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ABSTRACT Hepatitis E virus (HEV) is zoonotic and a major cause of acute viral hep-
atitis worldwide. Recently, we identified a novel HEV genotype 8 (HEV8) in Bactrian
camels in Xinjiang, China. However, the epidemiology, pathogenicity, and zoonotic
potential of HEV8 are unclear. Here, we present the prevalence of HEV8 in China and
investigate its pathogenicity and cross-species transmission in cynomolgus ma-
caques. Fresh fecal and milk samples from Bactrian camels collected from four prov-
inces/regions in China were screened for HEV RNA by reverse transcriptase PCR (RT-
PCR). An HEV8-positive sample was used to inoculate two cynomolgus macaques to
examine the potential for cross-species infection. The pathogenicity of HEV8 was
analyzed by testing HEV markers and liver function during the study period and his-
topathology of liver biopsy specimens at 3, 13, and 25 weeks postinoculation. Extra-
hepatic replication was tested by using reverse transcriptase quantitative PCR (RT-
qPCR) and immunofluorescence assays. The overall prevalence of HEV8 RNA in
Chinese Bactrian camels was 1.4% (4/295), and positive samples were found in three
different provinces/regions in China. Histopathology confirmed acute and chronic
HEV8 infections in the two monkeys. Multiple tissues were positive for HEV RNA and
ORF2 proteins. Renal pathology was observed in the monkey with chronic hepatitis.
Whole-genome sequencing showed only 1 to 3 mutations in the HEV8 in the fecal
samples from the two monkeys compared to that from the camel. HEV8 is circulat-
ing in multiple regions in China. Infection of two monkeys with HEV8 induced
chronic and systemic infections, demonstrating the high potential zoonotic risk of
HEV8.

IMPORTANCE It is estimated that one-third of the world population have been ex-
posed to hepatitis E virus (HEV). In developed countries and China, zoonotic HEV
strains are responsible for almost all acute and chronic HEV infection cases. It is al-
ways of immediate interest to investigate the zoonotic potential of novel HEV
strains. In 2016, we discovered a novel HEV genotype, HEV8, in Bactrian camels, but
the epidemiology, zoonotic potential, and pathogenicity of the virus were unknown.
In the present study, we demonstrated that HEV8 was circulating in multiple regions
in China and was capable of infecting cynomolgus macaques, a surrogate for hu-
mans, posing high risk of zoonosis. Chronic hepatitis, systemic infection, and renal
pathology were observed. Collectively, these data indicate that HEV8 exhibits a high
potential for zoonotic transmission. Considering the importance of Bactrian camels
as livestock animals, risk groups, such as camelid meat and milk consumers, should
be screened for HEV8 infection.
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Hepatitis E virus (HEV), the major causative agent of acute viral hepatitis worldwide,
is a small, nonenveloped, single-stranded positive-sense RNA virus. It is mainly

transmitted via the fecal-oral route and is well recognized as a zoonotic pathogen. In
most patients, HEV infection induces an acute self-limiting hepatitis. However, in
specific vulnerable groups, the outcome of HEV infection can be much more severe.
In pregnant women, HEV infection has a 20% mortality rate (1), while immunocom-
promised individuals, such as transplant recipients (2) and HIV/AIDS patients (3), are
prone to develop chronic hepatitis when infected with HEV. No specific antiviral agents
are available for treating acute HEV infections. Although ribavirin therapy is currently
recommended for treating chronic HEV infection (4), increasing case reports have
identified viral mutations that can result in ribavirin treatment failure (5–7).

