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Simple Summary: The zoonotic virus of HEV-3 genotype is further classified in different subtypes
whose biological role is still not clear. Most information available on the virus, both on genetic
features and on replicative cycle, had been obtained by studying the genome characteristics and by
performing in vitro transfection of permissive cells using replicative clones of the viruses. The lack of
an efficient cell culture for HEV cultivation has hampered the study of the virus so far. In the present
study, the protocol for HEV cultivation on human A549 lung cells previously established was used
successfully to cultivate different subtypes of HEV-3 isolated from pig faeces. The different isolates
grew similarly. Sequence analyses was performed on isolates, at different days post infection and in
the following passages on cells. Analyses excluded the presence of any insertion in the hypervariable
region of the genome, as observed in previous studies, and revealed a few mutations acquired in the
viral genomes during the growth on cells. The protocol of HEV-3 cell cultivation was used for a quick
production of a high amount of the virus in serum free medium, not requiring further purification.
The obtained isolates will be used for future experiments of virus infectivity.

Abstract: The hepatitis E caused by the virus HEV of genotypes HEV-3 and HEV-4 is a zoonotic
foodborne disease spread worldwide. HEV is currently classified into eight different genotypes
(HEV-1–8). Genotypes HEV-3 and HEV-4 are zoonotic and are further divided into subtypes. Most of
the information on HEV replication remains unknown due to the lack of an efficient cell cultivation
system. Over the last couple of years, several protocols for HEV cultivation have been developed on
different cell lines; even if they were troublesome, long, and scarcely reproducible, they offered the
opportunity to study the replicative cycle of the virus. In the present study, we aimed to obtain a
protocol ready to use viral stock in serum free medium that can be used with reduced time of growth
and without any purification steps. The employed method allowed isolation and cell adaptation of
four swine HEV-3 strains, belonging to three different subtypes. Phylogenetic analyses conducted on
partial genome sequences of in vitro isolated strains did not reveal any insertion in the hypervariable
region (HVR) of the genomes. A limited number of mutations was acquired in the genome during
the virus growth in the partial sequences of Methyltransferase (Met) and ORF2 coding genes.

Keywords: HEV; subtype; HEV-3; A549; isolate; cell culture; ORF2; swine; zoonosis

1. Introduction

Hepatitis E is an acute viral disease caused by hepatitis E virus (HEV). HEV is mainly
transmitted via the oral route [1]. HEV is classified in the subfamily Orthohepevirinae of
the family Hepeviridae, which is divided into different species. Strains affecting humans
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belong to the Orthohepevirus A species, recently re-named Paslahepevirus balayani by the
International Committee on Taxonomy of Viruses (ICTV URL: https://ictv.global, accessed
on 7 November 2022). Strains affecting humans belong to five genotypes of Orthohepevirus
A: HEV-1–4 and HEV-7.

Genotypes HEV-1 and HEV-2 are restricted to humans; genotypes HEV-3 and HEV-4
are zoonotic, with pigs and wild boar as their main reservoirs, and circulate in developed
countries [1]. Genotype HEV-7 has been detected in dromedary and one immunocompro-
mised human case [2]. Other genotypes of Orthohepevirus A species have been detected in
animals only [3]. In Europe, most of human infections are caused by HEV-3 and HEV-4.
The disease is usually self-limiting and asymptomatic. However, it can become chronic in
immunocompromised patients, leading to fulminant hepatitis [4].

The HEV-3 and HEV-4 are mainly transmitted by the consumption of raw or under-
cooked pork and wild boar meat. The infection is widespread in the pig population [5]. In
Europe, the HEV-3 is the genotype most frequently detected in both pigs and wild boar [3].

The genome of HEV is a positive-strand RNA coding for three open reading frames
(ORF1-3). According to the phylogenetic analysis on a limited number of complete genome
sequences, HEV-3 genotype strains are classified into 13 subtypes, together with 6 variants
defined to date as unclassified [6]. The knowledge on the significance of the subtypes is
still scanty, although a correlation between the different subtypes and the severity of the
disease was observed. It has also been hypothesized that the heterogeneity of the sequence
could be due to some hosts restrictions, not clearly established so far.

The mechanism of replication of HEV in cells is still poorly known due to the lack
of an efficient cell culture system for in vitro replication. The only information available
was obtained by animal experimental infections and by using replicative virions produced
with cDNA clones of virus genomes transfected on permissive cells [7,8], allowing the
establishment of some of the replication cycle stages of the virus. The HEV particle exists
in two forms: with envelope (eHEV) or without the lipid membrane (naked, nHEV). The
HEV particles released in faeces and present in bile are non-enveloped (nHEV), while
eHEV particles with a lipid membrane and ORF3 are present in blood during viremia.
Both nHEV and eHEV viral particles can be propagated in vitro in cultured cells [9]. The
mechanism of HEV entry into cells is not well known. Some studies employing HEV-like
particles have shown that possible mechanisms of virus entry into cells could be via heparan
sulfate proteoglycans (HSPGs), internalized via a dynamin-2-, clathrin-, and membrane
cholesterol-dependent pathway [10–12].

The protocols of HEV cell cultivation developed so far are troublesome, very long and
have a scarce reproducibility even when a successful isolation is obtained.

Over the last years, several protocols for virus cultivations have been produced, and
some HEV strains have been adapted to grow on cell cultures. However, the strains
adapted to grow well on cells in vitro frequently acquired mutations in their genome
during their growth. The human HEV3 Kernow C-1/p6 strain was found to be very
efficient in infected HepG2/C3A cells after six passages, thanks to acquisition of the
sequence of the host S17 ribosomal superfamily into the hypervariable region (HVR) of
the HEV genome [13]. Several other studies reported the presence of host genes or part
of them in the genome of HEV strains; this presence conferred a greater ability to grow
in vitro to mutated strains, compared to the wild type HEV strains [14,15]. Distinct cells
lines were used successfully to grow wild types HEV genotypes, including both hepatoma
(human hepatocyte PLC/PRF/5, HepG2) and non-hepatoma cell lines (lung cancer cell
line, A549), primary hepatocytes, neuron-derived cells, placental cells, and kidney cells [16].
The existence of some extra hepatic manifestations of the diseases, such as neurological
disorders, suggests the capability of HEV to infect extra hepatic organs, thus explaining
the ability of HEV to replicate in cell lines of non-hepatic origin [17]. The first successful
cultivation of HEV was obtained by inoculating human cells with HEV-1 strains derived
from positive human faecal samples [18,19]. Later on, cultivation was obtained for HEV-
3 and HEV-4 strains from faeces or sera from human patients [20–22] and from pigs
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and wild boar samples [23]. Further attempts were conducted to optimize the protocol
of cell culture by applying different growing conditions, varying growth temperatures,
Fetal Bovine Serum (FBS) concentration, presence of antibiotics, and presence of dimethyl
sulfoxide (DMSO). These different growing conditions, applied during viral growth on
several cell lines (PLC/PRF/5, HuH-7-Lunet BLR, A549, and HepG2/C3A), influenced
and implemented the efficiency of growth of HEV stains [24–26]. Hyper-confluent cell
layers were also used in the protocols and are considered an important factor to implement
growth of HEV-3 strains [25]. The optimized protocol for cultivation on human A549 cells
was developed with HEV-3 human strains [24,25].

The cultivation of HEV-3 and HEV-4 strains from pigs and wild boar was obtained
using caecum faecal content and other organs on both hepatoma (PLC/PRF/5 cells) and
non-hepatoma human cells (A549) [27–29].

Cultivation on cells of HEV strains isolated from animals has been achieved less
frequently [8]. The hepatocyte-like PICM-19 pig liver stem cell line was observed to support
replication of the HEV genotype HEV-3f isolated from faecal samples of pigs experimentally
infected with HEV [30] and, very recently, the same protocol has been successfully used for
cultivation in PICM-19 cells of the genotype HEV-3f previously isolated from the liver of a
naturally infected pig [31].

