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Hepatitis E virus (HEV) is the causative agent of hepatitis E in humans and a member of the genus Orthohepevirus in the family
Hepeviridae. HEV infections are the common cause of acute hepatitis but can also take chronic courses. Ribavirin is the treat-
ment of choice for most patients, and type I interferon (IFN) has been evaluated in a few infected transplant patients in vivo. In
this study, the antiviral effects of different exogenously administered interferons were investigated by using state-of-the-art sub-
genomic replicon and full-length HEV genome cell culture models. Hepatitis C virus (HCV) subgenomic replicons based on the
genotype 2a JFH1 isolate served as the reference. The experiments revealed that HEV RNA replication was inhibited by the appli-
cation of all types of IFN, including IFN-� (type I), IFN-� (type II), and IFN-�3 (type III), but to a far lesser extent than HCV
replication. Simultaneous determination of interferon-stimulated gene (ISG) expression levels for all IFN types demonstrated
efficient downregulation by HEV. Furthermore, different IFN-� subtypes were also able to block viral replication in combina-
tion with ribavirin. The IFN-� subtypes 2a and 2b exerted the strongest antiviral activity against HEV. In conclusion, these data
demonstrate for the first time moderate anti-HEV activities of types II and III IFNs and different IFN-� subtypes. As HEV em-
ployed a potent anti-interferon mechanism by restricting ISG expression, exogenous application of IFNs as immunotherapy
should be carefully assessed.

Hepatitis E virus (HEV) is the causative agent of numerous
cases of viral hepatitis in humans worldwide with a case fatal-

ity rate of 1 to 4% (1). For pregnant women infected during the
third trimester, mortality rates of up to 30% were reported (2). In
developing countries, HEV (genotypes 1 and 2) is a major cause of
acute hepatitis, transmitted via the fecal-oral route and mainly
associated with ingestion of contaminated drinking water. In in-
dustrialized countries, HEV (genotypes 3 and 4) has been found to
be more prevalent in the human population than originally
thought with a significant number of people experiencing an HEV
infection during their lifetime (2). While genotypes 1 and 2 solely
infect humans, genotypes 3 and 4 are zoonotic pathogens with
major virus reservoirs in pigs, wild boars, and deer (3, 4). HEV
genotype 3 infections in humans can be associated with prolonged
viremia, leading to chronic infection in immunocompromised
patients such as organ transplant recipients, patients with HIV
infection, or patients with hematological malignancies (5). Treat-
ment options for chronically infected patients include either riba-
virin (RBV) for at least 3 months or pegylated alpha 2a/alpha 2b
interferon (IFN-�2a/�2b) which, however, can be associated with
severe side effects and can cause graft rejection (6).

HEV was classified recently by the International Committee on
Taxonomy of Viruses (ICTV) in the new genus Orthohepevirus,
comprising all mammalian and avian HEV isolates within the
family of Hepeviridae (7). The HEV genome is single stranded
with an RNA genome size of 7.2 kb (8). The capped positive-sense
genome encodes three open reading frames (ORFs): the nonstruc-
tural polyprotein required for RNA replication (ORF1), the capsid
protein of the HEV virion (ORF2), and a small multifunctional
protein with a molecular mass of 13 kDa (ORF3) (9).

IFNs are signaling proteins belonging to the class of cytokines

and are named for their ability to “interfere” with viral replication
(10). Mammalian IFNs are divided into three types, each using
their unique receptor complex: type I is mainly represented by
IFN-� and -�, type II by IFN-�, and type III comprising IFN-�
(11). IFN-� can be further divided into 13 subtypes which exhibit
a high degree of amino acid similarity (�75%); all bind to the
same receptor but still display a unique activity profile (12) and
differ in their biological activities (13). IFN-� is the sole represen-
tative of type II IFN, while the IFN type III family is the most
recently discovered group of IFNs, comprising IFN-�1 to -4 (14).
Viruses utilize a variety of mechanisms to evade the host inter-
feron response, and for HEV it was shown that the ORF1 polypro-
tein can antagonize type I IFN induction, whereas ORF3 was re-
ported to inhibit IFN-� signaling (15). However, the effects of
other types of IFN (types II and III) on HEV have not been inves-
tigated so far.

