of
Medicine and Health Sciences of Ghent University. HEV and HCV RNA was extracted from
fecal or plasma samples, respectively, using the NucliSENS easyMAG system (Biomérieux,
Craponne, France). HEV RT qPCR was performed as described by Sayed et al. [35]. HCV
RNA was detected using the RealStar® HCV RT PCR kit (Altona, Hamburg, Germany) and
the LightCycler 480 (Roche Diagnostics Deutschland GmbH, Mannheim, Germany).

2.17. Statistical Analysis and Graphics

Statistical analysis was performed using GraphPad Prism v9.12 for Windows (La Jolla,
CA, USA, www.graphpad.com) p values < 0.05 (*), <0.01 (**), <0.001 (***) and <0.0001

www.graphpad.com
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(****) were considered statistically significant. p values >0.05 were considered to be non-
significant (ns). Graphics were prepared using GraphPad Prism v9.12 for Windows (La
Jolla, CA, USA, www.graphpad.com), Adobe Illustrator v26.0.3 (www.adobe.com) and
BioRender (www.biorender.com, accessed on 3 February 2022).

3. Results
3.1. HCV Impairs HEV Replication in Subgenomic Reporter Co-Transfection Assays

To test whether HEV and HCV influence each other’s replication when introduced
into the same cell population, subgenomic replicons harboring either a Gaussia (HEV) or
Firefly (HCV) luciferase reporter were transfected into Huh7.5 cells by electroporation,
either alone or together (Figure 1A). Gaussia luciferase is secreted into the supernatant,
while Firefly luciferase remains intracellular, enabling dual-luciferase measurements to
simultaneously monitor HCV and HEV replication kinetics. Ribavirin (HEV) and 2′-C-
methyladenosine (HCV) were included as inhibitors for the respective viruses. Of note,
2′-C-methyladenosine exhibited also anti-HEV properties, which is in line with findings
from the literature [36]. HEV replication was significantly reduced after 72 and 96 h post
transfection when compared to single transfection (Figure 1B, upper panels), while HCV
replication was not affected (Figure 1B, lower panels). These results indicate that HEV
replication was influenced by co-replicating HCV, but not vice versa.
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Figure 1. Co-replication of HCV and HEV in Huh7.5 cells. (A) Scheme of the subgenomic replicon
constructs used for co-replication studies. (B) Huh7.5 cells were transfected with HEV p6 subgenomic
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HCV) and 25 µM ribavirin (RBV, HEV) were added 4 h post electroporation, as replication controls
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significance was calculated using a one-tailed paired t-test). * = p-value < 0.05; ** = p-value < 0.01.
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Measurements of virus-encoded luciferases only provide information on the scale of
a cell population and thus do not allow us to distinguish whether the inhibition of HEV
replication was due to a lower fraction of HEV-transfected cells and/or lower replication
levels. To address this question, we co-transfected a GFP expressing HEV replicon based
on Kernow-C1 p6 strain (p6-GFP) and an RFP expressing HCV replicon based on JFH-1
(JFH-1-RFP) into Huh7.5 cells (Figure 2A). Microscopy analysis showed only a few HEV
positive cells in the HCV/HEV co-transfected setting, as compared to cells only transfected
with HEV (Figure 2B). Conversely, the number of HCV positive cells was not affected
(Figure 2B). Comparison of the respective GFP and RFP fluorescence intensities on a single
cell level further revealed strongly reduced levels for GFP upon co-transfection with HCV,
as compared to cells only transfected with HEV (Figure 2C), indicative of lowered HEV
replication. Flow cytometry analysis was used to quantify the inhibitory effect. HEV/HCV
double positive cells had approximately 70% reduced GFP levels while the RFP signal was
not changed (Figure 2D and Figure S1). Similarly, the number of GFP positive cells dropped
from 54% to 12%, while the number of RFP positive cells was unaffected (Figure 2E, upper
left panel). The effect of HCV on HEV was dependent on active HCV replication, as
concomitant sofosbuvir treatment reverted the percentage of GFP positive cells back to
levels similar to single HEV transfection (Figure 2E, lower left panel). This was also the case
for the co-treatment of sofosbuvir with ribavirin (Figure 2E, lower right panel). In summary,
these results demonstrate that HEV replication is hindered in HCV-replicating cells, while
HCV replication is not influenced by the presence of HEV subgenomic replicons.

