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Immunocompromised rabbit model of chronic HEV reveals 
liver fibrosis and distinct efficacy of different vaccination 
strategies
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Abstract
Background and Aims: HEV infection can lead to chronicity and rapid pro-
gression to liver fibrosis and cirrhosis in immunocompromised organ trans-
plant recipients. Robust animal models are urgently needed to study the 
pathogenesis and test the efficacy of vaccines and antiviral drugs in immuno-
suppressed settings.
Approach and Results: Cyclosporin A was used to induce immunosuppres-
sion. Rabbits were challenged with genotype 3 or 4 HEV (i.e., the rabbit-
derived HEV3 and human-derived HEV3 or HEV4). We assessed HEV 
markers within 13 weeks post inoculation (wpi) and pathological changes by 
hematoxylin and eosin and Masson staining at 4, 8, or 13 wpi. Chronic HEV 
infection was successfully established in immunocompromised rabbits. HEV 
RNA and/or antigens were detected in the liver, kidney, intestine, urine, and 
cerebrospinal fluid samples. Chronically infected animals exhibited typical 
characteristics of liver fibrosis development. Intrahepatic transcriptomic anal-
ysis indicated activation of both innate and adaptive immunity. Establishment 
of HEV chronicity likely contributed to the inhibited T-cell immune response. 
Ribavirin is effective in clearing HEV infection in immunocompromised rab-
bits. Most interestingly, vaccination completed before immunosuppression 
conferred full protection against both HEV3 and HEV4 infections, but vac-
cination during immunosuppression was only partially protective, and the ef-
ficacy did not improve with increased or additional vaccine doses.
Conclusions: The immunocompromised rabbit model of both chronic HEV3 
and HEV4 infection that was established captured the key features of chronic 
HEV infection in transplant patients, including liver fibrogenesis, and re-
vealed the distinct effectiveness of vaccination administered before or under 
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INTRODUCTION

HEV has become the leading cause of acute viral 
hepatitis in humans worldwide with genotype 1–4 
(HEV1-4) contributing to most cases in humans.[1,2] 
Although most HEV infections are acute and self-
limiting, chronic HEV infection (defined as persistent 
infection for > 3 months) frequently occurs in immu-
nocompromised individuals, such as organ transplant 
recipients, and can rapidly result in liver fibrosis and 
even fatal cirrhosis.[3–5] Most of the chronic cases are 
caused by HEV3,[3–7] while those caused by HEV4 
have recently been described in China.[8,9] The un-
derlying mechanisms leading to the progression of 
chronic hepatitis E, especially the progression of liver 
fibrosis, in immunocompromised patients are largely 
unknown.

Current treatment options for chronic hepatitis E 
are limited to reducing the dose of immunosuppres-
sants or using the broad-spectrum antiviral agent rib-
avirin.[6,10] Of note, HEV polymerase mutations occur 
during ribavirin treatment. The influence of these 
mutations in ribavirin treatment remains controver-
sial.[11–15] Reports have described treatment failure or 
relapse associated with these mutations,[11–13] but a 
recent large retrospective multicenter study showed 
that these mutations did not have a negative impact 
on HEV clearance.[15] The lack of a specific anti-HEV 
drug for treating chronic hepatitis E necessitates a 
prevention strategy for this high-risk group. Hecolin, 
the only licensed HEV vaccine worldwide, can effec-
tively protect the general population from HEV1 and 
HEV4 infection.[16,17] However, the vaccine efficacy 
against HEV3 and immunocompromised individuals 
remains unknown.

Given the burden and the unmet medical need for 
chronic hepatitis E, a robust and clinically relevant an-
imal model is urgently needed to study the pathogen-
esis and disease progression of HEV, for preclinical 
drug testing, and for vaccine evaluation. This study 
aimed to establish rabbit-based animal models to re-
capitulate both HEV3 and HEV4 chronic infections. To 
mimic the clinical setting, cyclosporin A (CsA), a clas-
sic and commonly used immunosuppressant for organ 
transplant recipients, was used to induce immunosup-
pression in rabbits. Subsequent inoculation with HEV3 
and HEV4 successfully established a chronic infection. 
The pathogenic profile was determined. Furthermore, 
the efficacies of a vaccine and antiviral treatment were 
assessed.

METHODS

Induction of immunosuppression in 
rabbits

Immunocompromised rabbits were prepared using 
CsA (Figure S1A). Trough blood concentrations 
were monitored using the high-performance liquid 
chromatography–mass spectrometry method. The 
animal experiments were approved by the Committee 
of Laboratory Animal Welfare and Ethics, Peking 
University Health Science Center and the Committee 
on the Ethics of Animal Experiments of the Harbin 
Veterinary Research Institute, Chinese Academy of 
Agricultural Sciences.

Virus challenge

Rabbits were inoculated with 1 ml (about 5 × 106 cop-
ies/ml) of rabbit-derived HEV-3ra, human-derived 
HEV3, or human-derived HEV4  strain (GenBank ac-
cession Nos. JX109834, MF996356, and MT993748). 
The subgenotypes of the two human-derived strains 
are 3b and 4d, respectively.

Sample collection and measurements

Feces and serum were collected weekly. Feces were 
processed into fecal suspensions and tested for HEV 
RNA. Serum was tested for alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), gamma-
glutamyltransferase (GGT), anti-HEV antibodies, HEV 
antigens, and HEV RNA. Urine, bile, cerebrospinal fluid 
(CSF), and tissue specimens were collected for HEV 
RNA and/or antigen detection, and liver tissues for 
transcriptomics analysis.

More details were provided in the Supporting 
Information.

RESULTS

Induction of immunosuppression in 
rabbits by CsA treatment

Each rabbit was treated with CsA for 7 consecutive 
days with 15 mg/kg daily in the loading phase, which 
was subsequently reduced to 10 mg/kg every 2 days as 

immunosuppression. This rabbit model is valuable for understanding the 
pathogenesis of chronic hepatitis E, as well as for evaluating antiviral agents 
and vaccines.
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the maintenance phase. Rabbits were challenged with 
HEV strains between these two phases (Figure S1A). 
Trough blood concentration was maintained at thera-
peutic concentration according to clinical practice[18] 
(100–200 ng/ml; Figure S1B).

Chronic infection of rabbit-derived HEV-
3ra in immunocompromised rabbits

CsA-treated and untreated rabbits were challenged 
with rabbit-derived HEV-3ra strain or mock (CsA-HEV-
3ra group, n  = 15; CsA-mock group, HEV-3ra group, 
and mock group, n = 12; Figure 1A). According to the 
European Association for the Study of the Liver guide-
lines,[10] chronic HEV infection is defined as HEV-RNA 
persistence for more than 3 months. Therefore, rabbits 
were monitored until 13 weeks post inoculation (wpi).

The duration of fecal virus shedding was 4–8 weeks 
in the HEV-3ra group, indicating an acute self-limiting 
infection. Viremia was low and was occasionally de-
tectable. Antigenemia was detected at 3–5 wpi in 
relatively low amounts in some rabbits (Figure 1B,C 
and Figure S2). In the CsA-HEV-3ra group, all rabbits 
showed stable and robust fecal virus shedding during 
the entire monitoring period. Low viremia was detected 
for 13 weeks. Antigenemia was detected early at 1 wpi 
and gradually increased over time after inoculation 
(Figure 1B,D and Figure S3). At 1 and 2 wpi, GGT levels 
were significantly higher in rabbits in the CsA-HEV-3ra 
group than those in the HEV-3ra group. In general, the 
two HEV-inoculated groups appeared to have higher 
levels of serum ALT or AST, but the difference was not 
statistically significant (Figure S4).

