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Hepatitis E virus (HEV) is an important but understudied zoonotic virus causing both
acute and chronic viral hepatitis. A proportion of HEV-infected individuals also devel-
oped neurological diseases such as Guillain–Barr�e syndrome, neuralgic amyotrophy,
encephalitis, and myelitis, although the mechanism remains unknown. In this study, by
using an in vitro blood–brain barrier (BBB) model, we first investigated whether HEV
can cross the BBB and whether the quasi-enveloped HEV virions are more permissible
to the BBB than the nonenveloped virions. We found that both quasi-enveloped and
nonenveloped HEVs can similarly cross the BBB and that addition of proinflammatory
cytokine tumor necrosis factor alpha (TNF-α) has no significant effect on the ability of
HEV to cross the BBB in vitro. To explore the possible mechanism of HEV entry across
the BBB, we tested the susceptibility of human brain microvascular endothelial cells lin-
ing the BBB to HEV infection and showed that brain microvascular endothelial cells
support productive HEV infection. To further confirm the in vitro observation, we
conducted an experimental HEV infection study in pigs and showed that both quasi-
enveloped and nonenveloped HEVs invade the central nervous system (CNS) in pigs, as
HEV RNA was detected in the brain and spinal cord of infected pigs. The HEV-
infected pigs with detectable viral RNA in CNS tissues had histological lesions in brain
and spinal cord and significantly higher levels of proinflammatory cytokines TNF-α
and interleukin 18 than the HEV-infected pigs without detectable viral RNA in CNS
tissues. The findings suggest a potential mechanism of HEV-associated neuroinvasion.

hepatitis E virus (HEV) j neurological disorder j central nervous system (CNS) j blood–brain barrier (BBB) j
brain microvascular endothelial cells

Hepatitis E virus (HEV), an important emerging human pathogen, infects humans and
a plethora of other animal species (1, 2). In humans, HEV primarily causes self-
limiting acute viral hepatitis worldwide. It is estimated that there are ∼20 million HEV
infections annually, leading to ∼3.4 million clinical cases of hepatitis E and 70,000
hepatitis E-related deaths globally (3). In industrialized countries, clinical cases of hepa-
titis E are mainly sporadic or clustered in nature, while in developing countries
endemic or epidemic hepatitis E is occasionally associated with large outbreaks (4, 5).
The main route of HEV transmission is fecal–oral, via contaminated drinking water or
consumption of undercooked animal meat products (6). Since the discovery of swine
HEV in 1997 from pigs in the United States (7, 8), novel strains of HEV have now
been genetically identified from more than a dozen animal species, including domestic
and wild pig, rabbit, camel, rat, chick, mongoose, and deer, among others (7, 8). Some
of these animal HEVs, such as swine HEV, rat HEV, deer HEV, camel HEV, and rab-
bit HEV, have been shown to cross species barriers and infect humans (8–10). Hepati-
tis E is now recognized as an important zoonotic disease with a large number of animal
reservoirs, which raises further public health concerns (4, 11).
HEV-associated extrahepatic manifestations have increasingly become significant

clinical problems (12), including chronic HEV infections in immunosuppressed indi-
viduals (13, 14), high mortality in HEV-infected pregnant women (15), and HEV-
associated neurological and renal diseases (16–19). HEV-associated nerve root and
plexus sequelae, such as Guillain–Barr�e syndrome and neuralgic amyotrophy, have
been reported in a significant proportion of HEV-infected individuals worldwide
(20, 21). Additionally, HEV-associated central nervous system (CNS) disorders, such
as encephalitis, myelitis, cerebral ischemia, and seizures, have also been reported in
HEV-infected patients (22–27). These neurological diseases are almost exclusively asso-
ciated with zoonotic genotype 3 HEV infection, and to a lesser extent zoonotic geno-
type 4 HEV infection (28, 29). Although the exact mechanism how HEV infection
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leads to neurological diseases remains largely unknown, there is
evidence suggesting that HEV may cross the blood–brain bar-
rier (BBB) (30–33).
HEV is a single-stranded, positive-sense RNA virus in the

family of Hepeviridae, which consists of two genera: genus
Orthohepevirus (species A, B, C, and D) infecting mammals and
avian species and genus Piscihepevirus infecting cutthroat trout
(34). Among the eight different HEV genotypes (HEV-1 to
HEV-8) in species Orthohepevirus A (35), HEV-3 and HEV-4
are zoonotic, infecting humans and other animal species (8, 36).
The genome of HEV consists of three partially overlapping open
reading frames (ORFs). ORF1 encodes nonstructural proteins
(37). ORF2 encodes the antigenic capsid protein (ORF2c) that
induces neutralizing antibodies, as well as a secreted form of
capsid (ORF2s) that inhibits antibody-mediated neutralization
(38). ORF3 encodes a small phosphoprotein that is a functional
iron channel involved in virus replication (39). The HEV virion
has two forms: The exosome-like membrane-associated quasi-
enveloped virions were found in the circulating blood and in cell
culture supernatant of HEV-infected cells; the nonenveloped
virions were found in feces and bile of infected hosts (40–42). It
is known that exosome can migrate relatively freely across the
BBB (43, 44). Whether the exosome-like quasi-enveloped HEVs
are more permissible to BBB entry requires investigation.
In this study, we conducted both in vitro and in vivo

studies to delineate the potential mechanism of HEV-associated

neuroinvasion. By using an in vitro BBB cell culture model, we
first tested the ability and mechanism of membrane-associated
quasi-enveloped HEV virions as well as the nonenveloped HEV
virions to cross the BBB. Additionally, we also investigated the
ability of both quasi-enveloped and nonenveloped HEV virions
to invade CNS tissues in experimentally infected pigs. Our
results suggest that HEV productively infects brain microvascu-
lar endothelial cells, crosses the in vitro BBB, and invades CNS
in experimentally infected pigs.