Protocols for HEV cultivation are promising but, due to the use of distinct cell lines,
biological samples for the inoculum, and HEV subtypes, it is difficult to understand to
which extent results can be reproducible.

In the present study, we assessed the use of the protocol previously developed for the
isolation of human HEV-3 strains on human A549 cells [25] to isolate HEV-3 stains derived
from swine positive faecal samples and belonging to subtypes -HEV-3f, HEV-3c, and two
distant HEV-3e. In our study, we have also developed a protocol for the generation of
viral stocks grown on medium free of FBS, ready to be used in future experiments without
additional purification steps.

2. Materials and Methods
2.1. Faecal Samples and Inocula

Four pig faecal samples (namely: IT-9, IT-12, IT-13, and IT-52) positive for HEV-3,
belonging to the subtypes HEV-3e (IT-9 and IT-12), HEV-3c (IT-13), and HEV-3f (IT-52) were
used as inoculum for cell cultivation.

For each sample, 10% (w/v) faecal suspensions in 0.1M Tris-HCl were generated. After
vortexing, samples were centrifuged at 10,000 rpm for 30 min and passed through 0.22µm
filters (Sartorius Stedim Biotech, Goettingen, Germany). The resulting supernatants were
used for RNA extraction, quantified in genome copies per mL (GC/mL) by Real-time
RT-PCR and used as inoculum for viral growth, as described below.

2.2. Cell Culture

Lung carcinoma epithelial A549 cells (ATCC® CCL-185TM, Manassas, VA, USA)
were propagated in Minimum Essential Medium (MEM), supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Gibco, Life Technologies, Grand Island, NY, USA),
2 mM l-glutamine, 1% non-essential amino acids (NEAA), 100 U/mL of penicillin, and
100 mg/mL of streptomycin (P/S; Gibco Life Technologies, Grand Island, NY, USA), at
37 ◦C in a 5% CO2 atmosphere. This supplemented MEM, named B-MEM, was used as
growth medium. Cell monolayers before infection were detached using 0.05% Trypsin-
EDTA, diluted in B-MEM, seeded in a T12.5 flask at 70–80% confluence (2 × 106 cells), and
incubated at 37 ◦C in 5% CO2 at least 3 days before viral inoculation.

2.3. HEV Isolation

The B-MEM medium was removed and cell monolayers were washed three times
with calcium- and magnesium-free phosphate buffer saline PBS- (Ca2+ and Mg2+ free).
The monolayers were inoculated with 500 µL of the faecal suspension (2 replicates for
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each HEV strains; P0-P2 passages) diluted to ≥1 × 105 GC/mL of the faecal suspension,
to reach a 0.1 multiplicity of infection (MOI). Human HEV strain 14-16753 gt 3c (kindly
provided by Dr. Mathias Schemmerer, University of Regensburg, Germany) [25] was used
as positive infection control. Inoculated cells were incubated for 2 h at room temperature,
then the inoculum was removed, and cells were maintained with B-MEM, supplemented
with 2.5 µg/mL amphotericin B, 30 mM MgCl2 (named MEM-M), and incubated at 34.5 ◦C
in 5% CO2 [25].

MEM-M was removed and replaced with fresh medium every 3–4 days for 9 weeks,
without replacement of cells, as established in previous protocols [24–26].

For serial passage experiments at 63 days (9 weeks) post infection (p.i.), cell super-
natants were recovered, subjected to centrifugation at 10,000 rpm for 30 min, passed
through 0.22µm filters (Sartorius Stedim Biotech GmbH, Göttingen, Germany), and then
inoculated at MOI 0.1 on fresh A549 monolayers (P1), with the same protocol used in the
first step of the isolation. The viral growth was maintained for 9 weeks, and a third passage
was performed (P2).

Cells passages were not performed for the whole duration of the experiments. Equally,
treated mock cells were included in all passages.

2.4. Fetal Bovine Serum Free HEV Stock Preparation and Minimum Infectious Dose

The HEV cell adapted strains obtained at the end of the third passage (P2) were
inoculated on fresh A549 monolayers following the previous described protocol. At 3 weeks
p.i., the infected cells were detached by treatment with 0.05% Trypsin-EDTA solution, split
at 1:2 ratio in T25 flasks, and, after 2 weeks, split again into T75 flasks. After 2 weeks,
the medium (MEM-M) was removed, the cell monolayers were washed 3 times with PBS
and supplemented with the same growth medium without FBS. For 10 days, the growth
medium was collected, stored, and totally replaced with fresh medium (MEM-M without
FBS) every day. The cell supernatants collected during the 10 days were pooled together,
centrifuged (10,000 rpm for 30 min), aliquoted, and stored at −80 ◦C.

The HEV-RNA titre was estimated in the produced aliquots as described above. The
serum free stock of isolated viruses was used for further passage (P3).

The MID (minimum infectious dose) was calculated by inoculating A549 on T12.5
flasks with 10-fold dilutions (up to 104) of the viral stocks produced, following the protocol
for virus cultivation described above up to 28 days, except for the highest dilution, where
the growth was followed for 49 days p.i. The experiments were conducted in duplicate
with the stocks diluted.

The MID was established at the dilution of viral stocks, at which no HEV-RNA was
detected in the cell supernatant at 28 days p.i.

2.5. HEV RNA Quantification

Aliquots of 150 µL of the collected cell supernatants were used for RNA extraction.
Total RNA was extracted with QiampViral Mini kit (Qiagen, Monza, Italy), following
manufacturers’ instructions, with a final elution volume of 50 µL.

Before extraction, a group of 100 samples, randomly chosen during the first passages
on cells, were spiked with 10 µL of murine norovirus (MuNoV, 1.5 × 105 TDCI50/mL),
which was used as a sample process control. MuNoV detection and calculation of re-
covery rate were performed as previously described [32]. The nucleic acid recovery rate
was evaluated before proceeding with HEV analysis and settled with a mean value of
90.2 ± 18.3%.

For HEV quantification, 5 µL of the RNA sample were analysed using the RNA
UltraSense One-Step qRT-PCR System (Thermofisher Scientific, Waltham, MA, USA). For
quantitative estimation of GC/mL, a standard curve was built as previously described [32].
Cell supernatants (2 replicates) collected at each time point were analyzed in triplicate.
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2.6. Detection of ORF2 Antigen

The commercially available test HEV Ag ELISA Plus kit (Wantai, Beijing, China) was
performed according to the manufacturer’s protocol and used to detect ORF2 antigen in
the cell growth supernatant.

2.7. Transmission Electron Microscopy (TEM)

Supernatants of infected cells collected during the virus passages were layered onto
carbon-coated copper grids to visualize viral particles. After 1 min adsorption, samples
were stained with 2% (v/v) phosphotungstic acid (PTA) adjusted at pH 7.0. Imaging was
performed at an acceleration voltage of 100 kV with a FEI 280S transmission electron
microscope (FEI Company, Hillsboro, OR, USA).

2.8. Immunoperoxidase (IPA) and Immunofluorescence (IFA) Staining

Cells infected at P2 (63 days p.i.) and P3 (viral stocks in growth medium without FBS,
28 days p.i.) were detached from the T12.5 flask by 0.05% Trypsin-EDTA solution, seeded
either on 96-well microplates for IPA, or 8-well Nunc Labtech chamber slides (ThermoFisher
Scientific Waltham, MA, USA) for IFA, and then incubated at 37 ◦C for 24 h. Mock-infected
cells following the same procedure were used as negative control.

