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Hepatitis E virus (HEV), as a hepatotropic virus, is supposed to exclusively infect the liver and only cause hepatitis. However, a 
broad range of extrahepatic manifestations (in particular, idiopathic neurological disorders) have been recently reported in asso-
ciation with its infection. In this study, we have demonstrated that various human neural cell lines (embryonic stem cell–derived 
neural lineage cells) induced pluripotent stem cell–derived human neurons and primary mouse neurons are highly susceptible to 
HEV infection. Treatment with interferon-α or ribavirin, the off-label antiviral drugs for chronic hepatitis E, exerted potent antiviral 
activities against HEV infection in neural cells. More importantly, in mice and monkey peripherally inoculated with HEV particles, 
viral RNA and protein were detected in brain tissues. Finally, patients with HEV-associated neurological disorders shed the virus into 
cerebrospinal fluid, indicating a direct infection of their nervous system. Thus, HEV is neurotropic in vitro, and in mice, monkeys, 
and possibly humans. These results challenge the dogma of HEV as a pure hepatotropic virus and suggest that HEV infection should 
be considered in the differential diagnosis of idiopathic neurological disorders.
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Hepatitis viruses, classified as A, B, C, D, and E, share the com-
mon feature of infecting the human liver, resulting in hepato-
cellular inflammation. Hepatitis E virus (HEV) containing a 
positive-sense, single-stranded RNA genome belongs to the 
Hepeviridae family, and is the most common cause of acute 
hepatitis worldwide [1]. Although it was initially thought to 
cause acute infection only, chronic infection has been well doc-
umented in immunocompromised individuals (including those 
with HIV infection or undergoing chemotherapy for cancer), 
but is most common in organ transplantation recipients [2]. 
Compared to other hepatotropic viruses, HEV genotypes 3 and 
4 are now recognized as zoonotic in developed countries with 
a broad spectrum of animals serving as reservoirs (the primary 
host being the pig) [3]. HEV infection is surprisingly common 
in developed countries [4]. Infections are normally asymptom-
atic or unrecognized and, as a result, HEV has found its way 
into the human blood supply. For example, recent data show 

that 1 in 600 blood donors in the South-East of England are 
viremic at the time of donation [5]. Notably however, the health 
risks following viremic blood transfusion remain unclear.

Previously, HEV was thought to exclusively infect hepato-
cytes, resulting in hepatocellular necrosis and hepatitis. 
However, a number of recent studies have shown that HEV 
infection is associated with a broad range of idiopathic extrahe-
patic manifestations, including renal injury, acute pancreatitis, 
hematological diseases, and a variety of neurological disorders 
[6]. Among these, neurological disorders have been described 
as a relatively common but under-recognized extrahepatic 
manifestation related to HEV infection [4, 7, 8]. An increasing 
number of central or peripheral nervous system diseases have 
been documented in patients associated with acute or chronic 
HEV infection [4, 7, 9–11], including Guillain-Barré syndrome 
(GBS) and neuralgic amyotrophy (NA) [4, 9, 12, 13].

The etiology of HEV-associated neurological injury is 
unknown. In the existing paradigm, HEV is considered to be 
primarily a hepatotropic virus. In this context, the most widely 
held neuropathogenic hypothesis posits that HEV causes neu-
rological injury by immune mechanisms related to molecular 
mimicry, as has been well described for GBS associated with a 
variety of infectious triggers [9, 14]. The alternative hypothe-
sis, however, that HEV causes direct injury via neurotropism, 
has not been sufficiently evaluated. The aim of the present study 
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was to investigate if HEV can directly infect the nervous system. 
Our results demonstrate that HEV is capable of central nervous 
system infection in multiple species and therefore its neuro-
tropic property should be recognized.

METHODS

HEV Plasmids

HEV genomic RNA was generated from a plasmid con-
struct containing the full-length HEV genome (genotype 3 
Kernow-C1 p6 clone, GenBank accession number JQ679013) 
or a construct containing subgenomic HEV sequence coupled 
with a Gaussia luciferase reporter gene (p6-Luc), using the 
Ambion mMESSAGE nMACHINE in vitro RNA transcription 
kit (Life Technologies, CA) [15, 16]. The plasmid p6-Luc-GAD 
with a mutation in the HEV polymerase of the p6-Luc, resulting 
in defect of viral replication, was also used.

Reagents and Cell Culture

Human interferon-α (IFN-α; Thermo Scientific, The 
Netherlands) was dissolved in PBS. Ribavirin (Sigma-
Aldrich, MO) and rapamycin (Bio-Connect, TE Huissen, The 
Netherlands) were dissolved in dimethyl sulfoxide (Sigma). 
Mycophenolic acid (MPA) (Sigma) was dissolved in methanol. 
A  primary anti-HEV capsid protein ORF2 antibody (aa 434–
457, clone 1E6, Millipore, Amsterdam, The Netherlands) was 
used for immunoblotting and staining.

