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� Chronic HEV infection is challenging to model with

small animals.

� Rats can be immunocompromised by transplant
rejection drugs taken by patients.

� This model supports chronic rat HEV infection
robustly and consistently.

� Immunosuppression in this model is scalable,
reversible, and responsive to ribavirin.
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Convenient small animal models are required for the
study of chronic hepatitis E in humans. We developed
an animal model of chronic hepatitis E by suppressing
immune responses of rats with drugs commonly taken
by humans as organ transplant rejection prophylaxis.
This model closely mimicked features of chronic
hepatitis E in humans.
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Background & Aims: HEV variants such as swine genotypes within Paslahepevirus species balayani (HEV-A) and rat HEV
(Rocahepevirus ratti; HEV-C1) cause chronic hepatitis E in immunocompromised individuals. There are few reliable and
accessible small animal models that accurately reflect chronic HEV infection. We aimed to develop an immunocompromised
rat model of chronic hepatitis E infection.
Methods: In this animal model infection study, rats were immunosuppressed with a drug combination (prednisolone,
tacrolimus, and mycophenolate mofetil) commonly taken by transplant recipients. Rats were challenged with human- and
rat-derived HEV-C1 strains or a human-derived HEV-A strain. Viral load, liver function, liver histology, humoural, and cellular
immune responses were monitored.
Results: A high-dose (HD) immunosuppressive regimen consistently prolonged human- and rat-derived HEV-C1 infection in
rats (up to 12 weeks post infection) compared with transient infections in low-dose (LD) immunosuppressant-treated and
immunocompetent (IC) rats. Mean HEV-C1 viral loads in stool, serum, and liver tissue were higher in HD regimen-treated rats
than in LD or IC rats (p <0.05). Alanine aminotransferase elevation was observed in chronically infected rats, which was
consistent with histological hepatitis and HEV-C1 antigen expression in liver tissue. None (0/6) of the HD regimen-treated, 5/6
LD regimen-treated, and 6/6 IC rats developed antibodies to HEV-C1 in species-specific immunoblots. Reversal of immuno-
suppression was associated with clearance of viraemia and restoration of HEV-C1-specific humoural and cellular immune
responses in HD regimen-treated rats, mimicking patterns in treated patients with chronic hepatitis E. Viral load suppression
was observed with i.p. ribavirin treatment. HD regimen-treated rats remained unsusceptible to HEV-A infection.
Conclusions: We developed a scalable immunosuppressed rat model of chronic hepatitis E that closely mimics this infection
phenotype in transplant recipients.
Lay summary: Convenient small animal models are required for the study of chronic hepatitis E in humans. We developed an
animal model of chronic hepatitis E by suppressing immune responses of rats with drugs commonly taken by humans as
organ transplant rejection prophylaxis. This model closely mimicked features of chronic hepatitis E in humans.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
HEV is an important cause of hepatitis in humans. The term ‘HEV’
encompasses a group of virus variants in the family Hepeviridae,
which is divided into 2 subfamilies: Orthohepevirinae and Para-
hepevirinae.1 Orthohepevirinae comprises 4 genera that circulate
in terrestrial vertebrates, of which 2, Paslahepevirus and Roca-
hepevirus, cause hepatitis in humans. Four genotypes within
Keywords: HEV; Rat hepatitis E; HEV-C1; Ribavirin; Immunosuppression; Orthohe-
pevirus C; Rocahepevirus ratti.
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Paslahepevirus species balayani (HEV-A; formerly Orthohepevirus
species A) commonly infect humans: 2 (genotypes 1 and 2)
exclusively circulate in humans and 2 (genotypes 3 and 4)
circulate in swine and infect humans via the foodborne route.
Rodents and ferrets are the natural hosts of Rocahepevirus spe-
cies ratti (HEV-C; formerly Orthohepevirus species C). We and
others have demonstrated that HEV-C genotype 1 (HEV-C1),
which circulates in street rats, can infect humans.2–8

Immunocompromised individuals contracting HEV frequently
develop chronic infection, which can progress to liver fibrosis
and cirrhosis if left untreated.9 Chronic hepatitis E occurs in
transplant recipients, people living with HIV, and patients with
haematological malignancy. Both HEV-A (genotypes 3 and 4) and
HEV-C1 cause chronic hepatitis E in immunocompromised per-
sons with comparable clinical manifestations and ribavirin
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responses.2,10 We have recently shown that HEV-A and HEV-C1
cause similar burdens of chronic hepatitis E among immuno-
compromised patients in Hong Kong.10

There is a need for accessible small animal models of chronic
hepatitis E infection. An immunocompromised pig model of
chronic HEV-A infection has been described, but faecal and
serum viral loads in this model tended to drop after 8 weeks of
infection.11 Furthermore, pigs are expensive and difficult to
maintain. Small animal models of chronic HEV-A infection using
human liver chimeric uPA-SCID mice and FRG mice have been
developed.12 These models sustain chronic infection caused by
lack of functional adaptive immunity but do not entirely reflect
immunocompromised patients who have deficient, but not ab-
sent, immune responses to HEV.13 Furthermore, xeno-
transplanting human hepatocytes into mice at a young age is
technically challenging. Rabbits and ferrets also shed species-
specific cognate HEV variants for long periods, but chronic
infection is not consistently observed in all animals.14–17