HEV is currently the sole member of the family Hepeviridae, genus Orthohepevirus,
which comprises 4 species, Orthohepevirus A to D. To date, 7 genotypes of HEV (HEV1
to HEV7) in the Orthohepevirus A species have been recognized (8). HEV1 and HEV2 only
infect humans and are transmitted via water in developing countries. HEV3 and HEV4
have been found both in humans in developed countries and in a variety of mammals
worldwide, including domestic pigs (9), rabbits (10), wild boar (11), deer (12), cows (13),
and goats (14). These four genotypes are the major genotypes that circulate in humans
causing hepatitis E. HEV5 and HEV6 have been identified in wild boar in Japan, but the
zoonotic risk of these two genotypes is still unknown (15). More recently, HEV7 has
been isolated from dromedary camels in Dubai, United Arab Emirates (16), and several
other countries (17). A case report of chronic infection of a human by HEV7 has
appeared, indicating that zoonotic transmission of this HEV genotype can occur (18).

Camels are very important livestock animals. There are two surviving old-world
camel species: Camelus dromedarius (dromedary or one-humped camel), which inhabits
the Middle East and North and Northeast Africa, and Camelus bactrianus (Bactrian or
two-humped camel), which is found mainly in northwestern China and southwestern
Mongolia (18). In 2016, a novel HEV genotype was identified in Bactrian camels in
Xinjiang, China (19). Sequence alignment revealed that the three Bactrian HEV strains
detected represent a new genotype, and so they are currently classified as HEV8. These
three HEV8 full genomes show �20% nucleotide sequence difference compared with
the other seven HEV genotypes. In common with other HEV genotypes, the HEV8
strains have a genome size of 7.2 kb and have a typical Orthohepevirus A genome
organization with three major open reading frames (ORFs) (19).

In contrast to the detailed information on the genome of HEV8, information remains
limited on the epidemiology, capability of cross-species transmission, zoonotic risk, and
pathogenicity of this genotype. The zoonotic potential of HEV8 requires urgent eluci-
dation and is of immediate public health impact in regions where camels are important
livestock. Therefore, this study focused on the prevalence of HEV8 and investigated the
cross-species transmission and pathogenicity in cynomolgus macaques.

RESULTS
Prevalence of HEV8 in Chinese Bactrian camels. To investigate the prevalence of

HEV in Chinese Bactrian camels, fresh fecal samples and milk samples were collected
from camels from four provinces/regions in China (Fig. 1). A total of 295 fecal samples
and 20 milk samples were obtained. All samples were screened for HEV RNA by
heminested reverse transcriptase PCR (RT-PCR) using two sets of pan-HEV primers that
amplified partial sequences of the ORF1 and ORF2 regions of the viral genomes of
multiple HEV genotypes. Four of the 295 fecal samples (1.4%) were positive for HEV
RNA, all of them were from farmed camels, including one from Anhui province (1/30
[3.3%]), two from Gansu province (2/40 [5.0%]), and one from the Inner Mongolia
Autonomous Region (1/25 [4.0%]). The partial ORF1 and ORF2 sequences obtained from
these four HEV strains shared 98.5% to 100% and 92.8% to 100% nucleotide identities,
respectively. Phylogenetic analysis showed that they were clustered with the three
HEV8 strains detected in Bactrian camels from Xinjiang in a previous study (Fig. 2) (19).
No HEV RNA was detected in the milk samples. Repeat fecal samples were collected
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from the 40 Bactrian camels from Gansu province two months after initial sampling, but
HEV RNA was not detected in any of these repeat samples. No other HEV genotype was
detected in these samples.

Genetic and phylogenetic analyses of HEV8 complete genome. The consensus
sequence of the genome of the HEV8 from a fecal sample collected from Gansu

FIG 1 Sampling sites on a partial map of China. Four sampling sites and the positive/total number of hepatitis E
virus (HEV) RNA in collected fecal/milk samples of Bactrian camels. Map was created only for this study by using
an open source map data set, https://gadm.org/.