Human hepatoma cell line HuH7 was cultured in Dulbecco’s 
Modified Eagle medium (DMEM) (GIBCO Invitrogen, Breda, 
The Netherlands) supplemented with 10% (v/v) fetal calf serum 
(Hyclone, Lonan, Utah), 100 IU/ml penicillin, 100 μg/ml strep-
tomycin and 2 mM L-glutamine (Invitrogen-Gibco). All neural 
cell lines were kind gifts: glioblastoma U87 cell line from the 
Department of Viroscience, Erasmus Medical Centre; glioblas-
toma U343 cell line from Dr. Elly Hol (Dept of Translational 
Neuroscience, Brain Center Rudolf Magnus, University Medical 
Center Utrecht); neuroepithelioma SK-N-MC cell line from Dr 
Thomas Pietschmann (Institute for Experimental Virology, 
Twincore, Centre for Experimental and Clinical Infection 
Research); and neuroblastoma SH-SH5Y cell line from  
Dr Marcel E.  Meima (Dept of Internal Medicine, Erasmus 
Medical Center). They were cultured in DMEM supple-
mented with 10% volume/volume (v/v) fetal calf serum, 
100 IU/mL penicillin, 100  μg/mL streptomycin, and 2  mM 
L-glutamine. Human embryonic stem cell (H9)–derived neu-
ral progenitor cells (hES-NPCs) were cultured as previously 
described [17]. Induced pluripotent stem (iPS) cell–derived 
iCell Neurons (Cellular Dynamics, WI), a highly pure popu-
lation of human neurons, were cultured in the complete iCell 
Neurons Maintenance Medium (Cellular Dynamics) according 
to the manufacturer’s guidelines (https://cellulardynamics.com/
assets/CDI_iCellNeuronsUsersGuide.pdf). All cells were cul-
tured in an incubator at 37°C with 5% CO2.

Electroporation of HEV RNA

The glioblastoma U87 cells were collected and centrifuged for 
5 minutes at 1500 rpm, 4°C. The supernatant was removed and 
the cells were washed with 4 mL Opti-MEM (Thermo Scientific, 
The Netherlands) by centrifuging for 5 minutes at 1500  rpm, 
4°C. The cell pellet was resuspended in 100 μL Opti-MEM and 
mixed with p6 full-length HEV RNA or p6-Luc subgenomic 
RNA. Electroporation was performed with Bio-Rad’s electro-
poration systems using the protocol of a designed program 
(400 volts, pulse length 0.5, number 1, 4 mm cuvette) [15]. The 
supernatant of the cultured p6 full-length HEV RNA electropo-
rated cells were collected to perform viral infection.

Isolation and Culture of Primary Mouse Neurons

The primary mouse cerebellum and hippocampus were isolated 
from E17-E19 C57/BL6 mouse (Charles River Laboratories, 
MA) embryos. In brief, the cerebellum and hippocampus were 
dissected in ice-cold Hank’s balanced salt solution (HBSS) 
supplemented with 20  µg/mL gentamicin (both from Life 
Technologies), then incubated with 10 U/mL papain (Sigma), 
2.5 U/mL DNAse I (Roche), and 4 mM MgCl2 (Sigma) at 33°C 
for 30 minutes. The cerebella were titrated in HBSS with 2.5 U/
mL DNAse I and 4 mM MgCl2, and were filtered with 200 µM 
nylon mesh. After washing in HBSS twice, the cells were plated 
on poly-ornithine (500 µg/mL, Sigma) coated #1.5H glass-bot-
tomed slides (Ibidi, Germany) at a density of 1.2 × 106 cells/cm2. 
For electroporation, these primary mouse neurons were trans-
fected with p6 full-length HEV RNA using a 4D-Nucleofector 
system (Lonza, Switzerland) according to manufacturer’s pro-
tocol before plating. The culture medium contains primary 
neuron growth medium (PNGM; Lonza, Switzerland), GS-21 
supplement (GlobalStemCells), 5 µg/mL gentamicin, and 2 mM 
glutamax (Life Technologies). Half of the medium was changed 
once a week, and 2 µM Ara-C (Sigma-Aldrich) was added to 
prevent glia growth.

Measurement of Luciferase Activity

For Gaussia luciferase (Luc), the activity of secreted lucifer-
ase in the cell culture medium was measured by the BioLux 
Gaussia Luciferase Flex Assay Kit (New England Biolabs, MA) 
and quantified with a LumiStar Optima luminescence counter 
(BMG LabTech, Offenburg, Germany).

Animal Models of HEV Infection

The Animal Care and Use Committee of the Kunming University 
of Science and Technology approved the study protocol and 
provided the guidelines for this study. Specific pathogen-free 
(SPF) male Balb/c nude mice were purchased from the National 
Rodent Laboratory Animal Resources, Shanghai Branch 
(China) and maintained in a pathogen-free animal facility. All 
mice were female and 6 weeks old. Prior to their inoculation 
with HEV, mice were tested negative for HEV immunoglobu-
lin G (IgG) and immunoglobulin M (IgM) antibodies in serum 
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samples and HEV RNA in both their serum and feces samples. 
Swine HEV (Genotype 4, KM01 strain) isolated from the feces 
was intravenously injected into each mouse with a viral load 
of 1 × 105 copies/mL, as calculated by the viral genomic titer 
determined by quantitative real-time polymerase chain reac-
tion (qRT-PCR). Mice were humanely euthanized at 14  days 
postinoculation, following the guidelines of the Care and Use 
of Laboratory Animals.

Rhesus macaques were obtained from Institute of Medical 
Biology, Chinese Academy of Medical Sciences and Peking 
Union Medical College. Prior to their inoculation with HEV, 
they were tested negative for HEV IgG and IgM antibodies and 
HEV RNA. Two 2-year-old male rhesus macaques were intrave-
nously injected with 2 mL fecal supernatant from swine infected 
with HEV (genotype 4, KM01, 2  ×  104 copies) as previously 
established [18]. One macaque without inoculation served as a 
control. One monkey that died unexpectedly after over 600 days 
of chronic infection was subjected for analysis. For the mice and 
monkeys, serum samples, liver tissues, and brain tissues were 
collected for qRT-PCR quantification of HEV RNA. The brain 
tissues were collected for immunohistochemistry staining of 
ORF2 viral protein.