3.2. HCV Treatment Restores HEV Replication Capacity

In a clinical context, it is likely that an active infection with both viruses does not occur
simultaneously, but rather consecutively. Therefore, Huh7 Lunet cells were transfected
with a subgenomic JFH-1 replicon harboring an NS5A-RFP and a neomycin resistance
cassette (Huh7 Lunet sg/neo), allowing super-transfection with luciferase-encoding HEV
of fluorescently labeled HCV-positive cells (Figure 3A). The selected cells were used to test
HCV’s capacity to interfere with different HEV isolates, including Kernow C1 p6, 83-2-27
(HEV-3) and Sar-55 (HEV-1). Replication was reduced for all HEV strains between 70%
(Sar55) and 98% (83-2-27) in Huh7 Lunet sg/neo cells compared to Huh7-Lunet naïve
cells, indicating that the previously observed effects are not co-transfected as well as not
HEV-3 exclusive (Figure 3B–D). Additionally, p6 GFP was super-transfected into Huh7-
Lunet naïve and Huh7-Lunet-sg/neo cells. While establishing replication in 68% of naïve
Huh7-Lunets, HEV did only replicate in 0.5% of cells that had been selected for HCV
(Figure 3E,F and Figure S3), confirming the inhibitory effect of HCV on HEV-replication.
Super-infection of Huh7 Lunet naïve or Huh7 Lunet sg/neo with vesicular stomatitis
virus (VSV) did not result in either reduced HCV or VSV signal (Figure S2), indicating a
specific viral interference with HEV. To test if clearance of HCV would render hepatocytes
susceptible to HEV again, HCV positive cells were either treated with sofosbuvir or DMSO
for 5 days and subsequently super-transfected with HEV and analyzed via flow cytometry
(Figure 3G and Figure S4). DAA pretreatment significantly enhanced the number of HEV
positive cells from 2.5% to 15%, while simultaneously reducing HCV positive cells from
70% to 1.4% (Figure 3H; left panel). To exclude a potential antiviral effect of sofosbuvir on
HEV [37,38], these results were confirmed with telaprevir (Figure S5). These data suggest
that the exclusion phenotype of HEV replication required active HCV replication and could
be reverted by clearance of HCV with DAAs.
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Figure 2. Co-transfection of fluorescently labeled HCV and HEV reporter replicons. (A) Scheme of the
subgenomic replicon constructs and the experimental design used for experiments. (B) Representative
IF pictures of Huh7.5 hepatoma cells transfected with the fluorescence reporters HEV p6 GFP and
HCV subgenomic replicon JFH1-NS5A-RFP. HEV-positive cells in the HCV/HEV condition are
encircled. Cells were imaged 5 days post electroporation (C) Plot of GFP mean fluorescence intensity
(MFI) vs. RFP MFI of individual cells from 2B. Each point stands for a single cell. (D) Co transfected
cells were analyzed by flow cytometry 5 days post electroporation. Single and double positive
cells were compared for their mean fluorescence intensities of HEV (upper panel) or HCV (lower
panel) signal. Cells were incubated with either DMSO or 25 µM ribavirin (RBV), 10 µM sofosbuvir
(SOF) or 25 µM ribavirin and 10 µM sofosbuvir (RBV + SOF). Treatment was started 4 h post
electroporation. Depicted are mean ± SD. (Two-way ANOVA with Dunnet’s multiple comparison
test). (E) Co-transfected cells were analyzed by flow cytometry 5 days post electroporation for the
percentage of cells positive for HEV, HCV or both, as determined by flow cytometry. Cells were
incubated with either DMSO or 25 µM RBV, 10 µM SOF or 25 µM RBV and 10 µM SOF. Treatment was
started 4 h post electroporation. Depicted are mean ± SD. (Two-way ANOVA with Sidak’s multiple
comparison test). *** = p value < 0.001; **** = p value < 0.0001.
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experimental setup for panels (B–F). Huh7 cells were transfected with a selectable HCV subgenomic
replicon expressing RFP, JFH1-NS5A-RFP, and selected and subsequently transfected with either an
HEV luciferase reporter or GFP reporter subgenomic replicon. G418 treatment was discontinued
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upon transfection to rule out unspecific effects on HEV. (B–D) Replication of HEV replicons 72 h post
electroporation was assessed in naïve Huh7-Lunet cells or Huh7-Lunet cells expressing the selectable
HCV subgenomic replicon (Huh7-Lunet/sg-neo). Cells were incubated with DMSO or ribavirin
(RBV). Treatment was started 4 h post electroporation. Depicted are means ± SD from three indepen-
dent experiments. (Two-way ANOVA with Sidak’s multiple comparison test). (E) Representative IF
pictures of Huh7-Lunet naïve (upper panel) or Huh7-Lunet/sg-neo cells (lower panel) transfected
with a HEV p6-GFP subgenomic reporter replicon, imaged 5 days post electroporation. (F) Percentage
of Huh7-Lunet naïve or Huh7-Lunet/sg-neo cells positive for HCV, HEV, both or none, as deter-
mined by flow cytometry 5 days post electroporation. Cells were treated with DMSO or 25 µM RBV.
Depicted are means from three independent replicates. (Two-way ANOVA with Sidak’s multiple
comparison test of positive cell percentages). (G) Schematic representation of experimental setup
for panel (H). Cells were transfected with JFH1-NS5A-RFP, selected as in (B–F) and subsequently
either cured with 10 µM sofosbuvir (DAA treatment) or treated with 0.1% DMSO (mock treatment)
for 72 h prior to transfection of HEV subgenomic replicons. (H) Percentage of Huh7 Lunet naïve
or Huh7-Lunet/sg-neo cells positive for HCV, HEV, both or none was assessed by flow cytometry
5 days post electroporation of HEV. Cells were treated with DMSO, 25 µM RBV or 10 µM sofosbuvir
(SOF). Treatment was started 4 h post electroporation. Depicted are means± SD of three independent
experiments. (Two-way ANOVA with Sidak’s multiple comparison test of positive cell percentages).
** = p value < 0.01, *** = p value < 0.001; **** = p value < 0.0001.

3.3. The HCV Protease NS3/4A Inhibits HEV Replication

To identify a potential determinant for the HCV-mediated restriction of HEV replica-
tion, we next generated Huh7.5 cells constitutively expressing the HCV protease NS3/4A
as a wildtype protein or as catalytically inactive S139A mutant. The expression of the
protein was determined by Western blot (Figure 4A). The functionality of the proteins
was validated by expression of a sensor consisting of a fusion protein of RFP and the
NS3/4A substrate interferon-β promotor stimulator 1 (IPS-1), which are linked via a nu-
clear localization sequence (NLS) [39]. If a functional NS3/4A protein is expressed, IPS-1
is cleaved, exposing the NLS and resulting in the translocation of RFP into the nucleus.
Representative IF pictures and the quantitative determination of the nuclear-localized RFP
signal verified the successful expression of operative wildytpe NS3/4A in Huh7.5 cells, in
contrast to Huh7.5 cells expressing the S139A mutant (Figure 4B,C). Next, we analyzed the
interference of the HCV protease with HEV replication. NS3/4A alone was sufficient to
inhibit the replication of subgenomic luciferase replicons of both 83-2-27 (Figure 4D) as
well as Kernow-C1 p6 (Figure 4E). This inhibitory effect was even more pronounced when
infecting HCV protease expressing cells with infectious cell-culture derived HEV (HEVcc)
(Figure 4F). These data indicate that the HCV protease NS3/4A was sufficient to inhibit
HEV replication and infection.

