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A B S T R A C T

Hepatitis E virus (HEV) is the main pathogen of hepatitis E infections with multiple extrahepatic replication sites.
The presence of HEV RNA in the semen of infertile males suggests HEV replicates in the male genital tract.
However, the mechanism is largely remained elusive. A BALB/c-based animal model was used to evaluate the
effects of HEV infection on the testicular damage. HEV RNA was detected in feces, blood and livers from 7 to 28
days post-inoculation (dpi), while was positive in male genital tract from 7 to 70 dpi. Positive signals of HEV
antigens were observed in testes, epididymides and seminal vesicles (SVs). Impaired sperm quality, destroyed
the blood–testis barrier (BTB) and drastically decreased spermatogonia suggested that HEV infection causes
testicular damage. Antiviral immune response was barely found in the testes. Results demonstrated that HEV
replicates in male genital tract, causes testicular damage, and consequently results in flawed fertility.

1. Introduction

Hepatitis E virus (HEV) is the leading cause of enterically trans-
mitted viral hepatitis infections worldwide. HEV infection is responsible
for 20 million infections and 70,000 deaths each year (Debing et al.,
2016). Although HEV infections are self-limiting, severe HEV infections
cause high mortality rates in pregnant women (Kamar et al., 2013).
Chronic HEV infections in immunocompromised individuals, such as
solid-organ transplant recipients (Wang et al., 2018) or Human Im-
munodeficiency Virus (HIV) infected patients, have been reported
(Zeng et al., 2017; Ferreira et al., 2018). HEV mainly replicates in the
liver but may also replicate in multiple extrahepatic sites, including the
brain (Dalton et al., 2016; Scanvion et al., 2017), kidney (Geng et al.,
2016; Huang et al., 2016a), muscle (Mengel et al., 2016) and testis
(Huang et al., 2018).

Viruses, such as ZIKA virus (ZIKV) (Govero et al., 2016; Ma et al.,
2017), HIV (Garrido et al., 2005), hepatitis B virus (HBV) (Vicari et al.,
2006; Garolla et al., 2013), and hepatitis C virus (HCV) (Vicari et al.,
2006; Garolla et al., 2013), can infect the testes and are considered as
high-risk factors of male infertility. Viral infections in the testes may
affect sperm quality or even lead to male infertility. ZIKV infection

ultimately leads to male infertility by inducing testicular inflammation,
epididymitis, testicular atrophy, and pathological lesion formation
(Govero et al., 2016; Ma et al., 2017). HBV destroys the blood–testis
barrier (BTB), infects germ cells, and affects sperm quality (Garolla
et al., 2013). HEV infection has been detected in the semen of infertile
male with oligospermia, asthenospermia, or necrozoospermia (Huang
et al., 2018). Furthermore, HEV RNA and antigens have been detected
in the testes and epididymides of HEV-infected rhesus macaques
(Huang et al., 2018) or Mongolian gerbils with damaged BTB (Soomro
et al., 2017). However, the pathogenesis of HEV in male genital tract is
unknown.

The presence and persistence of HEV infection in semen raise sev-
eral important concerns. First, the cells and tissues of the male genital
tract are permissive for HEV replication, thereby the presence of HEV in
semen must be clarified. Second, given the high prevalence of HEV in
infertile men, how to exclude blood-borne transmission? Third, the
duration of HEV infection in semen should be determined. Last but not
least, whether the male genital tract can recover from the damages
caused by HEV infection must be elucidated. In this study, we in-
vestigated the damages of the male reproductive tract caused by HEV
infection. We analyzed the reproductive organs, including the testes,
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epididymides and seminal vesicles (SVs) of HEV-infected male BALB/c
mice. HEV RNA and antigens were detected in the testes, epididymides
and SVs until 90 dpi, 55 days after viral clearance from HEV-infected
mice. HEV infection resulted in the degeneration of germ cells, and
subsequently impaired sperm count and quality.

2. Materials and methods

2.1. Animal

SPF BALB/c mice (male, 6 weeks old, 18–22 g, n = 60; female, 6
weeks old, 18–22 g, n = 12) were purchased from Kunming Medical
University and maintained in a pathogen-free animal facility. The an-
imal protocols used in this study were approved by the Animal Care and
Use Committee of Kunming University of Science and Technology. Mice
were negative for anti-HEV antibodies (IgG and IgM) and HEV RNA.