For IPA, cells were fixed with 4% (v/v) formaldehyde in PBS at room temperature
(RT) for 20 min. After washing and permeabilizing with 0.1% Triton X-100 (v/v) (Sigma-
Aldrich, St. Louis, MO, USA), cells were blocked with 2% BSA (Sigma-Aldrich) (w/v)
in PBS (+)/0.05% Tween-20. Cells were then incubated with the mixed primary mouse
anti-HEV ORF-2.1 (clone 2.2 Merck, Darmstadt, Germany) and anti-HEV ORF2 monoclonal
(Clone 1.6, Merck), or with in-house polyclonal anti-ORF3 antibodies raised in mice, and
directed against a recombinant ORF 3 protein (produced in our laboratory) overnight at
RT. Following washing with PBS, the goat anti-mouse IgG (H + L) horseradish peroxidase
(HRP)-conjugated antibody (Bio-Rad, Hercules, CA, USA) was added for 1 h at RT. Four
additional washes in PBS- were performed before adding 50 mM Na-Acetate pH 5.5 and
3-amino-9-ethylcarbazole (AEC, Sigma). Counts of infected cells were carried out by visual
inspection (about 1000 cells per well) and recorded as a percentage of positive cells out of
the total number of cells.

For indirect IFA staining, the same protocol was applied. Goat anti-mouse IgG (Fc
specific)-FITC (fluorescein isothiocyanate) antibody (Sigma-Aldrich, St. Louis, MO, USA)
was used to bind primary antibodies. Then, nuclei were stained by SlowFade® Diamond
Antifade Mountant with 4 6-Diamidino-2-phenylindole (DAPI, ThermoFisher Scientific MA,
USA). Fluorescent images were taken using a Leica DM4000 fluorescence microscope (Leica
Microsystem, Wetzlar, Germany) equipped with an FX 340 digital camera and processed
with Adobe Photoshop CS4 software (Adobe Systems, San Jose, CA, USA).

2.9. NGS Sequencing of Genome Regions of HEV Isolates

Total RNA from 200 µL of cell culture supernatants of infected A549 of passage P0, P1,
and P2 at 9 weeks p.i., were obtained using the QiampViral mini kit (Qiagen, Monza, Italy).
Total RNAs were subjected to cDNA synthesis using SuperScript III Reverse Transcriptase
(Thermofisher, Waltham, MA, USA) following the manufacturer’s instructions suggested
for primer specific reverse transcription. The cDNAs were used in PCRs and nested PCRs
using the Phusion High-Fidelity DNA Polymerase (Thermofisher Waltham, MA, USA) to
amplify 4 genomic regions: three within the ORF1 (Methyltransferase, Met; Hypervariable
region, HVR; RNA dependent RNA Polymerase, RdRp) and one within ORF2 (M domain
of capsid protein) (Table 1). The cDNA synthesis and the nested PCRs were performed
as previously described [28,33–35]. The primer pairs used for reverse transcription and
amplification are synthesized in Table 1.
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Table 1. Primers and genome regions amplified by RT-PCR.

Gene Region Primer Amplicon
Length (bp) Reference

ORF1

Met

HEVORF1con-s1 Fw
First-PCR 418

[33]
HEVORF1con-a1 Rw

HEVORF1con-s2 Fw
Nested-PCR 287HEVORF1con-a2 Rw

HVR

HVR_2125_F
First-PCR 343

[28]
HVR_2468_R

HVR_2133_F11
Nested-PCR 307HVR_2440_R1

RdRp

ISP-4232A

First-PCR 344 [34]

ISP-4232B
ISP-4232C

EAP-4576A
EAP-4576B
EAP-4576C

ISP-4232A

Nested-PCR 329 [34]

ISP-4232B
ISP-4232C
IAP-4561A
IAP-4561B
IAP-4561C

ORF2 M domain

HEV40 Fw
First-PCR 506

[35]
HEV44 Rw

HEV110 Fw
Nested-PCR 458HEV41 Rw

The amplicons were extracted from agarose gel 1.5% using QIAquick Gel Extraction
Kit (Qiagen, Milan, Italy) with elution in 25 µL of RNase free water. The purified amplicons
were quantified using Qubit dsDNA HS (High Sensitivity) Assay kit. The libraries for NGS
were prepared using the Ion Plus Fragment Library Kit (Thermofisher, Waltham, MA, USA)
following the protocol for the preparation of amplicon libraries without fragmentation.
The libraries were sequenced using Ion S5 System on 520 chip (Thermofisher, Waltham,
MA, USA).

2.10. Phylogenetic Analysis

Sequences obtained by IT-9, IT-12, IT-13, and IT-52 faecal samples and from virus
isolates recovered on following passages on cells were submitted to the NCBI-database
with the accession numbers: 15 ORF2 OP558154-OP558168; 15 Met OP558120-OP558134;
and 11 HVR OP558135-OP558145, 8 RdRp OP558146-OP558153.

Fifteen ORF2 sequences from this study were aligned with 18 HEV-reference sequences
and 21 HEV complete genomes from strains isolated on cells (19 HEV-3 and 2 HEV-4). The
HEV-4 was used as outgroup (Acc. N.: LC022745.1). The sequences were aligned using
Aliview. A Maximum Likelihood phylogenetic tree was built using MEGAX, T93 + G + I
model as suggested by model test and 1000 bootstrap replicates.

2.11. Sequence Data Analysis

The raw data were trimmed with Trimmomatic tool [36] and the trimmed reads
mapped using the Bowtie2 tool to HEV-3 reference sequences [6] as previously described [37]
using the Galaxy Aries online analysis interface [38]. The consensus sequences were built
using the iVar consensus caller and the variants calling was performed using the iVar
variant caller [39], and the SnpEff tool [40] was used for the variants’ annotation.
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The consensus sequences obtained for Met, HVR, Pol, and ORF2 regions for each
strain cultivated in this study were aligned using Aliview [41] and compared to highlight
SNP differences between passages from P0 to P2.

2.12. Statistical Analysis

The Shapiro–Wilk test, the Breusch–Pagan test to verify the homoskedasticity, and
the Durbin–Watson test for autocorrelation were used to verify normal distribution of
viral HEV-RNA titres (Log10 genome copies/mL) (α = 0.05). The viral growth rate was
calculated as slope of the linear regression model between weeks and the mean of two
replicates titres (Log10 genome copies/mL). The linear regression was inferred, and the
slopes calculated using the emmeans library [42] and compared by Tukey HSD (honestly
significant difference) with Bonferroni correction (p < 0.05). The statistical analysis was
performed using R Ver. 4.1.2. (https://www.r-project.org, accessed on 7 November 2022).

3. Results
3.1. Isolation of HEV Strains

The isolation of HEV was performed on human lung A549 cell monolayers using as
inoculum four swine faecal samples tested positive for HEV by Real-time RT-PCR and
collected individually from animals housed in Italian pig farms. Samples IT-9, IT-12, IT-13,
and IT-52 were subjected to nucleotide sequencing before isolation and were established
to belong to HEV-3e, HEV-3e, HEV-3c, and HEV-3f subtypes, respectively. The two HEV-
3e strains displayed 89% of nucleotide identity in ORF2 regions. Such a difference was
considered high for two strains belonging to the same subtype; thus, they were both
enrolled in the study.

The titres of faecal suspensions were estimated as 6.80 × 106 GC/mL for IT-9,
2.13 × 105 GC/mL for IT-12, 2.04 × 105 GC/mL for IT-13, and 1.67 × 106 GC/mL for
IT-52. The suspensions were used to infect cells with the 0.1 MOI (2 × 106 cells) in duplicate.
A wide cytopathic effect (CPE) was observed for one of the two inoculum of samples IT-12
at passage P0 and IT-13 at passage P1. HEV detection was not obtained in the supernatant
of cells showing CPE, experiments were not further followed. Differently, no CPE was
observed in the other experiments, and, starting 1-week p.i., the A549 monolayers changed
their morphologies, resulting in a three-dimensional aggregate that persisted over the
whole experiment.