In this study, we first compared the antiviral activities of all IFN
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types (I, II, and III) against HEV using HCV as a reference patho-
gen. HEV was susceptible to all three types of IFN, but the antiviral
activity was moderate in comparison to that of HCV. At the same
time, HEV employed a potent restriction of interferon gene in-
duction by all types of interferon. Next, we tested all different
IFN-� subtypes for their ability to inhibit HEV replication in a
HEV subgenomic model and a full-length infection system. These
results should help in understanding the HEV virus-host interac-
tions in liver cells and the potential clinical applications of exoge-
nous IFNs as immunotherapies against HEV infections.

MATERIALS AND METHODS
Compounds and reagents. All of the recombinant IFN-� subtypes (�1,
�2a, �4, �5, �6, �7, �8, �10, �14, �16, �17, �21) were obtained from the
human IFN sampler (PBL Biomedical Laboratories, Piscataway, NJ,
USA). IFN-�2b (Intron A) was purchased from Schering Corporation
(Kenilworth, NJ, USA), and IFN-� was acquired from PeproTech (Rocky
Hill, NJ, USA). Recombinant IFN-�3 was produced and purified as pre-
viously described (16, 17). Ribavirin (RBV) was received from Sigma-
Aldrich, St. Louis, MO, USA. All compounds were stored and diluted
according to the manufacturer’s recommendations.

Cell culture. Human hepatoma cells (Huh7.5 and HepG2 cells) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen,
Karlsruhe, Germany) supplemented with 10% fetal bovine serum (Invit-
rogen), 1% nonessential amino acids (Invitrogen), 100 �g/ml of strepto-
mycin (Invitrogen), and 100 IU/ml of penicillin. Cells were kept at 37°C in
a 5% (vol/vol) CO2 incubator.

HEV constructs and in vitro transcription. A plasmid construct con-
taining the full-length HEV genome (Kernow-C1 p6 clone, genotype 3;
GenBank accession number JQ679013) and a construct harboring a sub-
genomic HEV sequence coupled with a Gaussia luciferase reporter gene
(p6-Gluc) were used to generate HEV in vitro transcripts as previously
described with an additional capping step (m7G Cap analog; Promega,
Madison, WI, USA) (18, 19).

HEV replication assay. For transfection, we used the electroporation
technique in accordance with previous reports (20). In brief, Huh7.5 or
HepG2 cells at 1.2 � 107 cells/ml (12-well assay) or 5 � 106 cells/ml
(96-well assay) in 400 �l of Cytomix containing 2 mM ATP and 5 mM
glutathione were mixed with 3 �g of p6-Luc subgenomic or p6 full-length
HEV RNA. Electroporation was carried out with a Gene Pulser system
(Bio-Rad, Munich, Germany). Cells were immediately transferred to 11.6
ml (12-well assay) or 12.1 ml (96-well assay) of DMEM complete and the
cell suspension was seeded in the respective plates (5 � 105 cells/well for
12-well plates or 2 � 104 cells/well for 96-well plates). After 4 h, DMEM
containing compounds or reagents at indicated concentrations were
added. Viral replication was determined by measuring luciferase activity
in the supernatant of 96-well plates 72 h after transfection or by real-time
quantitative PCR (qRT-PCR) for the p6 full-length genome (12-well
plates).

Luciferase assay. A 20-�l aliquot of supernatant (Gaussia luciferase)
or lysed cells (firefly luciferase, lysis performed in passive lysis buffer 5�;
Promega) was added per well of a 96-well white, flat-bottom microplate
followed by the detection of luminescence using a microplate reader
(Centro XS3 LB960; Berthold Technologies, Bad Wildbad, Germany) us-
ing coelenterazine (for HEV encoding Gaussia luciferase) or luciferine
(HCV encoding firefly luciferase) as a substrate.

qRT-PCR. Cellular total RNAs of HEV p6 full-length or yeast tRNA
(Sigma-Aldrich) transfected HepG2 cells were extracted using a
NucleoSpin RNA kit (Macherey-Nagel, Düren, Germany) with the
involvement of RNase-free DNase, following the manufacturer’s pro-
tocol. Subsequently, the total RNAs were reverse transcribed into cDNA
using a PrimeScript 1st strand cDNA synthesis kit (TaKaRa Bio, Otsu,
Japan). Quantitative PCR was carried out using 400 nmol of primers
together with SYBR Premix Ex Taq (TaKaRa Bio) and the LightCycler 480
system (Roche, Basel, Switzerland). The primer sequences for amplifica-

tion of HEV RNA (21) and each interferon-stimulated gene (ISG) product
have been described previously: hMX1 (22), hIFIT1 (23), hCXCL10 (24),
and hIFIT3 (25). hGAPDH was considered the reference gene to normal-
ize gene expression (26). The relative gene expression was determined
using the cycle threshold (		CT) method.