FIG 2 Phylogenetic analysis of hepatitis E virus genotype 8 sequences. The 255 nt from the RNA-dependent RNA polymerase region in ORF1 (A) and 201 nt from
the ORF2 (B), from this study. Reference sequences are of Orthohepevirus A genotypes 1 to 8. The phylogenetic tree was constructed by maximum likelihood
method using the general time-reversible model with gamma distribution and invariant sites. Bootstrap values (%) of 1,000 repetitive analyses �70 are shown
next to the nodes. The scale bar represents the genetic distance. New Bactrian camel HEV sequences (GenBank accession numbers MH423368 to MH423375)
obtained in this study are indicated by black dots.
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province (BcHEV-GP) was obtained by assembly of the sequences of RT-PCR products
from the RNA extracted from the camel’s fecal suspension. We only sequenced one
complete genome due to inadequate fecal materials left from the other three HEV8-
positive samples.

The genome size of BcHEV-GP was 7,223 bases, and the G�C content was 52%.
Overall, the BcHEV-GP genome shared 85.5% to 85.6% nucleotide identities with the
three previously reported Bactrian camel HEV8 strains (DcHEV-12XJ, -48XJ, and -62XJ).
It contained three major ORFs, with typical genome organization and characteristics
similar to other HEV genotypes of Orthohepevirus A. Both 5= and 3= ends contain short
untranslated regions. Phylogenetic trees constructed from the concatenated ORF1/
ORF2 excluding the hypervariable region (HVR) (Fig. 3) showed that BcHEV-GP was
clustered with the three HEV8 strains previously reported from Bactrian camels (DcHEV-
12XJ, -48XJ, and -62XJ). Amino acid distances based on the concatenated ORF1/ORF2
excluding the HVR region of BcHEV-GP and the previously reported HEV8 strains were
�0.023, which was lower than the threshold (p-distance � 0.088) to demarcate inter-
genotype distance (19), confirming that BcHEV-GP was also a strain of HEV8.

Cross-species transmission of HEV8 to nonhuman primates. The potential for

transmission of HEV8 to humans is unknown. To make an initial assessment of the
potential for such zoonotic transmission, cynomolgus monkeys were used as the
nonhuman primate model and surrogate for humans. Two cynomolgus monkeys (M1
and M2) were successfully infected with the filtered fecal sample containing BcHEV-GP.
Stable infection was established: viremia, urinary and fecal shedding of virus, elevation
of liver enzymes, and seroconversion to anti-HEV IgM and IgG were all detected (Fig. 4).
Jaundice was not observed during the study, but other less specific symptoms such as
malaise and loss of appetite were found at 1 to 2 weeks postinoculation (wpi) for both
monkeys.

Virus shedding was first detected in fecal samples from the two monkeys at 1 wpi.
Intermittent viremia appeared at 1 and 3 wpi in M1 and M2, respectively. The HEV RNA
titers decreased in serum and became undetectable after 6 and 9 wpi in M1 and M2,
respectively (Fig. 4A and D). Urinary HEV was only seen in M1 at 3 and 4 wpi and at a
relatively low titer (Fig. 4A). The fecal shedding of HEV was more stable and persisted
longer than the viremia. The viral RNA titers in stool reached peaks at 4 wpi (2.21 � 106

copies/g) and 3 wpi (9.21 � 106 copies/g) in M1 and M2, respectively. In the case of M2,
fecal shedding of virus was undetectable by 9 wpi (Fig. 4D). However, M1 persistently
shed virus in feces at a relative low level (�104 copies/g) for 25 weeks, and it unex-
pectedly died at 25 wpi (Fig. 4A).

Prior to inoculation, both monkeys were seronegative for anti-HEV and became
seropositive for antibodies against HEV at 4 to 5 wpi (Fig. 4C and F). M2 tested positive
for anti-HEV IgM at 5 to 10 wpi, but M1 tested negative (with a weak rise of the
signal-to-cutoff [S/CO] value from 0.13 at 3 wpi to 0.73 at 4 wpi) during the whole study.
Anti-HEV IgG began to rise a week later for M2 and remained positive thereafter. In the
case of M1, detection of anti-HEV IgG started at 4 wpi and remained markedly elevated
during the remaining 25 weeks until the animal’s unexpected death (Fig. 4C).