HEV-RNA was found by real time qRT-PCR on weekly collected supernatants from all
infected A549 cell cultures confirming propagation of the HEV inoculum. The presence of
HEV particles was confirmed by antigen ORF2 ELISA detection on supernatant of day 63
(9 weeks) of passage 0. The titres of HEV were estimated in the collected cell supernatants
as 2.42 × 107 GC/mL for IT-9, 2.54 × 105 GC/mL for IT-12, 1.02 × 106 GC/mL for IT-13,
and 7.08 × 105 GC/mL for IT-52 (9 weeks p.i.). The suspensions were used to infect new cell
monolayers of A549 (P1) for an additional 9 weeks. A third passage on fresh monolayers
of A549 (P2) was then performed. HEV-RNA was retrieved in the supernatants, weekly
collected during the 9 weeks of cultivation (Figure 1) in all passages (P1–P2). Furthermore,
the presence of HEV particles was confirmed by detection of ORF2 antigen by ELISA.

An initial decrease in the viral titre during the first two weeks after the faecal inoculum
(P0) and in the following passages (P1 and P2) was observed. This effect could be due to
residue HEV-RNA of the input inoculum (Figure 1).

The HEV RNA GC/mL recovered at weeks 9 p.i. for the three passages, corre-
sponding to the last time point of each passage (9 weeks), ranged between 2.7 × 106

and 3.9 × 107 GC/mL (Table 2). At 63 days p.i. of the passages P2, the presence of viral
particles was highlighted by TEM visualization. HEV-RNA positive cell supernatants con-
firmed the presence of viral particles with icosahedral symmetry and dimensions ranging
from 25 to 40 nm, as described for the HEV virions.

https://www.r-project.org
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for replicate r.1 (red) and r.2 (blue). HEV-RNA present in the supernatant of cultured cells obtained
during 9 weeks of observation period after inoculation with faecal samples (P0) and the following
passages (P1, P2). HEV-RNA titres are measured as Log10 copies of genome per mL.

Table 2. Recovered Log10 GC/mL of HEV-RNA from first cell cultivation of virus from faeces (P0),
following passages P1, P2 and P3 (viral stocks on growth medium without FBS) obtained from cell
culture supernatants at different time points. The values of the two replicates (r.1, r.2) of P0, P1 and
P2 are reported, whereas for P3 a mean of five replicates is reported (*).

Strain

IT9 IT12 IT13 IT52

r.1 r.2 r.1 r.2 r.1 r.2 r.1 r.2

R
ec

ov
er

ed

P0
Starting inoculum 6.81 6.83 5.05 5.32 5.01 5.18 5.99 6.22

Week 3 5.66 5.93 3.55 3.56 3.88 4.18 3.88 3.95
Week 7 6.67 6.96 4.93 4.95 5.11 5.97 5.12 5.16

P1
Starting inoculum 7.36 7.41 5.40 5.74 5.49 6.01 5.77 5.91

Week 3 6.41 6.43 3.37 3.44 3.03 4.17 4.09 4.10
Week 7 6.82 6.83 3.92 4.62 4.76 4.81 5.15 5.31

P2
Starting inoculum 7.34 7.59 6.59 6.42 6.55 6.69 6.87 7.02

Week 3 6.41 6.51 4.87 5.06 4.22 4.37 4.02 5.12
Week 7 6.99 7.08 6.40 6.50 4.74 5.15 5.97 6.16

P3 *
Starting inoculum 6.3 6.56 6.3 6.1

Week 3 6.83 ± 0.81 6.31 ± 0.82 5.74 ± 0.16 5.92 ± 0.64
Week 7 6.36 ± 0.04 6.40 ± 0.03 6.51 ± 0.02 6.44 ± 1.30
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Many particles, isolates or aggregates, with structural features similar to virions but
with no correct icosahedral symmetry and dimensions were also detected (Figure 2). These
structures could result from improper assembly of viral proteins.
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Figure 2. Transmission electron micrographs of infected cell supernatants, positive for HEV-RNA.
Representative images of assembled virions (A,B) and protein aggregates (C,D).

IPA and IFA indicated that virions observed with TEM can replicate and form replica-
tive foci (Figure 3). Both assays revealed a limited number of stained cells, 3–4% of
HEV positive cells counted by IPA, with cytoplasmic and perinuclear viral replication
and assembly.
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Figure 3. Immunofluorescence analysis of mock (A) and infected cells stained with anti-ORF-2
(B) and ORF-3 (C) primary antibodies. A goat anti-mouse IgG FITC antibody was used to bind
primary antibodies. Cell nuclei were stained with DAPI (blue staining). Arrows indicate HEV-
infected cells expressing viral proteins. Fluorescent images were taken using a Leica DM4000
fluorescence microscope.

Viral stocks of the different subtypes recovered from cell supernatant at 9 weeks p.i. of
the P2 passages were used to infect a new monolayer of A549, and a huge volume of viral
stock was obtained during several weeks in the supernatant of cells adapted in growth
medium without FBS, as described in Materials and Methods. The titre of the viral stocks
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was estimated as GC/mL in the supernatant of infected cells (1.50 × 106 GC/mL for IT-9,
2.04 × 106 GC/mL for IT-12, 2.15 × 106 GC/mL for IT-13, and 1.30 × 106 GC/mL for IT-52).
These stocks were used to infect new monolayers of A549 (P3), following the same protocol
used for P1, P2 passages. The use of additional PBS-washes during medium refresh in
the first 2 weeks of cultivation shortened the time of viral inoculum removal (Figure 4),
compared to what was observed in previous experiments without these additional washes
(Figure 1).
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Figure 4. Estimation of minimum infectious dose (MID) of the IT-13 strain. The HEV-RNA in culture
supernatants of A549 cells inoculated with serial ten-fold dilutions of HEV stocks was estimated as
Log10 genome copies/mL for 28 days p.i. The r.1 and r.2 in legend represent the replicates.

The produced viral stocks grew faster compared to strains obtained from P0, P1 and
P2 passages (Table 2). The viral stock reached a 105–106 GC/mL in 3 weeks; differently, the
P1 and P0 required several weeks (9 weeks p.i.).

To estimate the minimum infectious dose, A549 cell monolayers were inoculated with
10, 100, and 1000 ten-fold dilutions (105–106 GC/mL undiluted inoculum depending on
the isolates) of the produced viral stocks (in MEM-M medium without FBS) following the
conventional protocol for virus cultivation. HEV RNA was not detectable in any of the
supernatants from cells infected with a starting inoculum lower than 103 GC/mL (Figure 4),
following the analyses on cell supernatant up to 49 days p.i. (dilution 1:1000). Differently,
viral growth was observed with the other virus dilutions, and revealed that the amount of
virus HEV (estimated as GC/mL) released in the supernatant depended on the copies of
GC of the starting virus used for the inoculum (Figure 4).

In order to evaluate possible differences in the viral growth among the cultivated
subtypes, a statistical analysis was performed comparing slopes of the linear regression
models within each passage, between passages of each strain, and in the cultivation on a
new monolayer of A549 with the viral stocks produced in growth medium without FBS
(P3). The analysis showed that the observed differences on the kinetics of growth of the
isolated HEV-3 strains could not be associated either to the subtype of the strain or to the
passage of infection.

The comparison between strains within each passage showed no statistically signifi-
cant differences in P0 and P3, higher viral growth rate for the IT-52 strain with respect to
the other strains at P1 (p = 0.02), and a significantly higher growth rate for the IT-12 strain
with respect to IT-9 at P2 (p = 0.01).