In the HEV-3ra group, anti-HEV seroconversion oc-
curred in two rabbits at 2 wpi and in an additional six 
rabbits at 4 wpi. All rabbits eventually showed serocon-
version before 9 wpi and remained anti-HEV-positive 
once seroconverted. In contrast, only two rabbits in 
the CsA-HEV-3ra group were seroconverted at 6 and 
7 wpi, respectively, and subsequently remained anti-
HEV positive. Interestingly, another two rabbits showed 
a weak and transient anti-HEV positivity: one at 5 wpi 
and the other at 6 and 8 wpi. The others remained neg-
ative for anti-HEV during the entire monitoring period 
(Figure 1E).

At 4 and 8 wpi, all sacrificed rabbits from the HEV-
3ra or CsA-HEV-3ra groups were positive for HEV 
RNA in bile and liver tissues. The CsA-HEV-3ra group 
displayed a significantly higher viral load than the HEV-
3ra group in the liver at 4 and 8 wpi, and in the bile 
at 8 wpi. At 13 wpi, all sacrificed rabbits in the CsA-
HEV-3ra group were still positive for HEV RNA in the 
bile and liver, while none were positive in the HEV-
3ra group. Hepatic HEV antigen was only detected at 
4 wpi in two of three (66.7%) sacrificed rabbits in the 
HEV-3ra group, whereas all sacrificed rabbits in the 

CsA-HEV-3ra group were positive for HEV antigen 
and had a significantly higher amount of HEV antigen 
at each time point (Figure 1F). HEV infection was not 
observed in the CsA-mock and mock groups. The col-
lective results indicate the successful establishment of 
a stable chronic infection in the CsA-induced immuno-
compromised rabbits.

Evidence of extrahepatic infection in HEV-
3ra inoculated rabbits

Several types of extrahepatic manifestations have been 
reported in association with HEV infection, particularly 
neurological and renal manifestations.[19] Therefore, we 
screened for HEV RNA and antigens in urine and CSF 
in these rabbits. All rabbits from the HEV-3ra group 
tested negative for HEV RNA in the available urine and 
CSF samples at 4, 8, and 13 wpi. In contrast, HEV RNA 
was detected in the urine and CSF samples from the 
CsA-HEV-3ra group (Figure 2A). As for HEV antigen, 
only two rabbits from the HEV-3ra group sacrificed at 4 
wpi were positive for urinary HEV antigen. Strikingly, all 
but one rabbit sacrificed at 13 wpi in the CsA-HEV-3ra 
group was positive for urinary HEV antigen. The CsA-
HEV-3ra group had a significantly higher HEV antigen 
burden in urine at each time point. HEV antigen was 
only detected in two CSF samples from the CsA-HEV-
3ra group (Figure 2B).

We also measured HEV viral load in the intestinal 
and kidney tissues of chronically infected rabbits. HEV 
RNA is frequently detected in different parts of the in-
testine, including the duodenum, jejunum, cecum, and 
colon. The viral load in the intestine was stable during 
infection, ranging from 106 to 108 copies/g. In kidney 
tissues, HEV RNA was detected in 25% (1 of 4), 50% (2 
of 4), and 100% (7 of 7) sacrificed rabbits at 4, 8, and 
13 wpi, respectively (Figure 2C).

Intrahepatic host response to 
acute and chronic HEV infection mapped 
by transcriptome analysis

Liver transcriptome analysis was performed in rabbits 
without CsA treatment at 4 wpi and 13 wpi using three 
rabbits at each time point in each group. Compared 
with the mock group, 373 differentially expressed 
genes (DEGs) were evident in the HEV-3ra group at 
4 wpi. Of these, 236 DEGs were up-regulated (Figure 
S5A,B), including many interferon (IFN)–related genes 
(IFN regulatory factor 7 [IFR7], IFN-stimulated gene 
15 [ISG15], IFN-induced protein with tetratricopeptide 
repeats 3/5 [IFIT3/5], IFN-induced protein 44 [IFI44], 
interferon induced with helicase C domain 1 [IFIH1], 
radical S-adenosyl methionine domain containing 2 
[RSAD2], and DExD/H-box helicase 58 [DDX58]). 
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F I G U R E  1   Infection of rabbit-derived HEV3 (HEV-3ra) strain in rabbits treated with or without cyclosporin A (CsA). (A) Experimental 
scheme. CsA-treated rabbits were challenged with HEV-3ra strain or mock (CsA-HEV-3ra group, n = 15; CsA-mock group, n = 12). 
Meanwhile, CsA-untreated rabbits were also challenged with HEV-3ra strain or mock (HEV-3ra group and mock group, n = 12/group). (B) 
Quantification of fecal HEV RNA, serum HEV RNA, and serum HEV antigen over time after inoculation. (C,D) Number of rabbits with HEV 
fecal shedding, viremia, or antigenemia from HEV-3ra group (C) and CsA-HEV-3ra group (D) over time after inoculation. (E) Weekly anti-
HEV positive rates. (F) Quantification of HEV RNA in bile and liver, and HEV antigen in liver. Error bars indicate mean ± SEM. Comparison 
of HEV-3ra group and CsA-HEV-3ra group, with significance, ∗p < 0.05; ∗∗p < 0.01. LOQ, limit of quantification
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Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis showed that these up-regulated 
DEGs were significantly enriched in pathways related to 
viral infections or antiviral responses, such as influenza 
A, HCV, and RIG-I-like receptor signaling pathways 
(Figure S5C). At 13 wpi, when rabbits of the HEV-3ra 
group were recovered, only 45 DEGs remained, and 
no significantly enriched KEGG pathways were identi-
fied, which was consistent with viral clearance at this 
time point (Figure S5A). For the CsA-induced immu-
nocompromised rabbits, liver transcriptome analysis 
was performed at 4, 8, and 13 wpi using three rab-
bits at each time point in each group. The numbers of 

up-regulated DEGs in the CsA-HEV-3ra group versus 
the CsA-mock group increased over time, with 113 at 
4 wpi, 138 at 8 wpi, and 226 at 13 wpi (Figure S5A,B). 
KEGG analysis revealed that the up-regulated DEGs 
at 4 and 13 wpi were both enriched in pathways re-
lated to viral infections (Figure S5D). No significantly 
enriched KEGG pathways of the up-regulated DEGs 
at 8 wpi were identified. Previous studies have identi-
fied a total of 35 up-regulated DEGs in infected chim-
panzees (34 genes) using microarray chips[20] and in 
humanized mice at 4 wpi (10  genes) by quantitative 
PCR.[21] In this rabbit model, 26 DEGs were detected 
by RNA sequencing. Most (84.6%, 22 of 26) were also 