Results

Successful Generation of Two Different Strains of Quasi-
Enveloped and Nonenveloped Genotype 3 HEV (Strains P6
and US2) Virus Stocks. HEV exists as membrane-associated
quasi-enveloped virions which predominantly circulate in the
blood of an infected host in vivo and in the culture supernatant
of infected cells in vitro and nonenveloped virions which are
mainly found in feces and bile of infected host (41, 42). To
produce the quasi-enveloped HEV stain P6 (eP6) virus stock, we
transfected Huh7-S10-3 human liver cells with full-length capped
genomic RNAs that were transcribed from the HEV P6 infec-
tious clone. The cell culture supernatant, which contains eP6 viri-
ons, was pooled and concentrated to produce the eP6 virus stock.
The viral genomic RNA copy number of the eP6 virus stock, as
quantified by qRT-PCR, was ∼1.0 × 108 per mL (Fig. 1A). The

Fig. 1. Generation of membrane-associated quasi-enveloped and nonenveloped HEV virions from two different strains of genotype 3 HEV. In vitro-transcribed
full-length genomic RNA from the genotype 3 HEV (strain Kernow-C1/P6) infectious clone was transfected into Huh-7 S10-3 liver cells. The culture supernatants
of the transfected cells were collected and concentrated via ultracentrifugation as the virus stock of the quasi-enveloped eP6 virus. The eP6 virus was treated
by detergents to produce the nonenveloped P6 virus stock. The 10% fecal suspension from a pig experimentally infected with HEV (strain US2) was purified via
centrifugation and filtration to produce the nonenveloped US2 virus stock. The US2 virus was then used to infect HepG2 liver cells to generate the quasi-
enveloped eUS2 virus stock. The virus stocks produced in this study were quantified by qRT-PCR to determine the genomic RNA copy numbers (A) and the
infectious virus titer (TCID50 per milliliter) in Huh-7 S10-3 cells (B). (C) Sucrose density gradient fractionation of the virus stocks produced in this study. (D) The
virus stocks were analyzed via Western blot analyses using antibodies against HEV ORF2 protein and exosome markers (CD63 and Rab27a).
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infectious titer of the eP6 virus stock was ∼2.0 × 104 TCID50

(tissue culture infectious dose) per mL as determined by infec-
tious viral titer titration on Huh7-S10-3 cells (Fig. 1B). Since the
quasi-enveloped HEV virions are covered with a lipid membrane,
we subsequently used detergents (DOC-Na and trypsin) to
remove the lipid membrane in order to produce the nonenvel-
oped HEV virion P6. The results showed that the P6 virus stock
had viral titers similar to the quasi-enveloped eP6 virus stock
(Fig. 1 A and B).
As an infectious clone for HEV strain US2 is not available,

we produced the quasi-enveloped US2 (eUS2) virus stock by
infecting human HepG2 liver cells with the nonenveloped US2
virus stock, which was prepared previously from feces of experi-
mentally infected pigs (45). The results showed that the gener-
ated eUS2 virus stock had a relatively lower titer (∼3.0 × 106

genomic RNA copy number per mL, 6.0 × 102 TCID50 infec-
tious titer per mL) (Fig. 1 A and B). The nonenveloped US2
virus stock had higher titers (∼5.0 × 108 genomic RNA copy
number per mL and 1.0 × 104 TCID50 infectious titer per mL).
The generated quasi-enveloped and nonenveloped virus stocks

from two different strains of genotype 3 HEV were verified
through density centrifugation. Sucrose density gradient data
showed that there is a clear difference between the quasi-
enveloped and nonenveloped virions (Fig. 1C): The quasi-
enveloped HEV virions had a density of ∼1.10 to 1.12 g/mL,
while the nonenveloped HEV virions had a density of ∼1.18 to
1.21 g/mL. The virus stocks were also further verified by immu-
noblotting analysis. The exosome markers of CD63 and Rab27a
were detected in both eP6 and eUS2 viruses (Fig. 1D) but were
absent in P6 and US2 viruses. Collectively, these data showed
that we have successfully produced the quasi-enveloped HEV
eP6 and eUS2, as well as the nonenveloped HEV P6 and US2.

Both Quasi-Enveloped and Nonenveloped HEV Virions Can
Cross the BBB In Vitro. The brain microvascular endothelial
cells (hCMEC/D3) grown in the polytetrafluoroethylene
(PTFE) membrane transwell insert has been demonstrated to
be a suitable in vitro culture model to mimic BBB in vivo.
After 5 d of culture (2 d with hCMEC/D3 complete media
and 3 d with astrocyte-conditioned media), the tight junction
(TJ) formation in the barrier was confirmed via the permeabil-
ity assay using FITC-dextran (4 kDa and 40 kDa), which
showed that the established in vitro BBB has a significantly
decreased permeability rate compared to the control, but a very

small amount of FITC-dextran (<5%) still passes through the
in vitro BBB (Fig. 2A). Also, the selected TJ marker proteins
ZO-1, Gai2, occludin, and claudin-5 were expressed as stained
by immunofluorescence assay (IFA) with respective marker-
specific antibody.

By using the established in vitro BBB culture model, we
investigated whether the quasi-enveloped and nonenveloped
HEV virions can cross the barrier. As shown in Fig. 2B, after
an input of 1.0 × 106 genomic RNA copies of eP6 or P6
viruses into luminal space of the BBB culture inserts, we
detected the total HEV RNA copy number in the abluminal
space from 8 hour postinoculation (hpi) onwards. The amount
of HEV RNA in the abluminal space accumulated over time,
and reached the peak titer after 48 hpi. There was no signifi-
cant difference in the amount of HEV RNA between eP6 and
P6 viruses at different time points. Similar results were also
found for the eUS2 and US2 viruses (Fig. 2C). This result sug-
gested that both quasi-enveloped and nonenveloped HEV viri-
ons are capable of crossing the BBB in vitro.