Additional details can be found in Supplementary Methods.

RESULTS

HEV Infects Neurons in Cell Culture

To investigate whether HEV can directly infect human neural 
cells, neuroblastoma SH-SH5Y, neuroepithelioma SK-N-MC, 
and glioblastoma U87 and U343 cell lines were employed. 
A human liver cell line, human hepatoma 7 (HuH7), was used 
as a positive control because of its high permissiveness for HEV 
infection. After inoculation with cell culture–derived HEV parti-
cles for 24, 48, and 96 hours, intracellular viral RNA was quanti-
fied by qRT-PCR. All of the neural cell lines were permissive to 
HEV infection. U87 and SH-SH5Y cells exerted a similar suscep-
tibility compared to HuH7 cells; U343 and SK-N-MC cells were 
less susceptible than HuH7 cells to HEV infection (Figure 1A). 
Moreover, hES-NPCs (Supplementary Figure  1A) exhibited a 
particularly high susceptibility to HEV infection, compared to 
HuH7 liver cells (Figure 1A). We next investigated HEV infection 
of cultures in which neural differentiation of human iPS cell-de-
rived neural progenitor cells was induced. Notably, these cultures 
appeared remarkably permissive for HEV infection, as evidenced 
by the abundance of intracellular HEV RNA quantified 4 days 
after inoculation of HEV particles (Supplementary Figure  1B). 
Subsequently, human iPS cell–derived neuronal cultures, con-
sisting of a pure population of postmitotic neurons (iCell 

Figure 1. Neural cells are permissive for HEV infection in vitro. Cellular HEV RNA levels of various human neural cell lines and hES-NPCs (A), and cellular HEV RNA levels 
of iPS cell–derived differentiated human neural cultures (B) were analyzed with inoculation of cell culture–derived HEV particles for 24, 48, and 96 hours, compared to 
human liver HuH7 cells, which are considered the canonical model for HEV infection (mean ± SD; n = 3–4). The level of HEV infection in HuH7 cells for 24 hours serves as 1. 
Abbreviations: hES-NPCs, human embryonic stem cell–derived neural progenitor cells; HEV, hepatitis E virus; HuH7, human hepatoma 7 cells; iPS, induced pluripotent stem.
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neurons), as observed under the white light microscopy analysis 
(Supplementary Figure 1C) were also tested. These cells were also 
highly permissive for HEV infection, as shown by the replica-
tion level of cellular HEV RNA (especially at 96 hours of virus 
infection) compared to HuH7 liver cells (Figure 1B). HEV copy 
numbers presented a time-dependent increase in the secreted 
medium (Supplementary Figure 1D). These results demonstrate 
that HEV is able to directly infect neural cells in vitro.

Long-term Replication and Production of HEV in Neural Cells

Further detailed study of HEV infection was performed using 
the glioblastoma U87 cell line, a well-established and appropri-
ate model for investigating the molecular details of virus-related 
neuropathology [19]. Upon electroporation of the full-length 

genomic HEV RNA, viral protein ORF2 was subsequently 
expressed in U87-HEV cells, as detected by immunofluo-
rescent and immunohistochemical staining (Figure  2A and 
Supplementary Figure 2). We further investigated whether these 
U87-HEV cells can secret viral particles into the supernatant. 
To this end, an HEV plasmid–based standard curve was con-
structed as a reference to assess and quantify the production of 
infectious virion (Supplementary Figure 3A). We observed that 
the HEV load was 1.7 × 106 copies/mL in supernatant of U87-
HEV cells and 1.3 × 109 copies/mL in ultra-centrifuged medium 
(Supplementary Figure  3B). Viral protein was detected in the 
ultra-centrifuged medium by Western blot analysis (Figure 2B). 
Thus human glioblastoma cells appear capable of supporting the 
HEV life cycle.

Figure 2. Neuroglial cells support long-term HEV replication and production. A, Immunofluorescence staining of viral protein ORF2 (green) in neuroglial U87 cells upon 
electroporation of the full-length genomic HEV RNA. DAPI (blue) was applied to visualize nuclei. Shown confocal images are representative for 3 independent experiments. 
(Scale bar, 50 µm; 40× oil immersion objective). B, In ultra-centrifuged supernatant produced by U87-HEV cells, viral protein ORF2 is observed by Western blot assay. C, U87 
supports long-term production of HEV as tested by copy numbers in the medium for 30 days (mean ± SD; n = 2, each with 2 replicate experiments). In U87 cells upon electro-
poration of the subgenomic HEV RNA with luciferase reporter, HEV luciferase activity (representing virus replication level) was detected maintaining for 30 days (mean ± SD; 
n = 2, each with 2 replicate experiments). D, qRT-PCR results indicate that HuH7 and U87 cells are permissive for secondary infection with inoculation of U87-HEV produced 
viral particles for 96 hours. GAPDH serves as a reference gene. One representative experiment of 3 is shown. Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase; HEV, hepatitis E virus; qRT-PCR, quantitative real-time polymerase chain reaction.

