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Recently, hepatitis E virus (HEV, Paslahepevirus balayani) particles were detected for

been able to detect HEV in ejaculate in five further patients, and thus in a total of

seven out of nine (78%) chronically infected men (age 36-67 years, median 56 years).
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were infectious, as a previous cell culture model had failed to demonstrate the
infectivity. In the current study, we employed an optimized HEV cell culture system
based on overconfluent PLC/PRF/5 cells to investigate the infectivity of HEV particles
from ejaculate and other body fluids. With this approach, we were able to show for
the first time that HEV particles in the ejaculate from several patients were infectious.
HEV replicated to high viral loads of 1€e9 HEV RNA copies per ml. This indicates that

HEV-positive ejaculate could bear a risk of infection for sexual partners.
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1 | INTRODUCTION

The hepatitis E virus (HEV, Paslahepevirus balayani) is a virus with many
different aspects, mainly affecting the liver. Acute HEV genotype 1 and
2 (HEV-1 and -2) infections are caused by contaminated water and
lead to outbreaks in resource-limited countries. In contrast, HEV
genotype 3 and 4 (HEV-3 and -4) are mainly transmitted zoonotically
via pork products and rarely via blood transfusion and solid organ
transplants in industrialized countries.>™* Chronic HEV-3 infections in
immunocompromised people play a major role, mainly in Europe.®
About 80%-90% of these infections can be cured with ribavirin.®
Furthermore, assumed extrahepatic manifestations of HEV infections
and, in particular, extrahepatic replication is a topic of emerging
interest. In 2021, Horvatits et al. showed that HEV-3 infections in
chronically infected individuals can replicate in the male genital tract
beyond the blood-testis barrier. Furthermore, the clinical course of
one of the patients described indicated that the virus can spread from
the male genital tract to the rest of the body.” However, until now, it
was not possible to prove that HEV particles in ejaculate can be
infectious. This study aimed to determine the infectivity of HEV in the

ejaculate using an optimized cell culture system.

2 | MATERIALS AND METHODS
2.1 | Patients

All patients gave written informed consent, and samples were analyzed
pseudonymously at the University Hospital Hamburg Eppendorf.
Patients from other centers agreed to donate ejaculate and be tested
for HEV. These patients have been included anonymously into the
study. The study was reviewed and approved by the Ethics Committee
of the Medical Council of Hamburg (WF-138/20).

2.2 | HEV RT-gPCR

Patient samples were tested in a laboratory-developed real-time
quantitative reverse transcription polymerase chain reaction (RT-qPCR)
using the cobas 6800 system (Roche) according to Allweiss et al.® HEV
RNA was quantified as IU/mL (limit of quantification 24 1U/mL) using the
WHO standard.” Nucleic acid was isolated from cell culture supernatants
and inoculates using the EZ1® Advanced XL workstation with the
EZ1 Virus Mini Kit v2.0 (Qiagen). Eluted nucleic acid was tested by
RT-qPCR according to Wenzel et al.l® HEV RNA was quantified as

genome copies per mL (c/mL).

2.3 | HEV subtyping

HEV-positive patient specimens analyzed via cell culture were
sequenced in the National Consultant Laboratory. For this purpose,
purified nucleic acid was reverse-transcribed and amplified in two

genomic regions by a first round, and consecutive nested PCR: a 242 bp
fragment within open reading frame (ORF1), and a 493 bp fragment
within ORF2 (primers excluded). The ORF1 fragment was amplified
according to Wenzel et al.,'° the ORF2 fragment according to Boxman
et al.** Amplification products were purified and sequenced on an ABI
3130xI sequencer. The resulting electropherograms were analyzed and
assembled with CodonCode Aligner v10.0.2 (www.codoncode.com,
CodonCode Corporation). Sequences were deposited in the GenBank
(accession numbers PP748650-PP748675). Subtypes were assigned by
identifying the best matching reference sequence from the latest
P. balayani reference set'? using the fasta36 algorithm.2®> HEV from
some patients had been subtyped in other institutions before this study
was conducted. Besides the subtype information, neither sequence data

nor stored surplus material was available from these cases.

2.4 | Inoculum preparation

Patient materials (in the case of different body fluids per patient, these
were taken on the same day) were diluted with 0.2% bovine serum
albumin (BSA); (Sigma-Aldrich) (w/v) in PBS without Ca®* and Mg?*
(PBS”; Lonza) to a total volume of 1.5 mL, resulting in dilution factors
of 1.5-3.3. Samples were vortexed vigorously and centrifuged at
8000xg for 10 min. The supernatant was sterile filtered through a
0.20 um polyether sulfone (PES) membrane (Sarstedt). The remaining
cell pellets of ejaculate samples were further processed to generate
cell lysate to obtain intracellular virus particles. Therefore, the pellets
were vortexed in 100 pL of deionized water followed by incubation on
ice for 15min with intercalated vortex steps every 3min. The cell
suspension was then sonicated for 5min using the Diagenode
Bioruptor® Standard waterbath sonicator (Hologic) at medium
intensity and on/off cycles of 30s each. Finally, lysis was completed
by three freeze-thaw cycles in liquid nitrogen. Subsequent, 0.2% BSA
(w/v) in PBS™ was added to the cell lysate to a total volume of 1.5 mL,
vortexed vigorously, centrifuged at 8000xg for 10 min. The super-
natant was sterile filtered through a 0.20 um PES membrane.