Statistical analysis. GraphPad Prism 6 software was used for data
analysis employing either analysis of variance (ANOVA) followed by
Dunnett’s corrected unpaired t test or the Holm-Sidak method. P values
of 
0.05, 
0.01, and 
0.001 were considered significant, and P values of
�0.05 were considered not significant.

RESULTS
Antiviral activities of types I, II, and III IFN against HEV repli-
cation. To test the effects of the different IFN types against HEV
replication, the human hepatoma cell line Huh7.5, which is highly
permissive for HCV replication, was transfected with a sub-
genomic HEV replicon in which a part of the ORF2 is replaced by
a Gaussia luciferase as a reporter gene (18). As HCV is susceptible
to exogenous IFNs and type I IFN has been used for decades in
HCV therapy (27), we employed a subgenomic HCV replicon
based on the JFH1 isolate (28) as the reference. The different IFNs
were added 4 h after electroporation of each viral construct to the
cell culture medium, and replication activity was determined by
reporter assay 72 h later as HEV replication levels peaked at that
time point (see Fig. S1 in the supplemental material). As depicted
in Fig. 1A, HEV replication can be moderately inhibited by treat-
ment with exogenous IFN-�2a (50% inhibitory concentration
[IC50], 359.7 IU/ml) and IFN-� (IC50, indefinable) in a dose-de-
pendent manner based on international units (Fig. 1A). In the case
of HCV, the antiviral effects for type I and type II IFNs were much
more pronounced with an inhibition to background levels for
IFN-�2a at 32 IU/ml (IC50, 1.096 IU/ml) and about 256 IU/ml for
IFN-� (IC50, 19.77 IU/ml) (Fig. 1B). At present, no international
unit definition of type III IFNs exists, and therefore the concen-
tration of IFN-�3 is given as weight per volume (ng/ml). HEV was
significantly inhibited when concentrations of 8 ng/ml IFN-�3
(IC50, indefinable) were exceeded (Fig. 1C). As previously de-
scribed (17), IFN-�3 reduced HCV replication in a dose-depen-
dent manner with concentrations already lower than 1 ng/ml
(IC50, 0.1938 ng/ml) (Fig. 1C), indicating that an HEV replicon is
less sensitive to type III IFN than an HCV replicon (Fig. 1C and
D). Nonnormalized relative light units (RLUs) of the IFN-based
inhibition of HEV replication by IFN types I and III are depicted in
Fig. S2A and B in the supplemental material. In summary, these
results demonstrate weak to moderate antiviral activities of IFN
types I, II, and III against HEV.

Interferon-stimulated gene expression induced by different
types of IFN is downregulated by HEV. Next, we confirmed the
antiviral activities of the different types of IFN using an HEV full-
length infection model based on the p6 clone in HepG2 cells (19).
This human liver cell was transfected with full-length HEV and
viral RNA and interferon-stimulated gene (ISG) expression was
assessed at different time points after addition of IFN-�2a (1,000
IU/ml), IFN-� (1,000 IU/ml), or IFN-�3 (200 ng/ml). As depicted
in Fig. 2A, HEV RNA copy numbers (ranging from 1.53 � 107 to
1.84 � 107 RNA copies per well 4 h after transfection) normalized
to the untreated control were only moderately reduced by all three
types of IFN, which is similar to the only modest suppression of
HEV-encoded luciferase expression in the replicon assay (Fig.
2A). To investigate if this weak IFN-dependent antiviral activity
was due to the virus-dependent blunting of IFN signaling, we
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determined the effect of HEV infection on the induction of a panel
of ISGs known to be specifically stimulated by different types of
IFN: Mx1 and IFIT1 (types I and III), IFIT3 (types I and II), and
CXCL10 (type II). HEV blocked IFN type I responses by a signif-
icant downregulation of Mx1 and IFIT1 at all time points and for
IFIT3 between 4 and 8 h (Fig. 2B). For the IFN type II specific
marker gene CXCL10, a significant blockage of IFN-dependent
gene expression in the presence of HEV was observed at the early
time points after administration of IFN (Fig. 2B). Although IFN
type I and type III signal via distinct receptor complexes, they activate
the same intracellular signaling pathway and similar to the restriction
of IFN-�-induced Mx1, IFIT1, and IFIT3, we also detected a signifi-
cant downregulation of the expression of these genes after IFN-�3
stimulation in HEV-replicating cells, which was not the case for
CXCL10 (Fig. 2B). In conclusion, HEV exerted a potent anti-inter-
feron mechanism by downregulating ISG expression.