Dynamics of liver histopathology during acute and chronic infection of HEV8 in
monkeys. The two monkeys in this study presented two patterns of HEV infection. An

acute-type HEV infection was observed in M2, and the infection spontaneously resolved
within 9 weeks (Fig. 4D). Intriguingly, a chronic-type infection was observed in M1, and
fecal shedding of virus persisted for 25 weeks (Fig. 4A). Biochemical analysis of samples
from the two monkeys showed a �2-fold elevation of aspartate aminotransferase (AST)
levels during the acute-phase of the infection (Fig. 4B and E). AST levels peaked at 7 wpi
for M1 (73 U/liter) and at 1 wpi for M2 (75 U/liter).

To better understand the histopathology changes in the liver during HEV infection,
liver biopsy specimens were taken from the two monkeys at different time points.
Biopsies were collected 1 week preinoculation and at 3 wpi and 13 wpi for the two
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monkeys. M1 died at 25 wpi and provided an opportunity to collect the liver tissue at
this time point (Fig. 5).

Prior to inoculation, no obvious histopathological changes or lesions were observed
in the livers of M1 and M2. At 3 wpi, hydropic degeneration was observed in both liver
biopsy specimens and intrahepatic cholestasis was found in M1’s liver tissues. Both
biopsy specimens showed slight infiltration of inflammatory cells. The histopathological
changes at 13 wpi for M2 were similar to the mild lesions observed at 3 wpi. However,
more severe histopathological changes, including hydropic degeneration, focal necro-
sis of hepatic cells, and dilation of liver sinusoid, were observed in liver biopsy
specimens of M1 at 13 wpi (Fig. 5A). Liver samples from M1 were again collected at

FIG 3 Phylogenetic analysis of ORF1/ORF2 proteins excluding the HVR of BcHEV-GP, M1, and M2. Reference
sequences are of Orthohepevirus A genotypes 1 to 8. The tree was constructed by maximum likelihood method
using JTT�G�I�F substitution model. Two thousand one hundred fifty-nine amino acid positions were included
in the analysis. Bootstrap values (%) of 1,000 repetitive analyses �70 are shown next to the nodes. The scale bar
represents the genetic distance. New HEV sequences obtained in this study are indicated by black dots.
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25 wpi, and histopathology showed moderate lesions. Focal necrosis around the central
vein and lobular inflammatory cell infiltrates were observed. Ground-glass hepatocytes
were scattered in the liver (Fig. 5B). These histopathological changes seen for M1 are
those associated with chronic hepatitis.

Extrahepatic replication and injury. HEV ORF2 capsid protein was screened for in
all tissues using an immunofluorescence assay. Positive staining was discovered in
several extrahepatic samples from the kidney, brain, stomach, and intestine (Fig. 6). The
liver biopsy specimen of M1 collected preinoculation served as a negative control. In
addition, multiple tissues, including liver, kidney, brain, stomach, and intestine, were
collected from M1 at 25 wpi. RNA was then extracted from supernatants of tissue
homogenates. HEV8 RNA was detected in all tissues (Fig. 6).

The histopathology of all tissues was also examined, and apparent lesions were
observed in kidney tissues. Protein casts and proliferation of the glomerular mesangium
were found (Fig. 7A). In the renal interstitium, thickening of tubular membranes and
inflammatory cell infiltrates were seen (Fig. 7B).