2.2. Virus and inoculation

Human HEV (Genotype 4, KU-LX strain, GenBank No. MF567574,
5.8 × 105 copies/mL) was isolated from the stool sample of a patient in
Yunnan Province, China. The species of enterovirus A and B were ex-
cluded by PCR amplified with universal enteroviruses primers. Fecal
suspensions (10%, w/v) were centrifuged at 12,000×g at 4 °C for
10 min, filtered through 0.22 μm microfilters, and treated with peni-
cillin and streptomycin for 1 h. Male mice were intravenously in-
oculated with 200 μL of HEV (n = 30) or phosphate-buffered saline
(PBS) (n = 30). Mice inoculated with HEV (n = 3) or PBS (n = 3) were
humanely euthanized at 7, 14, 21, 28, 35, 42, 70, and 90 dpi. Three
mice per treatment group were euthanized at each time point. At 90
dpi, the remaining mice inoculated with HEV (n = 6) or PBS (n = 6)
were mated with uninfected female mice (n = 12). Fluids in the cauda
epididymis were collected for HEV RNA detection. The testes were
weighed and washed with normal saline for the exclusion of blood
contamination. Meanwhile, testes, epididymides, and SVs were fixed in
neutral 4% paraformaldehyde for histopathological and im-
munohistochemical analyses.

2.3. Gene detection and quantification

Total RNA was extracted from stool supernatant, blood, serum,
semen, or tissue by using Trizol reagent (Invitrogen, USA) in ac-
cordance with the manufacturer's instructions. Reverse transcription
was performed by using a reverse transcriptase kit (AMV, Takara,
Japan) with HEV-specific primers or random primer (Huang et al.,
2016b). Negative control was included to exclude PCR contamination.
HEV viral titer was quantified by using SYBR green-based quantitative
RT-PCR (qRT-PCR) as previously described (Baylis et al., 2013).

The relative expressions of genes, including RIG-I, IFN-β, IFN-λ,
TNF-α, IL6 and IL10, were quantified with the specific primers as de-
scribed in a previous study (Xu et al., 2017; Devhare et al., 2013).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the
housekeeping control gene. qRT-PCR was performed by using an ABI
PRISM 7300 Real-Time PCR System. The relative gene expression was
determined using the formula 2−(△Ct of gene−△Ct of GAPDH), where Ct is
the threshold cycle.

2.4. Histopathology, immunohistochemistry, and indirect
immunofluorescence analysis

Tissue samples were fixed in 10% neutral-buffered formalin and
embedded in paraffin. The specimens were cut into 3–4 μm serial sec-
tions. Standard hematoxylin and eosin (H&E) staining was performed.
Stained specimens were examined under microscopy.

In immunohistochemical analyses (IHC) and immunofluorescence
assay (IFA), tissues were deparaffinized, hydrated, and heated in a

water bath for antigen retrieval and then blocked with 3% hydrogen
peroxide for 15 min. Tissue sections were incubated for 2 h at 37 °C
with primary monoclonal anti-HEV (MAB8003, Millipore, 1:200 dilu-
tion), anti-CD45 (610266, BD, 1:150 dilution), anti-F4/80 (ab6640,
Abcam, 1:150 dilution), anti-ETV5 (ab102010, Abcam, 1:200 dilution),
anti-TRA98 (ab2527, Abcam, 1:200 dilution),α-SAM(A7248, ABclonal,
1:200 dilution), anti-Lin28a (37118, SAB, 1:200 dilution), and 3β-HSD
(sc515120, Santa Cruz, 1:100 dilution) antibodies; washed with PBS;
and then incubated with HRP-, FITC- or TRITC-labeled secondary an-
tibodies as previously described (Huang et al., 2018).

2.5. Terminal deoxynucleotidyl transferase dUTP nick-end labeling assay

Apoptotic cells in the testicles of HEV-infected mice were detected
by using One Step Terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) Apoptosis Assay Kit (C1086, Beyotime). Tissue
sections were deparaffinized, hydrated, blocked with 20 μg/mL pro-
teinase K (DNase free) for 15–30 min, and washed with PBS. The sec-
tions were then incubated for 60 min at 37 °C with TUNEL liquid and
washed with PBS. Nuclei were counterstained with DAPI and viewed
under fluorescence microscopy (Nikon Ti-E, Japan).