F I G U R E  2   Extrahepatic HEV markers in rabbits inoculated with rabbit-derived HEV3 (HEV-3ra). (A,B) Quantification of HEV RNA (A) 
and HEV antigen (B) in urine and cerebrospinal fluid (CSF). We failed to collect some CSF samples in some rabbits, and detection of HEV 
RNA was prioritized when the sample did not have enough volume to test both HEV RNA and HEV antigen. Urine and CSF samples in 
the HEV-3ra group tested for both HEV RNA and antigen, (n = 3 at each timepoint). Urine samples in the CsA-HEV-3ra group tested for 
HEV RNA at 4, 8, and 13 weeks post inoculation (wpi; n = 4, 4, and 7, respectively) and for HEV antigen (n = 4, 4, and 6, respectively). CSF 
samples in the CsA-HEV-3ra group tested for HEV RNA at 4, 8, and 13 wpi (n = 4, 3, and 5, respectively) and for HEV antigen (n = 4, 3, and 
4, respectively). Comparison of HEV-3ra group and CsA-HEV-3ra group, with significance: ∗p < 0.05; ∗∗p < 0.01. (C) Quantification of HEV 
RNA in kidney and intestine (duodenum, jejunum, cecum, and colon) tissues of CsA-HEV-3ra group rabbits. Kidney tissues at 4, 8, and 13 
wpi (n = 4, 4, and 7, respectively). Intestine tissues at 4, 8, and 13 wpi (n = 3, 3, and 4, respectively). Each symbol represents one tested 
sample. Error bars indicate mean ± SEM
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significantly up-regulated, mostly in the acute phase (4 
wpi) of immunocompetent rabbits (Figure 3A,B).

These up-regulated DEGs identified in infected 
rabbits were pooled into one gene set containing 
577  genes in total. K-means cluster analysis (K  =  4) 
using this gene set (Figure 3C) was followed by Gene 
Ontology (GO) enrichment analysis for each of the 
four subclusters. Three of the subclusters showed dis-
tinct and unique gene-expression profiles, except for 

subcluster 3 (Figure 3C,D). Subcluster 1 contained 
98  genes up-regulated during HEV infection regard-
less of CsA treatment, and primarily enriched in innate 
immunity and antiviral defense response. Subcluster 2 
consisted of 179 genes characterized by up-regulation 
in the immunocompromised rabbits with HEV-3ra in-
fection at all three timepoints and was primarily en-
riched in adaptive immunity, especially T-cell immune 
response. Subcluster 3 contained 90 genes but was not 

F I G U R E  3   Intrahepatic host response to acute and chronic HEV infection mapped by transcriptome analysis. (A) Venn diagram 
displaying overlapping up-regulated differentially expressed genes (DEGs) in infected rabbits and two previous studies of infected 
chimpanzees and human liver chimeric mouse at 4 wpi. Gene names of the overlapping up-regulated DEGs are listed in the table on the 
right. (B) All 26 up-regulated DEGs from the two previous studies were plotted in alphabetical order. Color code of the heatmap represents 
fold change of the expression in the HEV-3ra group versus mock group (−CsA) or in the CsA-HEV-3ra group versus CsA-mock group 
(+CsA) at different time points, respectively. The four genes marked with asterisks were not significantly up-regulated in infected rabbits in 
either case. (C) Cluster analysis. The up-regulated DEGs identified in infected rabbits were pooled into one gene set containing 577 genes 
in total and were clustered using K-means clustering algorithm (K = 4). Color code of the heatmap represents the values of TPM (transcripts 
per million reads). The line graphs on the right represent the normalized expressions of the genes from the four subclusters, respectively. 
In each line graph, each gray line represents one gene, and the blue line represents the mean normalized expressions of all genes in 
this subcluster. (D) Dot plot visualization of enriched GO terms in subclusters 1, 2, and 4. The color of the dots represents the Benjamini-
Hochberg–corrected p value (p adjust) for each enriched Gene Ontology (GO) term, and the size represents the number of enriched genes. 
Rich factor represents the ratio of the number of genes enriched in the GO term to the annotation genes in the background. p adjust < 0.05 
was considered significant. Top 15 significantly enriched pathways are shown and ordered according to significance. (E) Venn diagram 
displaying overlapping down-regulated DEGs in CsA-mock group versus mock group at 13 wpi and up-regulated DEGs in subclusters 1, 
2 and 4, respectively (n = 3 for each group at each time point). Abbreviations: CMPK, cytidine/uridine monophosphate kinase 2; CXCL, 
C-X-C motif chemokine ligand; EPSTI1, epithelial stromal interaction 1; GABBR1, gamma-aminobutyric acid type B receptor subunit 1; 
HERC5, HECT and RLD domain containing E3 ubiquitin protein ligase 5; IFI, interferon-induced protein; IFIT, interferon-induced protein 
with tetratricopeptide; ISG, interferon-stimulated gene; MHC, major histocompatibility complex; MX1, MX dynamin like GTPase 1; OAS, 
2'-5'-oligoadenylate synthetase; PARP, poly(adenosine diphosphate ribose) polymerase; PSMB, proteasome subunit beta; RSAD2, radical 
S-adenosyl methionine domain containing 2; RTP4, receptor transporter protein 4; SAMD9, sterile alpha motif domain containing 9; STAT1, 
signal transducer and activator of transcription 1; UBD, ubiquitin D; UBE2L6, ubiquitin conjugating enzyme E2 L6; XAF1, X-linked inhibitor 
of apoptosis associated factor 1
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significantly enriched in any GO pathways. Subcluster 
4 contained 210 genes characterized by up-regulation 
in immunocompromised rabbits with HEV-3ra infection 
at 8 and 13 wpi. These genes were enriched in path-
ways related to collagen deposition, cell damage and 
repair, or some pro-fibrogenic phenotypes, such as 
collagen-containing extracellular matrix, regulation of 
apoptosis, and regulation of wound healing. There were 
337 down-regulated DEGs in the CsA-mock group ver-
sus the mock group at 13 wpi. Of these down-regulated 
DEGs, 32 genes were in subcluster 2 (Figure 3E), the 
subcluster that is enriched in T-cell immune response, 
the target of the CsA immunosuppressant.

Viral adaptation in HEV-3ra-infected  
rabbits

To explore the viral adaptation of the HEV-3ra strain in 
this model, we further analyzed the HEV variants using 
the transcriptome data. Taking the sequence of HEV-
3ra inoculum as the reference, many single nucleotide 
variants (SNVs) were found. Of these, 336 mutations of 
SNVs were synonymous (data not shown), and 41 were 
nonsynonymous (Table S1). Of these nonsynonymous 
SNVs, four nonsynonymous mutations (L190M, P271H, 
and S634P in ORF1; V581I in ORF2) were commonly 
seen in most of the infected rabbits. It should be noted 
that 34 exclusive nonsynonymous mutations were 
found in one rabbit from HEV-3ra group sacrificed at 4 
wpi. Three nonsynonymous mutations were only found 
in one rabbit each from the HEV-3ra and CsA-HEV-
3ra groups sacrificed at 4 wpi, respectively. In general, 
HEV-3ra exhibited more SNVs of both synonymous 
and nonsynonymous in rabbits without CsA treatment 
than immunocompromised rabbits at 4 wpi (Figure 4A). 
In immunocompromised rabbits, both synonymous and 
nonsynonymous SNVs of HEV-3ra were decreased 
over time (Figure 4B), but the differences were all not 
statistically significant.