Genome comparisons of HEV8 during cross-species transmission. The consen-
sus sequences of M1 and M2 were obtained using fecal samples collected at 3 wpi. A

FIG 4 Infectivity of HEV8 in monkeys. Detection of HEV RNA, liver function tests, and anti-HEV antibody detection in M1 (A to C) and M2 (D to F). Monkeys were
intravenously inoculated with HEV8-positive inocula. Samples were collected weekly for immediate analysis.
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sequence comparison revealed that the genomes of M1 and M2 shared an almost
identical sequence (99.96% to 99.99% nucleotide identities) to that of BcHEV-GP. Using
the genome of BcHEV-GP as the reference, three (nucleotide [nt] 221 C¡T, nt 5,376
C¡T, and nt 5,453 G¡C) and one (nt 221 C¡T, identical to the substitution in M1)
substitutions were observed in the M1 and M2 genomes, respectively. For the three
substitutions observed in M1, substitution nt 221 C¡T was a synonymous substitution
at position 65 (histidine [H]) in the ORF1, substitution nt 5,376 C¡T caused no mutation
at position 67 (threonine [T]) of ORF2 but led to a mutation at position 71 of ORF3, in
which the proline (P) was changed to leucine (L) (P71L), and the substitution nt 5,453
G¡C led to a mutation at position 93 of ORF2, in which the arginine (R) was changed
to proline (P) (R93P), and a mutation at position 97 of ORF3, in which the alanine (A)
was changed to proline (P) (A97P).

DISCUSSION

In the present study, HEV8 was found circulating in Bactrian camels in three regions
of China, and most of them were domestic camels raised for tourism, meat, and dairy
products. Both in the previous and inn the present study, it seems that HEV8 may be
causing asymptomatic or relatively mild infections in its natural host, as the owners of
the camel farms reported that the Bactrian camels were clinically healthy (19). Although
there are no general criteria to define HEV subtypes for all HEV genotypes, according
to previous studies on HEV1 to HEV4 (20), BcHEV-GP may constitute a potentially novel
subtype of HEV8. Sequencing of additional HEV8 genomes would be necessary to
evaluate this possibility. HEV RNA has previously been isolated from human (21) and
cow (13) milk. However, HEV RNA was not detected in the 20 milk samples collected
from Bactrian camels.

HEV7 and HEV8 are probably specific to their corresponding camel hosts. Bactrian
camels and dromedary camels both belong to genus Camelus, but it seems that they
are different as being hosts of many pathogens, such as Middle East respiratory
syndrome (MERS) coronavirus (22) and West Nile virus (23). In all previous molecular
surveillance studies on HEV in dromedary and Bactrian camels, as well as the present
study, only HEV7 was found in dromedary camels and only HEV8 was detected in
Bactrian camels (16, 17, 19), suggesting that dromedary and Bactrian camels are
probably the sole natural hosts of HEV7 and HEV8, respectively. The separation of HEV

FIG 5 Histopathology of liver tissue in monkeys. (A) Liver biopsy specimens were collected from M1 and M2 1 week
before inoculation (Pre-I), at 3 weeks postinoculation (wpi), and at 13 wpi. Hydropic degeneration and slight
inflammatory cell infiltrates were found in biopsy specimens at 3 wpi for both monkeys. Focal necrosis of hepatic
cells and dilation of the liver sinusoid were seen in the liver biopsy specimen of M1 at 13 wpi. (B) Liver tissues were
collected at 25 wpi from M1, showing focal necrosis around the central vein and lobular inflammatory cell
infiltrates. Ground-glass hepatocytes were also scattered in the liver. Bars, 50 �m.
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genotypes may result from the species barrier and/or the geographical isolation of
these two camel species.

The successful infection of two cynomolgus monkeys with HEV8 inocula from
Bactrian camels suggests a strong zoonotic potential of HEV8. Nonhuman primates are
a useful and desirable surrogate for humans and have been used in a number of HEV
infection studies to assess the zoonotic risk posed by novel HEV genotypes (24). Several
novel animal HEV strains, such as swine HEV (HEV3 and HEV4) (24), rabbit HEV (HEV3)
(25, 26), and dromedary HEV (HEV7) (27, 28), successfully establishing infection in
nonhuman primates were confirmed later to be able to infect humans. Although HEV
mainly transmits via the fecal-oral route, in experimental assessments of cross-species
transmission to nonhuman primates or pathogenicity studies, intravenous administra-
tion was used more often (25–27, 29, 30), as it is easy to control the total viral titers
administered and easy to conduct. Many experimental studies have shown that oral
administration is less efficient and usually induces no detectable fecal HEV shedding or