3.4. HCV Super-Infection of HEV-Replicating Cells

As we recently established improved cell culture conditions to generate HEVcc, we
next investigated viral interference in an authentic HCV/HEV co-infection setup. A co-
infection approach inoculating Huh7.5 cells with HCV and HEV at the same time as
well as a sequential infection was conducted as depicted (Figure 5A). In the co-infection
condition, the percentage of HEV-positive cells was not significantly altered, whereas
the number of HCV-infected cells was reduced from around 40% in single infections to
20% (Figure 5B). In the sequential infection approaches, HEV infectivity was not changed,
infecting approximately 5% of cells (Figure 5C,D). However, HCV-positive cells were
reduced when HCV infected first from around 40% to 25%, but remained unaffected
when HEV infected first (Figure 5C,D). As these experimental model systems might not
fully reflect the potentially long timeframes between consecutive viral infections, we
generated Huh7.5 cells that harbor a neomycin-selectable GFP-labeled p6 replicon to
mimic a chronically HEV-infected stage before HCV super-infection (Figure 5E). IF analysis
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demonstrated that approximately 65% of Huh7.5 cells selected (Huh7.5 p6-GFP-Neo) were
positive for HEV (Figure 5F). The percentage of HCV positive cells was around 40% both in
naïve Huh7.5 cells as well in Huh7.5 p6 GFP-Neo cells, implying that HCV can super-infect
HEV replicating cells and its infectivity was unaffected by HEV (Figure 5F). Treatment with
the NS3/4A targeting DAA paritaprevir reduced the number of HCV positive cells and
had no influence on HEV replication (Figure 5F). These results show that HCV can co-infect
human hepatocytes with HEV and super-infect cells harboring a selectable HEV replicon.
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Figure 4. HEV replication after ectopic HCV protease NS3/4A expression. (A) Western blot
of Huh7.5 cells overexpressing NS3/4A or NS3/4A_S139A. (B) Representative IF pictures of
Huh7.5_RFP-NLS-IPS-NS3/4A cells 3 days post electroporation. (C) Single cells were analyzed
for the subcellular localization of RFP. The ratio of analysis of nuclear (Nuc) divided by cytosolic
(Cyto) signal was calculated based on IF pictures in (B). More than 200 cells were analyzed for each
condition. Depicted are mean ratios of cells from one experiment. (Two-tailed unpaired t-test).
(D,E) Replication levels of different HEV Gaussia luciferase subgenomic reporter replicons in Huh7.5
NS3/4A and NS3/4A_S139A 72 h post electroporation. (Two-way ANOVA with Sidak’s multiple
comparison test on normalized relative luminescence units (RLU)). Cells were incubated with DMSO
or ribavirin (RBV). Treatment was started 4 h post electroporation. Depicted are means ± SD from
three independent experiments. (F) Relative susceptibility of Huh7.5 NS3/4A and NS3/4A_S139A
cells to HEVcc. Cells were treated with DMSO or RBV. 96 h post infection and cells were analyzed
with immunofluorescence against HEV capsid protein ORF2. The number of foci was manually
counted. Depicted are means ± SD from three independent experiments. Treatment was started
together with infection start. (Two-way ANOVA with Sidak’s multiple comparison test on normalized
infection events). * = p value < 0.05, ** = p value < 0.01; **** = p value < 0.0001.
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Figure 5. Co-infection and sequential super-infection with HCVcc and HEVcc. (A) Schematic
representation of experimental setup for panels (B–D): Huh7.5 cells were co-infected with HEVcc
(based on Kernow-C1 p6 strain) and HCVcc (based on Jc1). HEV and HCV inoculum were incubated
on the cells for 24 h, either together (B), or sequentially (C,D). Four days post infection, cells were
analyzed with immunofluorescence against HEV capsid protein ORF2. The number of foci was
manually counted. Depicted are mean percentage ± SD of positive cells from three independent
experiments for HEV, HCV, none or both as determined via image analysis with Cell Profiler. (Two-
way ANOVA with Tukey’s multiple comparison test on normalized infection events). (E) Schematic
representation of experimental setup for panel (F): Huh7.5 hepatoma cells were transfected with a
HEV subgenomic GFP-reporter replicon comprised of all non-structural proteins of HEV Kernow-C1
p6. Cells were selected and maintained analogous to Huh7 Lunet sg/neo cells. (F) Five days after
super-infection with HCV, the cells were analyzed by immunofluorescence. Graphs show mean
percentage of positive cells ± SD of three independent experiments for HEV, HCV, none or both as
determined via image analysis with Cell Profiler. Cells were treated with DMSO or 10 µM paritaprevir.
Treatment was started 4 h post electroporation. (Two-way ANOVA with Tukey’s multiple comparison
test on normalized infection events). * = p value < 0.05.

3.5. HEV or HCV-Positive Human Liver Chimeric Mice Showed Reduced Viral Loads in Individual
Mice after Super-Infection

Human liver chimeric mice have been established as an animal model to study both
HEV [35,40] as well as HCV (reviewed in [41]). We used homozygous urokinase plas-
minogen activator (uPA)-SCID+/+ mice, of which the liver was reconstituted by primary
human hepatocytes (PHH) to analyze HCV/HEV co-infections in vivo. To this end, ani-
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mals were either inoculated intraperitoneally with HEV or intravenously with HCV. After
several weeks, which allowed for the establishment of the infection, the animals were
super-infected with the respective other virus. Viral loads were determined by RT qPCR
from stool (HEV) or plasma (HCV) at regular intervals. Mice only infected with HEV
(Figure 6A, left panel) showed viral loads between 106 and 108 IU/mL after the onset of
infection and stabilized over the time monitored. Viral loads developed similarly in HEV
positive mice super-infected with HCV (Figure 6A, right panel). In contrast, HCV could
not establish productive infection in two out of three HEV infected mice, while in the other
mouse reduced viral loads were observed compared to the HCV mono-infection group
visualized by the semitransparent red line underlined with a grey area (Figure 6A, right
panel). Restriction of HCV infection in HEV-positive mice was also observed when the
HCV super-infection was conducted at an earlier time point (Figure S6).
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Figure 6. HCV or HEV super-infections on HEV- or HCV-infected humanized mice. (A) Human
liver chimeric uPA+/+-SCID mice were injected intraperitoneally with HEV and subsequently in-
jected intravenously with HCV (black dashed line). HEV RNA (green data points) and HCV RNA
(red data points) were periodically measured. Left panel: HEV viral loads of HEV mono-infected
mice. Right panel: HEV viral loads of HEV co-infected animals as well as mean HCV titers of
HCV mono-infected (semitransparent data points) and HCV titers of HCV co-infected mice. Green
dashed line and red dashed line indicate the limit of detection (LOD) of the HEV or HCV RT qPCR,
respectively. (B) Human liver chimeric uPA+/+-SCID mice were injected intravenously with HCV
and subsequently injected intraperitoneally with HEV (black dashed line). HEV RNA (green data
points) and HCV RNA (red data points) were periodically measured. Left panel: HCV viral loads
of HCV mono-infected mice. Right panel: HCV titers of HCV co-infected animals as well as mean
HEV viral loads of HEV mono-infected (semitransparent data points) and HEV viral loads of HEV
co infected mice. Green dashed line and red dashed line indicate the LOD of the HEV or HCV RT
qPCR, respectively.
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For the HEV on HCV super-infection protocol, mice only infected with HCV had viral
loads between 107 and 108 IU/mL at all time points (Figure 6B, left panel). HCV viral
loads developed similarly in HCV positive mice super-infected with HEV, except for one
mouse that could not be infected at all (Figure 6B, right panel). HEV viral loads were
reduced and delayed in two individual mice, while in the two other HCV super-infected
mice comparable or higher HEV copy numbers could be observed (Figure 6B, right panel).
In sum, viral interference in the replication kinetics of HCV and HEV was observed in
individual mice after super-infection.