As rats are the natural hosts of HEV-C1, they are ideal can-
didates for small animal models of hepatitis E. However, HEV-C1
infections in immunocompetent (IC) rats are transient.18,19
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Persistent HEV-C1 infection in athymic nude rats has been
described,20 but again, such models may not match the more
nuanced immunological milieu of immunocompromised pa-
tients. In this study, we describe a rat model of chronic HEV-C1
infection using an immunosuppressive drug regimen taken by
human solid organ transplant recipients.
Materials and methods
HEV strains
Filtered faecal filtrates containing 2 divergent HEV-C1 strains
(CCY and SRN) were used for animal infection. The CCY strain
was derived from a transplant recipient with chronic HEV-C1
infection.2 Across its complete genome (GenBank accession no.:
MN450852), CCY shares 95.1% nucleotide identity with the
prototype human-derived LCK-3110 strain (MG813927) and,
therefore, is a representative of the strain group that has caused
most human HEV-C1 infections in Hong Kong.10 In contrast, the
SRN strain was derived from a street rat (Rattus norvegicus)
captured in Hong Kong. A rectal swab obtained from this rat
immersed in virus transport medium (VTM) tested positive for
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HEV-C1 by real-time reverse-transcription PCR (rRT-PCR). The
VTM was passed through a bacterial filter and i.v. injected into a
Sprague–Dawley (Rattus norvegicus) rat for viral amplification.
Stool from this rat was collected for use in this study. The SRN
strain (GenBank accession no.: MG813928) only shares 76.9%
JHEP Reports 2022
nucleotide identity with CCY. These 2 strains belong to separate
genogroups within HEV-C1 (Fig. S1) and enable evaluation of the
animal model’s ability to support chronic infections by diverse
HEV-C1 subtypes. In addition, an HEV-A genotype 4 containing a
faecal sample (strain SSW; GenBank accession no.: MK016529)
was obtained from a chronically infected heart transplant
recipient.21 A 10% suspension in PBS of each HEV-containing
stool was filtered and diluted to a final concentration of 106

HEV genome copies/ml.

Animals
Female, 6–8 weeks old, specific-pathogen-free Sprague–Dawley
rats (Rattus norvegicus) were obtained from the Center for
Comparative Medical Research of The University of Hong Kong.
Ethics approval for the study was obtained from the Committee
on the Use of Live Animals in Teaching and Research of The
University of Hong Kong (protocol: 4817-18). Rats were housed
in a biosafety level 2 animal facility and had access to standard
pellet feed and water ad libitum.

Immunosuppressive drug regimens
The regimen for immunosuppressing rats used 3 drugs
commonly taken by solid organ transplant recipients as rejection
prophylaxis: prednisolone, tacrolimus, and mycophenolate
mofetil (MMF). Prednisolone is a corticosteroid. Tacrolimus is a
calcineurin inhibitor; this class of drugs is an established risk
factor for chronic hepatitis E and promotes HEV growth
in vitro.22,23 Although MMF has been reported to suppress HEV
replication, we judged that this would be outweighed by its
immunosuppressive effect in vivo based on our clinical experi-
ence.2,10,21,23 In addition, the regimen included the H2-receptor
blocker ranitidine for gastric ulcer prophylaxis while on pred-
nisolone. Drug suspensions were obtained from the Department
of Pharmacy, Queen Mary Hospital, Hong Kong. Drugs were
combined in 2 combinations for administration via oral gavage:
the low-dose (LD) regimen comprised prednisolone 4 mg/kg/day,
tacrolimus 5 mg/kg/day, MMF 25 mg/kg/day, and ranitidine
5 mg/kg/day, whereas the high-dose (HD) regimen comprised
prednisolone 10 mg/kg/day, tacrolimus 7.5 mg/kg/day, MMF
30 mg/kg/day, and ranitidine 5 mg/kg/day. Dosages were based
on pilot dose escalation experiments exploring tolerability and
ability to support chronic HEV infections in individual rats (data
not shown).

Model design
For the initial evaluation, rats were divided into 3 groups (n = 6
rats per group). The first group comprised IC rats, the second
group was given the LD regimen described above, and the third
group was administered the HD regimen. The LD and HD groups
began the drug regimen 10 days before infection, and drugs were
continued after infection to maintain immunosuppression
(Fig. 1A). Within each group, 3 rats were infected with the CCY
strain and 3 with the SRN strain. On the day of infection, 0.25 ml
of filtered stool suspensions containing either CCY or SRN HEV-
C1 strains were administered i.v. such that each rat received an
infectious dose of 2.5 × 105 genome copies. Two control rats were
administered PBS only on the day of infection. After infection,
humane endpoints, stool/serum HEV-C1 viral loads, humoral
antibody responses, and alanine aminotransferase (ALT) were
monitored at regular intervals for a minimum of 28 days post
infection (dpi) followed by necropsy. Four rats in the HD group
were maintained for longer periods to study viral kinetics up to 3
3vol. 4 j 100546
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months dpi (Fig. 1A). Therapeutic effects of reduction or
discontinuation of immunosuppression in this model were
investigated. HD regimen-treated SRN strain-infected rats were
given ribavirin i.p. (30 mg/kg/day) from 7 dpi onwards. Ribavirin
was dosed as previously described.20