2.5 | HEV cell culture

HEV isolation experiments were performed in a cell culture system
optimized for HEV propagation.?* Briefly, PLC/PRF/5 cells (ATCC
CRL-8024, LGC Standards) were seeded inT12.5 flasks at a cell density
of 1e5 viable cells per cm®. Cells were maintained at 37°C and 5% CO,
in Eagle minimum essential medium supplemented with 10% heat-
inactivated fetal calf serum, 2 mM L-glutamine, 1% nonessential amino
acids, 100U/mL penicillin G, 100 ug/mL streptomycin, 2.5 pg/mL
amphotericin B (PAN Biotech) and 30 mM MgCl, (Sigma-Aldrich). The
medium was completely exchanged every 3-4 days. After 2 weeks, the
overconfluent 3D cell layers were inoculated with 250 pL of HEV RNA
positive patient material per T12.5 flask. Characterized HEV strains
14-16753 (subtype 3c, GenBank MK089849), 14-22707 (subtype 3e,
GenBank MKO089848), and 15-22016 (subtype 3f, GenBank
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MK089847) served as positive controls and 0.2% BSA (w/v) in PBS™ as
negative control. After an incubation of 75 min at room temperature,
medium was added, and cells were incubated at 34.5°C and 5% CO..
After 24 h, the supernatant was completely replaced with fresh
medium, which was then refreshed every 3-4 days. Supernatants were
collected on days 1, 4, and 7 postinoculation (dpi) and from then on
weekly until 70 dpi.

2.6 | HEV ORF2 antigen ELISA

Supernatants from suspected robustly infected cell cultures (i.e.,
steadily increasing amounts of HEV RNA over time) were retested for
ORF2 antigen using the HEV-Ag ELISAP'YS kit (Wantai). The ELISA

was performed according to the manufacturer's protocol.

2.7 | HEV ORF2 immunofluorescence assay (IFA)

HEV RNA positive and control cell cultures were detached after
different time points, seeded in a 96-well u-plate (Ibidi) and grown to
~80% confluency within 2 days. Afterward, cells were washed with
0.05% Tween-20 (Sigma-Aldrich) (v/v) in PBS with Ca%* and Mg?*
(PBS™; Lonza) and fixed with 2% formaldehyde (Merck) (v/v) in PBS*.
After another washing step, cells were permeabilized with 0.1%
Triton X-100 (Sigma-Aldrich) (v/v) in PBS* followed by blocking with
5% goat serum (Jackson ImmunoResearch) (v/v) in PBS*. The
blocking solution was then replaced by 10 pug/mL primary antibody
anti-HEV ORF2 clone 1E6° (Merck) diluted in 5% goat serum (v/v) in
PBS™ and incubated for 1 h at room temperature. After washing, cells
were incubated with 3.75 pg/mL secondary antibody Alexa Fluor®
488 AffiniPure™ goat anti-mouse IgG H+L (Jackson ImmunoRe-
search) and Texas Red™-X phalloidin (Thermo Fisher Scientific)
diluted in 1% BSA (w/v) in PBS" in the dark for 1h at room

TABLE 1 Clinical characteristics of patients chronically infected.
Patient Age Underlying HEV
(years) Disease Subtype
1 48 Heart transplant 3c
2 67 Lymphoma 3c
3 63 Heart transplant 3i
4 56 Kidney transplant 3c
5 39 Kidney transplant 3c
6 59 Lymphoma 3c
7 61 Lymphoma 3abjk
8 61 Heart transplant 3c
9 36 Kidney transplant 3c

temperature. After washing, nuclei were stained with 0.3 uM DAPI
(Thermo Fisher Scientific) in the dark for 5 min at room temperature.
After washing, the stained cells were preserved in mounting medium
(Ibidi). Fluorescent images were taken with a Keyence BZ-9000
microscope.