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article-abstract/215/8/1197/2983873 by guest on 10 O

ctober 2019



HEV infects nervous system • JID 2017:215 (15 April) • 1201

To ascertain whether glioblastoma cells also can support long-
term production of HEV, the viral load of extracellular U87-
HEV medium was monitored over 30 consecutive days, and 
high viral loads were consistently secreted over the entire time 
period (Figure 2C). For U87-HEV-Luc cells with electropora-
tion of subgenomic HEV RNA in which ORF2 was replaced by 
a Gaussia luciferase reporter gene (p6-Luc), secreted luciferase 
activity directly served as a pseudomarker for the level of HEV 
replication. Glioblastoma cells apparently supported long-term 
HEV replication, as luciferase activity could be readily detected 
for 30 days (Figure 2C). Of note, introducing a mutation in the 
viral polymerase of the p6-Luc model resulted in a defect of 
viral replication and very limited secretion of Gaussia luciferase 
(Supplementary Figure 4), demonstrating the efficiency of viral 
replication in our models.

Furthermore, comparable levels of HEV infection were 
detected upon inoculation of HuH7 liver cells and U87 cells 
with U87-produced HEV particles for 96 hours, demonstrat-
ing that these cells produce infectious particles (Figure 2D), a 
hallmark of bona fide infectivity. These data show that human 
glioblastoma cells are capable of supporting long-term replica-
tion and production of infectious HEV.

Effects of Clinically Relevant Drugs on HEV Replication in 

Neuroglial Cells

HEV-associated neurological manifestations are documented 
in both immunocompetent patients and immunocompro-
mised patients in particular organ transplant recipients. If 
managed/treated adequately, viral load can be reduced in most 
of the patients and neurological symptoms can be resolved 
[20]. Reducing the dose of immunosuppressants is often the 
first line of therapeutic intervention for immunosuppressed 
patients [21]. Although no approved HEV medication is avail-
able, ribavirin or IFN-α has been used as an off-label treatment 
for some cases; in particular, chronically infected patients. We 
previously demonstrated the antiviral effects of ribavirin [22] 
and IFN-α [23], the antiviral effect of the immunosuppres-
sant MPA [22], and the proviral effect of the immunosup-
pressant rapamycin [24] in liver cell lines infected with HEV, 
suggesting that such drugs are relevant for managing HEV-
associated neurological disorders as well. Demonstration of 
these hypotheses came from experiments in which we studied 
the effects of clinically relevant concentrations of these med-
ications in neuroglial U87 cells, employing the subgenomic 
HEV replication model U87-HEV-Luc cells and infectious 

Figure 3. Effects of relevant drugs on HEV infection in neuroglial cells. U87-HEV-Luc cells were treated with 100 (low)/1000 (high) IU/mL IFN-α (A), 10 (low)/100 (high) μM 
RBV (B), 1 (low)/10 (high) μg/mL MPA (C), and 100 (low)/1000 (high) nM rapamycin (D) for 24, 48, and 72 hours, and in U87-HEV cells for 48 hours. HEV luciferase activity and 
cellular RNA level were analyzed respectively. A, 1000 IU/mL IFN-α significantly induced a subset of interferon-stimulated genes. D, MTT assay shows no clear cytotoxicity 
of these drugs after 3 days of treatment in U87 cells. Abbreviations: HEV, hepatitis E virus; Luc, luciferase; IFN-α, interferon-α; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide; RBV, ribavirin.
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U87-HEV cells. IFN-α exerted significant antiviral effects in 
U87-HEV-Luc cells, and a high dose (1000 IU/mL) potently 
reduced the level of cellular HEV RNA level in U87-HEV cells 
(Figure  3A). A  subset of interferon-stimulated genes was sig-
nificantly induced following treatment with 1000 IU/mL IFN-
α, indicating that canonical interferon signaling mediates these 
anti-HEV effects in neuroglial cells (Figure 3A). Analogously, 
anti-HEV effects of ribavirin in these neuroglial cell cultures 
were observed, supporting the use of this compound for treat-
ing HEV infection complicated by neurological manifestations 
(Figure 3B). Interestingly, the immunosuppressive medication 
MPA (often used to suppress organ rejection) counteracted 
HEV infection, but a proviral effect of the immunosuppres-
sant rapamycin was observed (Figure  3C). Results for the  
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
assay showed no clear cytotoxicity in U87 cells treated with 
these drugs (Figure  3D). Thus, our data indicate that the use 
of MPA may be indicated as an immunosuppressive regimen 
for counteracting rejection in organ transplant recipients at risk 
for HEV infection; ribavirin appears to be a rational choice for 
combating an established HEV infection complicated by neuro-
logical manifestations.