FIG 6 Extrahepatic replication of HEV in monkey M1. The viral RNA and ORF2 protein of HEV was detected using
quantitative real-time PCR and an immunofluorescence assay, respectively, in liver, kidney, brain, stomach, and
intestine tissues of monkey M1 at 25 wpi. Specific anti-HEV sera (bs-15457r; Bioss, Woburn, MA, USA) were used.
The secondary antibody used for visualization was goat anti-rabbit IgG (green; Goodbio Technology, Wuhan,
China). Nuclei were stained with DAPI (4=,6-diamidino-2-phenylindole) (blue; Goodbio Technology, Wuhan, China).
The liver biopsy specimen of M1 collected preinoculation (PreI) served as the negative control.
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viremia, even when the animals are the natural host of the HEV strain challenged (31).
Besides, increasing studies highlight the blood-borne transmission of HEV in humans (1,
4). In this study, acute and chronic-type infections were observed in the two
HEV8-infected monkeys. Protracted fecal shedding of HEV without viremia has been
reported both in animals (25, 27, 32, 33) and in chronic hepatitis E patients (34, 35)
and agrees well with the natural course of HEV infections (1). Although most
chronic HEV infection cases occurred in immunocompromised patients, several
studies have reported that occasionally, immunocompetent individuals can also
develop chronic hepatitis E (36, 37). In animal studies, chronic HEV infection has
been established in healthy rabbits (33), rhesus monkeys (29), and ferrets (38). The
underlying mechanisms responsible for the different disease profiles remain un-
clear, but the findings of this study provide a potential alternative animal model for
more detailed study of chronic HEV infection.

Extrahepatic replication was found in several tissues and organs of animal M1 at
25 wpi. Notably, obvious lesions were evident in the kidney. To our knowledge, there
are 12 reported cases of HEV-associated renal manifestation; of them, nine cases were
glomerulonephritis and the other three were either with no renal biopsy or showed no
obvious injury (39). All but one patient were immunocompromised with chronic HEV
infection. Renal biopsy specimens of the nine patients mainly showed glomerulitis with
exudative proliferation and double contours in the glomerular basement membrane
(39–41). Interstitial fibrosis and infiltrates of mononuclear cells were also observed in
some cases (40, 42). The renal histology of M1 in our study is similar to that of human
cases. The etiology of most forms of glomerulonephritis is likely infection (43). Infection-
related immune responses and their direct effect on glomerular cells may cause the
disease. As with the hepatitis C virus, HEV-associated kidney injury is presumed to be
related to the glomerular deposition of immune complexes comprising the HEV
antibodies and antigen (41, 43). The detection of HEV RNA and proteins in M1’s kidney
suggests direct viral replication in renal cells may also play a role. The present macaque
model may be used to elucidate the underlying mechanism in the future.

FIG 7 Histopathology of kidney tissue in monkey M1. Kidney tissue was collected at 25 weeks postin-
oculation. (A) Protein casts (red arrows) and proliferation of the glomerular mesangium were found (blue
arrow). (B) In the renal interstitium, thickening of tubular membranes and inflammatory cell infiltrates
were seen.
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MATERIALS AND METHODS
Ethics statement. The animal experimental protocol was approved by the Committee of Laboratory

Animal Welfare and Ethics of Peking University Health Science Center (number LA2016332). All animal
studies in this study were performed according to the Chinese Regulations of Laboratory Animals—The
Guidelines for the Care of Laboratory Animals (Ministry of Science and Technology of People’s Republic
of China) and the Laboratory Animal Requirements of Environment and Housing Facilities (GB 14925–
2010, National Laboratory Animal Standardization Technical Committee). Two cynomolgus monkeys
were housed in adjoining individual cages allowing social interactions and with sufficient food and water
(commercial monkey chow, treats, and fruits twice daily). All procedures were carried out under sodium
pentobarbital anesthesia by trained personnel under the supervision of veterinary staff, and all efforts
were made to ensure animal welfare and to minimize animal suffering in accordance with the recom-
mendations of the Weatherall report, “The use of nonhuman primates in research (PDF).”