We also attempted HEV-A infection in rats. IC rats and HD
immunosuppressed rats were infected with an SSW strain-
containing faecal filtrate (infectious dose: 2.5 × 105 HEV-A
genome copies).
Histological analysis of liver tissue
H&E staining and immunohistochemical staining using anti-
HEV-C1 antisera were performed as previously described.24

Detailed protocols are included in the Supplementary methods.
HEV rRT-PCR and HEV-C1 genome sequencing
Total nucleic acid was extracted from serum, stool (in VTM), and
liver tissue using the EZ1 Virus Mini Kit v2.0 (Qiagen, Hilden,
Germany). HEV-A and HEV-C1 rRT-PCR were performed using
primers, probes, and protocols described previously.6 Sequencing
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of the near-complete ORF2 gene of HEV-C1 strains CCY and SRN
was performed using the Sanger method as described previously
using primers listed in Tables S1 and S2.2 ORF2 sequencing was
performed because it encodes the viral surface protein and might
be expected to be more prone to mutational pressure during
chronic infection and interspecies transmission compared with
the conserved viral replication machinery encoded by ORF1.
Assessment of humoural and cellular immunity
Expression of peptides HEV-A4 p239 and HEV-C1 p241 were
performed as previously described.24 Peptides were expressed in
Escherichia coli and harvested from inclusion bodies as described
in the Supplementary information. These 2 peptides comprise
the immunogenic E2s domain of HEV-A and HEV-C1 ORF2,
respectively. We have previously shown that immunoblots using
these peptides can detect HEV-A- and HEV-C1-specific antibody
responses in rat sera.24 The protocol for immunoblot analysis of
rat sera to detect HEV antibodies is described in the
Supplementary information. Antibody production was also
assessed using a commercial HEV IgG antibody kit (Wantai,
C

F

loads of IC, LD regimen-treated, and HD regimen-treated rats infected with the
-C1 rRT-PCR assay (2.2 log10 copies/ml). Data of 3 SRN and 3 CCY strain-infected
D regimen-treated rat livers were harvested at 28 dpi. Two HD regimen-treated
eeks post infection. Group means were compared using Welch’s ANOVA. H&E-
iven the HD regimen showing normal architecture of hepatocyte plates. H&E-
howing hepatocyte degeneration with multiple foci of immune cell infiltration
owing hepatocyte degeneration, a large area of nuclear condensation (within
ion; HD, high dose; HEV-C1, HEV-C genotype 1; IC, immunocompetent; LD, low
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Beijing, China) with modifications (Supplementary methods).
We have previously shown that this kit detects antibodies in
HEV-C1 infected patient sera with fair sensitivity.24

Splenocytes were obtained from selected rats infected with
the SRN strain at 35 dpi to measure T-cell responses to HEV-C1.
Production of interferon-c (IFN-c) by rat splenocytes in response
to HEV-C1 p241 and phorbol myristate acetate/ionomycin
mitogen stimulation was assessed using an in-house developed
ELISpot assay as described in the Supplementary information.

Statistical analysis
Comparisons of means were done using Student’s t test or
Welch’s ANOVA. Figures were generated using Prism version 8.1
(GraphPad Software, San Diego, CA, USA). The sample size of
animals per group in the initial model (n = 6) was based on an a
priori estimate that mean faecal viral loads would be at least 2-
log10 copies/ml higher in the HD regimen-treated group than
in the IC group. This sample size yields a power of 90% at an
alpha level of 0.05. For therapeutic trials of reduced immuno-
suppression and ribavirin, a sample size of 5 per group was
chosen based on an a priori estimate that there would be a dif-
ference in viral load of 1-log10 copies/ml in the stool between
treated and untreated animals.

Results
Characterisation of HEV-C1 infection in rats
Rats in the LD and HD regimen groups tolerated drugs well with
no differences from normal IC rats in terms of appearance,
behaviour, or feeding patterns. Following infection according to
the scheme in Fig. 1A, all rats remained active and did not show
signs of infection. Only 2/6 IC rats had detectable viraemia; both
had been infected with the SRN strain (Fig. 1B). Most (5/6) LD
regimen rats developed viraemia; however, all cleared viraemia
by 28 dpi. All HD regimen rats developed viraemia (Fig. 1B) and
maintained high viral loads (mean: 5.82 log10 and 6.02 log10
copies/ml for CCY and SRN strain-infected rats, respectively)
even at 28 dpi. The same pattern was observed in stool with
most IC and LD rats ceasing viral shedding in stool by 28 dpi
although viral loads in the latter were higher until 21 dpi
(Fig. 1C). In contrast, HEV-C1 loads in stool of HD regimen-
treated rats continued to rise during this period with all ani-
mals shedding virus loads exceeding 7 log10 copies/ml. At 28 dpi,
a near-complete HEV-C1 ORF2 gene fragment (nt 5,189–6,924)
was sequenced from cDNA extracted from stool of HD regimen-
treated rats infected with SRN and CCY strains using primers
listed in Tables S1 and S2. No mutations were found compared
with baseline sequences of either strain.