Primary Mouse Neurons Efficiently Support HEV Infection

Further support for the results obtained with respect to the neu-
rotropism of HEV came from experiments in which we infected 
primary isolated mouse neurons with HEV. Primary cerebellar 
and hippocampal neurons cultured from mouse embryos were 
incubated with cell culture–derived HEV particles (Figure 4A). 
HEV replicated efficiently in both neuronal cultures, as judged 
by cellular levels of HEV RNA. Compared with the canonical 
model for HEV replication (Huh7 cells), HEV infection in cer-
ebellar cultures was 7.09  ±  4.51-fold and 11.16  ±  18.09-fold 
(mean ± standard error of the mean [SEM], n = 5; P < .05) more 
efficient at 48 and 72 hours, respectively. In hippocampal cul-
tures, when compared with the Huh7 benchmark, HEV infec-
tion was 6.03 ± 3.92-fold and 4.91 ± 10.14-fold (mean ± SEM, 
n = 5; P <  .05) more efficient at 48 and 72 hours, respectively 
(Figure 4B). We next examined whether these mouse neurons 
can produce infectious HEV particles. Full-length HEV genome 
RNA was electroporated in cerebellar cells with detection of the 
viral ORF2 protein, using immunofluorescent staining for this 
protein at 72 hours (Figure 4C). HEV RNA was present both in 
the cells and in the supernatant of these cultures. Inoculation 
of naive cells with the supernatant resulted in HEV infection 
(Figure  4C). Similar results were observed in hippocampal 
cells (Figure  4D). Together, these data demonstrate that both 
primary cerebellar and hippocampal cultures are capable of the 
production of infectious HEV particles in vitro and show that 
primary neurons are more susceptible to HEV infection com-
pared with the canonical model for HEV infectivity (in human 
HuH7 liver cells).

HEV Infects the Brains of Mouse and Monkey

To prove the hypothesis that the central nervous system is an 
important target for infection by HEV would be to demonstrate 
such infection in vivo. Thus, mice were intravenously inocu-
lated with fecal samples contacting HEV particles via tail vein 
injection. As expected, high titers of HEV genomic RNA were 
detected in serum samples and mouse liver at 14  days posti-
noculation. Importantly, in parallel, the measurement of HEV 
levels in the mouse brain revealed a high level of infection in 
this organ (Figure 5A). Consistently, in the cerebellum of the 
mouse brain tissue, viral protein ORF2 was expressed in the 
granule layer by immunohistochemistry analysis (Figure  5B). 
Analogously, in a monkey (rhesus macaque) model for per-
sistent HEV infection [18] in an animal dying unexpectedly 
after over 600 days of chronic infection, viral RNA was detected 
in the serum sample and liver and brain tissues of this monkey 
(Figure  5A). Again, viral protein ORF2 was expressed in the 
granule layer of cerebellum (Figure 5B). These data show that 
HEV infects the brains of mouse and monkey following experi-
mental inoculation of HEV.

Human Patients with HEV-Associated Neurological Disorders Shed Virus 

into Cerebrospinal Fluid

Our data that HEV can infect brain tissue suggest that the neu-
rological manifestations associated with HEV do not necessarily 
relate to autoimmunity but may relate to direct HEV infection. 
In order to test this hypothesis directly, cerebrospinal fluid (CSF) 
from patients with HEV-associated neurological disorders was 
collected and tested for the presence of HEV RNA by poly-
merase chain reaction, employing patients with bona fide acute 
or chronic HEV infection, as evident from testing the serum 
for HEV antibodies IgM, IgG, and HEV RNA. We thus ana-
lyzed 3 cohorts of patients (some patients have been described 
in our previous publications) with HEV-associated neurological 
disorders [9, 25–27]. Over half of the patients were positive for 
HEV RNA in the serum samples, indicating an active infection 
in these patients (Table 1). Among these patients, 42.9% (6 out 
of 14) shed virus into the CSF. These results suggest that HEV 
may directly infect the peripheral nerve roots or central ner-
vous system and/or peripheral nerve roots in humans.

DISCUSSION

The data in the present study show that HEV can efficiently 
infect neural cell types and tissues at efficacies that exceed that 
of canonical liver-derived models. Thus, the aspect of HEV 
appears also neurotropic, substantially challenging the current 
dogma. The data appear clinically relevant in that HEV can be 
recovered from the CSF of patients with acute HEV infection 
complicated by neurological manifestations. As HEV infection 
is often undiagnosed, it has been suggested that HEV may be 
involved in at least some cases of “idiopathic” neurological dis-
ease. Taken together, these findings challenge the conventional 
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Figure 4. HEV infects primary mouse neurons. A, Cerebellar and hippocampal neurons were cultured and inoculated with HEV particles for 96 hours. B, Results of qRT-PCR 
show a time-dependent increase of HEV replication in both neurons (mean ± SEM, n = 5; P < .05). Immunofluorescence staining of viral protein ORF2 (green) was detected 
3 days postelectroporation of HEV RNA in primary cerebellar (C) and hippocampal (D) neurons. DAPI was applied to visualize nuclei (scale bar, 50 µm.) Results from qRT-PCR 
indicate that primary cerebellar (C) and hippocampal (D) neurons are permissive for secondary infection with inoculation of viral particles for 96 hours. GAPDH served as a 
reference gene. Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HEV, hepatitis E virus; qRT-PCR, quantitative real-
time polymerase chain reaction.
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wisdom that HEV is primarily a hepatotropic virus and helps 
our understanding of the potential pathogenic mechanism of 
HEV-associated neurological injury.