In addition, the comparison between passages for each strain showed different results
for different strains (Figure 1). In detail, the IT-52 strain at P2 had a significantly higher
growth rate than at P0 and P1 (p = 0.002 and p = 0.003, respectively), the IT-12 strain at P2
showed a higher growth rate than at P1 (p = 0.003), and the IT-9 strain at P0 presented a
higher growth rate than at P1 and P2 (p = 0.0001 and p = 0.0002, respectively). Finally, the
growth rate for the IT-13 strain at P0 was higher than at P1 (p = 0.008), and, for the same
strain, the growth rate at P2 was higher than at P1 (p = 0.006).
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3.2. Mutational Characteristics of Isolated Strains in Consecutive Passages

Viral RNA obtained from faecal suspensions of the four starting inoculum and from
the supernatants of the infected cells from P0 and P1, collected at 63 days p.i. of each
passage (week 9), were used to synthetize cDNA subjected to PCR amplifications of the
four short genome regions and subjected to sequencing by NGS. For each strain, at least
one genomic region was sequenced. The phylogenetic analysis (Figure 5), conducted with
the short fragment within the ORF2, confirmed the established subtypes: IT-9 and IT-12
were typed as HEV-3e, IT-13 as HEV-3c, and IT-52 as HEV-3f.
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Table 3 shows the mutations detected over three out of four sequenced regions (Met,
HVR, ORF2), since RdRp fragment sequences were identical (100% nucleotide identity) in
each HEV strain analysed. The differences between the HEV strains in faeces (inoculum)
and in its progenies after cell cultivations in the first (P0), second (P1), and third (P2)
passages (at 63 p.i. of each passage) were evaluated. Overall, only a few mutations were
observed comparing to the original sequence up to the last passage P2: two for the IT-52
and IT-9 strains and one for the IT-12 strain, while no mutations were highlighted for the
IT-13 strain.

Table 3. Mutations observed on sequences of three genomic regions (Met, HVR and ORF2) of HEV
isolates obtained after cell cultivation at 9 weeks p.i.

Strain Passage Met HVR ORF2 Mutation Rate

nt * aa ** nt aa nt aa

IT9 P1 - - 2326G > A P767 6351C > A A392 4.9 × 10−3

IT12 P1 316T > C N97 - - - - 5.9 × 10−3

IT52 P2 189C > T L62F - - 6181C > T A338 6.2 × 10−3

* nt: nucleotide change; ** aa: amino acid change; - no mutations detected.

Within the ORF1, no mutations were observed in Met region of the IT-9 and IT-13
strains, either in P1 or in P2 at 63 days p.i. The IT-52 and IT-12 strains showed one non-
synonymous and one synonymous mutation in the Met region, respectively observed at
week 9 p.i. of P1 and P2.

Within the HVR region, the IT-9 strain reported a non-synonymous mutation detected
at 63 days p.i. of P2, while the IT-52, IT-12, and IT-13 strains showed no mutations.

The ORF2 fragments of the IT-12 and IT-13 strains showed no mutations, while the
IT-52 and IT-9 strains revealed one synonymous mutation each, both at week 9 of P2.

The IT-52 wild-type strain (P0) showed a C in positions 189 (Met) and 6181 (ORF2),
with a transition to T at the last passage (P2), leading to the exchange of a Leucine to a
Phenylalanine (L62F) in the Met region, and no amino acid substitution in ORF2 (A338).

The IT-12 wild type strain had a T in position 316 (Met), and a transition to C (N97) at
day 63 after inoculation was observed, fixed in the next passages.

The IT-9 strain showed a G in position 2326 (HVR) and a C at position 6351 (ORF2), at
P0, which showed a transition to A (P767) and a transversion to A (A392) at P1, respectively.

Based on the number of days between passages and the mutations observed among
isolates over the four regions sequenced (1236 nt), the mutation rate was calculated and
estimated between 4.9 × 10−3 and 6.2 × 10−3 nucleotide substitutions per site per year.

4. Discussion

The lack of a valid protocol for cell cultivation of HEV has hampered the study on the
virus cycle of replication, response to drug treatments, estimation of infectious dose, and
the survival of the virus in the environment and in food subjected to common treatments
for safety. This gap of knowledge has limited the study on HEV and the associated risk so
far [43].

For the aforementioned reasons, in the last years a great effort has been performed to
ameliorate the protocol for HEV cultivation in order to obtain the missed information on
the virus.

The virus belonging to HEV-1-4, of both human and animal origin, can be cultivated,
but the protocol is laborious: a high titre is required for the inoculum and a time-long
growth is required to reach a high titre. Due to the high heterogenicity of HEV-3 strains
and the existence of different subtypes, the research results obtained by cell cultivation
could be different [8].

In our study, we investigated whether four different strains belonging to HEV-3e,
HEV-3f, and HEV-3c subtypes from faeces of naturally infected pigs could replicate on
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established cell lines of the human lung cell line A549. We succeeded in the cultivation of the
different strains and in their propagation following the previous developed protocol [25].
The cell cultivation was still troublesome, but some limits were overcome. The A549
infected cells could be easily propagated by splitting them or by freezing and thawing the
infected cells in new flask; the infected cells maintained their ability to release infectious
virions in the supernatant, allowing the production of a greater amount of virus. The cells,
after several weeksin the same flask, subjected to continuous replace of medium but kept in
the same flask, changed their morphology. The infected cells probably became chronically
infected and able to continuously produce the virus.

The use of hyper-confluent cells, not replaced during the viral growth for several
weeks, was described in several protocols [24,25] with different cell lines [26,44]. As
established, the hyper confluent monolayer is a key factor that improves culture yield of
HEV at a growth temperature of 34.5 ◦C [25,26,44].

It was shown that only over confluent cell layers forming three-dimensional structures
supported HEV replication, while common monolayers did not, probably because the
cell differentiation and the presence of closer contacts between cells causes a greater
susceptibility to HEV infection [25]. Moreover, the establishment of cellular autophagy
processes allows degradation and recycling of cellular components [45]. Notably, we could
obtain infectious viruses by collecting, for several weeks, the supernatant of the infected
cells adapted in growth serum-free medium. The advantage was the production of viral
stocks in growth medium without FBS that can be directly used for future experiments
without any step of purification. Otherwise, in our hands, the amount of assembled virus
after purification by caesium chloride is very low, different from the results obtained by
other authors [46]. The four HEV-3 strains produced without FBS were able to infect new
monolayers of cells (P3), reaching a high titre of virus in the supernatant in a few weeks
(3 weeks p.i. were monitored) and the MID of the viral stocks was estimated between 103

and 104 GC/mL, like previously described with human HEV-3 strains [25]. In this study,
well-reproducible results were achieved by performing several replicates of the growth on
cell culture using the P3 viral stocks stored at −80 ◦C in growth medium without FBS as
starting inoculum (Table 3).

Over the whole study, the presence of the virus in the supernatant of infected cells and
its titre was evaluated by RT-qPCR of the ORF2 and expressed as GC/mL. The presence
of infectious virus corresponding to the HEV-RNA was estimated by immunostaining
the ORF2, coding the viral capsid protein, within the infected cells. The obtained results
showed that ORF2 antibodies only stained a limited number of cells (3.5–4%). It can be
hypothesized that an inhibition of ORF2 translation could occur in host cells. In a previous
study, using reverse genetics with permissive HEV genomes, less than 10% of the cells
produced the antigen, and this number remained stable, suggesting that the produced
virions, even if infectious, as proved by the successful infection of a monkey with the lysate
of infected cells, were unable to infect the remaining cells [47]. A difference of ~1–2 log
between the number of infected cells stained by anti-ORF2 and the genome copies of RNA
obtained in the supernatant of infected cells was detected, confirming that only a fraction
of HEV-RNA correspond to infectious particles or to the production of ORF2 antigen [48].

Furthermore, Montpellier et al. [49] described that the ORF2 capsid protein is massively
produced, but only a small fraction is assembled into infectious particles [48]. Our results
may also suggest that either only a small fraction of ORF2 is assembled, or only a limited
number of cells during the experiments become permissive to HEV infection and replication,
overcoming the inhibition of the ORF2 translation, or of post-translational processing, and
allowing the correct assembly of the virions [48,49].