Infected animals did not develop significantly raised ALT
although slight elevations compared with those of uninfected
control rats were observed at 14 and 21 dpi (Fig. 1D). LD
regimen-treated rats had raised ALT compared with other groups
at 28 dpi, coinciding with the time of clearance of virus shedding
in stool. Bilirubin of infected animals remained low (Fig. 1E);
marginally higher bilirubin in HD regimen-treated animals was
probably artefactual as these rats had higher bilirubin at 0 dpi.
=
arrows) with immune infiltrating cells, and (D) HD regimen-treated rats
showing extensive viral antigen expression in hepatocytes (white arrows) and
some interstitial cells resembling Kupffer cells (thin black arrows). Some of the
antigen-expressing hepatocytes show cytoplasmic vacuolation. HD, high dose;
HEV-C1, HEV-C genotype 1; IC, immunocompetent; LD, low dose.
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Mild liver dysfunction is typical of HEV-C1 infections in humans,
which often manifests as anicteric hepatitis.2 Peripheral blood
lymphocyte counts were also monitored (Fig. 1F). For both LD
and HD rats, lymphocyte counts were lower than those of IC and
negative control rats at 0 dpi (by which time they had received
10 days of the immunosuppressive regimen). By 28 dpi, mean
lymphocyte counts in the HD group were significantly lower
than those in the IC and LD groups.
Immunocompromised rats support chronic HEV-C1 infection
Four infected rats originally on the HD regimen were kept for 12
weeks post infection (Fig. 1A). At 28 dpi, we maintained 2 rats on
the HD regimen (rats 1 and 2) and transitioned the other 2 rats to
the LD regimen (rats 3 and 4). Interestingly, all 4 rats maintained
high HEV-C1 viral loads in both serum and stool throughout the
experiment with no viral load decline in rats 3 and 4 (Fig. 2A and
B). This confirms that the model can support chronic hepatitis E
infection, defined as 3 months of continuous viraemia.25

Reduction of immunosuppression after 28 dpi did not rescue
rats from chronic infection. This pattern is often observed in
chronically immunosuppressed transplant recipients with HEV-
C1 infection who seldom clear viraemia with immunosuppres-
sion reduction alone.2,10 All 4 rats had noticeable spikes in ALT
above their 28 dpi levels, although these were self-limiting
(Fig. 2C).
Liver viral loads and histology
At the end of the above experiments, rat livers were obtained for
viral load testing, which showed that HD regimen rats had mean
viral loads of 8.92 log10 copies/g, which were significantly higher
than those of LD and IC rats (Fig. 3A) (p = 0.0008). Histological
evaluation by H&E staining of liver at 28 dpi showed hepatocyte
degeneration and immune cell infiltration in IC, LD regimen, and
HD regimen rats compared with control rats (Fig. 3B–F). HD rat
livers additionally showed foci of cell necrosis. On immunohis-
tochemical staining, LD and HD regimen-treated rat livers
showed extensive signals indicative of HEV-C1 antigen expres-
sion in infected hepatocytes, whereas such staining was scanty in
IC rat liver (Fig. 4).
1 # 2 # 3 #
CCY

4 # 5 #
SRN

IC group

LD-regimen
group

HEV-C1 IgG

HD-regimen
group

A
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Fig. 5. Humoral responses to HEV-C1 infection. (A) Anti-HEV antibody respon
with CCY and SRN strains at 0, 14, and 28 days post infection assessed using HE
anti-His antibody, whereas N represents negative control using uninfected rat ser
treated rats at 0, 7, 14, and 28 days post infection assessed using the Wantai HEV I
together. Bars represent mean and SEM. HD, high dose; HEV-C1, HEV-C genotyp
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Serological responses
We assessed antibody responses in infected rats using HEV-C1-
specific IgG immunoblots. By 14 dpi, 5/6 IC rat sera showed
distinct bands in the HEV-C1 p241 peptide immunoblot indica-
tive of a humoral response to HEV-C1 (Fig. 5A). By 28 dpi, all 6 IC
rats had seroconverted. All LD regimen rats remained seroneg-
ative at 14 dpi, but 5 seroconverted by 28 dpi. In contrast, none of
the HD regimen rats seroconverted at 28 dpi. The Wantai HEV
IgG assay corroborated the immunoblot results with weak or
absent IgG responses in LD and HD regimen-treated rats
compared with IC rats (Fig. 5B). The immunosuppressive
regimen both abrogated and delayed the development of a hu-
moral response to HEV-C1.

Effect of reducing immunosuppression and ribavirin
Management of chronic hepatitis E involves reduction of
immunosuppression and, failing this, ribavirin.26 As shown
above, HD regimen-treated rats were unable to clear infection
even when immunosuppression was reduced after 28 dpi
(Fig. 2A and B). To assess the impact of earlier immunosup-
pression reduction, we infected 15 HD regimen-treated rats
with the SRN strain (Fig. 6A). Five animals were maintained on
the HD regimen throughout the study period (group 1). To
model treatment of hepatitis E in immunocompromised pa-
tients, we trialled early reduction of the HD regimen to the LD
regimen (group 2) or complete cessation of HD regimen at 7 dpi
(group 3). Mean serum and stool viral loads of group 1 rats
remained high at 28 dpi as expected. Immunosuppression
reduction or cessation was associated with declines in stool
viral shedding and plateauing of serum viral loads (Fig. 6B
and C). Most animals in groups 2 and 3 cleared viraemia by 28
dpi.