Effect of different IFN-� subtypes against HEV replication
and their combinatory activity with ribavirin. Although the 13
known IFN-� subtypes display unique activity profiles (12), only
the IFN-�2a and IFN-�2b subtypes have been licensed for the
treatment of viral infections (13). To evaluate the potency of the

different IFN-� subtypes against HEV, subgenomic HEV replicon
cells were incubated with either 250 IU (Fig. 3A) or 40 fM (Fig. 3C)
exogenous IFNs. RNA replication levels were determined by
Gaussia luciferase reporter assays as previously described. All
IFN-� subtypes significantly inhibited HEV replication by at least
20% (Fig. 3A and C). IFN-�1 showed the lowest antiviral activity,
whereas IFN-�2a and -�2b exerted the highest inhibitions. The
antiviral activity against HCV as the reference virus was much more
pronounced with a 1,000-fold inhibition in comparison to that for
HEV, and IFN-�2a and -2b also showed the strongest antiviral effects
(Fig. 3B and D). The nonnormalized results of the IFN subtype inhi-
bition against HEV and HCV are displayed as Fig. S2C and D in the
supplemental material. These results were also confirmed with a full-
length HEV-replicating genome that does not harbor a reporter gene
by determination of HEV RNA copy numbers in Huh7.5 cells (Fig.
3E) or HepG2 cells (data not shown). To demonstrate that the cells
were in general responsive to the different subtypes, IFIT3 mRNA was
quantified in parallel. This ISG was induced in correlation with the
antiviral activities of the different IFNs, as for IFN-�2a and -2b the
highest induction was observed, whereas subtype �1 upregulated
IFIT3 only 5-fold (Fig. 3F).

FIG 1 Antiviral activities of different IFN types against HEV replication. The dose-dependent inhibition rates of HEV subgenomic replicon (SGR) (A, C) and
HCV SGR (B, D) replication in Huh7.5 cells by representatives of all three IFN types are depicted. IFN-�2a as the type I representative, IFN-� as the sole type II
interferon, and IFN-�3 as the IFN type III were added 4 h posttransfection. The y axes display the relative light units (RLUs) normalized to those of the untreated
control, assessed 72 h posttreatment; the x axes reflect the IFN concentrations utilized. IFN-� was used as international units per milliliter (A, B), and IFN-�3 was
implemented as nanograms per milliliter (C, D). IFN-�2a concentrations were applied based on international units per milliliter and nanograms per milliliter.
Shown are the means (� standard errors of the mean [SEM]) from at least three independent experiments; asterisks represent significant reductions in RLUs
tested against untreated controls (Dunnett’s t test; *P 
 0.05; **P 
 0.01; ***P 
 0.001).
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FIG 2 Interferon-stimulated gene expression levels induced by different types of IFN can be blocked by HEV. HepG2 cells were transfected with full-length HEV
or yeast tRNA, and 24 h later were treated with interferons. Viral RNA and ISG expression levels were assessed at 4 h, 8 h, 24 h, and 48 h after the addition of
IFN-�2a (1,000 IU/ml, left panels), IFN-� (1,000 IU/ml, middle panels), or IFN-� (200 ng/ml, right panels) and compared to those in tRNA control transfected
cells. (A) Total RNA was extracted, and the amounts of viral RNA in the cells were measured via qRT-PCR over time and normalized to an untreated control (y
axes). The solid lines display the course of the HEV-transfected cells; in control cells, HEV RNA always resided below the detection limits (dashed lines). (B)
Expression levels of the ISGs MxI, IFIT1, IFIT3, and CXCL10 in HepG2 cells with and without replicating full-length HEV were determined at the indicated time
points after addition of IFNs via qRT-PCR. The y axes represent the fold changes in the expression levels normalized to a respective control without IFN
treatment. Statistical significance was determined using the Holm-Sidak method (n � 7; � � 0.05, *, statistically significant).
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Ribavirin monotherapy has been demonstrated to be a success-
ful treatment option for HEV (8) and has been combined with
IFN-� for decades in HCV therapies. Therefore, we next tested the
combinatory antiviral activity of the different IFN-� subtypes to-
gether with ribavirin. As seen in Fig. 4A, ribavirin alone had a
strong antiviral effect against HEV replication, which was not sig-
nificantly increased by any of the IFN-� subtypes when a dose of
40 fM IFN was administered (Fig. 4A). In the case of HCV, the
ribavirin treatment did not reduce the JFH1 RNA replication but
as also seen in Fig. 3D, the IFN-� subtypes exerted a strong anti-