2.6. Hormone analysis

The levels of testosterone and inhibin B in the serum were de-
termined through enzyme-linked immunosorbent assay (ELISA) kits
procured from Shanghai MLBIO Biotechnology Co., Ltd.

2.7. Statistical analysis

All experiments were performed at least thrice. Data were presented
as mean ± standard deviation. Statistical analysis was performed
using GraphPad Prism 5 software. Wilcoxon matched-pair test was used
to determine the significance of differences between the two groups. In
this test, a 0.05 level of probability (P < 0.05) was considered sta-
tistically significant.

3. Results

3.1. HEV replicates in the testes, epididymis, and SVs

To trace the replication of HEV in male genital tract, the BALB/c
mice model of HEV infection was established. HEV RNA was detectable
in the feces, serum and livers of all mice inoculated with HEV at 7 dpi.
The viral titers reached a peak at 7 dpi in feces and 14 dpi in serum and
livers, then decreased below the limit of detection at 35 dpi (Fig. 1).
Meanwhile, PBS-inoculated uninfected mice were negative for HEV
RNA.

HEV RNA was first detected in the testes of HEV-infected mice at 7
dpi, similar to ZIKV infection in testes (Govero et al., 2016). The copy
number of HEV RNA in testes was persistently increasing and reached a

Fig. 1. HEV genomic RNA copy number of livers, feces, serum, testes, epidi-
dymides, seminal vesicles and epididymal fluid from HEV-infected male mice.
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peak during 21–28 dpi, which is comparable with course of viral load in
blood, then slowly decreased during 35–42 dpi and detectable until 90
dpi. However, HEV RNA in the feces, serum and livers was detected
from 7 dpi to 28 dpi, and undetectable at 35 dpi. Interestingly, HEV
infection persisted in the testis longer than in the blood. HEV RNA was
detected at 14 dpi in epididymal fluid (Epid-fluid), 1 week later than
that in the testes. Epid-fluid was persistently positive for HEV RNA until
90 dpi. Meanwhile, the epididymides, the storage site of sperm, were
also positive for HEV RNA during 7–70 dpi. The highest viral titer in the
epididymis was observed during 21–28 dpi. Similar to epididymides,
SVs, another sperm storage site, were positive for HEV RNA from 7 dpi
to 42 dpi. Meanwhile, PBS-inoculated uninfected mice were negative
for HEV RNA. Viruses were completely cleared from the blood at 35
dpi. Nevertheless, HEV RNA was persistent detected in the semen and
epididymides until 90 dpi (Figs. 1), 55 days after viral clearance from
the blood, which provides evidence against the blood-borne transmis-
sion of HEV. Taken together, these findings suggested that HEV can
persistently replicate in the male genital tract.

3.2. Time-course analysis of HEV replication in the male genital tract

The presence of HEV antigens in the testes, epididymides, and SVs
was tested by immunohistochemical analysis (IHC) to further confirm
which organs of the male genital tract are permissive for HEV replica-
tion. The livers of HEV-infected mice served as the positive control
(Fig. 2a). Positive signals were located in the liver cytoplasm cells
(black arrows). The liver of uninfected mice served as the negative
control. The liver sections were inoculated with PBS instead of HEV-
specific antibody and served as negative control.

HEV antigens were observed in the testes and mainly localized in
Leydig cells (LCs) and testicular peritubular–myoid cells (TPCs)
(Fig. 2b, black arrows). Testes stained positive for HEV antigens at 7
dpi, which indicated that HEV begins to replicate in the testes at the
early stage of infection. HEV replication in the testes peaked at 28 dpi,
decreased at 70 dpi, and then disappeared at 90 dpi. The testes of un-
infected mice that were inoculated with PBS were negative for HEV
antigen. The duration of HEV infection in the testes was higher than
that of HEV infection in the blood or feces. The intense HEV antigen and
RNA signals detected in the testes of HEV-infected mice indicated that
HEV replicates in the testes.

Spermatozoa that form in the testes enter the caput epididymis,
progress to the corpus epididymis, and finally reach the cauda epidi-
dymis where they are stored. Given that HEV replicates in the testes and
can be detected in Epid-fluid, the role of the epididymis in HEV infec-
tion must be identified. Interestingly, at 7 dpi, HEV antigens were ob-
served in the tall-ciliated cells and connective tissues of the epididy-
mides of HEV-infected mice, but not in those of uninfected mice
(Fig. 2c, black arrows). HEV antigens persisted at high levels in the
epididymis from 7 dpi to 70 dpi. These results suggested that HEV can
replicate in the epididymis.