Recent studies show that HEV demonstrates tropism to a 
range of tissues of nonhepatic origin. Although liver cells are 
commonly used for modeling HEV infection in vitro, a human 
lung epithelial cell line A549 [28] and some ectodermally 
derived cell lines [29, 30] have been reported to support HEV 
replication in cell culture. We have recently demonstrated that 
mouse embryonic fibroblasts are also susceptible to HEV infec-
tion [31]. In nude mice experimentally infected with HEV, viral 
RNA was detected in the liver, spleen, kidney, jejunum, ileum, 
and colon [32]. In the tree shrew (Tupaia belangeri chinensis), 

HEV capsid protein was expressed in the liver, spleen, and 
kidney [33]. In specific pathogen-free rabbits infected with 
rabbit HEV strain, both positive- and negative-stranded viral 
RNA and antigen expression were detected in the liver, brain, 
stomach, duodenum, and kidney, suggesting its active replica-
tion in these tissues [34]. In Mongolian gerbils infected with 
a genotype 4 strain of swine HEV, the virus could be detected 
in the liver, kidney, spleen, small intestine [35], and brain [36]. 
In rhesus macaques infected with human [37] or swine [18] 
HEV strains, viral infection in the kidney and dissemination of 
viruses into the urine were observed. Thus, our data add to the 
gathering momentum of thought that HEV is not an exclusively 
hepatotropic virus. Furthermore, our studies also demonstrate 

Figure 5. HEV infection in the brains of mouse and monkey. A, Viral RNA has been observed in serum samples, liver tissues, and brain tissues of infected mice and mon-
keys. B, Viral HEV ORF2 protein is observed in brain tissues of infected mice and chronically infected monkeys by immunohistochemical assay. Brain tissues of uninfected mice 
served as a control. For monkey brain tissues, staining without inoculating viral antibody samples served as a control. The brain cerebellum tissues were observed, and HEV 
positivity presented in the cerebellum granule cell layer. Hematoxylin was applied to visualize nuclei, and DAB solution was used to visualize cytoplasm (scale bar: 50 µm). 
Abbreviations: DAB, 3,3′-diaminobenzidine; HEV, hepatitis E virus.
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the clinical relevance of extra-hepatic infection. Finally, our 
studies suggest that the use of MPA for preventing rejection in 
organ transplant recipients might be accompanied by a lower 
incidence of HEV-associated neurological manifestations, and 
that ribavirin is suitable for managing such complications.

The strain of human HEV used in the current study deserves 
comment. Kernow C1p6 was isolated from a United Kingdom 
patient with HIV-1 chronically infected with HEV genotype 3 
(case 7, Table 1) [16, 38]. The patient had neurological symp-
toms in the legs, which resolved with viral clearance following 
therapy with ribavirin/Peg-interferon [39]. The strain of HEV 
isolated from the patient was shown to have a novel virus–host 
recombination [16]. Thus, this strain of HEV was unusual and 
had the documented ability to produce clinically relevant neu-
rological injury in humans. For the in vivo mouse and mon-
key experiments, however, we used genotype 4 HEV of porcine 
origin in which we previously demonstrated infectivity in both 
species. This suggests that multiple HEV stains share high 
neurotropism. The clinical observation that HEV-associated 
neurological injury is found worldwide and caused by HEV of 
differing genotypes would support this notion [4, 13].

In conclusion, HEV is neurotropic in vitro and in vivo in 
mice, monkeys, and possibly humans. These findings challenge 
the notion that HEV is primarily a hepatotropic virus and sug-
gest that HEV infection is a possibility in idiopathic neurolog-
ical disease.

Supplementary Data
Supplementary materials are available at The Journal of Infectious Diseases online. 
Consisting of data provided by the authors to benefit the reader, the posted 
materials are not copyedited and are the sole responsibility of the authors, so 
questions or comments should be addressed to the corresponding author.

Notes
Acknowledgments. The authors thank Dr Ben N.  G. Giepmans and 

Anouk H.  G. Wolters from the Department of Cell Biology, University 
Medical Center Groningen, University of Groningen, for technical sup-
port, discussion of the project ,and revision of the manuscript; and Dr 
Elly Hol (Department of Translational Neuroscience, Brain Center Rudolf 
Magnus, University Medical Center Utrecht) for providing glioblas-
toma U343 cells. The glioblastoma U87 cells were a kind gift from the 
Department of Viroscience, Erasmus Medical Centre. Neuroepithelioma 
SK-N-MC cells were a kind gift from Dr Thomas Pietschmann (Institute 
for Experimental Virology, Twincore, Centre for Experimental and 
Clinical Infection Research). SH-SH5Y cells were a kind gift from Dr 
Marcel E.  Meima (Department of Internal Medicine, Erasmus Medical 
Center). 

X. Z. and F. H. contributed to study concept and design; acquisition of 
data; analysis and interpretation of data; drafting of the manuscript; statis-
tical analysis; L. X., M. Z., Y. Y., W. W., W. C., Y. W., R. A. M. D. S. and J. J. 
E. contributed to acquisition of data and critical revision of the manuscript; 
Z. L., C. I. D. Z., F. M. S., A. C. A., M. K., S. A. K. and E. M. A. A. contrib-
uted to important material support and critical revision of the manuscript; 
B. C. J., H. R. D., N. K., J. M. P. and L. A. provided patient information and 
critically revised the manuscript; H. R. D., N. K. and H. J. M contributed to 
study concept and critical revision of the manuscript; M. P. P. contributed 
to study concept, study supervision and critical revision of the manuscript; 
Q.  P.  contributed to study concept and design, obtained funding, study 
supervision and critical revision of the manuscript.

Financial support. This work was supported by the Dutch Digestive 
Foundation (MLDS) for a career development grant (No. CDG 1304 
to Q.  P.), the Netherlands Organization for Scientific Research (NWO/
ZonMw) for a VENI grant (No. 916-13-032 to Q. P.), the Daniel den Hoed 
Foundation for a Centennial Award fellowship (to Q. P.), the Erasmus MC 
Mrace grant (to Q. P.), and the China Scholarship Council for funding PhD 
fellowships (No. 201206150075 to X. Z.), (No. 201306300027 to L. X.), (No. 
201506160120 to M. Z.), (No. 201307720045 to Y. Y.), (No. 201303250056 
to W. W.), (No. 201307060013 to W. C.), and (No. 201207720007 to Y. W.).