Chronic infection of human-
derived HEV3 and HEV4 strains in 
immunocompromised rabbits

To better mimic HEV infection in transplant patients, 
we next challenged the immunocompromised rabbits 
with human-derived HEV3 (CsA-hHEV3 group, n = 6) 
or HEV4 strain (CsA-hHEV4 group, n = 6) (Figure 5A).

All rabbits in the CsA-hHEV3 group showed stable 
fecal virus shedding for at least 8 weeks during the 
13-week-long monitoring period. Four of six rabbits 
(66.7%) showed fecal virus shedding until 13 wpi, ex-
cept for one with a transient negative fecal virus shed-
ding between 11 and 12 wpi. Serum HEV RNA was 
occasionally detectable but much less frequent than in 

the CsA-HEV-3ra group. Antigenemia was only pres-
ent in one rabbit at 2 and 3 wpi (Figure 5B,C and Figure 
S6). No rabbit seroconverted to anti-HEV (Figure 5E) 
during monitoring. We did not observe abnormal ele-
vation of serum ALT, AST, or GGT levels (Figure S7). 
Four rabbits were sacrificed at 13 wpi. Of these, 75% 
(3 of 4) were positive for HEV RNA in the bile and liver, 
consistent with fecal virus shedding (Figure 5F). Only 
one rabbit tested positive for HEV RNA in both urine 
and CSF samples. All urine and CSF samples tested 
negative for HEV antigen (Figure S8A). Except for one 
rabbit that was positive for HEV RNA in the duodenum, 
cecum and colon, all other rabbits were negative for 
HEV RNA in the kidney and intestinal tissues (Figure 
S8B).

In rabbits inoculated with the HEV4 strain, 66.7% (4 
of 6) showed stable infection for 13 consecutive weeks. 
Transient viremia and antigenemia were observed in 
some rabbits (Figure 5B,D and Figure S6). Transient 
seroconversion to anti-HEV was observed in 50% (3 

F I G U R E  4   Total number of sites exhibiting variations in the 
HEV-3ra genome. (A) Number of sites exhibiting synonymous 
(left) and nonsynonymous (right) single nucleotide variants (SNVs) 
identified in rabbits sacrificed at 4 wpi from the HEV-3ra and 
CsA-HEV-3ra groups (n = 3/group). (B) Number of sites exhibiting 
synonymous (left) and nonsynonymous (right) SNVs identified in 
rabbits from the CsA-HEV-3ra group over time (n = 3/time point). 
ns, not significant
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of 6) of the rabbits (Figure 5E). No obvious elevation 
of serum ALT, AST, or GGT (Figure S7) was observed, 
except for one rabbit that had elevated ALT and AST 
levels at 4 and 5 wpi. Five rabbits were sacrificed at 
13 wpi. Four were positive for HEV RNA in the liver 
and bile (Figure 5F). One urine sample was positive 
for HEV RNA, and two urine samples were positive for 
HEV antigen. All CSF samples were negative for HEV 
RNA and antigens (Figure S8A). No HEV RNA was de-
tected in the kidney, but could be detected in the duo-
denum, cecum, and colon (Figure S8B).

HEV-induced liver inflammation and  
fibrosis

Mild but active inflammation was observed in the 
livers of sacrificed rabbits in the HEV-3ra group at 
4 wpi. The inflammation was reduced at 8 wpi and 
not evident at 13 wpi. In the CsA-HEV-3ra group, 
more severe liver damage with disordered liver tis-
sue structure, lymphocytic portal inflammation, and 
interface hepatitis were observed, indicating a pat-
tern of chronic hepatitis, because of the persistent 
inflammatory damage and disease progression ac-
companied with continued HEV infection (Figure 6A). 
Pathological changes, including increased collagen-
ous accumulation, fiber hyperplasia, and multifo-
cal bile duct hyperplasia, were observed in some 
rabbits in the CsA-HEV-3ra group at 8 and 13 wpi 
(Figure 6B). Obvious liver fibrosis was observed in 
0% (0 of 4), 50% (2 of 4), and 28.6% (2 of 7) of rabbits 
in the CsA-HEV-3ra group sacrificed at 4, 8, and 13 
wpi, respectively. Liver fibrosis was not observed in 
the HEV-3ra group (n = 3, each time point) with acute 
HEV infection (Figure S9). Consistently, chronic hep-
atitis and liver fibrosis were also observed in human 
HEV3 or HEV4 infected immunocompromised rabbits 
sacrificed at 13 wpi (Figure 6A,B). Twenty-five per-
cent (1 of 4) and 40% (2 of 5) of rabbits displayed 
pathological changes of obvious fibrosis in the CsA-
hHEV3 and CsA-hHEV4 group, respectively (Figure 
S9C). No obvious pathological changes in the liver 
were observed in the mock and CsA-mock groups 
(n = 3, at each time point in each group; Figure 5A,B 
and Figure S8).

We next explored the possible molecular and 
cellular mechanisms underlying HEV-induced liver 
fibrosis in immunocompromised rabbits by intra-
hepatic transcriptome analysis. Compared with 
mock-infected immunocompromised rabbits, 563 
up-regulated and 772 down-regulated DEGs were 
identified in infected immunocompromised rabbits 
with obvious liver fibrosis (Figure S10A) sacrificed 
at 8 wpi. Up-regulated DEGs included genes cod-
ing for the profibrotic cytokine TGFβ1, classical my-
ofibroblast markers (Vimentin [Vim] and actin alpha 

2 [Acta2]), inflammatory chemokines (C-C motif 
chemokine receptor 1 [CCR1], C-C motif chemok-
ine receptor like 2 [CCRL2], motif chemokine recep-
tor 4 [CXCR4], and C-X-C motif chemokine ligand 8 
[CXCL8]), genes associated with matrix remodeling 
(tissue inhibitor of metalloproteinases 1/2 [TIMP1/2] 
and matrix metallopeptidase 9/14 [MMP9/14]), and 
genes associated with collagen deposition (COL6A6, 
COL4A2, COL5A1, COL5A3, COL8A1, and COL1A1; 
Figure 6C). Accordingly, GO enrichment analysis of 
cellular components of up-regulated DEGs identified 
pathways involved in extracellular space and collagen 
trimer (Figure S10B).

Ribavirin monotherapy clears HEV 
infection in immunocompromised rabbits

Next, we treated HEV-3ra-infected immunocompro-
mised rabbits with 30 mg/kg ribavirin or distilled water 
orally every day (n = 3, each group) from 2 to 15 wpi. 
Fecal viral shedding was reduced 1–2  weeks after 
ribavirin treatment, and viral load remained until com-
plete clearance within the 13-week treatment (Figure 
S11).

Vaccination before immunosuppression 
fully protects against HEV-3ra, hHEV3, or 
hHEV4 infection

The efficacy of the Hecolin vaccine in immunocom-
promised individuals has not yet been tested. We first 
evaluated the vaccination strategies before immuno-
suppression. Rabbits were vaccinated with two 10-μg 
doses of Hecolin on days 0 and 28. In the third week 
after the final dose was completed, we started to 
treat the vaccinated rabbits with CsA and then chal-
lenged them with HEV-3ra, hHEV3, or hHEV4 strains 
(vaccination-before-immunosuppression group, n = 6 
in each subgroup; Figure 7A). The geometric mean 
titer of total anti-HEV antibodies during the vaccina-
tion process increased gradually to 1:51 on day 28 
after the first dose and increased rapidly to 1:1340 in 
the third week after the final dose (Figure 7B). No rab-
bits from the three subgroups showed sign of infec-
tion when sacrificed at 6 wpi (Figure 7C), indicating 
full protection.