4. Discussion

Although HCV and HEV are both important pathogens with a considerable disease
burden that targets the same organ, clinical information on HCV/HEV co-infections is
limited, while molecular characterizations are absent. To address this gap in knowledge,
we investigated HCV/HEV co-infections in vitro and in vivo. To address co-infection
in vitro, a transfection model and an infection model were used that differed in several
aspects and thus have distinct advantages. The transfection model’s advantage is that
it guarantees high percentages of HEV- and HCV-positive cells. This high percentage is
important, because it statistically increases the number of cells, where both viruses aim
to establish an infection and is hence more sensitive observing viral interference. The
co-infection model with an infectious virus is more complex, as it does reflect not only
interference during replication but also during entry. It also is more complex with regard
to both viruses, as they also express their respective structural proteins in a co-infection
setting. We were able to demonstrate the restriction of HEV replicons by concurrent HCV
replication. Similarly, established HCV replication blocked HEV from replicating, which
was revertible upon HCV treatment with DAAs. Of note, the ectopic expression of the
HCV NS3/4A protease alone was sufficient to suppress HEV replication, suggesting this as
the potential mechanism of action. It is tempting to speculate that NS3/4A might cleave
the HEV ORF1 polyprotein, rendering it less functional. We hypothesized that the HEV
ORF1 protein might be cleaved by NS3/4A. Because our ORF1 antibodies failed to detect
ORF1 in the Western blot, we could not address this question experimentally. However,
it is known which part of MAVS [27,42] or TRIF [43], is recognized and, additionally,
one study tested a library of small peptides to find 613 sequences that could be cleaved
by NS3/4A [44]. Using a bioinformatic approach, we checked if any of these sequences
were present in the ORF1 of HEV p6, but none were (data not shown). Hence, cleavage
of the HEV polyprotein might likely not be the mechanism of HEV suppression. There
have been several epidemiological studies conducted to investigate a link between HCV
and HEV infections. Some studies investigated HEV seropositivity in HCV-RNA positive
patients with mixed results. A higher HEV seropositivity compared to the control group
was reported in one study [45] with another confirming these findings in a mixed cohort
of chronic HBV and HCV patients [46], while a third did not find any difference in HEV
seropositivity between chronic HCV patients and an aged-matched control group [47].
HCV-IgG was enhanced in HEV-IgG positive persons from the 15,000 US NHANES III
study population [48], while an Iranian study of 324 hemodialysis patients did not find a
link between HCV and HEV seropositivity [49], as did a study analyzing almost 900 HIV-I
infected Spanish patients [50].

To recapitulate HCV/HEV super-infections in vivo, liver humanized mice were uti-
lized. In the HCV super-infection of HEV positive mice, only one mouse was productively
infected and vice versa; reduced viral loads of HEV were noted in comparison to the
mono-infected group. Two different explanations for this phenomenon seem conceivable.
First, that the mutual inhibitory effect of HEV and HCV is due to the first virus eliciting an
innate immune response that restricts the latter, irrespective of direct interactions. Second,
that the direct interaction is responsible, but it differs between the model systems. If the
former were true, then HEV’s innate immune response should be stronger, as HCV is more
efficiently restricted by present HEV than vice versa. However, transcriptomic profiling in
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chimpanzees suggest that it is reverse. Both more genes were differentially expressed and
their expression was more robust [51]. Regarding the latter, there are several differences
between the model systems. First, we were not able to determine the exact number of
infected transplanted PHHs, which was possible in vitro. For HCV patients, it has been
described that HCV-infected hepatocytes tend to be found in clusters [52]. Using a laser
capture microdissection experimental setup, the fraction of HCV RNA positive cells was
reported to range from 21% to 45% in human liver tissue [53], which was similar to that
described with antigen staining (7–20%) [52]. The number of HEV-infected hepatocytes
in biopsies has been demonstrated to be highly variable, ranging from <2% to 50% in
antigen staining and 0–50% in RNA staining [54]. The number of cells positive for each
virus in vivo is therefore lower than in cell culture experiments, which might reduce the
effect size of inhibitory effects. Secondly, the high variability of hepatocytes positive for
either virus could be one reason for the variation of co-infection courses in individual mice.
Furthermore, PHHs differ substantially from hepatoma cell lines with respect to innate
immunity, host factors and the fact that the former are polarized. For HCV it has been
demonstrated that, besides comparatively low antigen levels and replication efficiency [52],
the host transcriptional response does differ significantly in chronic HCV patients [55] or
PHHs [56] compared to hepatoma cell lines, such as Huh7 [57] or Huh7.5 [58]. Regarding
HEV, the infection of PHHs is efficient and transcriptional profiling has been performed
recently in PHHs [8], but potential differences between the host response compared to
hepatoma cell lines have not been addressed so far. Further studies addressing these
differences in HEV–host interplay in different model systems would not only deepen our
understanding of HEV pathogenesis, but also of HCV/HEV co-infections, especially in the
more complex in vivo situation. In conclusion, co-infection of HCV and HEV was studied
for the first time in different experimental model systems, including humanized mice,
demonstrating viral interference of HEV and HCV replication. These findings provide new
insights into the pathogenesis of HCV/HEV co-infection and may contribute to its clinical
management in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11060927/s1, Figure S1: HCV/HEV Co-transfection of
Huh7.5 cells; Figure S2: VSV super infection of Huh7-Lunet/sg-neo cells; Figure S3: Represen-
tative flow cytometry blots and IF pictures of HEV super-transfected Huh7-Lunet; Figure S4: Super-
transfection of sofosbuvir-treated Huh7-Lunet cells; Figure S5: Super-transfection of telaprevir-treated
Huh7-Lunet cells; Figure S6: HCV super-infections on HEV infected humanized mice.

Author Contributions: Conceptualization, P.B., H.W., D.T. and E.S.; methodology, N.P., K.R., M.F.,
L.C., P.M. and E.S.; validation, N.P., K.R., L.K., M.F. and L.C.; investigation, T.B., N.P., K.R., L.C., L.K.,
M.F., L.V., I.M.S., Y.B. and M.K.N.; resources, P.M. and E.S.; data curation, T.B., D.T.; writing—original
draft preparation, T.B., L.C., P.M., D.T., E.S.; writing—review and editing, T.B., N.P., Y.B., P.B., H.W.,
P.M., D.T. and E.S.; visualization, T.B., N.P., K.R. and D.T.; supervision, P.M., D.T. and E.S.; project
administration, D.T. and E.S.; funding acquisition, P.M. and E.S. All authors have read and agreed to
the published version of the manuscript.

Funding: E.S. was supported by grants from the German Federal Ministry of Health (ZMVI1-
2518FSB705). PM was supported by grants from the Research Foundation Flanders (FWO-Vlaanderen,
project G047417N and VirEOS 30981113).