viral effect with the exception of IFN-�1 (Fig. 4B). The combina-
tion with ribavirin did not significantly increase the antiviral ac-
tivities compared to that with IFN treatment alone (Fig. 4B). In
summary, these results demonstrate that IFN-� subtypes 2a and
2b exerted the strongest antiviral activity against HEV, and there is
no additive effect in combination with ribavirin.

DISCUSSION

In this study, we characterized the antiviral properties of type I,
type II, and type III IFNs, including 13 IFN-� subtypes, against

FIG 3 Antiviral activities of different IFN-� subtypes in HEV and HCV single transfection assays. The inhibition of SGR replication by 13 IFN-� subtypes is
depicted for HEV SGR (A, C) and HCV SGR (B, D) in Huh7.5 cells as a change in RLUs compared to those of untreated controls (y axes) and their antiviral effects
on full-length HEV (E), shown as a reduction in HEV RNA measured via qRT-PCR. Interferon subtypes were applied 4 h posttransfection with concentrations
of either 250 IU/ml (A, B) or 40 fM (C to F). Reporter activity or HEV RNA was assessed 72 h posttreatment. Depicted are the means (�SEM) from at least three
independent experiments. Significance was tested against untreated controls using ANOVA followed by Dunnett’s corrected t test (n.s., not significant; *P 
 0.05;
**P 
 0.01; ***P 
 0.001). (F) The functional integrity of the IFN-� subtypes and the responsiveness of the Huh7.5 cells to the treatment was tested via qRT-PCR
measurement of IFIT3 gene induction 6 h after the addition of IFNs. Error bars represent SEM for two technical replicates.
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HEV replication in tissue culture to evaluate the therapeutic op-
tions by the exogenous addition of IFNs. In contrast to the effi-
cient blockage of HCV, we observed only weak to moderate inhi-
bition of HEV replication by types I, II, and III IFN (Fig. 1 and 2).
In the case of type I IFN, these findings are in line with previous
results from nonliver A549 cells where only a low response to
IFN-� was also reported and suppression of interferon signaling
through the regulation of STAT1 phosphorylation by ORF3 was
postulated (29). Furthermore, Debing et al. showed antiviral ac-
tivity of IFN-� in liver cells using the p6 clone in a subgenomic and
full-length model (30), and very recently, Zhou et al. also observed
a moderate and delayed anti-HEV effect of IFN-� in vitro and in
patients in contrast to the effect against HCV (31). By further
investigating the mRNA levels of different ISGs (Mx1, IFIT1,
IFIT3, and CXCL10) in the presence or absence of HEV after IFN
treatment, we showed that HEV was able to counteract the ISG
responses induced by all types of IFNs (Fig. 2). As antagonists of
IFN type I induction, two domains in the HEV ORF1, X and
papain-like cysteine protease domain (PCP), were identified by
Nan et al. (32). Interestingly, in vivo studies with HEV- and HCV-
infected chimpanzees were also conducted to compare the innate
immune responses of these two viruses. In comparison to the
genes in the HCV-infected chimpanzees, HEV induced only one-
third of differentially expressed genes in liver biopsy specimens,
but almost all of these genes overlapped with those in HCV-in-

duced cells (33). In addition, HEV infection led to a smaller num-
ber of IFN-induced genes with a lower magnitude of expression
levels than HCV infection, indicating that HEV also restricts in-
nate immune responses efficiently in vivo (33).