Potential Conflicts of Interest. B. C. J. reports grants from Baxalta, 
grants from Grifols, and grants from CSL-Behring outside the submitted 
work; J. J. van E. reports personal fees for lectures and advisory boards 
from Genzyme, Merck, Biogen, Novartis, and Teva outside the submitted 
work; H. R. D. reports personal fees from Wantai, Roche, and GFE Blut 

Table 1. Characteristics of Patients With HEV-Associated Neurological Disorders

Patient Country Gender Age Immunocompetence IgG HEV IgM HEV PCR Serum PCR Feces PCR CSF Type ofNeurologic Disorder

1 NL M 55 + + + – NT – GBS

2 NL F 60 + + + – NT – GBS

3 NL M 67 + + + – NT – GBS

4 NL M 44 + + + – NT – GBS

5 UK M 58 + + + + NT – NA

6 UK M 52 + + + + NT – NA

7 UK M 49 – + + + + + Peripheral neuropathy

8 UK M 34 + + + + NT – Peripheral neuropathy

9 UK M 42 + + + + NT - GBS

10 FR M 74 + + + + + + GBS

11 FR M 33 + - + + + - GBS

12 FR M 59 – + + + + + Ataxia

13 FR M 32 – + + + + + Cognitive dysfunction

14 FR M 44 – + + + + + Polyradiculoneuropathy

15 FR M 66 – + + + + - GBS

16 FR F 33 + - + + + - Meningitis

17 FR M 56 + + + + + - NA

18 FR M 57 – + + + NT + GBS

Abbreviations: +, positive; –, negative; CSF, cerebrospinal fluid; FR, France; GBS, Guillain-Barré syndrome; HEV, hepatitis E virus; Ig, immunoglobulin; NL, The Netherlands; NT, not tested; 
PCR, polymerase chain reaction; UK, United Kingdom; NA, neuralgic amyotrophy.

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article-abstract/215/8/1197/2983873 by guest on 10 O

ctober 2019



1206 • JID 2017:215 (15 April) • Zhou et al

GmBh; and travel, accommodation, and lecture fees from GSK, Wantai, 
Merck, Gilead, Roche, GFE Blut GmBh, Gates Foundation, and Medicins 
sans Frontieres outside the submitted work; Dr. KAMAR reports grants 
and personal fees from Astellas, personal fees from Novartis, personal fees 
from Neovii, personal fees from AMGEN, personal fees from Gilead, and 
personal fees from MSD outside the submitted work. All other authors 
report no potential conflicts. All authors have submitted the ICMJE Form 
for Disclosure of Potential Conflicts of Interest. Conflicts that the editors 
consider relevant to the content of the manuscript have been disclosed.

References

1. Kamar N, Bendall R, Legrand-Abravanel F, et  al. Hepatitis E. Lancet 2012; 
379:2477–88.

2. Zhou X, de Man RA, de Knegt RJ, Metselaar HJ, Peppelenbosch MP, Pan Q. 
Epidemiology and management of chronic hepatitis E infection in solid organ 
transplantation: a comprehensive literature review. Rev Med Virol 2013; 
23:295–304.

3. Debing Y, Moradpour D, Neyts J, Gouttenoire J. Update on hepatitis E virology: 
implications for clinical practice. J Hepatol 2016.

4. Dalton HR, Kamar N, van Eijk JJ, et al. Hepatitis E virus and neurological injury. 
Nat Rev Neurol 2016; 12:77–85.

5. Hewitt PE, Ijaz S, Brailsford SR, et  al. Hepatitis E virus in blood compo-
nents: a prevalence and transmission study in southeast England. Lancet 2014; 
384:1766–73.

6. Kamar N, Marion O, Abravanel F, Izopet J, Dalton HR. Extrahepatic manifesta-
tions of hepatitis E virus. Liver Int 2016; 36:467–72.

7. Bazerbachi F, Haffar S, Garg SK, Lake JR. Extra-hepatic manifestations associ-
ated with hepatitis E virus infection: a comprehensive review of the literature. 
Gastroenterol Rep (Oxf) 2016; 4:1–15.

8. Kamar N, Dalton HR, Abravanel F, Izopet J. Hepatitis E virus infection. Clin 
Microbiol Rev 2014; 27:116–38.

9. Kamar N, Bendall RP, Peron JM, et al. Hepatitis E virus and neurologic disorders. 
Emerg Infect Dis 2011; 17:173–9.

10. Bandyopadhyay D, Ganesan V, Choudhury C, et  al. Two uncommon causes of 
Guillain-Barré syndrome: Hepatitis E and Japanese Encephalitis. Case Rep Neurol 
Med 2015; 2015:759495.

11. Silva M, Wicki B, Tsouni P, et al. Hepatitis E virus infection as a direct cause of 
neuralgic amyotrophy. Muscle Nerve 2016; 54:325–7.

12. van Eijk JJ, Madden RG, van der Eijk AA, et al. Neuralgic amyotrophy and hepati-
tis E virus infection. Neurology 2014; 82:498–503.