HEV Virions Cross a BBB Culture Model in a Tumor Necrosis
Factor Alpha (TNF-α)-Independent Manner. It has been
reported that proinflammatory cytokines such as TNF-α can
promote BBB breakdown, thereby facilitating the entry of mol-
ecules into the CNS, and that TNF-α production is elevated
during HEV infection (45–47). Therefore, in this study we
evaluated the potential effect of TNF-α on the ability of HEV
to cross the BBB in an in vitro BBB culture model. When the
BBB culture model was incubated with different concentrations
of the TNF-α (0 to 1,000 ng/mL) for different lengths of time
(4, 8, or 16 h) prior to HEV inoculation, we found that the
quasi-enveloped HEV eP6 virus readily crossed the BBB, with
no significant difference among different concentrations or dif-
ferent lengths of incubation time (Fig. 3 A–C). Similar results
were also obtained for the nonenveloped HEV P6 virus (Fig. 3
D–F). These data suggested that, under in vitro BBB culture
conditions, TNF-α, which is elevated in infected individuals
during HEV infection, does not appear to significantly facilitate
HEV entry across the in vitro BBB.

HEV Crosses the BBB Possibly via Direct Infection of Brain
Microvascular Endothelial Cells. We investigated the potential
mechanism how HEV virions cross the BBB by utilizing an
in vitro BBB culture model. At 48 h after inoculation of the

Fig. 2. Establishment of in vitro BBB culture model and demonstration of the ability of quasi-enveloped and nonenveloped HEV virions to cross the BBB.
(A) The human brain microvascular endothelial cells (hCMEC/D3) were cultured in collagen-coated 0.4-μm PTFE membrane transwell inserts with growth
medium for 2 d and then replaced with astrocyte-conditioned media for TJ formation and cultured for 3 d. The FITC-dextran (4 kDa and 40 kDa) were used
to test the permeability of the established BBB. Bare PTFE membrane transwell inserts under the same condition were used as the mock control. Each assay
was performed in triplicates. *P < 0.05, one way ANOVA for statistics analysis. (B) Genomic RNA copies (1.0 × 106) of eP6 virus or P6 virus were added in the
luminal space of the BBB transwell inserts. The culture medium in the abluminal space of the BBB were collected at different time points for quantification
of HEV RNAs by qRT-PCR. Each assay was performed in triplicates. (C) The quasi-enveloped eUS2 virus and the nonenveloped US2 virus were analyzed using
procedures similar to those described in B.
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BBB culture with 1.0 ×106 genomic RNA copies of eP6 or P6
virus, we performed the barrier permeability assay with 40 kDa
FITC-dextran. We found that the BBB permeability rate to the
40-kDa FITC-dextran in HEV-infected BBB culture did not
significantly increase when compared to mock infection control
(Fig. 4A). We also quantified the messenger RNA (mRNA) lev-
els by qRT-PCR of selected TJ markers of hCMEC/D3 cells in
the BBB culture, which were infected with eP6 or P6 virus for
48 h. We found that the levels of claudin-5, occludin, and
VE-C gene expressions in HEV-infected BBB culture did not
change significantly when compared to the mock infection con-
trol (Fig. 4B). The results suggested that the inoculation with
quasi-enveloped or nonenveloped HEVs did not significantly
disrupt the expression of TJ proteins in the in vitro BBB
model, therefore suggesting other potential mechanism(s) for
HEV to cross the BBB.
To further investigate the potential mechanism as to how

HEV crosses the BBB, we inoculated human brain microvascu-
lar endothelial cells (hCMEC/D3), typically lining the BBB
in vivo, with eP6 and P6 viruses (1.0 × 106 genomic RNA cop-
ies), respectively, for 2 h in a 12-well plate. After washing twice
with phosphate-buffered saline (PBS), the cells were cultured in
fresh media for 14 d. The amount of HEV RNA in cell culture
supernatant at different time points was quantified by qRT-
PCR. As shown in Fig. 4C, the viral RNAs were detected from
1 d postinoculation (dpi) and lasted for up to 14 d until cell

death, and the titer of viral RNA peaked at 6 dpi. To further
confirm the observation, we inoculated the hCMEC/D3 cells
with a different HEV strain (eUS2 and US2), and similar
results were also obtained (SI Appendix, Fig. S1A). For both
virus stains, the viral RNA can be detected as early as 8 hpi.

Furthermore, we also demonstrated that HEV negative-
stranded RNA (�) (Fig. 4D), which is indicative of virus repli-
cation, and viral capsid protein ORF2 at 3 dpi (Fig. 4E) were
both detected in HEV-infected hCMEC/D3 cells. Additionally,
we showed that HEVs also infect human astrocyte CCF-
STTG1 (SI Appendix, Fig. S1 C–F), which is consistent with a
previous report (33). The results suggested that HEV virions,
both quasi-enveloped and nonenveloped, infect the brain micro-
vascular endothelial cells hCMEC/D3 and astrocyte CCF-
STTG1 and cause productive virus infection.

To further confirm that HEV directly enters the brain micro-
vascular endothelial cells forming the in vitro BBB, we tested
whether the endocytosis inhibitor 5-(N,N-hexamethylene) ami-
loride inhibits HEV entry into cells. As shown in Fig. 4F, we
demonstrated the inhibition effect of amiloride on eP6 and
P6 virus infection of hCMEC/D3 cells. At a concentration of
2.0 mM and above, HEV infection of hCMEC/D3 cells was
completely inhibited. We subsequently tested the effect of amilor-
ide on the ability of HEV to cross the in vitro BBB model (Fig.
4G) and showed that the amiloride at different concentrations
significantly, but not completely even at higher concentrations

Fig. 3. HEV virions cross the in vitro BBB in a TNF-α–independent manner. The in vitro BBB model was established by growing human brain microvascular
endothelial cells (hCMEC/D3) in collagen-coated 0.4-μm PTFE membrane transwell inserts as described in Materials and Methods. Prior to HEV infection, the
cells were incubated with an increasing dose of TNF-α (0 to 1,000 ng/mL) for different times (4, 8, or 16 h). The cells were washed once with PBS, followed by
inoculation with 1.0 × 106 genomic RNA copies of the quasi-enveloped eP6 virus (A–C) or with the nonenveloped P6 virus (D–F) in the luminal space of the
BBB transwell inserts. The medium in the abluminal space of the BBB was collected at 48 hpi for quantification of HEV RNAs. Each assay was performed in
triplicates. One-way ANOVA statistics analysis was used.
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(2.0 and 4.0 mM), blocked the ability of HEV virions (both eP6
and P6) to cross the barrier. Taken together, the results suggested
that direct HEV infection and entry of brain microvascular endo-
thelial cells lining the BBB is a possible mechanism for HEV to
cross the BBB.