SVs mainly secrete fluid that ultimately becomes semen.
Approximately 70%–84% of the seminal fluid in humans originates
from SVs. From 7 dpi to 42 dpi, scattered HEV antigen signals were
observed in the smooth muscle of SVs of HEV-infected mice but were
absent from uninfected mice (Fig. 2d, black arrows). The presence of
HEV antigens in the testes, epididymides, and SVs of HEV-infected mice
indicated that HEV can replicate in the male genital tract even after
viral clearance in blood.

3.3. HEV replicates in TPCs and LCs

IFA was performed to identify which cells in the testes are permis-
sive for HEV infection. Intensely fluorescent HEV signals (red) coloca-
lized with TPCs positive for α-smooth muscle actin (α-SMA, green) at
28, 35, and 42 dpi (Fig. 3a). The merged fluorescence signals clearly
illustrated that HEV replicates in α-SMA-positive TPCs (white arrows,

orange or yellow). TPCs from the testes of uninfected mice did not
exhibit orange or yellow merged signals. In addition, HEV antigens
colocalized with 3β-HSD-positive LCs at 28, 35, and 42 dpi (Fig. 3b).
The merged signals from 3β-HSD and HEV ORF2 strongly suggested
that HEV targets and replicates in LCs (white arrows, orange or yellow).
Meanwhile, no merged signal was observed in LCs from the testes of
uninfected mice (Fig. 3c). Surprisingly, Lin28a-positive spermatogonia
were negative for the HEV antigen, and no yellow or orange signal was
observed in HEV-infected or uninfected mice.

3.4. HEV persists in testes with barely activated innate immune responses

To clarify why the longer duration of HEV in the testes than in livers
or blood, antiviral immune responses were determined in the blood and
testes. The relative gene expression of RIG-I, IFN-β, IFN-λ, TNF-α, IL-6
and IL-10 were determined by qRT-PCR. RIG-I medicated interferon
response plays a critical role against HEV infection in hepatoma cells in
vitro (Xu et al., 2017). Indeed, the gene expression of RIG-I was acti-
vated once HEV infection, and was detected in the blood of HEV in-
fected mice. Subsequently, IFN-β was highly expressed in the blood to
clean the viral infection (Fig. 4a and b). However, the most primary
antiviral factors, RIG-I and IFN-β, were barely detected in HEV-infected
testes (Fig. 4a and b). The undetectable antiviral factors further con-
firmed the immune-privilege nature of testes. Interestingly, type III
interferon (IFN-III), IFN-λ, was activated in testes once HEV infection
occurred (Fig. 4c). It has been confirmed that HEV stimulates a sus-
tained IFN- III response in persistently infected cells (Yin et al., 2017).
Consistently, HEV persistently replicates in the testes with an activated
IFN-λ immune response. Furthermore, pro-inflammation cytokines,
such as TNF-α, IL-6 and IL-10 were scarcely detected in the testes
(Fig. 4d–f). The inactived innate immune may contribute to the per-
sistent infection in the testes.

3.5. HEV infection impairs sperm quality

ZIKV infection leads to testicular atrophy and eventually results in
infertility (Govero et al., 2016; Ma et al., 2017). However, the exact
damages that HEV infection inflicts on the testes remains unclear. Thus,
the morphology and histopathology of the genital tracts of HEV-in-
fected male mice were analyzed in this study. The sizes of the testes,
epididymides, or SVs of uninfected and HEV-infected mice at 21 dpi
were negligibly differed (Fig. 5a). Body weight and testes weight were
also unaffected by HEV infection (Fig. 5b). Given that impairments in
sperm quality have been found in HEV-infected infertile males (Huang
et al., 2018), the motility and morphology of sperm cells from HEV-
infected mice were evaluated through eosin staining within 30 min
after separation. The percentage of dead sperm cells in HEV-infected
mice at 21 dpi was significantly higher than that in uninfected mice
(74.63 ± 13.06%, n = 460vs.19.84 ± 3.69%, n = 281,
P = 0.0148 < 0.05). This result indicated that only approximately
25% of sperm cells from HEV-infected mice were alive (black arrows)
(Fig. 5c). In clinical practice, men are considered fertile if their live
sperm cell rates exceed 58%. Therefore, HEV-infected males suffered
from necrozoospermia.