3 | RESULTS

3.1 | Detection and genotyping of HEV in the
ejaculate of chronically infected patients

In addition to the ejaculate of three previously described patients
(patients 1-3),” the ejaculate of six further immunosuppressed,
chronically HEV-infected men was tested (Table 1). All patients
received ribavirin treatment. Overall, HEV was detected in the
ejaculate of seven of nine (78%) patients. In the majority of these
patients (4/7, 57%), the viral load in the ejaculate was higher
compared to other body fluids (median fold change of 106 vs. blood,
11 vs. feces and 558 vs. urine). Only patient 7 (1/7, 14%) had
the lowest viral load in ejaculate, while in the remaining two patients
(2/7, 28%) it was between the viral loads measured in blood and
feces (patients 5 and 6). The dominant HEV subtype in this patient
cohort was HEV-3c (n=7, 78%). HEV fragments sequenced from
patient 3 were most closely related to HEV-3i, while those from
patient 7 could not be assigned to a distinct subtype and were

therefore classified as monophyletic clade 3abjk.

3.2 | Proof of infectivity of HEV particles in the
ejaculate

The first isolation experiment was performed with ejaculate from

patients 1 and 2 in overconfluent PLC/PRF/5 cell layers. An

HEV RNA (IU/mL)

Blood Feces Urine Ejaculate

<24el n.t. 3.9e4 6.3e7
5.4e5 1.3e6 2.3e4 1.6e7
5.5e4 n.t. n.t. n.d.
3.1e5 3.1e6 1.8e5 3.3e7
5.1e4 1.1e2 n.t. 5.3e2
6.4e3 6.1e5 n.t. 1.5e5
4.9¢e7 9.0e7 n.t 1.4e2
3.3e3 1.0e4 n.d. n.d.
6.0e3 n.d. 2.0e4 8.4e6

Note: HEV fragments sequenced from patient 7 could not be assigned to a distinct subtype and were therefore classified as monophyletic clade 3abjk.

Abbreviations: HEV, hepatitis E virus; n.d., not detected; n.t., not tested.
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increase of HEV RNA in the supernatant usually within days to 3.3 | Infectivity of HEV particles varies depending

weeks post-inoculation is confirmative of infectious HEV in the on the patient's material

inoculum, as shown for established and passaged positive control

strains (Figure 1A). Cells inoculated with patient 1's ejaculate To compare the infectivity of studied particles originating from the
resulted in a steady increase of HEV RNA in the supernatant after male urogenital tract with particles from other body regions, HEV
2 weeks postinoculation, indicating infectivity while no replication particles derived from different patient materials taken on the same
was observed for patient 2's ejaculate (Figure 1B). Although the day were studied. Patient materials were prepared for cell culture
HEV RNA concentration in patient 1's ejaculate lysate was almost inoculation. Sterile-filtered materials were tested for HEV RNA, and
100-fold lower as compared to ejaculate supernatant, the measured viral loads were adjusted to the material with the lowest viral load by
viral RNA in cell culture supernatant was equally high as of 49 dpi. 10-fold serial dilutions. All diluted and undiluted materials, as well as
This suggests either faster replication kinetics of HEV derived positive control HEV strains, were inoculated onto overconfluent

from lysate or more infectious HEV particles being present in PLC/PRF/5 cell layers (Figure 2A-D). HEV from patient 4's feces and
lysate. The infectivity and replication dynamics were confirmed by ejaculate but not from the urine, replicated in cell culture. Cells
testing the supernatants for ORF2 antigen by ELISA (Figure 1C). In inoculated at a concentration of 1e6 HEV RNA c/ml suggested that
addition, intracellular ORF2 antigen was detected by IFA staining more infectious viral particles were present in ejaculate lysate

(Figure 1D). compared to supernatant since HEV from lysate replicated at an
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FIGURE 1 Infectivity of hepatitis E virus (HEV)-positive ejaculate of patients 1 and 2. Overconfluent PLC/PRF/5 cell layers were inoculated
with (A) characterized HEV-3 strains and (B) HEV RNA positive ejaculate supernatant and lysate. Cell culture supernatants were tested for HEV
RNA on days 1, 4, and 7 postinoculation and then once a week until day 70 postinoculation. PBS without Ca%* and Mg?* containing 0.2% BSA
(w/v) served as negative control (all time points were PCR negative; data not shown). Patient results are shown as the mean of technical
triplicates, error bars represent standard error of the mean. (C) Supernatants of the first of three technical replicates from cell cultures inoculated
with patient 1's ejaculate were tested by ELISA for ORF2 antigen together with positive (all time points positive with OD > 4, which is equivalent
to log10(SCR) > 1.32; data not shown) and negative controls. (D) In addition, cell cultures were tested for ORF2 antigen via immunofluorescence
staining at 1050 dpi. BSA, bovine serum albumin; dpi, days postinoculation; n.d., not detected; OD, optical density; ORF2, open reading frame;
PCR, polymerase chain reaction; SCR, signal to cutoff ratio.
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FIGURE 2 Comparison of the infectivity of hepatitis E virus (HEV) derived from different patient materials. Overconfluent PLC/PRF/5 cell
layers were inoculated with (A) characterized HEV-3 strains and (B-D) various materials of three different patients (4, 7, and 9, respectively).
Materials were patient-specific 10-fold serial diluted to match the viral load of the material with the lowest HEV RNA concentration. Cell culture
supernatants were tested for HEV RNA on day 1, 4, and 7 postinoculation and then once a week until day 70 postinoculation. PBS without Ca2*
and Mg?* containing 0.2% BSA (w/v) served as negative control (all time points were PCR negative; data not shown). (E, F) Supernatants with
persistently detectable HEV RNA were tested by ELISA for ORF2 antigen together with positive (all time points positive with OD > 4, which is
equivalent to log1o(SCR) > 1.32; data not shown) and negative controls. BSA, bovine serum albumin; dpi, days postinoculation; n.d., not detected;
OD, optical density; ORF2, open reading frame; PCR, polymerase chain reaction; SCR, signal to cutoff ratio.