Both Quasi-Enveloped and Nonenveloped HEVs Invade CNS
Tissues in Specific-Pathogen-Free (SPF) Pigs Experimentally
Infected with HEV. To investigate whether HEV can cross the
BBB in pigs experimentally infected with HEV and whether
there is a difference between the quasi-enveloped virus and the
nonenveloped virus, SPF pigs were intravenously inoculated
with the human-origin genotype 3 HEV quasi-enveloped virus
(eUS2) or nonenveloped virus (US2), along with a PBS control
group. Fecal virus shedding was detected starting from 3 dpi in
one out of seven pigs in the eUS2 group and in seven out of
seven pigs in the US2 group (Table 1). All pigs in the US2
group remained positive for HEV RNA in fecal samples until
necropsy. For the eUS2 group, all pigs were positive for viral
RNA in fecal samples from 7 to 14 dpi but only one pig
remained positive for fecal viral RNA at the time of necropsy
(Table 1). One out of seven pigs in the eUS2 group and five
out of seven pigs in the US2 group were also positive for HEV
RNA in serum samples at 14 dpi (Table 1). All pigs in the
PBS-inoculated control group remained negative for viral RNA
in fecal or serum samples throughout the study. The viral RNA
loads in various samples including serum, feces, bile, cerebro-
spinal fluid (CSF), spinal cord, and brain tissues are shown
in SI Appendix, Table S2. The results showed that both the

quasi-enveloped eUS2 virus and the nonenveloped US2 virus
can infect pigs.

To determine whether HEV crosses the BBB and invades
CNS tissues, samples of brain and spinal cord were collected at
necropsy at 21 dpi and used to detect both positive-stranded (+)
and negative-stranded (�) HEV RNA. As shown in Table 1,
three of the seven pigs in the US2 group and one of the seven
pigs in the eUS2 group were positive for HEV RNA (+) in
brain, and one of the seven pigs in the US2 group was positive
for HEV RNA (+) in the spinal cord. Negative-strand HEV
RNA, an indication of virus replication, was also detected in the
brain tissues from two of the three pigs with detectable HEV
RNA (+) in the brains (Table 1). The viral RNA loads in these
positive brain and spinal cord samples were ∼1.0 × 105 per g of
tissue (SI Appendix, Table S2).

To further verify the presence of HEV RNA in brain and
spinal cord, we performed fluorescence in situ hybridization
(FISH) by using an HEV ORF2 gene-specific probe to detect
viral RNA in brain and spinal cord. The results from the FISH
data showed that, in the CNS tissues with detectable viral
RNA, two out of three brains and one spinal cord had a posi-
tive HEV RNA in situ hybridization signal (Fig. 5A). This
result further confirmed the presence of HEV RNAs in these
CNS tissues. No viral RNA was detected in the CSF collected
at 3 dpi in any of the pigs, although the CSF from one pig at
21 dpi in the US2 group was positive for HEV RNA (Table 1).

Collectively, these data clearly demonstrated that HEVs,
both quasi-enveloped and nonenveloped virions, were able to
invade CNS tissues in pigs experimentally infected with geno-
type 3 HEV.

Fig. 4. HEV crosses the in vitro BBB probably via direct infection of brain microvascular endothelial cells. (A) Genomic RNA copies (1.0 × 106) of quasi-
enveloped eP6 virus or nonenveloped P6 virus or medium only as control were inoculated onto the luminal space of the BBB. At 48 h later, the permeability
of the barrier was tested by a permeability assay using 40-kDa FITC-dextran. (B) The hCMEC/D3 cells were inoculated with 1.0 × 106 genomic RNA copies of
eP6 virus or P6 virus or medium only as control. At 48 h later, cellular RNAs were isolated and the mRNA levels of TJ proteins were quantified by qRT-PCR.
The CT values were normalized to GAPDH. The hCMEC/D3 cells in a 12-well plate were inoculated with eP6 or P6 (1.0 × 106) for 2 h. After washing twice, the
cells were cultured with medium for 14 d. The culture supernatants (C) and cell monolayers (D) were collected at indicated time points and subjected to
quantification of HEV RNA (C) and negative-strand HEV RNA (D) by qRT-PCR. (E) The hCMEC/D3 cells inoculated with the eP6 virus or P6 virus were stained by
IFA using anti-HEV ORF2 antibody at 3 dpi. (F) Confluent hCMEC/D3 cells were preinoculated with different concentrations of 5-(N,N-hexamethylene) amilor-
ide for 30 min. After washing, the cells were inoculated with 1.0 × 106 genomic RNA copies of eP6 or P6 for 2 h and after washing incubated for 48 h. The
amounts of HEV RNA in the culture supernatants were quantified by qRT-PCR. (G) The in vitro BBB culture inserts were treated with 5-(N,N-hexamethylene)
amiloride, and then HEV virions were added as described in F. The amounts of virus crossed into the abluminal space were quantified by qRT-PCR.
*P < 0.05, one-way ANOVA.
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HEV Infection Causes Histological Lesions in CNS Tissues and
Induces Higher Serum Levels of Proinflammatory Cytokines
TNF-α and Interleukin (IL) 18. Since HEV was detected in the
CNS of a proportion of the infected pigs, we examined the his-
topathological lesions in the CNS tissues in all HEV-infected
and control pigs. Mild brain histological changes including men-
ingitis, perivascular inflammation, and gliosis were observed in
two of the three pigs with detectable HEV RNAs in brain tissues
(Fig. 5B). Severe perivascular inflammation and gliosis were also
observed in the spinal cord from the only pig with detectable
HEV RNAs in the spinal cord tissue. (Fig. 5B). The results sug-
gested that HEV invasion of the CNS caused histopathological
lesions in only a proportion of infected animals. Under the exper-
imental condition and the animal model used in the study, we
did not observe any neurological symptom in any of the HEV-
infected pigs.
HEV infection is known to induce proinflammatory cytokines

which could facilitate HEV entry into the CNS. Therefore, in
this study we also measured the serum levels of proinflammatory
cytokines including TNF-α and IL-18. As shown in Fig. 5C, the
serum level of TNF-α started to increase at 14 dpi in both eUS2

and US2 virus-inoculated groups, and the pigs in the US2 group
had a significantly higher serum level of TNF-α than that in
other groups at 21 dpi. The results confirmed that the HEV
(US2 strain) infection induced a high level of proinflammatory
cytokine TNF-α in pigs.