In addition, 11.65 ± 2.46% (n = 717) of sperm cells from HEV-
infected mice exhibited nonprogressive motility. The percentage of
sperm cells with nonprogressive motility from HEV-infected mice was
higher than that from uninfected mice (4.98 ± 1.30%, n = 809,
P = 0.0285 < 0.05) (Fig. 5c, red arrows). This result indicated that
HEV-infected males are at a high risk of asthenospermia. Moreover,
7.43 ± 1.78% of the sperm cells from HEV-infected mice showed head
and body abnormalities (n = 717). The rate of sperm cells with head
and body abnormalities of HEV-infected mice, however, was not sig-
nificantly different from that of uninfected mice (5.5 ± 0.93%,
n = 809, P = 0.1146) (blue arrows) (Fig. 5c). The drastic reductions in
sperm motility and vitality and increased sperm abnormalities in HEV-
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Fig. 2. HEV antigens detected in the genital tracts of male mice. Immunohistochemical (IHC) analyses of HEV ORF2 antigens in the genital tracts of male mice at
indicated times. (a) (Uninfected panel) The liver of an uninfected mouse was used as the negative control. (HEV-infected panel) The liver of an HEV-infected mouse
was incubated with PBS or HEV ORF2 antibody to identify the antibody specificity, and used as the positive control. Immunostaining of HEV ORF2 in the testis (b),
Epididymis (c) and SV (d) of PBS-inoculated uninfected mice and HEV-infected mice during 7–90 dpi.
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infected male mice strongly suggested that HEV infection impairs sperm
quality. Thus, HEV infection mainly causes infertility among males by
reducing sperm quality.

3.6. HEV infection leads to testicular and epididymal damages

The pathological damages of HEV infection are usually caused by
severe inflammation. Histopathological changes and inflammatory re-
sponses were analyzed to explore the mechanisms underlying the re-
ductions in sperm quality caused by HEV infection. Testicular tissue
sections from uninfected mice were histologically normal, exhibited
sperm cells at different stages of spermatogenesis (TRA98-positive), and
were surrounded by LCs (Fig. 6a and b). Meanwhile, numerous sperm
cells were observed in the caput and corpora epididymides of unin-
fected mice (Fig. 7a–c). SVs from uninfected mice were used as the
normal tissue control and did not show any histopathological changes
(Fig. 7d).

The gross images of the male genital tracts of HEV-infected mice
revealed the absence of observable morphological changes.
Nevertheless, the number of germ cells (TRA98+) in the testes drasti-
cally decreased from 7 dpi to 70 dpi (Fig. 6a and b). Meanwhile, the
number of sperm cells in the caput epididymitis also decreased

(Fig. 7b). The number of sperm cells in the corpora epididymitis of
infected mice was not affected by HEV infection at 7 dpi (Fig. 7c),
because the HEV-induced damage occurred in the early phase of sper-
matogenesis.

At 14 days of HEV infection, the number of germ cells (TRA98+) in
the testes significantly decreased (black arrows) (Fig. 6a and b). His-
tological analysis revealed that the architecture of seminiferous tubules
was damaged and exhibited basement membrane loss (red arrows) and
germ cell degeneration (black arrows) (Fig. 7a). The number of sper-
matozoa in the lumen of the caput and corpora epididymitis decreased
because of the drastic decrease in germ cells (Fig. 7b and c).

The number of degenerative germ cells in the seminiferous tubules
of HEV-infected mice increased until 70 dpi (black arrows) (Fig. 7a).
The number of TRA98 + germ cells persistently and dramatically de-
creased until 90 dpi (black arrows) (Fig. 6a and b). Interesting, the
reduced number of germ cells is associated with the increased viral load
in testes. Numerous necrotic LCs (yellow arrow) and intensive in-
tratesticular venous congestion (green arrows) were observed the testes
of HEV-infected mice (Fig. 7a). The testes were infiltrated by
CD45 + leukocytes (white arrows) (Fig. 8a) and F4/80 + macrophages
(white arrows) (Fig. 8b) particularly at 21–42 dpi when the viral titer in
the testes reached the peak. The number of sperm in the epididymal

Fig. 3. HEV replicates in TPCs and LCs in mice testes. IFA of HEV ORF2 in α-SMA-positive TPCs (a), 3β-HSD-positive LCs (b) and Lin28a-positive SGs (c) in the
testes of uninfected or HEV-infected mice. Nuclei were stained with DAPI.