The absence of correspondence between viral RNA and infected cells was also reported
for other viruses. In a recent study on SARS-CoV-2, it was demonstrated that the character-
istic ratio between RNA genome copy measurements and TCID50 measurements is about
four orders of magnitude but can vary between three and five orders of magnitude [50].
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Our experiments highlighted a possible inoculum dose-dependent viral growth, in
terms of GC/mL titre reached several weeks after the infection. The lower the starting
inoculum, the lower the amount of virus produced. It was hypothesized that a higher
viral titre in the starting inoculum provides a higher probability to have the virus with the
necessary genome mutations for a more efficient replication [17]. To investigate this aspect,
we sequenced four partial genome regions, including those implied in cells binding (ORF2),
virus replication (Rdp; Methyltransferase), and the HVR, which varies in sequences and
length among strains [51].

We observed very few changes in the isolates between passages (0–2 mutations)
in both faecal samples used for the inoculum, and in the virus isolates in the following
passages during cell cultivations. Nevertheless, since we did not analyse the sequence of the
whole genomes, it is difficult to discuss if other mutations occurred during the growth on
the cells.

Previous findings suggested that insertions in the HVR can be present in the genome
of cell-adapted HEV strains [14], conferring a greater efficiency of replication in cells or in
samples from chronically infected patients [52].

However, in the isolates of this study, no changes in the HVR were observed, confirm-
ing that other factors could be involved in cell adaptation [28].

5. Conclusions

The protocol of cell cultivation can be applied to different subtypes without any
significant difference in the growth efficiency; the protocol developed by Schemmerer
et al. [25], was used to produce a high amount of virus in growth medium without FBS as
ready to use viral stocks for future experiments.

The study has several limitations: only three HEV-3 subtypes were tested, while tests
on additional strains would be needed to generalize our statement; additionally, full HEV
genome sequencing of the isolated strains would help to understand if any other region of
the genome could be subjected to mutation during cell passages.

Author Contributions: Conceptualization, I.D.B., G.I. and M.M.; methodology, G.I., M.G.A. and
L.D.S.; validation, L.D.S. and F.O.; formal analysis, L.D.S., F.O., M.G.A. and G.I.; resources, I.D.B. and
G.V.; data curation, G.I., F.O. and M.M.; writing—original draft preparation I.D.B., G.I. and M.M.;
writing—review and editing, I.D.B., M.M., M.G.A., G.I., F.O., L.D.S. and G.V.; supervision, I.D.B. and
M.M.; project administration, I.D.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was partially funded by Italian Ministry of Health; grant number RF-2016-
02361926 (Ricerca Finalizzata anno 2016).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Mathias Schemmerer (National Consultant Laboratory for HAV and
HEV, Institute of Clinical Microbiology and Hygiene, University Medical Center Regensburg, Ger-
many) for providing the positive control and for his useful suggestions during our study. We thank
Giorgia Angeloni and Reimar Johne for their technical help.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kamar, N.; Izopet, J.; Pavio, N.; Aggarwal, R.; Labrique, A.; Wedemeyer, H.; Dalton, H.R. Hepatitis E virus infection. Nat. Rev.

Dis. Primers 2017, 3, 17086. [CrossRef]
2. Lee, G.H.; Tan, B.H.; Teo, E.C.; Lim, S.G.; Dan, Y.Y.; Wee, A.; Aw, P.P.; Zhu, Y.; Hibberd, M.L.; Tan, C.K.; et al. Chronic Infection

With Camelid Hepatitis E Virus in a Liver Transplant Recipient Who Regularly Consumes Camel Meat and Milk. Gastroenterology
2016, 150, 355–357.e3. [CrossRef]

http://doi.org/10.1038/nrdp.2017.86
http://doi.org/10.1053/j.gastro.2015.10.048


Animals 2023, 13, 276 15 of 17

3. Pavio, N.; Doceul, V.; Bagdassarian, E.; Johne, R. Recent knowledge on hepatitis E virus in Suidae reservoirs and transmission
routes to human. Vet. Res. 2017, 48, 78. [CrossRef] [PubMed]

4. Dalton, H.R.; van Eijk, J.J.J.; Cintas, P.; Madden, R.G.; Jones, C.; Webb, G.W.; Norton, B.; Pique, J.; Lutgens, S.; Devooght-Johnson,
N.; et al. Hepatitis E virus infection and acute non-traumatic neurological injury: A prospective multicentre study. J. Hepatol.
2017, 67, 925–932. [CrossRef]

5. Salines, M.; Andraud, M.; Rose, N. From the epidemiology of hepatitis E virus (HEV) within the swine reservoir to public health
risk mitigation strategies: A comprehensive review. Vet. Res. 2017, 48, 31. [CrossRef]

6. Smith, D.B.; Izopet, J.; Nicot, F.; Simmonds, P.; Jameel, S.; Meng, X.J.; Norder, H.; Okamoto, H.; van der Poel, W.H.M.; Reuter, G.;
et al. Update: Proposed reference sequences for subtypes of hepatitis E virus (species Orthohepevirus A). J. Gen. Virol. 2020,
101, 692–698. [CrossRef] [PubMed]

7. Yamada, K.; Takahashi, M.; Hoshino, Y.; Takahashi, H.; Ichiyama, K.; Tanaka, T.; Okamoto, H. Construction of an infectious
cDNA clone of hepatitis E virus strain JE03-1760F that can propagate efficiently in cultured cells. J. Gen. Virol. 2009, 90, 457–462.
[CrossRef]

8. Meister, T.L.; Bruening, J.; Todt, D.; Steinmann, E. Cell culture systems for the study of hepatitis E virus. Antiviral. Res. 2019,
163, 34–49. [CrossRef]

9. Nagashima, S.; Takahashi, M.; Kobayashi, T.; Tanggis; Nishizawa, T.; Nishiyama, T.; Primadharsini, P.P.; Okamoto, H. Characteri-
zation of the Quasi-Enveloped Hepatitis E Virus Particles Released by the Cellular Exosomal Pathway. J. Virol. 2017, 91, e00822-17.
[CrossRef]

10. Yin, X.; Ambardekar, C.; Lu, Y.; Feng, Z. Distinct Entry Mechanisms for Nonenveloped and Quasi-Enveloped Hepatitis E Viruses.
J. Virol. 2016, 90, 4232–4242. [CrossRef] [PubMed]

11. Kapur, N.; Thakral, D.; Durgapal, H.; Panda, S.K. Hepatitis E virus enters liver cells through receptor-dependent clathrin-mediated
endocytosis. J. Viral. Hepat. 2012, 19, 436–448. [CrossRef] [PubMed]

12. Holla, P.; Ahmad, I.; Ahmed, Z.; Jameel, S. Hepatitis E virus enters liver cells through a dynamin-2, clathrin and membrane
cholesterol-dependent pathway. Traffic 2015, 16, 398–416. [CrossRef]

13. Shukla, P.; Nguyen, H.T.; Torian, U.; Engle, R.E.; Faulk, K.; Dalton, H.R.; Bendall, R.P.; Keane, F.E.; Purcell, R.H.; Emerson, S.U.
Cross-species infections of cultured cells by hepatitis E virus and discovery of an infectious virus-host recombinant. Proc. Natl.
Acad. Sci. USA 2011, 108, 2438–2443. [CrossRef]

14. Shukla, P.; Nguyen, H.T.; Faulk, K.; Mather, K.; Torian, U.; Engle, R.E.; Emerson, S.U. Adaptation of a genotype 3 hepatitis E
virus to efficient growth in cell culture depends on an inserted human gene segment acquired by recombination. J. Virol. 2012,
86, 5697–5707. [CrossRef]