When we performed further analysis of TNF-α level in indi-
vidual pigs from the US2 virus-infected group at 21 dpi,
we found that pigs with detectable HEV RNAs in CNS tissues
(n = 3) had significantly higher serum levels of TNF-α than
pigs with no detectable HEV RNA in CNS tissues (n = 4)
(Fig. 5D). Similar results were also found for serum levels of
IL-18, another proinflammatory cytokine (Fig. 5 E and F). The
three pigs which were positive for HEV in brains and had
higher levels of TNF-α /IL-18 did not correlate with higher
virus loads in infected pigs. The results suggested that the
proinflammatory cytokines produced during HEV infection
might play a role in HEV-associated neurological disorders,
although the underlying mechanism is unknown.

We also quantified the mRNA levels of selected TJ proteins
from pig brain tissues. We showed that pig brain tissues in the
eUS2 and US2 viruses-inoculated groups had slightly lower

Table 1. Detection of HEV RNA in various samples from pigs experimentally infected with the membrane-
associated quasi-enveloped eUS2 virus and the nonenveloped US2 virus

Group No. of pigs

Serum Feces Bile CSF
Spinal cord
(+)/(�)*

Brain
(+)/(�)

0 dpi 7 14 21 0 3 7 10 14 21 21 3 21 21 21

Control 7 0† 0 0 0 0 0 0 0 0 0 0 0 0 0/0 0/0
eUS2 7 0 0 1 0 0 1 7 7 7 1 3 0 0 0/0 1/0
US2 7 0 2 5 3 0 7 7 7 7 7 6 0 1 1/0 3/2

*(+): positive-strand HEV RNA; (�): negative-strand HEV RNA.
†Number of HEV RNA-positive pigs at days post inoculation.

Fig. 5. HEV invades the CNS tissues in HEV-infected pigs. Four-week-old HEV-negative SPF pigs were intravenously inoculated with the quasi-enveloped
eUS2 virus or nonenveloped US2 or medium as control. Samples of brain and spinal cord were collected at 21 dpi. (A) The formalin-fixed tissues of brains
and spinal cords were paraffin-embedded and in situ-hybridized with a fluorescent-labeled (red) HEV-specific probe (representative pictures showing the
detection of HEV RNAs in CNS tissues by FISH are shown). (B) The tissues of brains and spinal cords were H&E-stained and paraffin-embedded. The histolog-
ical lesions were evaluated, in a blind fashion, by a board-certified veterinary pathologist (T. L.). Representative histopathology pictures are shown. Weekly
sera were collected from each infected pig and the serum levels of TNF-α (C) and IL-18 (E) were determined. Comparison of the serum levels of TNF-α (D)
and IL-18 (F) between HEV-infected pigs with detectable HEV RNAs in brain tissues (n = 3) and infected pigs with no detectable HEV RNA in brain tissues
(n = 4) at 21 dpi. (G) Total RNAs were isolated from the brain tissues of the US2-infected pigs at 21 dpi. The mRNA levels of the TJ proteins in brain tissues
(occludin, ZO-1, VE-C, and caudin-5) were quantified by qRT-PCR. *P < 0.05, ****P < 0.0001, one-way ANOVA.

6 of 10 https://doi.org/10.1073/pnas.2201862119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 M
ed

ic
al

 L
ib

ra
ry

 E
ra

sm
us

 M
C

 o
n 

Ju
ne

 1
2,

 2
02

2 
fr

om
 I

P 
ad

dr
es

s 
15

6.
83

.1
.1

51
.



levels of occludin and VE-C mRNAs than those in the control
group, but the difference was not statistically significant. In the
US2 group, only VE-C was slightly, but not significantly, lower
in the three pigs with detectable HEV RNAs in CNS tissues
than those in the four pigs with no detectable HEV in CNS tis-
sues (Fig. 5G).

Discussion

In addition to causing acute and chronic viral hepatitis, HEV
infection has also been associated with a number of extrahepatic
manifestations including various neurological sequelae, which
has increasingly become a significant clinical problem (48). The
neurological disorders associated with HEV infection include
Guillain–Barr�e syndrome, neuralgic amyotrophy, encephalitis,
and myelitis, among others (20, 22, 49). The mechanism of
HEV-associated neuroinvasion and how HEV causes neurologi-
cal injury remain unknown. One potential mechanism is that
HEV directly infects nervous cells, causing neural cell injury,
as HEV has been reported to replicate in various human
neuronal-derived cell lines (33). HEV was also reportedly
detected in brain tissues from mice and monkeys experimen-
tally infected with HEV and in CSF from patients with HEV-
associated neurological disorders (31). These studies supported
a hypothesis that HEV causes neurological damage via direct
infection of nervous cells in the CNS, but how HEV gains
access to the CNS is unknown.
In the present study, we first established and utilized an

in vitro BBB culture model to investigate the possible mecha-
nism(s) of HEV-associated neuroinvasion. Our data showed
that HEV can cross the in vitro BBB without significantly alter-
ing the TJ proteins of the BBB. The results from the BBB per-
meability assay also revealed that HEV did not significantly
increase the in vitro BBB permeability rate. The detection of
HEV RNA in the abluminal space at 8 hpi is intriguing for
HEV. In addition to transcytosis, which may transmit some
viruses to the abluminal space, another potential explanation is
the limitation of the in vitro BBB culture model as a small
amount of molecules could still pass through the in vitro BBB.
However, this observation was consistent with our finding in
the HEV infection assay showing that HEV RNA was detected
at 8 hpi, and there are also publications reporting the detection
of HEV RNAs in infected cells as early as 4 hpi (50, 51). We
subsequently conducted an experimental HEV infection study
in SPF pigs and showed that, in pigs experimentally infected
with HEV, there is no significant down-regulation of TJ pro-
tein gene expression levels in pigs with detectable HEV RNAs
in brain and spinal cord tissues. Taken together, our in vitro
and in vivo results suggest that HEV may utilize other mecha-
nism(s) to gain access to and invade CNS.
The in vitro BBB culture model consists of mainly the

