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a  b  s  t  r  a  c  t

Hepatitis  E  virus  strains  from  rabbits  indicate  that  these  mammals  may  be a reservoir  for  HEVs that  cause
infection  in  humans.  Further  issues  remain  to be  clarified,  including  whether  the  genotype  of  rabbit  HEV
differs  from  human  and  swine  HEV  genotype  3  and whether  rabbit HEV  can  infect  human  and  other
animals.

HEV  was  found  in farmed  rabbits  in several  geographic  areas  of  China,  in USA  and  more  recently  in
France.  The  prevalence  of  antibodies  against  HEV  was  36%,  57%  and  55% in  rabbits  from  Virginia  (USA),
Gansu  Province  and  Beijing  (China),  respectively.  HEV  RNA  was  detected  in 16.5%  of serum  samples  from
farmed  rabbits  in  Virginia,  7.5%  in  Gansu  Province  and  7.0%  in  Beijing.  HEV  RNA  was  detected  in  7%  of
bile  samples  from  farmed  rabbits  and  in  23%  of  liver  samples  from  wild rabbits  in France.  The  full-length
genomic  sequences  analysis  indicates  that all the  rabbit  strains  belong  to  the  same  clade.  Nucleotide

sequences  were  72.2–78.2%  identical  to HEV  genotypes  1–4.  Comparison  with  HEV  sequences  of  human
strains  circulating  in  France  and  reference  sequences  identified  a human  strain  closely  related  to  rabbit
HEV.  A  93-nucleotide  insertion  in the X domain  of  the  ORF1  of  the  human  strain  and  in  all  the  rabbit  HEV
strains  was  found.  Moreover,  the  ability  of  rabbit  HEV  to cause  cross-species  infection  in a pig model  has
recently  been  demonstrated.  Rabbit  HEV  can  replicate  efficiently  in  human  cell  lines.  Collectively,  these
data  support  the  possibility  of zoonotic  transmission  of  HEV  from  rabbits.
© 2013 Published by Elsevier B.V.
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1. Introduction

Hepatitis E virus (HEV) is a major cause of acute hepatitis in
many developing countries in Asia and Africa where it is transmit-
ted by the fecal–oral route due to poor sanitation.1 Acute hepatitis

E is also increasingly reported in industrialized countries where
the transmission is mainly zoonotic.2,3 The initial discovery of HEV
transmission from domestic pigs4 has been followed by evidence

dx.doi.org/10.1016/j.jcv.2013.02.006
http://www.sciencedirect.com/science/journal/13866532
http://www.elsevier.com/locate/jcv
mailto:izopet.j@chu-toulouse.fr
dx.doi.org/10.1016/j.jcv.2013.02.006
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hat other mammals like wild boar and deer are also potential
eservoirs of HEV.5

The course of HEV infections is generally self-limiting and
symptomatic. Fulminant hepatitis can occur in pregnant women
nd people with underlying liver disease.6–8 Symptomatic infec-
ion may  be misdiagnosed. For instance, HEV can be mistaken for
rug-induced liver injury.9,10 Extra hepatic manifestations have
lso been described in association with HEV infection. For instance,
eurological manifestations can occur occasionally in patients
ith hepatitis E infection.11,12 HEV infections can become chronic

n immunocompromised patients, such as recipients of solid-
rgan transplants,13–15 those with hematological diseases,16–18 and
atients infected with the human immunodeficiency virus.19–21

HEV is a positive-sense, single-stranded RNA non-enveloped
irus. It is a member of the genus Hepevirus in the family
epeviridae.22 The HEV genome is approximately 7.2 kb long and
ontains three open reading frames (ORFs) as well as 5′ and 3′

ntranslated regions. ORF1 encodes non-structural proteins, with
utative functional domains including methyltransferase, papain-

ike cysteine protease (PCP), helicase and RNA-dependent RNA
olymerase (RdRp) domains. Besides these, other domains are
omologous to other plant and animal positive-strand RNA viruses:

 domain, X or macro domain and the polyproline region (PPR).
RF2 encodes the capsid protein, and ORF3 encodes a small phos-
hoprotein. Although all HEV isolates are believed to belong to a
ingle serotype,23 phylogenetic analysis of HEV sequences has led
o the recognition of at least four major genotypes that infect a vari-
ty of mammalian species. Genotypes 1 and 2 HEVs are restricted
o humans and transmitted via contaminated water in developing
ountries. Genotypes 3 and 4 HEVs have an extended host range
ncluding humans, pigs and other mammals and are responsible
or sporadic cases of hepatitis E in both developing and industri-
lized countries.2,3 Genotype 3 HEV has a worldwide distribution
hereas genotype 4 HEV is largely confined to Asia. Genotypes 3

nd 4 HEV infections have been linked to the consumption of raw or
ndercooked meats such as pig liver sausages or game meats.24,25

The full spectrum of species that are reservoirs of HEV is still
nknown. Avian HEV from chickens and cutthroat trout virus
rom trout likely represent new genus.26,27 Recent studies have
lso characterized new HEV genotypes in rats in Germany,28

ats worldwide,29 wild boars in Japan,30 and farmed rabbits in
hina.31,32 Further issues remain to be clarified, including whether
abbit HEV genotype differs from human and swine HEV genotype
, whether HEV genotypes 1–4 can infect rabbits, and whether rab-
it HEV can infect human and other animals. The aim of this review

s to provide a look at the worldwide prevalence of serological and
enetic markers of HEV in rabbits, the ability to cause cross species
nfection and the risk of zoonotic transmission of rabbit HEV strains.