We then examined HEV-C1 antibody responses of group 1, 2,
and 3 rats (1 randomly selected animal per group). Within 2
weeks of immunosuppression reduction or reversal (i.e. 21 dpi),
strong antibody responses were apparent in rats with reduced or
ceased immunosuppression (Fig. 6D). Blot intensity was com-
parable with the IC control infected animal. At 35 dpi, spleno-
cytes were harvested from the same randomly selected animal in
groups 1, 2, and 3 for measurement of IFN-c production
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time reverse-transcription PCR.
following HEV-C1 p241 stimulation using ELISpot. Immune
restitution was clearly observed with group 2 and 3 animals
having higher spot counts than the group 1 animal (Fig. 6E and F)
when stimulated with both HEV-C1 p241 and PMA/ionomycin;
their ELISpot responses were attenuated (group 2) or similar
(group 3) to an IC control infected animal. The group 1 rat had
nearly undetectable responses on HEV-C1 p241 stimulation.
These results show that immunosuppression in this model is
reversible, provided that drugs are stopped by 7 dpi.

We then assessed the effect of i.p. ribavirin (given 30 mg/kg/
day) in infected immunocompromised rats (Fig. 7A). Viral loads
of individual ribavirin-treated and control animals were
compared with their 7-dpi baseline for a period of 3 weeks. As
shown in Fig. 7B and C, a suppressive effect on viral load was
apparent in ribavirin-treated animals at the second week of
JHEP Reports 2022
treatment. This effect was maintained in 3 animals into the third
week of treatment, but rebound was observed in 2 other treated
animals. None of the ribavirin-treated animals cleared the
infection.

HEV-A infection
Lastly, we assessed whether IC and HD regimen-treated rats
could be infected with an HEV-A genotype 4 strain derived from
a chronically infected transplant recipient (Fig. S2A). Only 1 of
the 3 IC rats showed a low viral load in the stool of 4.19 log10
copies/ml at a single time point (3 dpi). None of the 3 HD
regimen-treated HEV-A-injected rats had detectable HEV-A in
stool, serum, or liver. Furthermore, none of the rats developed a
humoral response to HEV-A in either immunoblot or Wantai IgG
assays (Fig. S2B and C).
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Research article
Discussion
Animal models are crucial tools for studying chronic hepatitis E.
Immunocompromised cynomolgus macaque and pig models of
chronic HEV-A infection have been described.11,27 An HEV-C1
model in non-human primates has also been described, which
could potentially be adapted to model chronic infection.28

However, large animal models are cumbersome and limited to
a few facilities. Accessible small animal models of chronic hep-
atitis E infection are difficult to develop. Successful models have
used chimeric human-liver mice such as uPA+/+-SCID mice, uPA+/

+-NOG mice, and humanised FRG mice.29–32 All 3 models lack
humoral and cellular immunity, allowing them to be trans-
planted with human hepatocytes. Lack of a functional immune
response ensures that they support chronic HEV infection.
However, these models are cumbersome. uPA+/+-SCID mice
require human hepatocyte infusion at a very young age, which is
technically challenging. Furthermore, cryopreserved human he-
patocytes for xenotransplantation are expensive. The lack of
immunity in these mice is also unlike the more nuanced im-
munodeficiency state of transplant recipients.13 Ferrets and
rabbits can harbour chronic HEV-C and HEV-A infections,
respectively, under natural and experimental conditions.15,16,33,34

However, chronicity is not consistently observed.15,16,35 Rabbits
immunosuppressed with cyclosporin A support chronic HEV-A
genotype 3 (rabbit variant) infection.17 This is a useful surro-
gate of chronic HEV-A infection, although viraemia in this model
tends to be transient with human-derived HEV-A genotype 3 and
genotype 4 infection.17

The recent recognition of HEV-C1 as a cause of chronic hep-
atitis E necessitates a representative animal model for this
infection. Such a model would also mimic chronic HEV-A infec-
tion because HEV-C1 is similar to HEV-A in terms of rates of
progression to chronicity, clinical manifestations, and treatment
outcomes in immunocompromised patients.10 However, IC rats
only sustain transient HEV-C1 infections.18,19 Here, we
JHEP Reports 2022
demonstrate consistent prolongation of HEV-C1 infection dura-
tion using a common strain of laboratory rat fed immunosup-
pressants. The model sustained high levels of HEV-C1 replication
owing to near-absent humoral and T-cell immunity against HEV,
but this was also reversible, provided immunosuppression was
reduced early, which is not the case with athymic rats.20 This
relative scalability enables analysis of adaptive immune re-
sponses during HEV infection.

We successfully infected rats with human- and rat-derived
HEV-C1 strains. CCY, the human strain used in this study, is a
representative of the LCK-3110 strain group that has caused
nearly all human HEV-C1 infections in Hong Kong.10 The route of
transmission of HEV-C1 infections to humans is unknown but is
presumed to be directly from rodents without involving an in-
termediate host based on the relatedness of human and rat HEV-
C1 strains during a community outbreak in Hong Kong.2 This
study further supports this by demonstrating that the CCY
human-derived HEV-C1 strain is highly adapted to rats. Rat in-
fections by CCY did not require any adaptive mutations in ORF2.