human brain microvascular endothelial cells (hCMEC/D3) that
form the TJ in the BBB. Therefore, we next tested whether the
brain microvascular endothelial cells forming the in vitro BBB
are susceptible to HEV infection. Interestingly, we found that
HEV can productively infect the brain microvascular endothe-
lial cells. We demonstrated that, in hCMEC/D3 cells inocu-
lated with HEV, extracellular viral genomic RNA, intracellular
negative-stranded HEV RNA, and intracellular HEV capsid
protein were all detected. Furthermore, we showed that HEV
infection of hCMEC/D3 cells is inhibited by the endocytosis
inhibitor 5-(N,N-hexamethylene) amiloride. Additionally, con-
sistent with a previous report (33), we found that astrocytes can
be productively infected by HEV as well.

Based on our results in this study and additional evidence
from two other reports (31, 33), we proposed a possible mecha-
nism of HEV neuroinvasion: HEV invades CNS via direct
infection of brain microvascular endothelial cells and subse-
quently infects neuronal cells to cause injury in CNS tissues.
This potential mechanism has been observed in several other
viruses. For example, measles virus, mouse adenovirus 1, and
Epstein–Barr virus can all infect brain microvascular endothelial
cells to invade the CNS (52–55). It should be noted here that
direct HEV infection of brain microvascular endothelial cells is
probably an important, but not the only, mechanism for HEV-
associated neuroinvasion. Other potential mechanisms, such as
BBB breakdown, or retrograde transport of virus from periph-
eral nerves to the CNS, may also be used by neurotropic viruses
separately or in combination (54, 56). Therefore, although our
results from this study suggest a possible mechanism of HEV-
associated neuroinvasion, we cannot completely rule out other
potential mechanisms at this point.

Exosomes are extracellular membrane-enclosed microvesicles
which play a role in intercellular signaling (57). Exosomes can
relatively freely migrate across biological membranes, including
the BBB (58, 59). HEV virions in the circulating blood are
membrane-associated quasi-enveloped particles resembling exo-
somes, and therefore we investigated whether the exosome-like
quasi-enveloped HEV virions can facilitate virus entry across
the BBB (31, 41). Our data showed that both the exosome-like
quasi-enveloped HEV and the nonenveloped HEV can cross
the BBB in similar time courses, thus suggesting that the
exosome-like quasi-enveloped HEV does not appear to have a
significant advantage for crossing the BBB. Our in vivo HEV
infection study in pigs also confirmed the in vitro findings, as
we found that the nonenveloped US2 virus was also able to
invade the CNS tissues in infected pigs. The quasi-enveloped
HEV virions lack viral protein on the surface, but they can
still enter the host cells via a clathrin-mediated endocytosis,
although this process is generally less efficient compared to
nonenveloped HEV virions (40). A lower virus titer used for
virus inoculation in pigs and the inherited less-efficient endocy-
tosis of the quasi-enveloped HEV might contribute to the
observation in this study that the quasi-enveloped eUS2 virus
replicates less efficiently in pigs compared to the nonenveloped
US2, since only one pig in the eUS2 group had detectable
HEV RNAs in the CNS tissues. Therefore, it is possible that,
even if the exosome-like quasi-enveloped HEVs do play a role
in HEV entry into BBB, direct HEV infection of brain micro-
vascular endothelial cells and subsequent infection of neuronal
cells are probably more important for HEV neuroinvasion.

TNF-α is a proinflammatory cytokine which is capable of
disrupting TJ and enhancing BBB permeability (60). By using
an in vitro BBB culture model, surprisingly we found that
HEV crossed the BBB in a TNF-α–independent manner: Inoc-
ulation of the in vitro barrier with TNF-α prior to HEV infec-
tion did not significantly increase the amount of HEV that
crossed the barrier. Again, this finding could be explained by
the proposed possible mechanism of direct HEV infection of
cells lining the BBB. However, in our in vivo HEV infection
study in pigs we found that HEV-infected pigs with detectable
HEV RNAs in CNS tissues had a significantly higher serum
level of TNF-α than that in HEV-infected pigs with no detect-
able HEV RNA in CNS tissues. There was no significant dif-
ference in the mRNA levels of TJ proteins in brain tissues
between infected pigs with detectable HEV RNAs in CNS and
infected pigs with no detectable HEV RNA in the CNS. Fur-
ther in-depth experiments are warranted to more definitively
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determine whether the relatively high level of TNF-α produced
during HEV infection can enhance BBB permeability and pro-
mote HEV neuroinvasion in vivo.
In addition to TNF-α, a significantly elevated level of the

proinflammatory cytokine IL-18 was also detected in HEV-
infected pigs with detectable HEV RNAs in CNS tissues. An
elevated level of these proinflammatory cytokines hinted that
the occurrence of neuroinflammation in CNS tissues could be
one of the pathogenic processes for HEV-associated neurologi-
cal injury (61, 62). In this study, we did observe histological
lesions such as meningitis, perivascular inflammation, and glio-
sis in the brain and spinal cord of HEV-infected pigs with
detectable viral RNAs in CNS tissues, thus suggesting that
neuroinflammation might play a role in HEV-associated neuro-
logical injury. Therefore, future experiments are warranted to
further investigate whether HEV, like other viruses such as
HIV and severe acute respiratory syndrome coronavirus 2,
induce neurological damages via induction of neuroinflamma-
tion (63, 64).
In summary, by using an in vitro BBB culture model and

in vivo HEV infection study in pigs we demonstrated that
HEV virions, both quasi-enveloped and nonenveloped, were
able to cross the BBB and invade the CNS. We also demon-
strated that both forms of HEV virions productively infect
brain microvascular endothelial cells forming the in vitro BBB.
The results from this study led us to propose a possible mecha-
nism of HEV-associated neuroinvasion in which HEV gains
access to and invades the CNS via direct infection of brain
microvascular endothelial cells lining the BBB. Future studies
are warranted to understand why only a small number of
infected animals had detectable HEV in CNS tissues, which is
also consistent with the clinical presentation of neurological dis-
orders only in a small population of HEV-infected human
patients. The results from this study shed light on understand-
ing the mechanism of HEV-associated neurological disorders
and highlight the critical need of a HEV-specific antiviral to
treat HEV-related neurological sequelae.