15. Kenney, S.P.; Meng, X.J. The lysine residues within the human ribosomal protein S17 sequence naturally inserted into the
viral nonstructural protein of a unique strain of hepatitis E virus are important for enhanced virus replication. J. Virol. 2015,
89, 3793–3803. [CrossRef] [PubMed]

16. Fu, R.M.; Decker, C.C.; Dao Thi, V.L. Cell Culture Models for Hepatitis E Virus. Viruses 2019, 11, 608. [CrossRef]
17. Grigas, J.; Simkute, E.; Simanavicius, M.; Pautienius, A.; Streimikyte-Mockeliune, Z.; Razukevicius, D.; Stankevicius, A. Hepatitis

E genotype 3 virus isolate from wild boar is capable of replication in non-human primate and swine kidney cells and mouse
neuroblastoma cells. BMC Vet. Res. 2020, 16, 95. [CrossRef] [PubMed]

18. Huang, R.; Li, D.; Wei, S.; Li, Q.; Yuan, X.; Geng, L.; Li, X.; Liu, M. Cell culture of sporadic hepatitis E virus in China. Clin. Diagn
Lab. Immunol. 1999, 6, 729–733. [CrossRef]

19. Meng, X.J.; Purcell, R.H.; Halbur, P.G.; Lehman, J.R.; Webb, D.M.; Tsareva, T.S.; Haynes, J.S.; Thacker, B.J.; Emerson, S.U. A novel
virus in swine is closely related to the human hepatitis E virus. Proc. Natl. Acad. Sci. USA 1997, 94, 9860–9865. [CrossRef]

20. Tanaka, T.; Takahashi, M.; Kusano, E.; Okamoto, H. Development and evaluation of an efficient cell-culture system for Hepatitis E
virus. J. Gen. Virol. 2007, 88, 903–911. [CrossRef]

21. Okamoto, H. Hepatitis E virus cell culture models. Virus Res. 2011, 161, 65–77. [CrossRef]
22. Okamoto, H. Efficient cell culture systems for hepatitis E virus strains in feces and circulating blood. Rev. Med. Virol. 2011,

21, 18–31. [CrossRef]
23. Takahashi, H.; Tanaka, T.; Jirintai, S.; Nagashima, S.; Takahashi, M.; Nishizawa, T.; Mizuo, H.; Yazaki, Y.; Okamoto, H. A549 and

PLC/PRF/5 cells can support the efficient propagation of swine and wild boar hepatitis E virus (HEV) strains: Demonstration of
HEV infectivity of porcine liver sold as food. Arch. Virol. 2012, 157, 235–246. [CrossRef]

24. Schemmerer, M.; Apelt, S.; Trojnar, E.; Ulrich, R.G.; Wenzel, J.J.; Johne, R. Enhanced Replication of Hepatitis E Virus Strain 47832c
in an A549-Derived Subclonal Cell Line. Viruses 2016, 8, 267. [CrossRef]

25. Schemmerer, M.; Johne, R.; Erl, M.; Jilg, W.; Wenzel, J.J. Isolation of Subtype 3c, 3e and 3f-Like Hepatitis E Virus Strains Stably
Replicating to High Viral Loads in an Optimized Cell Culture System. Viruses 2019, 11, 483. [CrossRef]

26. Capelli, N.; Dubois, M.; Pucelle, M.; Da Silva, I.; Lhomme, S.; Abravanel, F.; Chapuy-Regaud, S.; Izopet, J. Optimized Hepatitis E
Virus (HEV) Culture and its Application to Measurements of HEV Infectivity. Viruses 2020, 12, 139. [CrossRef]

27. Schilling-Loeffler, K.; Viera-Segura, O.; Corman, V.M.; Schneider, J.; Gadicherla, A.K.; Schotte, U.; Johne, R. Cell Culture Isolation
and Whole Genome Characterization of Hepatitis E Virus Strains from Wild Boars in Germany. Microorganisms 2021, 9, 2302.
[CrossRef]

http://doi.org/10.1186/s13567-017-0483-9
http://www.ncbi.nlm.nih.gov/pubmed/29157309
http://doi.org/10.1016/j.jhep.2017.07.010
http://doi.org/10.1186/s13567-017-0436-3
http://doi.org/10.1099/jgv.0.001435
http://www.ncbi.nlm.nih.gov/pubmed/32469300
http://doi.org/10.1099/vir.0.007559-0
http://doi.org/10.1016/j.antiviral.2019.01.007
http://doi.org/10.1128/JVI.00822-17
http://doi.org/10.1128/JVI.02804-15
http://www.ncbi.nlm.nih.gov/pubmed/26865708
http://doi.org/10.1111/j.1365-2893.2011.01559.x
http://www.ncbi.nlm.nih.gov/pubmed/22571906
http://doi.org/10.1111/tra.12260
http://doi.org/10.1073/pnas.1018878108
http://doi.org/10.1128/JVI.00146-12
http://doi.org/10.1128/JVI.03582-14
http://www.ncbi.nlm.nih.gov/pubmed/25609799
http://doi.org/10.3390/v11070608
http://doi.org/10.1186/s12917-020-02315-5
http://www.ncbi.nlm.nih.gov/pubmed/32199460
http://doi.org/10.1128/CDLI.6.5.729-733.1999
http://doi.org/10.1073/pnas.94.18.9860
http://doi.org/10.1099/vir.0.82535-0
http://doi.org/10.1016/j.virusres.2011.01.015
http://doi.org/10.1002/rmv.678
http://doi.org/10.1007/s00705-011-1153-2
http://doi.org/10.3390/v8100267
http://doi.org/10.3390/v11060483
http://doi.org/10.3390/v12020139
http://doi.org/10.3390/microorganisms9112302


Animals 2023, 13, 276 16 of 17

28. Grierson, S.S.; McGowan, S.; Cook, C.; Steinbach, F.; Choudhury, B. Molecular and in vitro characterisation of hepatitis E virus
from UK pigs. Virology 2019, 527, 116–121. [CrossRef]

29. Gremmel, N.; Keuling, O.; Becher, P.; Baechlein, C. Isolation of 15 hepatitis E virus strains lacking ORF1 rearrangements from
wild boar and pig organ samples and efficient replication in cell culture. Transbound. Emerg. Dis. 2022, 69, e2617–e2628. [CrossRef]

30. Rogee, S.; Talbot, N.; Caperna, T.; Bouquet, J.; Barnaud, E.; Pavio, N. New models of hepatitis E virus replication in human and
porcine hepatocyte cell lines. J. Gen. Virol. 2013, 94, 549–558. [CrossRef]

31. Pellerin, M.; Hirchaud, E.; Blanchard, Y.; Pavio, N.; Doceul, V. Characterization of a Cell Culture System of Persistent Hepatitis E
Virus Infection in the Human HepaRG Hepatic Cell Line. Viruses 2021, 13, 406. [CrossRef]

32. De Sabato, L.; Amoroso, M.G.; Ianiro, G.; Esposito, C.; De Grossi, L.; Fusco, G.; Barone, A.; Martini, E.; Ostanello, F.; Di Bartolo, I.
Detection of Hepatitis E Virus in Livers and Muscle Tissues of Wild Boars in Italy. Food Environ. Virol. 2020, 12, 1–8. [CrossRef]

33. Erker, J.C.; Desai, S.M.; Mushahwar, I.K. Rapid detection of Hepatitis E virus RNA by reverse transcription-polymerase chain
reaction using universal oligonucleotide primers. J. Virol. Methods 1999, 81, 109–113. [CrossRef]

34. Roth, A.; Lin, J.; Magnius, L.; Karlsson, M.; Belak, S.; Widen, F.; Norder, H. Markers for Ongoing or Previous Hepatitis E Virus
Infection Are as Common in Wild Ungulates as in Humans in Sweden. Viruses 2016, 8, 259. [CrossRef]