Sample collection and processing. Between January and April 2017, fresh fecal samples were
collected from adult Bactrian camels in four different provinces/regions in China (Fig. 1). Samples were
taken from domestic Bactrian camels in Inner Mongolia Autonomous Region (25 samples), Gansu (40
samples), Hebei (200 samples from 2 farms), and Anhui (30 samples) provinces. In addition, 20 milk
samples were collected from Bactrian camels in Hebei province. In June 2017, follow-up fecal samples
were taken from the 40 animals in Gansu province. The fecal samples were all diluted with phosphate-
buffered saline (PBS) to prepare 10% to 20% suspensions and centrifuged at 5,000 � g for 30 min. The
supernatants obtained were immediately stored at �80°C until use.

Detection of HEV RNA. All the samples collected were screened for the presence of HEV RNA. RNA
was extracted from 100 �l of clarified supernatant, serum, urine, or milk using TRIzol reagent (Invitrogen,
Burlington, ON, Canada). A heminested reverse transcription-PCR with two sets of primers that can detect
all genotypes within Orthohepevirus species A, targeting ORF1 and ORF2 of the HEV genome, were used
to screen for the presence of HEV RNA (19, 44). HEV-positive samples were commercially sequenced
according to the manufacturer’s instructions (Beijing Genomics Institute, Beijing, China) on an automatic
DNA sequencer (ABI model 3730 sequencer; Applied Biosystems, Foster City, CA, USA). Standard
precautions were taken to avoid PCR contamination, and no false-positive result was observed for
negative controls. All sequences were submitted to GenBank with accession numbers MH423368 to
MH423375.

Quantification of HEV RNA was carried out using a commercial One-Step RT-qPCR kit (A6120;
Promega, USA). The reaction conditions for the one-step RT-qPCR were 30 min at 50°C, 15-min incubation
at 95°C, and 45 cycles of 10 s at 95°C, 20 s at 55°C, and 15 s at 72°C. A 10-fold serial dilution of capped
HEV RNA (108 to 101 copies) was used as the standard for quantification of viral genome copy number
(45).

Inoculation of monkeys and sample collection. The animal experimental protocol was approved
by the Committee of Laboratory Animal Welfare and Ethics of Peking University Health Science Center.
Two 5-year-old female cynomolgus monkeys (Macaca fascicularis), weighing 2.0 to 2.5 kg (designated M1
and M2), were obtained from the Beijing Institute of Xieerxin Biology Resource (Beijing, China) for the
cross-species infection and pathogenicity study. Both monkeys were negative for HEV RNA and anti-HEV
IgM/IgG for two consecutive weeks prior to inoculation.

Inocula were prepared from the HEV8-positive fecal sample collected from Gansu province (BcHEV-
GP). The fecal suspension was filtered through 0.45-�m and 0.22-�m filters prior to inoculation.
Approximate viral titers of 4.50 � 104 genome copies/ml were determined by RT-qPCR. Each monkey was
inoculated intravenously with 5 ml of inocula (approximately 2 � 105 copies of virus). The two monkeys
were housed in individual cages, and serum, feces, and urine samples were collected weekly. All samples
were subjected to RNA extraction and tested for HEV RNA and anti-HEV IgM/IgG.