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Ethics Committee of the Faculty of Medicine and Health Sciences of Ghent University.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. For the analysis of HCV cleavage sites within the HEV p6 genome, publicly
available data were analyzed. This data can be found here: https://journals.plos.org/plosone/
article?id=10.1371/journal.pone.0035759#s5, Table S1. Last accessed on 15 January 2022.

Acknowledgments: We thank Charles M. Rice, for the anti-HCV-NS5A-9E10 antibody and Huh7.5 cells.
We thank Thomas Pietschmann for the anti-HCV NS3 #337 F3A6 antibody. We thank Rainer G. Ulrich,
for the anti-HEV-ORF2 #8282 antibody. We thank Viet Loan Dao Thi for the p6-GLuc-Neo plasmid. We

https://www.mdpi.com/article/10.3390/cells11060927/s1
https://www.mdpi.com/article/10.3390/cells11060927/s1
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0035759#s5
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0035759#s5


Cells 2022, 11, 927 16 of 18

are furthermore thankful to Suzanne Emerson for the hepatitis E virus p6 clone and to Takaji Wakita for
the 83-2-27 clone. We kindly thank Volker Lohmann for the Huh7-Lunet sg/neo cells. We acknowledge
support by the Open Access Publication Funds of the Ruhr-Universität Bochum.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rein, D.B.; Stevens, G.A.; Theaker, J.; Wittenborn, J.S.; Wiersma, S.T. The global burden of Hepatitis E virus genotypes 1 and 2 in

2005. Hepatology 2012, 55, 988–997. [CrossRef] [PubMed]
2. Wedemeyer, H.; Pischke, S.; Manns, M.P. Pathogenesis and Treatment of Hepatitis E Virus Infection. Gastroenterology 2012,

142, 1388–1397. [CrossRef] [PubMed]
3. Kamar, N.; Rostaing, L.; Izopet, J. Hepatitis E virus infection in immunosuppressed patients: Natural history and therapy. Semin.

Liver Dis. 2013, 33, 62–70. [CrossRef] [PubMed]
4. Dalton, H.R.; Kamar, N.; Baylis, S.A.; Moradpour, D.; Wedemeyer, H.; Negro, F.; European Association for the Study of the Liver.

EASL Clinical Practice Guidelines on hepatitis E virus infection. J. Hepatol. 2018, 68, 1256–1271. [CrossRef] [PubMed]
5. Kamar, N.; Izopet, J.; Tripon, S.; Bismuth, M.; Hillaire, S.; Dumortier, J.; Radenne, S.; Coilly, A.; Garrigue, V.; D’Alteroche, L.; et al.

Ribavirin for chronic hepatitis E virus infection in transplant recipients. N. Engl. J. Med. 2014, 370, 1111–1120. [CrossRef]
6. Kamar, N.; Abravanel, F.; Behrendt, P.; Hofmann, J.; Pageaux, G.P.; Barbet, C.; Moal, V.; Couzi, L.; Horvatits, T.; de Man, R.A.; et al.

Ribavirin for Hepatitis E Virus Infection After Organ Transplantation: A Large European Retrospective Multicenter Study. Clin.
Infect. Dis. 2020, 71, 1204–1211. [CrossRef]

7. Kinast, V.; Burkard, T.L.; Todt, D.; Steinmann, E. Hepatitis E Virus Drug Development. Viruses 2019, 11, 485. [CrossRef]
8. Todt, D.; Friesland, M.; Moeller, N.; Praditya, D.; Kinast, V.; Brüggemann, Y.; Knegendorf, L.; Burkard, T.; Steinmann, J.;

Burm, R.; et al. Robust Hepatitis E virus infection and transcriptional response in human hepatocytes. Proc. Natl. Acad. Sci. USA
2020, 117, 1731. [CrossRef]

9. Nimgaonkar, I.; Ding, Q.; Schwartz, R.E.; Ploss, A. Hepatitis E virus: Advances and challenges. Nat. Rev. Gastroenterol. Hepatol.
2018, 15, 96–110. [CrossRef]

10. Meister, T.L.; Bruening, J.; Todt, D.; Steinmann, E. Cell culture systems for the study of Hepatitis E virus. Antivir. Res. 2019,
163, 34–49. [CrossRef]

11. Gower, E.; Estes, C.; Blach, S.; Razavi-Shearer, K.; Razavi, H. Global epidemiology and genotype distribution of the Hepatitis C
virus infection. J. Hepatol. 2014, 61, S45–S57. [CrossRef] [PubMed]

12. Thrift, A.P.; El-Serag, H.B.; Kanwal, F. Global epidemiology and burden of HCV infection and HCV-related disease. Nat. Rev.
Gastroenterol. Hepatol. 2017, 14, 122–132. [CrossRef] [PubMed]

13. Manns, M.P.; Buti, M.; Gane, E.; Pawlotsky, J.-M.; Razavi, H.; Terrault, N.; Younossi, Z. Hepatitis C virus infection. Nat. Rev. Dis.
Primers 2017, 3, 17006. [CrossRef] [PubMed]

14. Yamane, D.; McGivern, D.R.; Masaki, T.; Lemon, S.M. Liver Injury and Disease Pathogenesis in Chronic Hepatitis C. In
Hepatitis C Virus: From Molecular Virology to Antiviral Therapy; Bartenschlager, R., Ed.; Springer: Berlin/Heidelberg, Germany,
2013; pp. 263–288. ISBN 978-3-642-27340-7.

15. EASL recommendations on treatment of Hepatitis C: Final update of the series. J. Hepatol. 2020, 73, 1170–1218. [CrossRef]
16. Razavi, H.; Sanchez Gonzalez, Y.; Yuen, C.; Cornberg, M. Global timing of Hepatitis C virus elimination in high-income countries.

Liver Int. 2020, 40, 522–529. [CrossRef]
17. Hepatitis C virus prevalence and level of intervention required to achieve the WHO targets for elimination in the European

Union by 2030: A modelling study. Lancet Gastroenterol. Hepatol. 2017, 2, 325–336. [CrossRef]
18. Yeo, Y.H.; Kam, L.Y.; Le, M.H.; Jeong, D.; Dang, N.; Henry, L.; Cheung, R.; Nguyen, M.H. A population-based US study of

Hepatitis C diagnosis rate. Eur. J. Gastroenterol. Hepatol. 2021, 33, e471–e477. [CrossRef]
19. Hartl, J.; Otto, B.; Madden, R.G.; Webb, G.; Woolson, K.L.; Kriston, L.; Vettorazzi, E.; Lohse, A.W.; Dalton, H.R.; Pischke, S.