35. Mizuo, H.; Suzuki, K.; Takikawa, Y.; Sugai, Y.; Tokita, H.; Akahane, Y.; Itoh, K.; Gotanda, Y.; Takahashi, M.; Nishizawa, T.; et al.
Polyphyletic strains of hepatitis E virus are responsible for sporadic cases of acute hepatitis in Japan. J. Clin. Microbiol. 2002,
40, 3209–3218. [CrossRef]

36. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef]

37. De Sabato, L.; Lelli, D.; Faccin, F.; Canziani, S.; Di Bartolo, I.; Vaccari, G.; Moreno, A. Full genome characterization of two novel
Alpha-coronavirus species from Italian bats. Virus Res. 2019, 260, 60–66. [CrossRef]

38. Knijn, A.; Michelacci, V.; Orsini, M.; Morabito, S. Advanced Research Infrastructure for Experimentation in genomicS (ARIES): A
lustrum of Galaxy experience. bioRxiv 2020. [CrossRef]

39. Grubaugh, N.D.; Gangavarapu, K.; Quick, J.; Matteson, N.L.; De Jesus, J.G.; Main, B.J.; Tan, A.L.; Paul, L.M.; Brackney, D.E.;
Grewal, S.; et al. An amplicon-based sequencing framework for accurately measuring intrahost virus diversity using PrimalSeq
and iVar. Genome Biol. 2019, 20, 8. [CrossRef]

40. Cingolani, P.; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.; Ruden, D.M. A program for annotating
and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain
w1118; iso-2; iso-3. Fly 2012, 6, 80–92. [CrossRef]

41. Larsson, A. AliView: A fast and lightweight alignment viewer and editor for large datasets. Bioinformatics 2014, 30, 3276–3278.
[CrossRef] [PubMed]

42. Searle, S.R.; Speed, F.M.; Milliken, G.A. Population Marginal Means in the Linear Model: An Alternative to Least Squares Means.
Am. Stat. 1980, 34, 216–221.

43. Van der Poel, W.H.M.; Dalton, H.R.; Johne, R.; Pavio, N.; Bouwknegt, M.; Wu, T.; Cook, N.; Meng, X.J. Knowledge gaps and
research priorities in the prevention and control of hepatitis E virus infection. Transbound. Emerg. Dis. 2018, 65 (Suppl. 1), 22–29.
[CrossRef] [PubMed]

44. Capelli, N.; Marion, O.; Dubois, M.; Allart, S.; Bertrand-Michel, J.; Lhomme, S.; Abravanel, F.; Izopet, J.; Chapuy-Regaud, S.
Vectorial Release of Hepatitis E Virus in Polarized Human Hepatocytes. J. Virol. 2019, 93, e01207-18. [CrossRef] [PubMed]

45. Maiuri, M.C.; Zalckvar, E.; Kimchi, A.; Kroemer, G. Self-eating and self-killing: Crosstalk between autophagy and apoptosis. Nat.
Rev. Mol. Cell Biol. 2007, 8, 741–752. [CrossRef]

46. Johne, R.; Reetz, J.; Ulrich, R.G.; Machnowska, P.; Sachsenroder, J.; Nickel, P.; Hofmann, J. An ORF1-rearranged hepatitis E
virus derived from a chronically infected patient efficiently replicates in cell culture. J. Viral Hepat. 2014, 21, 447–456. [CrossRef]
[PubMed]

47. Emerson, S.U.; Nguyen, H.; Graff, J.; Stephany, D.A.; Brockington, A.; Purcell, R.H. In vitro replication of hepatitis E virus (HEV)
genomes and of an HEV replicon expressing green fluorescent protein. J Virol. 2004, 78, 4838–4846. [CrossRef]

48. Johne, R.; Trojnar, E.; Filter, M.; Hofmann, J. Thermal Stability of Hepatitis E Virus as Estimated by a Cell Culture Method. Appl.
Environ. Microbiol. 2016, 82, 4225–4231. [CrossRef]

49. Montpellier, C.; Wychowski, C.; Sayed, I.M.; Meunier, J.C.; Saliou, J.M.; Ankavay, M.; Bull, A.; Pillez, A.; Abravanel, F.; Helle, F.;
et al. Hepatitis E Virus Lifecycle and Identification of 3 Forms of the ORF2 Capsid Protein. Gastroenterology 2018, 154, 211–223.e8.
[CrossRef]

50. Sender, R.; Bar-On, Y.M.; Gleizer, S.; Bernshtein, B.; Flamholz, A.; Phillips, R.; Milo, R. The total number and mass of SARS-CoV-2
virions. Proc. Natl. Acad. Sci. USA 2021, 118, e2024815118. [CrossRef]

http://doi.org/10.1016/j.virol.2018.10.018
http://doi.org/10.1111/tbed.14608
http://doi.org/10.1099/vir.0.049858-0
http://doi.org/10.3390/v13030406
http://doi.org/10.1007/s12560-019-09405-0
http://doi.org/10.1016/S0166-0934(99)00052-X
http://doi.org/10.3390/v8090259
http://doi.org/10.1128/JCM.40.9.3209-3218.2002
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1016/j.virusres.2018.11.007
http://doi.org/10.1101/2020.05.14.095901
http://doi.org/10.1186/s13059-018-1618-7
http://doi.org/10.4161/fly.19695
http://doi.org/10.1093/bioinformatics/btu531
http://www.ncbi.nlm.nih.gov/pubmed/25095880
http://doi.org/10.1111/tbed.12760
http://www.ncbi.nlm.nih.gov/pubmed/29318757
http://doi.org/10.1128/JVI.01207-18
http://www.ncbi.nlm.nih.gov/pubmed/30463960
http://doi.org/10.1038/nrm2239
http://doi.org/10.1111/jvh.12157
http://www.ncbi.nlm.nih.gov/pubmed/24750215
http://doi.org/10.1128/JVI.78.9.4838-4846.2004
http://doi.org/10.1128/AEM.00951-16
http://doi.org/10.1053/j.gastro.2017.09.020
http://doi.org/10.1073/pnas.2024815118


Animals 2023, 13, 276 17 of 17

51. Pudupakam, R.S.; Huang, Y.W.; Opriessnig, T.; Halbur, P.G.; Pierson, F.W.; Meng, X.J. Deletions of the hypervariable region (HVR)
in open reading frame 1 of hepatitis E virus do not abolish virus infectivity: Evidence for attenuation of HVR deletion mutants
in vivo. J. Virol. 2009, 83, 384–395. [CrossRef]

52. Papp, C.P.; Biedermann, P.; Harms, D.; Wang, B.; Kebelmann, M.; Choi, M.; Helmuth, J.; Corman, V.M.; Thurmer, A.; Altmann, B.;
et al. Advanced sequencing approaches detected insertions of viral and human origin in the viral genome of chronic hepatitis E
virus patients. Sci. Rep. 2022, 12, 1720. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1128/JVI.01854-08
http://doi.org/10.1038/s41598-022-05706-w

	Introduction 
	Materials and Methods 
	Faecal Samples and Inocula 
	Cell Culture 
	HEV Isolation 
	Fetal Bovine Serum Free HEV Stock Preparation and Minimum Infectious Dose 
	HEV RNA Quantification 
	Detection of ORF2 Antigen 
	Transmission Electron Microscopy (TEM) 
	Immunoperoxidase (IPA) and Immunofluorescence (IFA) Staining 
	NGS Sequencing of Genome Regions of HEV Isolates 
	Phylogenetic Analysis 
	Sequence Data Analysis 
	Statistical Analysis 

	Results 
	Isolation of HEV Strains 
	Mutational Characteristics of Isolated Strains in Consecutive Passages 

	Discussion 
	Conclusions 
	References