Materials and Methods

Cells and Viruses. A subclone of the human hepatoma Huh7 cell line,
Huh7-S10-3, a gift from Suzanne U. Emerson, NIH, Bethesda, MD, was used for
generating infectious HEV RNA for transfection in this study. Another human
hepatoma cell line, HepG2, was purchased from ATCC and used to propagate
HEV. Both cell lines were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) at 37 °C with 5% CO2. A human
astrocyte-derived cell line (CCF-STTG1) was purchased from ATCC and cultured in
DMEM with 10% FBS. A human brain microvascular endothelial cell line
(hCMEC/D3), which is derived from human temporal lobe microvessel endothe-
lial cells (Millipore, SCC066), was cultured in a collagen-coated flask or plate
with hCMEC/D3-specific EndoGRO-MV complete media (Millipore, SCME004)
containing human fibroblast growth factor (65). Genotype 3 HEV strain Kernow-
C1/P6 (designated as P6) was rescued by transfection of Huh7-S10-3 cells with
in vitro-transcribed RNAs from an infectious complementary DNA (cDNA) clone of
the HEV P6 strain (66). The virus stock of another human-origin genotype 3 HEV
(strain US2) was prepared in 10% PBS suspension of feces from experimentally
infected pigs (67).

Generation of Membrane-Associated Quasi-Enveloped and Nonenveloped
HEV Virions. Full-length capped genomic RNA transcripts from an HEV
P6 infectious clone were transfected into Huh7-S10-3 cells in a six-well plate
using DMRIE-C reagent (Invitrogen) according to the manufacturer’s instructions.
The transfected cells were cultured in DMEM maintenance medium with 4% FBS
at 34.5 °C. Approximately 3 d after transfection, the cell monolayer was detached
by treatment with 2.5% trypsin–ethylenediaminetetraacetic acid. DMEM mainte-
nance medium was subsequently added to the suspended cells, which were

then transferred into a T75 flask (8.0 ×104 cells per cm2). Cells in the flask were
cultured for 15 d. Half of the culture supernatant was collected and fresh
medium was replaced into flask every 3 d. The collected culture supernatants
were pooled and subjected to ultracentrifugation at 100,000 × g for 2 h at 4 °C.
The pellet was resuspended with PBS and stored at�80 °C as the virus stock of
membrane-associated quasi-enveloped P6 (eP6) virions.

To produce the nonenveloped HEV virions, the HEV eP6 virions were treated
with 0.1% DOC-Na and trypsin for 5 h at 37 °C to remove the quasi-envelope.
The treated virus was diluted with PBS and then subjected to ultracentrifugation
as described above. The pellet was resuspended with PBS and stored at�80 °C
as the virus stock of nonenveloped HEV P6 (P6) virions.

The human-origin genotype 3 HEV (stain US2) stock prepared in 10% fecal
suspension was first centrifuged (3,000 × g) to remove the debris and then fil-
trated through 0.2-μm filter. The filtrate was stored at �80 °C as the virus stock
of the nonenveloped HEV US2 (US2) virions. The membrane-associated quasi-
enveloped HEV US2 (eUS2) was generated by experimental infection of the
HepG2 cells with the US2 virus. Briefly, the US2 virus was inoculated onto the
HepG2 cells at 70% confluency and incubated at 37 °C for 2 h. After washing
twice with PBS, cells were cultured with DMEM containing 4% low-
immunoglobulin G FBS, 2.5 μg/mL amphotericin B, and 2× antibiotics at
34.5 °C (50). Every 5 d, half of the culture supernatant was collected and then
replaced with fresh medium until 25 dpi. The collected culture supernatants
were pooled and subjected to ultracentrifugation as described similarly for HEV
eP6. The pellet was resuspended with PBS and stored at �80 °C as the HEV
eUS2 virus stock.

Sucrose Density Gradient Centrifugation. Viruses were first ultraconcen-
trated at 100,000 × g for 2 h at 4 °C using Beckman SW28 rotor. The pellets
were then resuspended with PBS and loaded on a gradient-density sucrose (10
to 70%) for ultracentrifugation at 120,000 × g for 18 h at 4 °C using SW41
rotor. A total of 20 fractions were collected and the density of each fraction
was measured.

Immunoblotting. Concentrated viruses were loaded with loading buffer and
inactivated at 95 °C for 5 min. After separation via sodium dodecyl sulfate poly-
acrylamide gel electrophoresis, proteins were transferred to nitrocellulose mem-
brane for immunoblotting analysis. The anti-CD63 monoclonal antibody (mAb)
anti-Rab27 mAb (Santa Cruz Biotechnology) and anti-HEV ORF2 mAb (Millipore-
Sigma) were used for the immunoblotting assay. Protein bands were visualized
by an Odyssey imaging system (LI-COR Biosciences).

Establishing the BBB In Vitro Culture Model. The supernatant from 100%
confluence of astrocyte cell culture was collected and centrifuged to remove any
cellular debris and subsequently mixed with hCMEC/D3 complete media (50%
vol/vol) to produce the astrocyte-conditioned media for TJ formation. The
hCMEC/D3 cells were seeded on collagen-coated 0.4-μm PTFE membrane trans-
well inserts (5.0 ×104 cells per cm2) and cultured in the hCMEC/D3 complete
media at 37 °C with 5% CO2 for about 2 d to 90% confluence. The media was
subsequently replaced with astrocyte-conditioned media and cultured for 3 d to
form TJ. To determine the integrity of the in vitro BBB, the FITC-dextran perme-
ability assay was conducted as described elsewhere (68). Briefly, after 5-d cul-
ture, 4-kDa or 40-kDa FITC-dextran (Sigma, 100 μg/mL) were added into the
upper chamber (luminal space) of the transwell inserts. One hour later, the
media in the lower chamber (abluminal space) was collected and subjected to
fluorescence reading. Bare transwell insert under the same condition was used
as the mock control. To determine the expression of TJ proteins, hCMEC/D3 cells
were seeded on four-well cell culture slides. The seeding density and culture con-
dition were the same as described in the transwell insert. The TJ marker proteins
of ZO-1, Gai2, occludin, and claudin-5 were stained via IFA using marker-
specific antibodies.