Hepatitis E Seroprevalence in Europe: A Meta-Analysis. Viruses 2016, 8, 211. [CrossRef]
20. Boland, F.; Martinez, A.; Pomeroy, L.; O’Flaherty, N. Blood Donor Screening for Hepatitis E Virus in the European Union. Transfus.

Med. Hemother. 2019, 46, 95–103. [CrossRef]
21. de Martin, E.; Antonini, T.M.; Coilly, A.; Pittau, G.; Vibert, E.; Duclos-Vallée, J.-C.; Samuel, D.; Roque-Afonso, A.-M. HCV and

HEV recurrence after liver transplantation: One antiviral therapy for two viruses. Transpl. Int. 2017, 30, 318–319. [CrossRef]
22. Donnelly, M.C.; Imlach, S.N.; Abravanel, F.; Ramalingam, S.; Johannessen, I.; Petrik, J.; Fraser, A.R.; Campbell, J.D.M.; Bramley, P.;

Dalton, H.R.; et al. Sofosbuvir and Daclatasvir Anti-Viral Therapy Fails to Clear HEV Viremia and Restore Reactive T Cells in a
HEV/HCV Co-Infected Liver Transplant Recipient. Gastroenterology 2017, 152, 300–301. [CrossRef] [PubMed]

23. Wahid, B. Successful treatment of HBV, HCV, & HEV, with 12-week long use of tenofovir, sofosbuvir, daclatasvir, and ribavirin: A
case report. J. Infect. Public Health 2020, 13, 149–150. [CrossRef] [PubMed]

24. Vrolijk, J.M.; Kaul, A.; Hansen, B.E.; Lohmann, V.; Haagmans, B.L.; Schalm, S.W.; Bartenschlager, R. A replicon-based bioassay for
the measurement of interferons in patients with chronic Hepatitis C. J. Virol. Methods 2003, 110, 201–209. [CrossRef]

http://doi.org/10.1002/hep.25505
http://www.ncbi.nlm.nih.gov/pubmed/22121109
http://doi.org/10.1053/j.gastro.2012.02.014
http://www.ncbi.nlm.nih.gov/pubmed/22537448
http://doi.org/10.1055/s-0033-1338115
http://www.ncbi.nlm.nih.gov/pubmed/23564390
http://doi.org/10.1016/j.jhep.2018.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29609832
http://doi.org/10.1056/NEJMoa1215246
http://doi.org/10.1093/cid/ciz953
http://doi.org/10.3390/v11060485
http://doi.org/10.1073/pnas.1912307117
http://doi.org/10.1038/nrgastro.2017.150
http://doi.org/10.1016/j.antiviral.2019.01.007
http://doi.org/10.1016/j.jhep.2014.07.027
http://www.ncbi.nlm.nih.gov/pubmed/25086286
http://doi.org/10.1038/nrgastro.2016.176
http://www.ncbi.nlm.nih.gov/pubmed/27924080
http://doi.org/10.1038/nrdp.2017.6
http://www.ncbi.nlm.nih.gov/pubmed/28252637
http://doi.org/10.1016/j.jhep.2020.08.018
http://doi.org/10.1111/liv.14324
http://doi.org/10.1016/S2468-1253(17)30045-6
http://doi.org/10.1097/MEG.0000000000002149
http://doi.org/10.3390/v8080211
http://doi.org/10.1159/000499121
http://doi.org/10.1111/tri.12898
http://doi.org/10.1053/j.gastro.2016.05.060
http://www.ncbi.nlm.nih.gov/pubmed/27883881
http://doi.org/10.1016/j.jiph.2019.06.004
http://www.ncbi.nlm.nih.gov/pubmed/31235341
http://doi.org/10.1016/S0166-0934(03)00134-4


Cells 2022, 11, 927 17 of 18

25. Schaller, T.; Appel, N.; Koutsoudakis, G.; Kallis, S.; Lohmann, V.; Pietschmann, T.; Bartenschlager, R. Analysis of Hepatitis C
Virus Superinfection Exclusion by Using Novel Fluorochrome Gene-Tagged Viral Genomes. J. Virol. 2007, 81, 4591. [CrossRef]
[PubMed]

26. Pietschmann, T.; Kaul, A.; Koutsoudakis, G.; Shavinskaya, A.; Kallis, S.; Steinmann, E.; Abid, K.; Negro, F.; Dreux, M.;
Cosset, F.-L.; et al. Construction and characterization of infectious intragenotypic and intergenotypic Hepatitis C virus chimeras.
Proc. Natl. Acad. Sci. USA 2006, 103, 7408–7413. [CrossRef]

27. Anggakusuma; Brown, R.J.P.; Banda, D.H.; Todt, D.; Vieyres, G.; Steinmann, E.; Pietschmann, T.; Diamond, M.S. Hepacivirus
NS3/4A Proteases Interfere with MAVS Signaling in both Their Cognate Animal Hosts and Humans: Implications for Zoonotic
Transmission. J. Virol. 2016, 90, 10670. [CrossRef] [PubMed]

28. Todt, D.; François, C.; Anggakusuma; Behrendt, P.; Engelmann, M.; Knegendorf, L.; Vieyres, G.; Wedemeyer, H.; Hartmann,
R.; Pietschmann, T.; et al. Antiviral Activities of Different Interferon Types and Subtypes against Hepatitis E Virus Replication.
Antimicrob. Agents Chemother. 2016, 60, 2132–2139. [CrossRef]

29. Ding, Q.; Nimgaonkar, I.; Archer, N.F.; Bram, Y.; Heller, B.; Schwartz, R.E.; Ploss, A. Identification of the Intragenomic Promoter
Controlling Hepatitis E Virus Subgenomic RNA Transcription. mBio 2018, 9, e00769-18. [CrossRef]

30. Shiota, T.; Li, T.-C.; Yoshizaki, S.; Kato, T.; Wakita, T.; Ishii, K. The hepatitis E virus capsid C-terminal region is essential for the
viral life cycle: Implication for viral genome encapsidation and particle stabilization. J. Virol. 2013, 87, 6031–6036. [CrossRef]

31. Anggakusuma; Romero-Brey, I.; Berger, C.; Colpitts, C.C.; Boldanova, T.; Engelmann, M.; Todt, D.; Perin, P.M.; Behrendt, P.;
Vondran, F.W.R.; et al. Interferon-inducible cholesterol-25-hydroxylase restricts Hepatitis C virus replication through blockage of
membranous web formation. Hepatology 2015, 62, 702–714. [CrossRef]