As HEV-C1 is a newly recognised cause of chronic hepatitis E,
susceptibility to ribavirin is a key question that needs to be
addressed. We used a dose of 30 mg/kg/day as per previous
publications.17,20 Ribavirin suppressed viral loads at the second
week of treatment although rebound was observed at the third
week in 2/5 treated animals. Ribavirin administered soon after
virus inoculation also did not always rescue athymic rats from
HEV-C1 infection.20 Even in human patients with HEV-C1,
delayed or absent responses to ribavirin are not uncommon.10

Future dose escalation studies of ribavirin with longer treat-
ment duration are required in rats.32

Even heavily immunosuppressed rats were not susceptible to
HEV-A infection. Susceptibility of rats to HEV-A infection is
controversial,36 but our findings corroborate other researchers
who have documented that rats are not susceptible to HEV-A,
even with immunosuppression.18,37 Even studies reporting
8vol. 4 j 100546



success in infecting rats with HEV-A find very low viral loads and
absence of seroconversion.38 The factors leading to resistance to
HEV-A infections in rats is unknown and worthy of investigation.
Identification of such factors could enable development of
knockout models of HEV-A infection. Mongolian gerbils have
recently been reported to support both HEV-A and HEV-C1
JHEP Reports 2022
infections.39 Immunosuppressed gerbils may serve as a useful
rodent model that can support both HEV-A and HEV-C1
infections.

In summary, we describe a convenient accessible rat model of
chronic hepatitis E, which can be used for studies of HEV
immunopathogenesis, extrahepatic manifestations, vaccines, and
antiviral therapeutics.
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ALT, alanine aminotransferase; dpi, days post infection; HD, high dose;
HEV, hepatitis E virus; HEV-A, Paslahepevirus balayani; HEV-C1, Rocahe-
pevirus ratti genotype 1; IC, immunocompetent; IFN-c, interferon-c; LD,
low dose; MMF, mycophenolate mofetil; PBS, phosphate buffered saline;
rRT-PCR, real-time reverse-transcription PCR; VTM, virus transport
medium.

Financial support
This work was supported by the Hong Kong Research Grants Council
under Early Career Scheme (project number: 27107420).

Conflicts of interest
SS has received speaker’s honoraria from Abbott Medical Laboratories.
The other authors report that there are no competing interests to declare.

Please refer to the accompanying ICMJE disclosure forms for further
details.

Authors’ contributions
Conceptualised and drafted the study: SS. Performed the experiments
and provided critical input into the study: SW, JW, EHKS, ZL. Analysed the
liver histology and immunohistochemical staining: AJXZ. Analysed the
raw data: KH, NFSC. Aided design and execution of the ELISpot experi-
ments: CHYF, VKMP. Performed sequencing of the SRN strain: WMC.
Designed the phylogenetic tree: CCYY. Designed the species-specific im-
munoblots: JPC. Critically reviewed the manuscript: KYY.

Data availability statement
Sequences of SRN, CCY, and SSW strains have been uploaded to GenBank
with accession numbers included in the methods. Raw data of viral loads,
liver function tests, lymphocyte counts, and ELISpot responses of treated
animals are available upon request.

Acknowledgements
Graphical abstract and infection scheme figures were generated using
BioRender.com.

Supplementary data
Supplementary data to this article can be found online at https://doi.org/1
0.1016/j.jhepr.2022.100546.

References
Author names in bold designate shared co-first authorship

[1] Wang B, Yang X-L. Chirohepevirus from bats: insights into hepatitis E virus
diversity and evolution. Viruses 2022;14:905.

[2] Sridhar S, Yip CC-Y, Wu S, Chew NF-S, Leung K-H, Chan JF, et al. Trans-
mission of rat hepatitis E virus infection to humans in Hong Kong: a
clinical and epidemiological analysis. Hepatology 2021;73:10–22.

[3] Andonov A, Robbins M, Borlang J, Cao J, Hattchete T, Stueck A, et al. Rat
hepatitis E virus linked to severe acute hepatitis in an immunocompetent
patient. J Infect Dis 2019;220:951–955.

[4] Dremsek P, Wenzel JJ, Johne R, Ziller M, Hofmann J, Groschup MH, et al.
Seroprevalence study in forestry workers from eastern Germany using
novel genotype 3- and rat hepatitis E virus-specific immunoglobulin G
ELISAs. Med Microbiol Immunol 2012;201:189–200.

[5] Shimizu K, Hamaguchi S, Ngo CC, Li T-C, Ando S, Yoshimatsu K, et al.
Serological evidence of infection with rodent-borne hepatitis E virus HEV-
C1 or antigenically related virus in humans. J Vet Med Sci 2016;78:1677–
1681.

[6] Sridhar S, Yip CC-Y, Wu S, Cai J, Zhang AJ-X, Leung K-H, et al. Rat hepatitis
E virus as cause of persistent hepatitis after liver transplant. Emerg Infect
Dis 2018;24:2241–2250.