IFA. The cells were fixed with 4% paraformaldehyde at room temperature for 30
min, permeabilized with 0.2% Triton-100 at room temperature for 30 min, and
blocked with 1% bovine serum albumin at 37 °C for 30 min. Subsequently, the
cells were incubated with each of the specific primary antibodies, respectively, at
37 °C for 2 h. After washing with PBS three times, the cells were incubated with
respective fluorescence-conjugated secondary antibodies (Molecular Probes) at
37 °C for 1 h and subsequently washed three times with PBS. Cell nuclei were
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counterstained with DAPI. Cells were viewed under a fluorescence microscopy
using 40× or 100× lens.

In Vitro Assay to Assess Whether HEV Crosses the BBB. The in vitro BBB
culture was washed with PBS twice. Quasi-enveloped HEV or nonenveloped HEV
were each added into luminal space. To remove the potential effect of exosome
which is derived from culture media, we used exosome-free FBS (Sigma) in the
culture media for nonenveloped HEV virions. The BBB cultures were incubated
at 37 °C. At indicated different time points postinoculation, the culture media in
abluminal space were collected and subjected to quantification of HEV RNA.

To test the effect of TNF-α stimulation on the ability of HEV to cross the BBB,
the BBB culture was washed with PBS and subsequently incubated with different
concentrations of TNF-α for different time periods (4, 8, or 16 h). The BBB culture
was washed once with PBS, and then 1.0 × 106 genomic RNA copies of quasi-
enveloped or nonenveloped HEV virions were added into the luminal space of
the transwell inserts. After 48-h incubation, the media in abluminal space were
collected for quantification of HEV RNA.

Experimental Infection of SPF Pigs with Quasi-Enveloped and
Nonenveloped HEV Virions. Approximately 4-wk-old, HEV-seronegative, SPF
pigs were divided into three groups (groups 1 to 3) with seven pigs per group.
Each group of pigs was housed separately in a BSL-2 swine research facility. The
pigs in group 1 were each intravenously inoculated with PBS as control, group 2
each with 2.0 × 107 RNA copy of quasi-enveloped HEV eUS2, and group 3 each
with 1.0 × 108 RNA copy of nonenveloped HEV US2. Fecal and serum samples
were collected prior to inoculation and weekly thereafter from each pig to detect
HEV RNAs. At 3 dpi, samples of CSF were collected from each pig via cisterna
magna centesis with a spinal needle under general anesthesia. At 21 dpi,
samples of CSF were similarly collected again from each pig prior to necropsy.
During necropsy, samples of brain and spinal cord were collected and immedi-
ately stored at�80 °C. Also, an aliquot of brain and spinal cord tissues was fixed
in 10% formalin and stained by hematoxylin/eosin (H&E) for routine histological
examination, in a blind fashion, by a board-certified veterinary pathologist. Liver
and bile samples were collected at necropsy as well. The animal study was
approved by the Institutional Animal Care and Use Committee at Virginia Poly-
technic Institute and State University (approval number IACUC-18-169).

RNA Extraction. HEV viral RNAs were extracted from cell culture supernatants
or pig serum using Viral RNA kit (Zymo Research) according to the manufac-
turer’s instructions. For the cultured cells, total cellular RNAs were isolated using
TRI Reagent (Zymo Research). For the pig tissues, the samples were first homog-
enized and resuspended in 10% PBS before RNA extraction. The fecal samples
were also resuspended in 10% PBS. After removal of solid debris by centrifuga-
tion, the supernatants were used to extract the total RNAs using TRI Reagent.

qRT-PCR and Nested RT-PCR. HEV genomic RNA (+) was quantified via one-
step qRT-PCR using the Bioline Sensifast Probe No Rox One-Step Kit (Thomas

Scientific). The primers, probe, and protocol have been described elsewhere
(69). The in vitro-transcribed genomic RNA from the infectious clone of HEV P6
was used as the standard. The HEV negative-stranded RNA (�) was quantified
by using a two-step qRT-PCR. The cDNAs were synthesized from total RNAs using
the SuperScript IV First-Strand Synthesis System (Invitrogen). The synthesized
cDNAs were then used for qPCR analysis using iTaq universal probe kit (Bio-
Rad). The nested RT-PCR was conducted using an established protocol described
elsewhere (70). The primers and probe information are listed in SI Appendix,
Table S1.

Quantification of TJ Protein mRNAs by qRT-PCR. The total RNAs were iso-
lated from tissue samples as described above. One-step qRT-PCR assay was con-
ducted using an iTaq Universal SYBR Green One-Step Kit (Bio-Rad). The primers,
which were used to amplify genes of pig GAPDH, occludin, ZO-1, VE-cadherin
(VE-C), and claudin-5, are listed in SI Appendix, Table S1.

Cytokine Assays to Measure TNF-α and IL-18. Commercial kits were used
to quantitatively determine the levels of pig TNF-α (Quantikine ELISA Porcine
TNF-α; R&D Systems) and IL-18 (Porcine IL-18 ELISA Kit; MyBioSource) in sera of
HEV-infected and control pigs according to the manufacturer’s instructions.

FISH Assay. The FISH assay was performed on formalin-fixed, paraffin-embedded
CNS tissue sections to detect HEV RNAs. The in vitro-transcribed RNA probe was
specific for the HEV ORF2 and labeled with fluorescent dyes by using a FISH tag
RNA multicolor kit (Invitrogen, F32956) according to the protocols provided in the
commercial kit. The CNS tissue sections were visualized under a fluorescence
microscopy using 40× lens.

Data Availability. All study data are included in the article and/or SI Appendix.
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