Four rabbits naturally positive for anti-HEV were 
also enrolled in a rechallenge experiment. After es-
tablishing immunosuppression, the rabbits were chal-
lenged with the HEV-3ra strain (Figure 7D). Three still 
showed fecal virus shedding for 2–4 weeks, indicat-
ing an acute infection. However, the fecal viral load 
was relatively low, ranging from to 104 to 105 copies/g 
(Figure 7E). This observation indicated that immunity 
against HEV acquired from natural infection could 
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F I G U R E  5   Infection of human-derived HEV3 and HEV4 (hHEV3 and hHEV4) strains in rabbits treated with CsA. (A) Experimental 
scheme. (B) Quantification of fecal HEV RNA, serum HEV RNA, and serum HEV antigen over time after inoculation. (C,D) Number of 
rabbits with HEV fecal shedding, viremia, or antigenemia from the CsA-hHEV3 group (C) and CsA-hHEV4 group (D) over time after 
inoculation. (E) Weekly anti-HEV positive rates. (F) Quantification of HEV RNA in liver and bile. Each symbol represents one tested sample. 
Error bars indicate mean ± SEM
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F I G U R E  6   HEV-induced liver inflammation and fibrosis. (A,B) Liver histopathology of the rabbits. Representative hematoxylin and eosin 
(H.E.) and Masson staining of the liver sections from the CsA-HEV-3ra, CsA-mock, HEV-3ra, and mock group at 4, 8 and 13 wpi and the 
CsA-hHEV3 and CsA-hHEV4 group at 13 wpi, respectively. Scale bars are indicated in the figure. (C) Comparison of gene expressions 
in obvious fibrosis livers (n = 2) from the CsA-HEV-3ra group versus nonfibrosis livers (n = 3) from the CsA-mock group by volcano plot. 
Benjamini-Hochberg–corrected p value (p adjust) < 0.05 and |log2 Fold Change| ≥ 1. Selected genes related to fibrosis are marked in 
black. Data have been prefiltered to enrich for genes implicated in the GO term of immune system process (GO: 0002376, on the left) and 
extracellular space (GO:0005615, on the right). GO enrichment analysis was performed with up-regulated differentially expressed genes, 
and these two pathways are both significantly enriched
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be impaired by subsequent immunocompromised 
conditions.

Vaccination during immunosuppression 
only partially protects against 
HEV infection

The evaluation of vaccine efficacy under immunosup-
pression is important. Our vaccination strategy of two 
10-μg doses failed to provide full protection to CsA-
treated rabbits (Figure 8A,B). Three of four (75%) rab-
bits showed fecal virus shedding (Figure 8B). A high 
viral load was observed in the livers of the three rabbits 
at 9 wpi (Figure 8C). Only one rabbit with the highest 
anti-HEV antibody level was successfully protected 
against HEV infection. We next explored whether the 
efficacy could be improved by increasing the dose 
and amount of the vaccine. Two additional vaccination 
strategies (three doses of 10 μg or 30 μg) were tested 
(Figure 8A). Fifty percent (2 of 4) and 75% (3 of 4) of the 
rabbits still showed robust HEV infection and chronic-
ity after vaccination 3 times with the 10-μg and 30-μg 
dose, respectively (Figure 8B,C).

After vaccination was completed and on the day of 
HEV challenge, the baseline mean anti-HEV antibody 
levels for the three subgroups of vaccination during 
immunosuppression were 12.2  ±  15.0, 117.2  ±  167.4, 
and 8.5 ± 9.4 World Health Organization (WHO) units/
ml, respectively. The levels were all significantly lower 
than the vaccination-before-immunosuppression group 

(924.4 ± 212.0 WHO units/ml; Figure 8D). Liver fibro-
sis was also observed in the infected rabbits from the 
vaccination-during-immunosuppression group sac-
rificed at 13 wpi, but not in the noninfected rabbits 
from both vaccination-before-immunosuppression 
and vaccination-during-immunosuppression groups 
(Figure 8E and Figure S12). These results demon-
strated that vaccination during immunosuppression 
could not fully protect rabbits from HEV infection and 
chronicity.

DISCUSSION

In this study, we successfully established chronic 
infection as defined by viral fecal shedding in 100% 
of the immunocompromised rabbits using the rabbit-
derived HEV-3ra strain. Moreover, chronic infection 
also developed in immunocompromised rabbits chal-
lenged with the human-derived HEV3 or HEV4 strain, 
with a lower chronicity rate of 66.7% for each strain. 
Before our study, substantial efforts have been dedi-
cated to the development of animal models of chronic 
HEV infection. A humanized mouse model based 
on an immunodeficient genetic background and en-
graftment of human hepatocytes supported HEV 
persistence.[21–23] Monkeys[24] and pigs[25] have also 
been explored as models of chronic HEV infection by 
treatment with immunosuppressants. These models 
provide valuable tools for the study of HEV chronic-
ity, and each model has its own advantages. As for 

F I G U R E  7   Effectiveness of vaccination applied before immunosuppression. (A) Experimental scheme. Rabbits were vaccinated with 
two 10-μg doses of Hecolin at day 0 and 28 before immunosuppression (vaccination-before-immunosuppression group). (B) Geometric 
mean titer (GMT) of serum total anti-HEV antibodies during the 7-week vaccination process. (C) Quantification of fecal HEV RNA in 
the vaccination-before-immunosuppression group over time after inoculation and HEV RNA in liver when sacrificed. (D) Experimental 
scheme of HEV rechallenge experiment. Rabbits naturally positive for anti-HEV were enrolled (n = 4) and rechallenged with HEV-3ra after 
immunosuppression. (E) Fecal viral load and number of rabbits with HEV fecal shedding over time after inoculation in the rechallenge 
experiment. Error bars indicate mean ± SEM. wpv, weeks post vaccination
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our immunocompromised rabbit model with HEV-3ra 
chronic infection presented here, it ideally recapitu-
lates key aspects of patients with chronic hepatitis E, 
especially organ transplant recipients. Furthermore, 
previous animal models of HEV chronicity focused 
primarily on human/swine-derived HEV3,[21–25] 
whereas emerging evidence has indicated that rab-
bit HEV3[26,27] and human HEV4[28] can also cause 
chronic infection in transplant patients. In this respect, 
our immunocompromised rabbit is capable of mod-
eling both HEV3 chronic infection derived from either 
rabbits or humans as well as human HEV4 chronic in-
fection. It should be noted that most, but not all, of the 
animals inoculated with the human-derived strains de-
veloped chronicity as defined by viral fecal shedding. 
This finding agreed with the human clinical setting, in 
which approximately 60%–70% of transplant patients 
infected with HEV develop chronic infection.[5,29] In 
general, the infection level of HEV-3ra was more ro-
bust than that of human HEV3 and HEV4, which is 
intuitive considering the natural adaptation to its host. 
Moderate levels of persistent viremia were also ob-
served, but were less robust than fecal virus shed-
ding. This is consistent with the clinical observation 

that fecal HEV shedding is more reliable than viremia 
in monitoring chronic HEV infection, guiding treat-
ment strategy and predicting relapse.[30–32]