[7] Hon KL, Sridhar S. Rat hepatitis E in an immunocompromised patient.
Indian Pediatr 2020;57:1085–1086.

[8] Rivero-Juarez A, Frias M, Perez AB, Pineda JA, Reina G, Fuentes-Lopez A,
et al. Orthohepevirus C infection as an emerging cause of acute hepatitis
in Spain: first report in Europe. J Hepatol 2022;77:326–331.

[9] Kamar N, Selves J, Mansuy JM, Ouezzani L, Péron JM, Guitard J, et al.
Hepatitis E virus and chronic hepatitis in organ-transplant recipients.
N Engl J Med 2008;358:811–817.

[10] Sridhar S, Yip CC-Y, Lo KH-Y, Wu S, Situ J, Chew NF-S, et al. Hepatitis E
virus species C infection in humans, Hong Kong. Clin Infect Dis 2021.
https://doi.org/10.1093/cid/ciab919.

[11] Cao D, Cao QM, Subramaniam S, Yugo DM, Heffron CL, Rogers AJ, et al. Pig
model mimicking chronic hepatitis E virus infection in immunocompro-
mised patients to assess immune correlates during chronicity. Proc Natl
Acad Sci U S A 2017;114:6914–6923.

[12] Sayed IM, Meuleman P. Updates in hepatitis E virus (HEV) field; lessons
learned from human liver chimeric mice. Rev Med Virol 2020;30:e2086.

[13] Suneetha PV, Pischke S, Schlaphoff V, Grabowski J, Fytili P, Gronert A, et al.
Hepatitis E virus (HEV)-specific T-cell responses are associated with
control of HEV infection. Hepatology 2012;55:695–708.

[14] Wang L, Liu L, Wang L. An overview: rabbit hepatitis E virus (HEV) and rabbit
providing an animal model for HEV study. Rev Med Virol 2018;28:e1961.

[15] Li T-C, Yang T, Yoshizaki S, Ami Y, Suzaki Y, Ishii K, et al. Ferret hepatitis E
virus infection induces acute hepatitis and persistent infection in ferrets.
Vet Microbiol 2016;183:30–36.

[16] Li S, He Q, Yan L, Li M, Liang Z, Shu J, et al. Infectivity and pathogenicity of
different hepatitis E virus genotypes/subtypes in rabbit model. Emerg
Microbes Infect 2020;9:2697–2705.

[17] He Q, Zhang F, Shu J, Li S, Liang Z, Du M, et al. Immunocompromised rabbit
model of chronic HEV reveals liver fibrosis and distinct efficacy of
different vaccination strategies. Hepatology 2022. https://doi.org/10.1002/
hep.32455.

[18] Li T-C, Yoshizaki S, Ami Y, Suzaki Y, Yasuda SP, Yoshimatsu K, et al. Sus-
ceptibility of laboratory rats against genotypes 1, 3, 4, and rat hepatitis E
viruses. Vet Microbiol 2013;163:54–61.

[19] Purcell RH, Engle RE, Rood MP, Kabrane-Lazizi Y, Nguyen HT,
Govindarajan S, et al. Hepatitis E virus in rats, Los Angeles, California, USA.
Emerg Infect Dis 2011;17:2216–2222.

[20] Debing Y, Mishra N, Verbeken E, Ramaekers K, Dallmeier K, Neyts J. A rat
model for hepatitis E virus. Dis Model Mech 2016;9:1203–1210.

[21] Sridhar S, Cheng VCC, Wong S-C, Yip CC-Y, Wu S, Lo AWI, et al. Donor-
derived genotype 4 hepatitis E virus infection, Hong Kong, China. Emerg
Infect Dis 2018;2019(25):425–433.

[22] Kamar N, Garrouste C, Haagsma EB, Garrigue V, Pischke S, Chauvet C, et al.
Factors associated with chronic hepatitis in patients with hepatitis E virus
infection who have received solid organ transplants. Gastroenterology
2011;140:1481–1489.

[23] Wang Y, Zhou X, Debing Y, Chen K, Van Der Laan LJ, Neyts J, et al. Calci-
neurin inhibitors stimulate and mycophenolic acid inhibits replication of
hepatitis E virus. Gastroenterology 2014;146:1775–1783.

[24] Sridhar S, Situ J, Cai J-P, Yip CC-Y, Wu S, Zhang AJ-X, et al.
Multimodal investigation of rat hepatitis E virus antigenicity: implications
for infection, diagnostics, and vaccine efficacy. J Hepatol 2021;74:1315–1324.

[25] Kamar N, Marion O, Izopet J. When should ribavirin be started to treat
hepatitis E virus infection in transplant patients? Am J Transpl 2016;16:727.