. Geographical distribution of rabbit hepatitis E virus

HEV was found in farmed rabbits in several geographic areas
f China.31,32 A recent study also reported that farmed rabbits in
he United States were infected.33 Antibodies against HEV and HEV
NA were detected in various breeds of rabbits from 2 farms in
ansu province and in Beijing, China and 2 farms in Virginia, USA.
he overall prevalence of antibodies against HEV in rabbits from the
nited States (36%) was lower than that in rabbits from Gansu and
eijing, China (57% and 55% respectively). By contrast, the preva-

ence of HEV RNA in serum and fecal samples in rabbits farms in the
nited States (16.5% and 15.3% respectively) was higher than that

n farms in Gansu and Beijing, China (7.5% and 7.0% respectively).
eutralizing antibodies could play a role in this marker pattern.34

bserved differences may  be explained by the ages of the rabbits,
ue to variation in the duration of exposure. The difference may
 Virology 58 (2013) 357– 362

also be explained by housing practices. In the US study, the preva-
lence of the antibodies was higher in rabbits caged in groups of 2–9
than in rabbits caged individually.33 Because HEV is transmitted by
the fecal–oral route, virus likely spreads easier between cage mates,
thus increasing the numbers of HEV-positive rabbits.

A recent study has shown that rabbits in Europe were also natu-
rally infected with HEV.35 In France where cases of autochthonous
hepatitis E are commonly reported,36,37 the prevalence of HEV in
both farmed and population of wild rabbits was  recently deter-
mined. HEV RNA was  found in 7.0% of the farmed rabbits and in
23% of the wild rabbits. However, the ages of the rabbits – less
than 3 months for farmed rabbits versus over 6 months for wild
rabbits- and the tissues tested – bile for farmed rabbits and liver for
wild rabbits – may  explain the observed difference in HEV preva-
lence. Nevertheless, previous studies have shown that the virus
loads in liver and bile samples from swine infected with HEV are
similar.38,39 Although the greater prevalence of HEV in wild rab-
bit could be linked to their older age, a relationship between the
prevalence of HEV in the various farms and warrens and rabbit age
could not be tested for because their precise ages were unknown.

3. Experimental transmission of rabbit HEV

It has been shown that rabbits experimentally inoculated with
the rabbit HEV seroconverted to HEV, shed virus in feces, became
viremic and had serum liver enzyme elevation. Experimental
inoculation of rabbits with human HEV genotype 4 showed sero-
conversion, viremia and fecal virus shedding in 2 of 9 rabbits and
in none inoculated with genotype 1 human HEV.40 This study indi-
cates that rabbits could be a useful animal model for studying some
aspects of rabbit HEV infection, although rabbits may likely be of a
limited use as a model for studies of human HEV genotype 1.

Recently, Cossaboom et al. assessed the ability of rabbit HEV to
cause cross-species infections in a pig model.41 They demonstrated
that rabbit HEV strains from China and the United States were able
to infect pigs when inoculated intravenously, as approximately half
of the inoculated pigs developed transient viremia and sporadic
fecal shedding. The infection of pigs by rabbit HEV was further
verified by effective transmission of the virus recovered from pig
feces to naive rabbits. Finally, it has been recently shown that rab-
bit HEV can replicate efficiently in human cell lines, PLC/PRF/5 and
A549 cell lines.42 PLC/PRF/5 cells originating from human hepato-
cellular carcinoma and A549 cells derived from human lung cancer
were previously shown to support efficient propagation of HEV
strains not only from human but also from pigs and wild boars. All
these data suggest that rabbit HEV may  potentially cross the bar-
rier species and infect humans. The identification of HEV receptor
would also contribute to better understand the zoonotic transmis-
sion of HEV.

4. Antigenic and genetic studies

A recent study suggests that rabbit HEV is antigenically related
to other HEV strains.41 A recombinant capsid protein of rabbit HEV
showed cross reaction with antibodies raised against HEV strains
from mammals such as rat, swine and human HEV, but also avian
HEV. Conversely, it was  shown that anti rabbit HEV antibodies cross
reacted with capsid protein derived from human, swine, rat, and
chicken HEV.

In the recent French study,35 partial and complete nucleotide
sequences of the HEV strains from rabbits were analyzed and

compared with those of human HEV strains circulating in France
to determine whether rabbits could be a reservoir for human
infection. The genome organization of rabbit HEV is similar to
those of other mammalians HEVs, with a 5′ untranslated region,
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abbits.36 However, molecular data from various studies carried
ut in France indicate that the majority of HEV strains identified
elong to genotypes 3f, 3c or 3e that are prevalent in pigs and
ild boar.36,45,55 A recent study indicated the same proportions

f genotypes 3f, 3c, and 3e in the human and pig populations.46

lthough this could indicate that rabbit HEV is less readily trans-
itted to humans than HEV genotype 3, the primers used for PCR

mplification were not specifically designed for rabbit HEV. There-
ore, the true prevalence of HEV RNA in rabbits and humans may
ave been underestimated. In addition, it may  have been difficult
o genotype rabbit HEV because reference sequences have become
vailable only recently.

. Conclusion

In conclusion, farmed and wild rabbits can be infected with HEV.
hylogenetic analysis based on full length genomes and a molecular
ignature in the X domain of ORF1 both indicate that rabbit HEV
ould be a new genotype. The identification of a human HEV strain
hat is closely related to rabbit HEV strains and the ability of rabbit
EV to cause cross species infections in pigs reinforce the potential
oonotic risk of this virus. Further studies are needed to evaluate
he contribution of the rabbit reservoir to human HEV infection and
isease.
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