Fig. 4. HEV infection barely activate antiviral innate immune response in the testes. The gene expressions of RIG-I (a), IFN-β (b), IFN-λ (c), TNF-α (d), IL-6 (e)
and IL-10 (f) in the testes and blood were determined by qRT-PCR.
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lumen dramatically decreased at 21–70 dpi (black star) (Fig. 7b and c).
Meanwhile, ductal epithelial vacuoles (red arrow) and numerous de-
generating germ cells (black arrow) were observed in the epididymal
lumen (Fig. 7b and c). This result clearly imitated the oligozoospermia
in male experiencing HEV infection.

Fortunately, the number of germ cells partly recovered at 90 dpi
(Fig. 6a and b). The inflammatory responses caused by HEV infection
resolved, and CD45 + leukocyte and F4/80 + macrophages were no
longer observed in the testes at 90 dpi (Fig. 8a and b). The number of
spermatozoa in the epididymal lumen also increased despite the pre-
sence of vacuoles and necrotic germ cells in the epididymis (Fig. 7b and
c). The SVs of HEV-infected mice were not damaged during the ex-
periment (Fig. 7d).

3.7. HEV destroys the BTB and induces apoptosis

The BTB protects the testes against pathogen invasion.
Inflammation and severe damage eventually occur in the testes once the
BTB is damaged (Mruk and Cheng, 2015). In this study, the ETV5
transcription factor was served as an index of BTB integrity. ETV5
mediates BTB function and testicular immune privilege and is required
for continuous spermatogenesis in adult mice (Morrow et al., 2007).
The presence of ETV5+ cells in uninfected mice indicated that the BTB
is intact (Fig. 8c). The BTB remained intact in HEV-infected mice at 28
dpi but was destroyed at 35 dpi as indicated by the absence of ETV5+
cells. The breakage of BTB caused by HEV infection may account for the
increased infiltration of the seminiferous tubules of HEV-infected mice
by CD45 + leukocytes and F4/80 + macrophages at 35 dpi (Fig. 8a and

Fig. 5. HEV infection impairs sperm quality. (a) Morphologies of the male genital tracts of uninfected or HEV-infected mice at 21 dpi. (b) Ratio of testes weight/
body weight. (c) Mature sperm cells were collected from the cauda epididymis of uninfected or HEV-infected mice and stained with eosin. Black arrows indicate dead
sperm cells. Red arrows indicate sperm cells with asthenospermia. Blue arrows indicate abnormal sperm cells.

Fig. 6. Reduced germ cells in the testes of HEV-infected mice. (a) Immunochemical analysis of germ cells in the testes collected from uninfected or HEV-infected
mice. (b) The number of germ cells in HEV-infected mice were compared with uninfected mice. *P < 0.05; **P < 0.01; ns, not significant.
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b). Furthermore, apoptosis was observed at 28, 35, and 42 dpi in tes-
ticular cells, and disappeared at 90 dpi, when the integrity of BTB re-
covered (Fig. 8d).

3.8. HEV infection leads to hormonal disorders

Testicular LCs produce the vast majority of androgens in men.
Meanwhile, androgens essential for the lifelong support of spermato-
genesis and the development of LCs (Guan, 2019). However, HEV in-
fection damaged LCs and resulted in spermatogonia necrosis. The levels
of androgenic hormones, testosterone and inhibin B, were measured to
determine whether HEV infection disturbs hormone secretion. Similar
to those in HEV-infected men, testosterone levels in HEV-infected mice
decreased at 28 dpi (Fig. 9a), which corresponds to the robust re-
plication stage of HEV in the testes. This finding suggested that the
infection of LCs by HEV reduced testosterone levels. Inhibin B is se-
creted by Sertoli cells. It is a more efficient marker of spermatogenesis,
which is used as an index of male infertility, than FSH or LH (Anderson
et al., 1998; Mahmoud et al., 1998). Inhibin B levels decreased after

HEV infection and were declined at 28, 35 and 42 dpi (Fig. 9b). The
reduction in testosterone and inhibin B levels may be attributed to the
inflammation and damage of the testes during HEV infection. The levels
of testosterone and inhibin B increased when the number of germ cells
recovered to normal levels at 90 dpi upon the clearance of HEV from
the testes.