[26] European Association for the Study of the Liver. EASL clinical
practice guidelines on hepatitis E virus infection. J Hepatol 2018;68:1256–
1271.
9vol. 4 j 100546

http://BioRender.com
https://doi.org/10.1016/j.jhepr.2022.100546
https://doi.org/10.1016/j.jhepr.2022.100546
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref1
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref1
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref2
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref2
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref2
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref3
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref3
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref3
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref4
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref4
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref4
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref4
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref5
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref5
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref5
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref5
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref6
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref6
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref6
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref7
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref7
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref8
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref8
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref8
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref9
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref9
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref9
https://doi.org/10.1093/cid/ciab919
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref11
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref11
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref11
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref11
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref12
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref12
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref13
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref13
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref13
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref14
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref14
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref15
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref15
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref15
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref16
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref16
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref16
https://doi.org/10.1002/hep.32455
https://doi.org/10.1002/hep.32455
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref18
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref18
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref18
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref19
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref19
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref19
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref20
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref20
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref21
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref21
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref21
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref22
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref22
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref22
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref22
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref23
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref23
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref23
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref24
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref24
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref24
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref25
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref25
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref26
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref26
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref26


Research article
[27] Gardinali NR, Guimarães JR, Melgaço JG, Kevorkian YB, Bottino FO,
Vieira YR, et al. Cynomolgus monkeys are successfully and persistently
infected with hepatitis E virus genotype 3 (HEV-3) after long-term
immunosuppressive therapy. PLoS One 2017;12:e0174070.

[28] Yang F, Li Y, Li Y, Jin W, Duan S, Xu H, et al. Experimental cross-species
transmission of rat hepatitis E virus to rhesus and cynomolgus mon-
keys. Viruses 2022;14:293.

[29] van de Garde MD, Pas SD, van der Net G, de Man RA, Osterhaus AD,
Haagmans BL, et al. Hepatitis E virus (HEV) genotype 3 infection of human
liver chimeric mice as a model for chronic HEV infection. J Virol
2016;90:4394–4401.

[30] Allweiss L, Gass S, Giersch K, Groth A, Kah J, Volz T, 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.

[31] Sayed IM, Foquet L, Verhoye L, Abravanel F, Farhoudi A, Leroux-Roels G,
et al. Transmission of hepatitis E virus infection to human-liver chimeric
FRG mice using patient plasma. Antivir Res 2017;141:150–154.

[32] Sayed IM, Verhoye L, Cocquerel L, Abravanel F, Foquet L, Montpellier C,
et al. Study of hepatitis E virus infection of genotype 1 and 3 in mice with
humanised liver. Gut 2017;66:920–929.
JHEP Reports 2022
[33] Li S, Li M, He Q, Liang Z, Shu J, Wang L, et al. Characterization of
hepatitis E virus natural infection in farmed rabbits. J Viral Hepat
2021;28:186–195.

[34] Han J, Lei Y, Liu L, Liu P, Xia J, Zhang Y, et al. SPF rabbits infected with
rabbit hepatitis E virus isolate experimentally showing the chronicity of
hepatitis. PLoS One 2014;9:e99861.

[35] Liang C, Zhao C, Liu T, Liu B, Liu Z, Huang H, et al. Characterization of
chronic hepatitis E virus infection in immunocompetent rabbits. Viruses
2022;14:1252.

[36] Corneillie L, Banda DH, Meuleman P. Animal models for hepatitis E virus.
Viruses 2019;11:564.

[37] Schlosser J, Dähnert L, Dremsek P, Tauscher K, Fast C, Ziegler U, et al.
Different outcomes of experimental hepatitis E virus infection in diverse
mouse strains, Wistar rats, and rabbits. Viruses 2018;11:1.

[38] Jian Z, Li Y, Xu Z, Zhao J, Li F, Deng H, et al. Research on a rat model of
genotype IV swine hepatitis E virus. Vet Med Sci 2022;8:886–898.

[39] Zhang W, Ami Y, Suzaki Y, Doan YH, Muramatsu M, Li T-C.
Mongolia gerbils are broadly susceptible to hepatitis E virus. Viruses
2022;14:1125.
10vol. 4 j 100546

http://refhub.elsevier.com/S2589-5559(22)00118-5/sref27
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref27
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref27
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref27
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref28
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref28
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref28
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref29
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref29
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref29
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref29
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref30
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref30
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref30
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref31
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref31
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref31
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref32
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref32
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref32
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref33
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref33
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref33
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref34
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref34
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref34
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref35
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref35
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref35
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref36
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref36
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref37
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref37
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref37
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref38
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref38
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref39
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref39
http://refhub.elsevier.com/S2589-5559(22)00118-5/sref39

	JHEPR100546_grabs
	JHEPR100546_proof
	A small animal model of chronic hepatitis E infection using immunocompromised rats
	Introduction
	Materials and methods
	HEV strains
	Animals
	Immunosuppressive drug regimens
	Model design
	Histological analysis of liver tissue
	HEV rRT-PCR and HEV-C1 genome sequencing
	Assessment of humoural and cellular immunity
	Statistical analysis

	Results
	Characterisation of HEV-C1 infection in rats
	Immunocompromised rats support chronic HEV-C1 infection
	Liver viral loads and histology
	Serological responses
	Effect of reducing immunosuppression and ribavirin
	HEV-A infection

	Discussion
	Financial support
	Conflicts of interest
	Authors’ contributions
	Data availability statement
	Supplementary data
	References