Complete genome sequencing. Three complete genomes of the HEV8 from the fecal sample
collected from Gansu province (BcHEV-GP) and the two monkeys that were inoculated with the filtered
fecal sample containing BcHEV-GP (M1 and M2) were amplified and sequenced using the RNA extracted
directly from the original fecal specimens of the camel and monkeys, respectively, as the templates. The
RNA was converted to cDNA by a combined random priming and oligo(dT) priming strategy. The cDNA
was amplified by primers designed by multiple alignments of the genomes of other HEV8 with genome
sequences available, using strategies described in our previous publication (19). Additional primers were
designed from the results of the first and subsequent rounds of sequencing. The 5= ends of the viral
genomes were confirmed by rapid amplification of cDNA ends using the SMARTer 5=/3= RACE kit
(Clontech, Mountain View, CA). Sequences were assembled and manually edited to produce final
sequences of the viral genomes. All sequences were submitted to GenBank with accession numbers
MH410174 to MH410176.

Genome and phylogenetic analyses of HEV sequences. The nucleotide sequences of the genomes
and the deduced amino acid sequences of the ORFs were compared to each other and to those of other
HEVs using MatGAT 2.02 (19). Phylogenetic trees based on the nucleotide sequences of the PCR
screening fragments and the amino acid sequences of concatenated ORF1/ORF2 excluding the HVR in
ORF1 were constructed by maximum likelihood method using MEGA 6.0 (43), with bootstrap values
calculated from 1,000 trees. The optimal substitution model for each ORF was selected by MEGA 6.0 (46).
The mean amino acid genetic distances (p-distance) based on the concatenated ORF1/ORF2 excluding
the HVR between BcHEV-GP, M1, and M2 and other HEV genotypes were calculated using MEGA 6.0 (43).

Biochemical analysis of blood samples from infected monkeys. Several clinical chemistry param-
eters were monitored, including alanine aminotransferase, AST, total bilirubin, and �-glutamyl transpep-
tidase, using a Hitachi Automatic Clinical Analyzer 7180 (Hitachi High-Technologies, Tokyo, Japan).

Wang et al. Journal of Virology

April 2019 Volume 93 Issue 7 e02014-18 jvi.asm.org 10

https://www.ncbi.nlm.nih.gov/nuccore/MH423368
https://www.ncbi.nlm.nih.gov/nuccore/MH423375
https://jvi.asm.org


Detection of anti-HEV IgM and anti-HEV IgG. Anti-HEV IgM and anti-HEV IgG were detected by
enzyme immunoassay (EIA), using commercial kits (Wantai, Beijing, China) according to the manufac-
turer’s instructions. The method used was based on the E2 protein of genotype 1 HEV (amino acids 394
to 606 of HEV ORF2) (44). These commercial kits were widely used in studies of humans and animals
infected with many different HEV genotypes, including genotype in Orthohepevirus C (4, 47, 48).

Histopathological and immunofluorescence assays. To understand the pathogenicity of HEV8 in
monkeys, liver biopsies were performed prior to inoculation, at 3 wpi and 13 wpi, using disposable
core tissue biopsy needles (MN1610; Bard, USA). In addition, during the experiment, M1 suddenly
died at 25 wpi, which presented the opportunity to collect extrahepatic tissue samples for further
investigation. Tissues were fixed in 10% neutral buffered formalin and embedded in paraffin.
Specimens were cut into 3- to 4-�m serial sections. Slides were stained with hematoxylin-eosin and
subjected to histopathological microscopic examination. HEV proteins were visualized on
paraformaldehyde-fixed tissues sections using HEV ORF2-specific antibodies (bs-15457r; Bioss,
Woburn, MA, USA) and visualized using an inverted fluorescence microscope (Eclipse TI-SR; Nikon,
Japan).

Approximately 100 mg of the fresh tissue or organs collected was homogenized in 1 ml of TRIzol
reagent and clarified by centrifugation at 5,000 � g for 15 min at 4°C. The supernatants from this
centrifugation were harvested and stored at �80°C for later RT-qPCR.

Accession number(s). The sequences for HEV8 have been assigned GenBank accession numbers
MH423368 to MH423375 and MH410174 to MH410176.
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