HEV ORF2 capsid protein has at least two forms.[33,34] 
The secreted form of ORF2 can overwhelm capsid 
protein in the serum and urine of patients.[33,35] The 
Wantai ELISA kit primarily detects the secreted form 
of ORF2,[34] and we depicted the kinetics of ORF2 anti-
gen during chronic HEV infection in rabbits. In immuno-
compromised rabbits challenged with human-derived 
strains, incredibly low levels or even no antigenemia or 
urinary HEV antigen were observed. This might be ex-
plained by the lower infectivity of human-derived strains 
in rabbits. However, high levels of antigenemia and uri-
nary HEV antigen could be detected in immunocom-
promised rabbits challenged with the rabbit-derived 
HEV-3ra strain, which agrees well with previous reports 
on HEV antigens in chronic patients.[8,35,36] It remains 
debatable whether HEV antigen plays a functional 
role in pathogenesis and whether it could be a useful 
marker for diagnosing HEV infection and distinguishing 
between acute and chronic infections. We believe that 
our rabbit model provides an essential tool for further 
investigations of these questions related to ORF2.

F I G U R E  8   Effectiveness of vaccination applied under immunosuppression. (A) Experimental scheme. Rabbits were first induced 
immunocompromised, then vaccinated during immunosuppression (vaccination-during-immunosuppression group) and challenged with 
HEV-3ra strain after vaccination completed. The subgroup vaccinated with two 10-μg doses was monitored for 9 weeks, and the other two 
subgroups for 13 weeks after inoculation (n = 4/subgroup). (B,C) Quantification of fecal HEV RNA and liver HEV RNA in the three subgroups 
of vaccination-during-immunosuppression group over time after inoculation. Liver HEV RNA was tested at sacrifice (10 μg × 2 subgroups 
at 9 wpi; the other two subgroups at 13 wpi). (D) Quantification of total anti-HEV antibodies at 4 weeks after the final dose in the three 
subgroups (n = 4) of vaccination-during-immunosuppression group versus the vaccination-before-immunosuppression group (n = 18). 
∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. (E) Masson staining of liver sections from the three subgroups of vaccination-during-immunosuppression 
group and the vaccination-before-immunosuppression group. Scale bars are indicated in the figure
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Extrahepatic replication and manifestations are re-
portedly associated with HEV infection.[19] HEV RNA 
and antigen were detected in the kidney, intestine, CSF, 
and urine samples from chronically infected rabbits. 
Recent studies demonstrated that HEV can replicate in 
human intestinal cells[37] and that protracted fecal HEV 
shedding is associated with ribavirin treatment fail-
ure.[31] The detection of HEV replication in the intestine 
of HEV-3ra-inoculated rabbits supports the notion that 
the intestine may serve as another viral reservoir and 
contribute to virus dissemination. As a natural host, we 
propose the HEV-3ra-infected rabbit model as a viable 
option for studying extrahepatic tropism and manifesta-
tion of HEV.

Organ transplant patients with chronic HEV infection 
can rapidly progress to liver fibrosis and cirrhosis,[5,38] 
which is faster than that observed in HCV-infected pa-
tients.[7] In the rabbit model, we observed a similar pro-
gression of histological lesions compared to patients 
with chronic hepatitis E.[5,9,39] RNA sequencing of fi-
brotic liver tissues also revealed the up-regulation of 
several known host genes involved in fibrogenesis.[40]

We explored the transcriptional landscape regulated 
by acute and chronic HEV-3ra infection at different time 
points. In CsA-untreated rabbits, many DEGs related 
to both innate and adaptive immune responses were 
up-regulated in the acute phase (4 wpi) and returned 
to normal expression during the recovery phase (13 
wpi) after virus clearance. Notably, we observed a high 
overlap of the significantly up-regulated genes in the 
liver of our rabbits with those previously reported for 
HEV-infected chimpanzees[20] and humanized mice 
at 4 wpi.[21] In CsA-treated rabbits, accompanied with 
lower rates of seroconversion to anti-HEV, less ac-
tive immune responses were observed after infection, 
especially at chronic phase (13 wpi). A recent study 
showed that depletion of CD8+ T cells in rhesus mon-
keys before HEV challenge only prolonged infection by 
1 week and failed to cause chronicity, suggesting that 
the deficit in CD8+ T cell was compensated by other 
arms of the adaptive response, most likely neutralizing 
antibodies and/or CD4+ T cells that have antiviral effec-
tor function.[41] In our rabbit model instead, generalized 
immune suppression induced by immunosuppressants 
as in transplant patients with HEV chronic infection af-
fects all arms of the adaptive response, which likely ex-
plains the successful establishment of HEV chronicity. 
Of note, host responses primarily related to the regu-
lation of wound healing and extracellular matrix were 
active during HEV persistent infection. Thus, this rabbit 
model provides a promising tool for studying the patho-
genesis and underlying mechanisms of HEV-induced 
liver fibrosis and disease progression.

HEV enters and exists in infected host as a mixture 
of heterogeneous viruses defining quasispecies.[42] In 
the HEV-3ra-infected rabbit model, we performed an 
analysis of HEV viral population evolution of different 

infection time points or under different immune status 
using the transcriptome data. Although the differences 
are not statistically significant, SNVs appear more fre-
quently at acute phase of infection or in the absence 
of immunosuppressants, indicating that the immune 
activation of the host may somehow contribute to the 
heterogeneity of the virus. We also found four common 
nonsynonymous mutations (L190M, P271H, and S634P 
in ORF1; V581I in ORF2) during HEV-3ra infection, 
suggesting that these few variants are the dominant 
ones that survived selective pressure in the rabbits and 
were critical for HEV-3ra strain to replicate in the liver.

Ribavirin has been used widely to treat patients with 
chronic HEV infection. The 3-month oral ribavirin treat-
ment, which mimics the clinical treatment strategy,[6] re-
sulted in HEV clearance in all treated rabbits. Although 
ribavirin is highly effective in treating chronic hepatitis 
E, treatment failure does occur in some patients.[13] 
Furthermore, many transplant patients are not eligible 
or do not tolerate ribavirin treatment, necessitating the 
development of new anti-HEV therapies.[43] This im-
munocompromised rabbit model is suitable for testing 
anti-HEV drug candidates.

The Hecolin HEV vaccine prevented symptom-
atic HEV1 and HEV4 infections in studies of a large 
general population.[16,17] Whether this vaccine can 
prevent chronic infection in immunocompromised pa-
tients, including HEV3, is an intriguing issue to assess. 
In clinical practice, we considered two vaccination 
strategies applied in patients on the wait list of organ 
transplantation or patients already receiving the organ. 
Correspondingly, we tested vaccinations before and 
during CsA treatment. We found that vaccination com-
pleted before CsA treatment conferred full protection 
against both HEV3 and HEV4 infections. However, only 
partial protection was achieved when the rabbits were 
already treated with CsA. Importantly, increased or ad-
ditional vaccine doses hardly improved the response 
when the rabbits were immunocompromised. The ex-
tremely low anti-HEV antibody levels partially explained 
the poor performance when Hecolin was administered 
during immunosuppression. These suggested that 
transplant patients are best vaccinated before adminis-
tration of immunosuppressants.