32. Hoffmann, M.; Wu, Y.-J.; Gerber, M.; Berger-Rentsch, M.; Heimrich, B.; Schwemmle, M.; Zimmer, G. Fusion-active glycoprotein G
mediates the cytotoxicity of vesicular stomatitis virus M mutants lacking host shut-off activity. J. Gen. Virol. 2010, 91, 2782–2793.
[CrossRef] [PubMed]

33. Vieyres, G.; Pietschmann, T. Entry and replication of recombinant Hepatitis C viruses in cell culture. Methods 2013, 59, 233–248.
[CrossRef] [PubMed]

34. Meuleman, P.; Libbrecht, L.; de Vos, R.; de Hemptinne, B.; Gevaert, K.; Vandekerckhove, J.; Roskams, T.; Leroux-Roels, G.
Morphological and biochemical characterization of a human liver in a uPA-SCID mouse chimera. Hepatology 2005, 41, 847–856.
[CrossRef] [PubMed]

35. Sayed, I.M.; Verhoye, L.; Cocquerel, L.; Abravanel, F.; Foquet, L.; Montpellier, C.; Debing, Y.; Farhoudi, A.; Wychowski, C.;
Dubuisson, J.; et al. Study of hepatitis E virus infection of genotype 1 and 3 in mice with humanised liver. Gut 2017, 66, 920.
[CrossRef]

36. Nishiyama, T.; Kobayashi, T.; Jirintai, S.; Nagashima, S.; Primadharsini, P.P.; Nishizawa, T.; Okamoto, H. Antiviral candidates
against the hepatitis E virus (HEV) and their combinations inhibit HEV growth in in vitro. Antivir. Res. 2019, 170, 104570.
[CrossRef]

37. Dao Thi, V.L.; Debing, Y.; Wu, X.; Rice, C.M.; Neyts, J.; Moradpour, D.; Gouttenoire, J. Sofosbuvir Inhibits Hepatitis E Virus
Replication In Vitro and Results in an Additive Effect When Combined with Ribavirin. Gastroenterology 2016, 150, 82–85.
[CrossRef]

38. Cornberg, M.; Pischke, S.; Müller, T.; Behrendt, P.; Piecha, F.; Benckert, J.; Todt, D.; Steinmann, E.; Papkalla, A.; von
Karpowitz, M.; et al. Sofosbuvir monotherapy fails to achieve HEV RNA elimination in patients with chronic hepatitis E-The
HepNet SofE pilot study. J. Hepatol. 2020, 73, 696–699. [CrossRef]

39. Jones, C.T.; Catanese, M.T.; Law, L.M.J.; Khetani, S.R.; Syder, A.J.; Ploss, A.; Oh, T.S.; Schoggins, J.W.; MacDonald, M.R.;
Bhatia, S.N.; et al. Real-time imaging of Hepatitis C virus infection using a fluorescent cell-based reporter system. Nat. Biotechnol.
2010, 28, 167–171. [CrossRef]

40. Allweiss, L.; Gass, S.; Giersch, K.; Groth, A.; Kah, J.; Volz, T.; Rapp, G.; Schöbel, A.; Lohse, A.W.; Polywka, S.; et al. Human liver
chimeric mice as a new model of chronic hepatitis E virus infection and preclinical drug evaluation. J. Hepatol. 2016, 64, 1033–1040.
[CrossRef]

41. Burm, R.; Collignon, L.; Mesalam, A.A.; Meuleman, P. Animal Models to Study Hepatitis C Virus Infection. Front. Immunol. 2018,
9, 1032. [CrossRef]

42. Lin, C. HCV NS3-4A Serine Protease. In Hepatitis C Viruses: Genomes and Molecular Biology; Tan, S.L., Ed.; Horizon Bioscience:
Norfolk, UK, 2006.

43. Li, K.; Foy, E.; Ferreon, J.C.; Nakamura, M.; Ferreon, A.C.M.; Ikeda, M.; Ray, S.C.; Gale, M., Jr.; Lemon, S.M. Immune evasion by
hepatitis C virus NS3/4A protease-mediated cleavage of the Toll-like receptor 3 adaptor protein TRIF. Proc. Natl. Acad. Sci. USA
2005, 102, 2992–2997. [CrossRef] [PubMed]

44. Shiryaev, S.A.; Thomsen, E.R.; Cieplak, P.; Chudin, E.; Cheltsov, A.V.; Chee, M.S.; Kozlov, I.A.; Strongin, A.Y. New details of HCV
NS3/4A proteinase functionality revealed by a high-throughput cleavage assay. PLoS ONE 2012, 7, e35759. [CrossRef] [PubMed]

45. Elhendawy, M.; Abo-Ali, L.; Abd-Elsalam, S.; Hagras, M.M.; Kabbash, I.; Mansour, L.; Atia, S.; Esmat, G.; Abo-ElAzm, A.-R.;
El-Kalla, F.; et al. HCV and HEV: Two players in an Egyptian village, a study of prevalence, incidence, and co-infection. Environ.
Sci. Pollut. Res. Int. 2020, 27, 33659–33667. [CrossRef] [PubMed]

46. Bayram, A.; Eksi, F.; Mehli, M.; Sözen, E. Prevalence of Hepatitis E Virus Antibodies in Patients with Chronic Hepatitis B and
Chronic Hepatitis C. Intervirology 2007, 50, 281–286. [CrossRef]

http://doi.org/10.1128/JVI.02144-06
http://www.ncbi.nlm.nih.gov/pubmed/17301154
http://doi.org/10.1073/pnas.0504877103
http://doi.org/10.1128/JVI.01634-16
http://www.ncbi.nlm.nih.gov/pubmed/27654291
http://doi.org/10.1128/AAC.02427-15
http://doi.org/10.1128/mBio.00769-18
http://doi.org/10.1128/JVI.00444-13
http://doi.org/10.1002/hep.27913
http://doi.org/10.1099/vir.0.023978-0
http://www.ncbi.nlm.nih.gov/pubmed/20631091
http://doi.org/10.1016/j.ymeth.2012.09.005
http://www.ncbi.nlm.nih.gov/pubmed/23009812
http://doi.org/10.1002/hep.20657
http://www.ncbi.nlm.nih.gov/pubmed/15791625
http://doi.org/10.1136/gutjnl-2015-311109
http://doi.org/10.1016/j.antiviral.2019.104570
http://doi.org/10.1053/j.gastro.2015.09.011
http://doi.org/10.1016/j.jhep.2020.05.020
http://doi.org/10.1038/nbt.1604
http://doi.org/10.1016/j.jhep.2016.01.011
http://doi.org/10.3389/fimmu.2018.01032
http://doi.org/10.1073/pnas.0408824102
http://www.ncbi.nlm.nih.gov/pubmed/15710891
http://doi.org/10.1371/journal.pone.0035759
http://www.ncbi.nlm.nih.gov/pubmed/22558217
http://doi.org/10.1007/s11356-020-09591-6
http://www.ncbi.nlm.nih.gov/pubmed/32533486
http://doi.org/10.1159/000103916