average of 2.3 orders of magnitude higher level (as of 14 dpi), while
too few infectious particles were present in feces to establish a
persistent infection. However, at an inoculum concentration of
1e7 ¢/mL, HEV from feces and ejaculate supernatant replicated at a
comparable level, which was still surpassed by HEV from ejaculate
lysate at an average of 2.4 orders of magnitude between 14 and 35
dpi. No infection was established after inoculation at viral loads <1e5
HEV RNA c/mL. HEV derived from patient 7 stands in contrast to
patient 4: only robust infection could be established by HEV from
feces at a viral load of 2.3e7 HEV RNA c¢/mL. HEV from plasma,
ejaculate supernatant, and lysate at viral loads of 4.3e5, 4.3e7-1.3€8,
and 1.5e6 HEV RNA c/mL, respectively, infected the cell layer but did
not result in persistent infection. Similarly, HEV from patient 9
derived from ejaculate supernatant and lysate at viral loads of

2.2e8-2.2e9 and 2.2e7, respectively, resulted in transient but not

persistent infection. All persistent infections were confirmed by
detecting ORF2 antigen in the cell culture supernatants by ELISA
(Figure 2E,F), as well as intracellularly via IFA (Figure S1).

4 | DISCUSSION

Despite the detection of high concentrations of HEV RNA, and
virions in the ejaculate of two chronically infected men, infectivity
could not be proven in a previous cell culture model.” In the
present work, five further cases with detectable HEV particles in
the ejaculate could be identified. By using an optimized HEV cell
culture system,** infectivity of HEV particles originating from
male reproductive system could be proven. Furthermore, the

infectivity of HEV from different body fluids was compared.
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Depending on the patient, HEV replicated more efficiently from
ejaculate or feces.

While HEV from patient 4's ejaculate was most infectious
compared to feces, replication of HEV from feces of patient 7 was
much more effective to replicate in vitro in comparison to particles
from the ejaculate. At present, it remains unclear whether the
observed differences in the infectivity of HEV particles from different
patient's materials are due to methodological conditions (i.e., storage
time, transport, cooling, etc.), different virus subtypes (HEV-3c from
patient 4 vs. HEV-3abjk from patient 7), individual ribavirin treatment
course and physical or biological properties. Furthermore, there is
evidence that HEV from ejaculate lysate is more infectious than from
ejaculate supernatant. HEV particles are naked in feces, bile duct, and
cell culture lysate, while in serum, urine, ejaculate, and cell culture
supernatant they appear quasi-enveloped.”**~8 Since, the HEV RNA
distribution of ejaculate and cell culture supernatant is nearly equal
across the density gradient, one could assume, that the particles in
ejaculate lysate are non-enveloped compared to the enveloped
particles from the ejaculate supernatant. This would also be in line
with previous observations which had demonstrated that naked HEV
is more infectious than quasi-enveloped HEV.?

HEV-3 is known to be transmitted mostly through consumption
of insufficiently cooked pork but also to a much lesser extent via
contaminated blood products and solid organ transplants.?™* We now
show that HEV particles in the ejaculate of chronically infected men
are infectious. Thus, chronic HEV infection in men could eventually
be considered a sexually transmitted disease (STD). This would
further blur the traditionally sharp categorical distinction between
HBYV, HCV, and HDV on the one side versus HAV and HEV on the
other. To date, however, there is no epidemiological evidence of
sexual transmission of HEV—at least not in immunocompetent
individuals.?°?! Future studies should focus on the standardized
testing of anti-HEV IgG and IgM positivity in sexual partners of
chronically HEV-infected men.

We identified seven out of nine chronically infected HEV
patients in whom the virus was detectable in their ejaculate. This
high rate implies a common new route of shedding in this patient
cohort. Furthermore, we show for the first time that HEV in the
ejaculate is infectious, suggesting a novel possible transmission
risk and considering hepatitis E as a potentially sexually transmit-
table disease.
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