In summary, immunocompromised rabbits chal-
lenged with HEV-3ra are an ideal model for reca-
pitulating chronic HEV infection as seen in organ 
transplant patients, which captures key features of 
viral kinetics, HEV-host interactions, chronic disease 
progression, and extrahepatic replication. This model 
is suitable for antiviral drug testing and, more impor-
tantly, for the evaluation of vaccine efficacy and the 
design of specific vaccination strategies that are ef-
fective for protecting immunocompromised patients 
from infection. Of note, although human-derived 
HEV3 and HEV4 are less infectious in rabbits, chronic 
infection as defined by viral fecal shedding was also 
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established in two-thirds of immunocompromised 
rabbits, which might facilitate the study of both geno-
type 3 and 4 chronic infection as well as the study of 
HEV cross-species transmission.

ACK N OW LE DG M E NT S
The authors thank Prof. Xiajuan Zou from Peking 
University Medical and Healthy Analytical Center for 
her technical assistance in HPLC-MS, as well as Prof. 
Ence Yang from the Department of Microbiology and 
Infectious Disease Center, School of Basic Medical 
Sciences, Peking University Health Science Center, 
for his assistance in the analysis of viral adaption. 
The Hecolin vaccines were kindly provided by Xiamen 
Innovax Biotech, Xiamen, China.

CO N FLI CT O F I NT E R EST
Nothing to report.

AUTH O R CO NTR I BUT I O N S
Study design: Qiyu He, Lin Wang, Shuangshuang Li, 
Fengmin Lu, and Ling Wang. Experiment design: Qiyu 
He. Assistance with animal experiments: Fan Zhang, 
Jingyi Shu, Lin Wang, Zhaochao Liang, Manyu Li, Xing 
Liu, Xin Yin, and Tianxu Liu. Assistance with quantifi-
cation of the inocula of the virus strains: Xing Liu and 
Xin Yin. Assistance with analysis of viral adaptation: 
Minghao Du. Data analysis: Qiyu He and Fan Zhang. 
Manuscript draft: Qiyu He and Lin Wang. Manuscript 
revisions: Xin Yin, Fengmin Lu, Ling Wang, Qiuwei 
Pan, and Lin Wang. Study supervision: Lin Wang, Ling 
Wang, and Fengmin Lu.

E TH I C S STAT E M E NT
The animal experiments were approved by the 
Committee of Laboratory Animal Welfare and Ethics, 
Peking University Health Science Center and the 
Committee on the Ethics of Animal Experiments of 
the Harbin Veterinary Research Institute, Chinese 
Academy of Agricultural Sciences.

DATA AVA I L A B I L I T Y STAT E M E NT
The raw RNA-sequencing data have been deposited in 
the Genome Sequence Archive in National Genomics 
Data Center, China National Center for Bioinformation, 
under accession number CRA004960. All data used in 
the manuscript are available from the corresponding 
authors on reasonable request.

O RCI D
Qiuwei Pan   https://orcid.org/0000-0001-9982-6184 

R E FE R E N C E S
	 1.	 Kamar N, Izopet J, Pavio N, Aggarwal R, Labrique A, 

Wedemeyer H, et al. Hepatitis E virus infection. Nat Rev Dis 
Primers. 2017;3:17086.

	 2.	 Nimgaonkar I, Ding Q, Schwartz RE, Ploss A. Hepatitis E virus: 
advances and challenges. Nat Rev Gastroenterol Hepatol. 
2018;15:96–110.

	 3.	 Gerolami R, Moal V, Colson P. Chronic hepatitis E with 
cirrhosis in a kidney-transplant recipient. N Engl J Med. 
2008;358:859–60.

	 4.	 Kamar N, Selves J, Mansuy J-M, Ouezzani L, Péron J-M, 
Guitard J, et al. Hepatitis E virus and chronic hepatitis in organ-
transplant recipients. N Engl J Med. 2008;358:811–7.

	 5.	 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;140:1481–9.

	 6.	 Kamar N, Izopet J, Tripon S, Bismuth M, Hillaire S, Dumortier 
J, et al. Ribavirin for chronic hepatitis E virus infection in trans-
plant recipients. N Engl J Med. 2014;370:1111–20.

	 7.	 Kamar N, Abravanel F, Selves J, Garrouste C, Esposito L, 
Lavayssière L, et al. Influence of immunosuppressive ther-
apy on the natural history of genotype 3 hepatitis-E virus 
infection after organ transplantation. Transplantation. 
2010;89:353–60.

	 8.	 Geng Y, Zhao C, Huang W, Harrison TJ, Zhang H, Geng K, 
et al. Detection and assessment of infectivity of hepatitis E 
virus in urine. J Hepatol. 2016;64:37–43.

	 9.	 Wang Y, Chen G, Pan Q, Zhao J. Chronic hepatitis E in a 
renal transplant recipient: the first report of genotype 4 hep-
atitis E virus caused chronic infection in organ recipient. 
Gastroenterology. 2018;154:1199–201.

	10.	 Dalton HR, Kamar N, Baylis SA, Moradpour D, Wedemeyer H, 
Negro F. EASL Clinical Practice Guidelines on hepatitis E virus 
infection. J Hepatol. 2018;68:1256–71.

	11.	 Debing Y, Gisa A, Dallmeier K, Pischke S, Bremer B, Manns 
M, et al. A mutation in the hepatitis E virus RNA polymerase 
promotes its replication and associates with ribavirin treat-
ment failure in organ transplant recipients. Gastroenterology. 
2014;147:1008–11, e15–6.

	12.	 Todt D, Gisa A, Radonic A, Nitsche A, Behrendt P, Suneetha 
PV, et al. In vivo evidence for ribavirin-induced mutagenesis of 
the hepatitis E virus genome. Gut. 2016;65:1733–43.

	13.	 Debing Y, Ramière C, Dallmeier K, Piorkowski G, Trabaud M-
A, Lebossé F, et al. Hepatitis E virus mutations associated with 
ribavirin treatment failure result in altered viral fitness and riba-
virin sensitivity. J Hepatol. 2016;65:499–508.

	14.	 Lhomme S, Kamar N, Nicot F, Ducos J, Bismuth M, Garrigue 
V, et al. Mutation in the hepatitis E virus polymerase and out-
come of ribavirin therapy. Antimicrob Agents Chemother. 
2015;60:1608–14.

	15.	 Kamar N, Abravanel F, Behrendt P, Hofmann J, Pageaux GP, 
Barbet C, et al. Ribavirin for hepatitis E virus infection after 
organ transplantation: a large European retrospective multi-
center study. Clin Infect Dis. 2020;71:1204–11.

	16.	 Zhang J, Zhang X-F, Huang S-J, Wu T, Hu Y-M, Wang Z-Z, 
et al. Long-term efficacy of a hepatitis E vaccine. N Engl J Med. 
2015;372:914–22.

	17.	 Zhu F-C, Zhang J, Zhang X-F, Zhou C, Wang Z-Z, Huang S-
J, et al. Efficacy and safety of a recombinant hepatitis E vac-
cine in healthy adults: a large-scale, randomised, double-blind 
placebo-controlled, phase 3 trial. Lancet. 2010;376:895–902.