13. Pischke S, Hartl J, Pas SD, et  al. Hepatitis E virus infection beyond the liver? J 
Hepatol 2016. doi: 10.1016/j.jhep.2016.11.016. [Epub ahead of print]

14. Willison HJ, Jacobs BC, van Doorn PA. Guillain-Barré syndrome. Lancet 2016; 
388:717–27.

15. Shukla P, Nguyen HT, Faulk K, et al. Adaptation of a genotype 3 hepatitis E virus 
to efficient growth in cell culture depends on an inserted human gene segment 
acquired by recombination. J Virol 2012; 86:5697–707.

16. Shukla P, Nguyen HT, Torian U, et al. Cross-species infections of cultured cells by 
hepatitis E virus and discovery of an infectious virus-host recombinant. Proc Natl 
Acad Sci USA 2011; 108:2438–43.

17. de Esch CE, Ghazvini M, Loos F, et al. Epigenetic characterization of the FMR1 
promoter in induced pluripotent stem cells from human fibroblasts carrying an 
unmethylated full mutation. Stem Cell Reports 2014; 3:548–55.

18. Huang F, Yang C, Zhou X, Yu W, Pan Q. Rhesus macaques persistently infected 
with hepatitis E shed virus into urine. J Hepatol 2016.

19. Martuza RL, Malick A, Markert JM, Ruffner KL, Coen DM. Experimental therapy 
of human glioma by means of a genetically engineered virus mutant. Science 1991; 
252:854–6.

20. Kamar N, Abravanel F, Lhomme S, Rostaing L, Izopet J. Hepatitis E virus: 
chronic infection, extra-hepatic manifestations, and treatment. Clin Res Hepatol 
Gastroenterol 2015; 39:20–7.

21. Wang Y, Metselaar HJ, Peppelenbosch MP, Pan Q. Chronic hepatitis E in solid-or-
gan transplantation: the key implications of immunosuppressants. Curr Opin 
Infect Dis 2014; 27:303–8.

22. Wang Y, Zhou X, Debing Y, et  al. Calcineurin inhibitors stimulate and myco-
phenolic acid inhibits replication of hepatitis E virus. Gastroenterology 2014; 
146:1775–83.

23. Zhou X, Xu L, Wang W, et al. Disparity of basal and therapeutically activated inter-
feron signalling in constraining hepatitis E virus infection. J Viral Hepat 2016; 
23:294–304.

24. Zhou X, Wang Y, Metselaar HJ, Janssen HL, Peppelenbosch MP, Pan Q. Rapamycin 
and everolimus facilitate hepatitis E virus replication: revealing a basal defense 
mechanism of PI3K-PKB-mTOR pathway. J Hepatol 2014; 61:746–54.

25. Woolson KL, Forbes A, Vine L, et al. Extra-hepatic manifestations of autochtho-
nous hepatitis E infection. Aliment Pharmacol Ther 2014; 40(11-12):1282–91.

26. Kamar N, Izopet J, Cintas P, et al. Hepatitis E virus-induced neurological symp-
toms in a kidney-transplant patient with chronic hepatitis. Am J Transplant 2010; 
10:1321–4.

27. van den Berg B, van der Eijk AA, Pas SD, et al. Guillain-Barré syndrome associated 
with preceding hepatitis E virus infection. Neurology 2014; 82:491–7.

28. Takahashi H, Tanaka T, Jirintai S, et al. A549 and PLC/PRF/5 cells can support 
the efficient propagation of swine and wild boar hepatitis E virus (HEV) strains: 
demonstration of HEV infectivity of porcine liver sold as food. Arch Virol 2012; 
157:235–46.

29. Drave SA, Debing Y, Walter S, et  al. Extra-hepatic replication and infection of 
hepatitis E virus in neuronal-derived cells. J Viral Hepat 2016; 23:512–21.

30. Helsen N, Debing Y, Paeshuyse J, et  al. Stem cell-derived hepatocytes: A  novel 
model for hepatitis E virus replication. J Hepatol 2016; 64:565–73.

31. Zhou X, Xu L, Wang Y, et  al. Requirement of the eukaryotic translation  
initiation factor 4F complex in hepatitis E virus replication. Antiviral Res 2015; 
124:11–9.

32. Huang F, Zhang W, Gong G, et al. Experimental infection of Balb/c nude mice with 
Hepatitis E virus. BMC Infect Dis 2009; 9:93.

33. Yu W, Yang C, Bi Y, et al. Characterization of hepatitis E virus infection in tree 
shrew (Tupaia belangeri chinensis). BMC Infect Dis 2016; 16:80.

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

35. Li W, Sun Q, She R, et al. Experimental infection of Mongolian gerbils by a geno-
type 4 strain of swine hepatitis E virus. J Med Virol 2009; 81:1591–6.

36. Shi R, Soomro MH, She R, et al. Evidence of hepatitis E virus breaking through the 
blood-brain barrier and replicating in the central nervous system. J Viral Hepat 
2016; 23:930–9.

37. Geng Y, Zhao C, Huang W, et al. Detection and assessment of infectivity of hepa-
titis E virus in urine. J Hepatol 2016; 64:37–43.

38. Dalton HR, Bendall RP, Keane FE, Tedder RS, Ijaz S. Persistent carriage of hepatitis 
E virus in patients with HIV infection. N Engl J Med 2009; 361:1025–7.

39. Dalton HR, Keane FE, Bendall R, Mathew J, Ijaz S. Treatment of chronic hepatitis 
E in a patient with HIV infection. Ann Intern Med 2011; 155:479–80.

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article-abstract/215/8/1197/2983873 by guest on 10 O

ctober 2019