3.9. HEV-induced infertility can be partly recovered

HEV RNA was first detected in infertile men with oligospermia
(azoospermia) or dead spermatozoa (Huang et al., 2018). Whether the
fertility can be fully or partly recovered after the complete clearance of
HEV from testes at 90 dpi, when the BTB recovered and the levels of
testosterone and inhibin B increased. Thus, the fertilities of HEV-in-
fected male mice were assessed at 90 dpi. HEV-infected male mice
(n = 6) were mated with uninfected female mice (n = 6) at 1:1 rate.
Uninfected male mice (n = 6) were mated with uninfected female mice
(n = 6) as the control. Pregnancy rates among female mice mated once
with HEV-infected male mice reached 50%, whereas that among female

Fig. 7. Testicular and epididymal damages caused by HEV infection. Histopathological analysis of (a) testis, (b) caput epididymis, (c) corpus epididymis and (d)
SV collected from uninfected or HEV-infected mice as revealed stained by H&E.
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mice mated with uninfected male mice reached 100% (Fig. 9c). The
number of viable fetuses fathered by HEV-infected males (14 fetuses)
was significantly lower than that of fetuses fathered by uninfected
males (50 fetuses) (P= 0.0028 < 0.05), which indicated a statistically
significant association between HEV infection and litter size in mice.
These results suggested that HEV-induced testicular damage can be
partly recovered after the complete clearance of HEV.

4. Discussion

HEV infection usually causes acute and self-limiting diseases in the
general population and has an incubation period of 40 days (Purcell and
Emerson, 2008). HEV mainly replicates in the liver but may also re-
plicate in multiple extrahepatic sites, including the brain, kidney,
spleen, intestine, uterus, and even muscles (Pischke et al., 2017). The

Fig. 8. HEV infection induces inflammatory responses and apoptosis. Immunofluorescence analysis of CD45 (a), F4/80 (b), ETV5 (c) and apoptosis (d) in the
testis of uninfected or HEV-infected mice. Nuclei were stained with DAPI.
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presence of genotype 4 HEV RNA in the semen of infertile males (Huang
et al., 2018) or boar (Li, 2019) suggests that HEV can infect the male
genital tract and inflict testicular damages. Although no HEV RNA was
detected in infertile men in Beijing or Europe (where genotype 3 HEV
infection is sporadic) (Horvatits, 2019; Wang, 2019), rhesus macaque,
Mongolian gerbil and BALB/c mouse models of testicular HEV infection
have successfully been established (Huang et al., 2018; Soomro et al.,
2017). The persistent infection of HEV in testes beyond the BTB con-
tributes to the detection of HEV in the semen of infertile men. Besides,
HEV infection has different epidemiological patterns in the world, even
in the same country. The “Third National Viral Hepatitis Prevalence
Survey” preformed in China (n = 81,775) has demonstrated that
“Seven provinces (Sichuan, Guizhou, Yunnan, Xinjiang, Shanghai,
Hubei and Jiangsu) had the highest seroprevalence estimates in China”
(Jia et al., 2014), while Beijing is the lowest cities of China, because of
the superior economy and sanitary conditions. In most villages of
Yunnan province, peoples are still living together with domestic ani-
mals, eating raw pork or dinking fresh animals’ blood. Thus, the high
prevalence of HEV infection in this region makes it possible to find HEV
infection in infertile men. On the contrary, it is hardly in those cities
where the incidence of HEV is very rare. In addition, chronic HEV in-
fection has been reported in immunocompetent patients (n = 55) in
this region in 2016 (Liu et al., 2016), and persistent infection has been
established in rhesus macaque models by using a genotype 4 HEV iso-
lated in this region (Huang et al., 2016a). The special features of HEV
prevalent in this region may response for the higher incidence of HEV
than other cities. Since the association of infertility and HEV infection
remains unclear, more clinical investigations are urgently needed to
clarify it in the future.