	18.	 Haynes RAH, Ware E, Premanandan C, Zimmerman B, Yu L, 
Phipps AJ, et al. Cyclosporine-induced immune suppression 
alters establishment of HTLV-1 infection in a rabbit model. 
Blood. 2010;115:815–23.

	19.	 Pischke S, Hartl J, Pas SD, Lohse AW, Jacobs BC, Van der 
Eijk AA. Hepatitis E virus: infection beyond the liver? J Hepatol. 
2017;66:1082–95.

	20.	 Yu C, Boon D, McDonald SL, Myers TG, Tomioka K, Nguyen 
H, et al. Pathogenesis of hepatitis E virus and hepatitis C 

info:x-wiley/peptideatlas/CRA004960
https://orcid.org/0000-0001-9982-6184
https://orcid.org/0000-0001-9982-6184


      |  15HEPATOLOGY

virus in chimpanzees: similarities and differences. J Virol. 
2010;84:11264–78.

	21.	 Sayed IM, Verhoye L, Cocquerel L, Abravanel F, Foquet L, 
Montpellier C, et al. Study of hepatitis E virus infection of geno-
type 1 and 3 in mice with humanised liver. Gut. 2017;66:920–9.

	22.	 Allweiss L, Gass S, Giersch K, Groth A, Kah J, Volz T, et al. 
Human liver chimeric mice as a new model of chronic hepati-
tis E virus infection and preclinical drug evaluation. J Hepatol. 
2016;64:1033–40.

	23.	 van de Garde MDB, Pas SD, van der Net G, de Man RA, 
Osterhaus ADME, 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;90:4394–401.

	24.	 Gardinali NR, Guimarães JR, Melgaço JG, Kevorkian YB, 
Bottino FDO, Vieira YR, et al. Cynomolgus monkeys are suc-
cessfully and persistently infected with hepatitis E virus gen-
otype 3 (HEV-3) after long-term immunosuppressive therapy. 
PLoS One. 2017;12:e174070.

	25.	 Cao D, Cao QM, Subramaniam S, Yugo DM, Heffron CL, 
Rogers AJ, et al. Pig model mimicking chronic hepatitis E 
virus infection in immunocompromised patients to assess im-
mune correlates during chronicity. Proc Natl Acad Sci USA. 
2017;114:6914–23.

	26.	 Abravanel F, Lhomme S, El Costa H, Schvartz B, Peron J-M, 
Kamar N, et al. Rabbit hepatitis E virus infections in humans, 
France. Emerg Infect Dis. 2017;23:1191–3.

	27.	 Sahli R, Fraga M, Semela D, Moradpour D, Gouttenoire J. 
Rabbit HEV in immunosuppressed patients with hepatitis E ac-
quired in Switzerland. J Hepatol. 2019;70:1023–5.

	28.	 Sridhar S, Cheng VCC, Wong S-C, Yip CCY, Wu S, Lo AWI, 
et al. Donor-derived genotype 4 hepatitis E virus infection, 
Hong Kong, China, 2018. Emerg Infect Dis. 2019;25:425–33.

	29.	 Legrand-Abravanel F, Kamar N, Sandres-Saune K, Garrouste 
C, Dubois M, Mansuy J-M, et al. Characteristics of autochtho-
nous hepatitis E virus infection in solid-organ transplant recipi-
ents in France. J Infect Dis. 2010;202:835–44.

	30.	 Ambrosioni J, Mamin A, Hadengue A, Bernimoulin M, Samii 
K, Landelle C, et al. Long-term hepatitis E viral load kinetics 
in an immunocompromised patient treated with ribavirin. Clin 
Microbiol Infect. 2014;20:O718–20.

	31.	 Abravanel F, Lhomme S, Rostaing L, Kamar N, Izopet J. 
Protracted fecal shedding of HEV during ribavirin therapy pre-
dicts treatment relapse. Clin Infect Dis. 2015;60:96–9.

	32.	 Marion O, Lhomme S, Del Bello A, Abravanel F, Esposito L, 
Hébral AL, et al. Monitoring hepatitis E virus fecal shedding 
to optimize ribavirin treatment duration in chronically infected 
transplant patients. J Hepatol. 2019;70:206–9.

	33.	 Montpellier C, Wychowski C, Sayed IM, Meunier J-C, Saliou 
J-M, Ankavay M, et al. Hepatitis E virus lifecycle and identifica-
tion of 3 forms of the ORF2 capsid protein. Gastroenterology. 
2018;154:211–23.

	34.	 Yin X, Ying D, Lhomme S, Tang Z, Walker CM, Xia N, et al. 
Origin, antigenicity, and function of a secreted form of ORF2 
in hepatitis E virus infection. Proc Natl Acad Sci U S A. 
2018;115:4773–8.

	35.	 Marion O, Capelli N, Lhomme S, Dubois M, Pucelle M, 
Abravanel F, et al. Hepatitis E virus genotype 3 and capsid pro-
tein in the blood and urine of immunocompromised patients. J 
Infect. 2019;78:232–40.

	36.	 Zhang H, Rao H, Wang Y, Wang J, Kong X, Ji Y, et al. Evaluation 
of an antigen assay for diagnosing acute and chronic hepatitis E 
genotype 4 infection. J Gastroenterol Hepatol. 2019;34:458–65.

	37.	 Marion O, Lhomme S, Nayrac M, Dubois M, Pucelle M, 
Requena M, et al. Hepatitis E virus replication in human intesti-
nal cells. Gut. 2020;69:901–10.

	38.	 Kamar N, Mansuy J-M, Cointault O, Selves J, Abravanel F, Danjoux 
M, et al. Hepatitis E virus-related cirrhosis in kidney- and kidney-
pancreas-transplant recipients. Am J Transplant. 2008;8:1744–8.

	39.	 Lenggenhager D, Pawel S, Honcharova-Biletska H, Evert K, 
Wenzel JJ, Montani M, et al. The histologic presentation of hep-
atitis E reflects patients’ immune status and pre-existing liver 
condition. Mod Pathol. 2021;34:233–48.

	40.	 Kisseleva T, Brenner D. Molecular and cellular mechanisms of 
liver fibrosis and its regression. Nat Rev Gastroenterol Hepatol. 
2021;18:151–66.

	41.	 Bremer W, Blasczyk H, Yin X, Salinas E, Grakoui A, Feng Z, 
et al. Resolution of hepatitis E virus infection in CD8+ T cell-
depleted rhesus macaques. J Hepatol. 2021;75:557–64.

	42.	 Lhomme S, Abravanel F, Dubois M, Sandres-Saune K, 
Rostaing L, Kamar N, et al. Hepatitis E virus quasispecies and 
the outcome of acute hepatitis E in solid-organ transplant pa-
tients. J Virol. 2012;86:10006–14.

	43.	 Li Y, Li P, Li Y, Zhang R, Yu P, Ma Z, et al. Drug screening 
identified gemcitabine inhibiting hepatitis E virus by inducing 
interferon-like response via activation of STAT1 phosphoryla-
tion. Antiviral Res. 2020;184:104967.

SU PPO RT I NG I N FO R M AT I O N
Additional supporting information may be found in the 
online version of the article at the publisher’s website.

How to cite this article: 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;00:1–15. 
doi:10.1002/hep.32455

https://doi.org/10.1002/hep.32455