When testing the 13 different IFN-� subtypes against HEV, we
observed antiviral activities for all 13 IFNs, with IFN-�2a and -2b
showing the highest inhibitory activities against HEV, which also
correlated with an upregulation of IFIT3 (Fig. 3). All IFN-� sub-
types bind to the same type I IFN receptor (IFNAR), and so far no
unique function has been attributed to any given subtype (34, 35),
but differences in their binding affinities to their receptors were
reported (34). Only IFN-� subtypes 10 and 17 had lower binding
affinities than 2a, whereas all other subtypes showed capacities
for tighter binding to their receptors (34). The authors further
showed that these different binding affinities were associated with
an antiproliferative effect but not with the antiviral potency
against vesicular stomatitis virus (VSV) or encephalomyocarditis
virus (EMCV) (34). Very few previous studies have analyzed the
antiviral activities of the different IFN-� subtypes against virus
infection systems (13). Similar to our finding, Dubois et al.
showed the anti-HCV effects of all IFN-� subtypes and reported
an enhanced effect of IFN-�17 compared to that of IFN-�2a in a
genotype 2a infection setup (36). By using a subgenomic genotype
2a replicon system, we observed high susceptibility of HCV for all
subtypes with no distinction for IFN-�17, which could be due to

FIG 4 Combinatory effects of different IFN-� subtypes with ribavirin against HEV replication. The inhibitory effects on HEV SGR (A) and HCV SGR (B)
replication of IFN-� subtypes (40 fM) combined with ribavirin (25 �M) compared to those of the IFN-only treated samples is depicted. The means (�SEM) from
three independent experiments in Huh7.5 cells are plotted. Compounds were added 4 h posttransfection; RLUs were assessed 72 h posttreatment. The
significance of the reduction in RLUs was tested for the dually treated samples against the RBV-only treated sample for HEV SGR or for each IFN-� subtype plus
RBV against the subtype-only treated sample for HCV SGR (n.s., not significant; ***P 
 0.001).
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the different experimental setup and viral constructs. For herpes
simplex virus (HSV), it was shown that the murine IFN-� ho-
mologs 1, 4, 5, 6, and 9 were inhibiting viral replication (37) and in
a Friend virus in vivo infection model, therapeutic application
with murine IFN-�1, -4, -9, and -11 was able to reduce viral loads
significantly in contrast to IFN-�2, -5, and -6 (38, 39). HEV rep-
lication could be efficiently blocked by ribavirin treatment and a
significant benefit of a combination of any IFN-� subtype with
ribavirin could not be observed using one constant ribavirin dose
of 25 �M (Fig. 4). This guanosine analog was earlier reported to
inhibit HEV replication through depletion of cellular GTP pools
and a moderate but statistically significant synergy was reported
with 4 IU/ml IFN-� subtype 2a and 0.4 �M ribavirin (30). Riba-
virin and pegylated IFN-� are the only available compounds for
treatments of acute and chronic HEV infections so far, and riba-
virin is considered the first-choice therapy (6, 40). Pegylated
IFN-� resulted in sustained virological responses in five individ-
uals with liver transplants who were infected with HEV (41, 42).
However, therapy with IFN-�2a, which exerted the highest anti-
viral activity of the known IFN-� subtypes, can be associated with
side effects in organ transplant patients so that only well-selected
patients with chronic HEV infections may be candidates for
IFN-� treatment options. Future clinical trials are necessary for
comparison of the efficiencies and side effects of these antiviral
agents and their combination. Interestingly, one study reported
successful IFN-� and ribavirin therapy for a chronically HEV-
infected patient coinfected with HIV (43).

In summary, we showed that in comparison to HCV, HEV was
moderately susceptible to IFN type I, type II, and type III and at the
same time downregulated ISG expression levels. The different IFN-�
subtypes exerted antiviral activities against HEV to distinct extents
with IFN-�2a and -2b being the most potent agents. An additive
effect in combination with ribavirin could not be observed.
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