To understand the pathogenesis of HEV in male genital tract, HEV

infected animals were used for real-time investigation of HEV-induced
testicular damage. In this study, HEV replicates in the male genital
tract, and subsequent causes testicular damages from 7 dpi to 90 dpi.
HEV RNA was undetectable in feces and serum at 35 dpi, but persis-
tently detectable in the epididymides and epididymal fluid until 90 dpi.
Antiviral immune responses were barely detected in the testes, while
quickly activated in the serum, which may response to the longer
duration of HEV in male genital tract. The immune-privileged nature of
the testes may allow viruses, such as ZIKV, HBV and HIV, to persist even
after viral clearance (Govero et al., 2016; Ma et al., 2017; Garrido et al.,
2005; Vicari et al., 2006; Garolla et al., 2013; The human testis is susce,
2007). HEV-positive signals were still observed in the testes and epi-
didymides 55 days after HEV was cleared from the serum. The sper-
matogenic cycle of mice (35 days) may account for the longer incuba-
tion time of HEV in the epididymides than that in the testes. Results
well expressed the fact that longer duration of HEV in semen than in
serum.

The histopathological analysis of the genital tracts of HEV-infected
male mice revealed that intense HEV-positive signals primarily loca-
lized in the testes and epididymides and weak HEV-positive signals
mainly localized in SVs. Given that we did not collect prostate samples,
we were unable to determine whether HEV can replicate in the prostate.
Stem-cell-like TPCs and LCs, tall-ciliated cells, and connective epidi-
dymal tissues are particularly vulnerable to HEV infection. TPCs possess
a mixed phenotype and express smooth muscle-like characteristics,
contribute to the SG stem cell niche, and express pluripotency markers
and putative stem LC markers, as well as markers for steroidogenic
genes involved in the biosynthesis of sex steroids (Flenkenthaler et al.,
2014; Spinnler et al., 2010; Albrecht et al., 2006). The replication of
HEV in TPCs and testosterone-producing LCs may contribute to the

Fig. 9. HEV infection leads to hormonal disorders and temporarily testicular damage. Androgen hormones decreased during HEV infection. Testosterone (a)
and inhibin B (b) levels in the serum of uninfected or HEV-infected mice. (c) Number of fetuses fathered by male mice with or without HEV infection. **P < 0.01.
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disordered production of androgenic hormones, such as testosterone
and inhibin B, in HEV-infected men or male mice.

The BTB is the main defense of the male genital tract against pa-
thogen infection. Once the BTB is broken, pathogens will invade the
testes and cause severe inflammation and damage (Mruk and Cheng,
2015). We monitored HEV-induced BTB damage in mice. Interestingly,
the BTB was broken (as indicated by the disappearance of ETV5) at 35
dpi after intensive attack by HEV starting from 21 dpi. Severe in-
flammation (as indicated by the increase in CD45 + leukocyte and F4/
80 + macrophage infiltration) was observed in the testes and resulted
in germ cell necrosis or apoptosis. The BTB damage caused by infection
of viruses, including HIV, HBV and ZIKV, results in testicular damages,
reduces sperm quality, and even causes male infertility (Vicari et al.,
2006; Garolla et al., 2013; Smith et al., 2016; Aiman et al., 1980).
Reduced sperm count, increased sperm abnormalities and necrospermia
may be the main reasons for infertility among HEV-infected males.
Fortunately, the BTB recovered at 90 dpi, 55 days after the clearance of
HEV from the feces or blood. The fertility of HEV-infected mice par-
tially recovered. Nevertheless, the sizes of litters fathered by HEV-in-
fected mice were smaller than those of uninfected mice.

HEV is mainly transmitted through the oral–fecal route but may also
be transmitted through organ transplants, blood transfusions, and in-
timate contact (Xu et al., 2013; Aggarwal, 2011). Urine from patients
with chronic HEV infections is infectious and causes kidney injury
(Kamar et al., 2005, 2012). Milk secreted by HEV-infected cows is in-
fectious and leads to acute infection in rhesus macaques (Huang et al.,
2016b). The infectivity of blood, urine and milk from HEV-infected
individuals strongly suggests that body fluids are important routes of
HEV transmission. However, whether semen can transmit HEV remains
to be investigated through clinical or animal experimentation. Caution
should also be practiced to prevent sexual contact transmission of HEV.

In conclusion, HEV persistently replicates in the male genital tract
and causes testicular damages.
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