Cells 2022, 11, 927 18 of 18

47. Mellgren, Å.; Karlsson, M.; Karlsson, M.; Lagging, M.; Wejstål, R.; Norder, H. High seroprevalence against hepatitis E virus in
patients with chronic Hepatitis C virus infection. J. Clin. Virol. 2017, 88, 39–45. [CrossRef]

48. Kuniholm, M.H.; Purcell, R.H.; McQuillan, G.M.; Engle, R.E.; Wasley, A.; Nelson, K.E. Epidemiology of hepatitis E virus in
the United States: Results from the Third National Health and Nutrition Examination Survey, 1988–1994. J. Infect. Dis. 2009,
200, 48–56. [CrossRef]

49. Taremi, M.; Khoshbaten, M.; Gachkar, L.; EhsaniArdakani, M.; Zali, M. Hepatitis E virus infection in hemodialysis patients: A
seroepidemiological survey in Iran. BMC Infect. Dis. 2005, 5, 36. [CrossRef]

50. Rivero-Juarez, A.; Martinez-Dueñas, L.; Martinez-Peinado, A.; Camacho, A.; Cifuentes, C.; Gordon, A.; Frias, M.; Torre-Cisneros,
J.; Pineda, J.A.; Rivero, A. High hepatitis E virus seroprevalence with absence of chronic infection in HIV-infected patients. J.
Infect. 2015, 70, 624–630. [CrossRef]

51. Yu, C.; Boon, D.; McDonald, S.L.; Myers, T.G.; Tomioka, K.; Nguyen, H.; Engle, R.E.; Govindarajan, S.; Emerson, S.U.; Purcell, R.H.
Pathogenesis of hepatitis E virus and Hepatitis C virus in chimpanzees: Similarities and differences. J. Virol. 2010, 84, 11264–11278.
[CrossRef]

52. Liang, Y.; Shilagard, T.; Xiao, S.-Y.; Snyder, N.; Lau, D.; Cicalese, L.; Weiss, H.; Vargas, G.; Lemon, S.M. Visualizing Hepatitis C
virus infections in human liver by two-photon microscopy. Gastroenterology 2009, 137, 1448–1458. [CrossRef]

53. Kandathil, A.J.; Graw, F.; Quinn, J.; Hwang, H.S.; Torbenson, M.; Perelson, A.S.; Ray, S.C.; Thomas, D.L.; Ribeiro, R.M.; Balagopal,
A. Use of laser capture microdissection to map Hepatitis C virus-positive hepatocytes in human liver. Gastroenterology 2013,
145, 1404–1413. [CrossRef] [PubMed]

54. Lenggenhager, D.; Gouttenoire, J.; Malehmir, M.; Bawohl, M.; Honcharova-Biletska, H.; Kreutzer, S.; Semela, D.; Neuweiler, J.;
Hürlimann, S.; Aepli, P.; et al. Visualization of hepatitis E virus RNA and proteins in the human liver. J. Hepatol. 2017, 67, 471–479.
[CrossRef] [PubMed]

55. Boldanova, T.; Suslov, A.; Heim, M.H.; Necsulea, A. Transcriptional response to Hepatitis C virus infection and interferon-alpha
treatment in the human liver. EMBO Mol. Med. 2017, 9, 816–834. [CrossRef] [PubMed]

56. Sheahan, T.; Imanaka, N.; Marukian, S.; Dorner, M.; Liu, P.; Ploss, A.; Rice, C.M. Interferon lambda alleles predict innate antiviral
immune responses and Hepatitis C virus permissiveness. Cell Host Microbe 2014, 15, 190–202. [CrossRef] [PubMed]

57. Walters, K.-A.; Syder, A.J.; Lederer, S.L.; Diamond, D.L.; Paeper, B.; Rice, C.M.; Katze, M.G. Genomic analysis reveals a potential
role for cell cycle perturbation in HCV-mediated apoptosis of cultured hepatocytes. PLoS Pathog. 2009, 5, e1000269. [CrossRef]

58. Blackham, S.; Baillie, A.; Al-Hababi, F.; Remlinger, K.; You, S.; Hamatake, R.; McGarvey, M.J. Gene expression profiling indicates
the roles of host oxidative stress, apoptosis, lipid metabolism, and intracellular transport genes in the replication of Hepatitis C
virus. J. Virol. 2010, 84, 5404–5414. [CrossRef]

http://doi.org/10.1016/j.jcv.2017.01.005
http://doi.org/10.1086/599319
http://doi.org/10.1186/1471-2334-5-36
http://doi.org/10.1016/j.jinf.2014.10.016
http://doi.org/10.1128/JVI.01205-10
http://doi.org/10.1053/j.gastro.2009.07.050
http://doi.org/10.1053/j.gastro.2013.08.034
http://www.ncbi.nlm.nih.gov/pubmed/23973767
http://doi.org/10.1016/j.jhep.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28412294
http://doi.org/10.15252/emmm.201607006
http://www.ncbi.nlm.nih.gov/pubmed/28360091
http://doi.org/10.1016/j.chom.2014.01.007
http://www.ncbi.nlm.nih.gov/pubmed/24528865
http://doi.org/10.1371/journal.ppat.1000269
http://doi.org/10.1128/JVI.02529-09

	Introduction 
	Materials and Methods 
	Plasmids 
	Compounds and Reagents 
	Cell Culture 
	In Vitro Transcription and Electroporation 
	Luciferase Assay 
	Immunofluorescence Staining 
	Quantification of HCV and HEV-Positive Cells in Fluorescence Microscopy Pictures 
	VSV Infection 
	Flow Cytometry 
	Pseudoparticle Production for Production of Transduced Cell Lines 
	HCVcc and HEVcc Production 
	HEV Super-Transfection Experiments 
	HEV Infection Experiments 
	HCV Super-Infection on HEV Expressing Cells 
	Determination of Viral Titers 
	Production and Infection of Human Liver Chimeric Mice 
	Statistical Analysis and Graphics 

	Results 
	HCV Impairs HEV Replication in Subgenomic Reporter Co-Transfection Assays 
	HCV Treatment Restores HEV Replication Capacity 
	The HCV Protease NS3/4A Inhibits HEV Replication 
	HCV Super-Infection of HEV-Replicating Cells 
	HEV or HCV-Positive Human Liver Chimeric Mice Showed Reduced Viral Loads in Individual Mice after Super-Infection 

	Discussion 
	References

