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A B S T R A C T

Hepatitis E virus (HEV) is an emerging concern for the safety of plasma-derived medicinal products. The lack of
an efficient cell culture system hampers the studies on HEV biology as well as validation studies to test the
capacity of virus reduction steps to clear HEV. Hence, a surrogate hepevirus that can efficiently replicate in cell
culture is needed. Cutthroat trout virus (CTV) is a non-pathogenic fish hepevirus, which can replicate in cell
culture to high titers. Under interferon inhibition, CTV replication reached up to 5×107 genome equivalents per
μL in 4-5 days. The intracellular CTV progeny was already lipid-associated, suggesting that the envelope is
acquired from intracellular membranes. Transmission electron microscopy of purified quasi-enveloped virus
revealed exosome-like structures with an average size of 40 nm, in contrast to 27–34 nm for the non-enveloped
virus. The quasi-enveloped virus was significantly less infectious than the non-enveloped virus. Assays based on
quantitative RT-PCR, immunofluorescence and immunocytochemistry were established to evaluate virus in-
activation. Cold ethanol fractionation removed 3.0 log of CTV and pasteurization of human albumin inactivated
more than 3.7 log to below the limit of detection. Similar to HEV, virus replication was promoted in the presence
of 17β-estradiol, an effect that can contribute to the understanding of the exacerbated virulence of HEV in
pregnant women. These results together reveal substantial similarities between the human and fish HEV and
validate CTV as a practical virus model to use in some applications for evaluating the HEV reduction capacity of
biological manufacturing process steps.

1. Introduction

First identified in 1978 (Khuroo, 1980), hepatitis E virus (HEV) is a
common cause of acute hepatitis (Kamar et al., 2017). While in in-
dustrialized countries HEV is endemic, in developing countries the in-
fection occurs in epidemic forms. The infections caused by HEV are
generally self-limited, however, chronic infections can also occur in
immunocompromised patients and the mortality rates can reach up to
30% among infected pregnant women (Pérez-Gracia et al., 2017). HEV
infection is an emerging concern in industrialized countries. In parti-
cular the virus has raised concern of transmission through blood do-
nation and nucleic acid screening measures are being considered by
certain countries. (European Medicines Agency, 2016). The incidence
of HEV in blood and plasma donors in industrialized countries varies
significantly and is thought to be related to gastronomic preferences
(Roth et al., 2017; Al-Sadeq et al., 2017).

HEV has proven difficult to culture in vitro, growing to low titers and

requiring long incubation times (Okamoto, 2013). HEV strains have
been adapted to improve their replication in different types of cells,
such as immortalized, primary and stem cells with varying levels of
success (Tam et al., 1997; Shukla et al., 2011; Rogee et al., 2013; Helsen
et al., 2016). Some strains showed a better replication following
changes in their viral genome, such as the KernowC1/p6 strain that
contains a small insertion from the human 40S ribosomal protein S17
(Shukla et al., 2011). Other genetic variants with enhanced replication
in cell culture have been found to contain sequences of human origin
(Nguyen et al., 2012; Lhomme et al., 2014). Infectious clones have also
been developed with the aim to improve replication in cell culture and
to facilitate studies on HEV biology (Panda et al., 2000; Yamada et al.,
2009). Despite the significant progress in developing cell culture sys-
tems with the establishment of increasingly permissive cells and the
isolation of adapted HEV variants, their experimental complexity and
limited efficiency in terms of titer levels and culture time remain a
disadvantage. Besides, the use of isolates with genetic modifications,
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which can differ from natural isolates, complicates the studies on HEV.
Cell culture systems are also required for validation studies aiming at
evaluating virus reduction steps during the manufacturing of plasma-
derived medicinal products. However, there are a series of drawbacks
associated with the use of HEV. Besides the lack of efficient culture
systems to evaluate viral safety and optimize novel strategies of virus
elimination, the high prevalence of neutralizing antibodies in human
plasma may interfere with inactivation and removal assays, such as
virus filtration (Hartl et al., 2016; Horvatits et al., 2018). For these
reasons, the use of an HEV model that can efficiently replicate in cell
culture to high titers would be particularly useful and an excellent
support to the studies carried out with human HEV.

HEV-like viruses have been identified from domestic and wild ani-
mals (Meng, 2016b). The expanding identification of novel HEV strains
from different animal species may offer opportunities to find an ap-
propriate model for human HEV (Spahr et al., 2018). However, these
new HEV variants have in common with human HEV a limited re-
plication in cell culture and the risk of transmission to humans has not
yet been fully evaluated. In 1988, ten years after the first identification
of HEV, a similar virus was isolated from spawning adult trout and was
named cutthroat trout virus (CTV) (Hedrick et al., 1994). Subsequently,
CTV has been detected in many salmonid populations and it is not as-
sociated with any apparent disease (Batts et al., 2011). Based on
genome sequence homology and organization, CTV has been classified
in the family Hepeviridae, which has been further divided into two
genera: genus Orthohepevirus, including all mammalian and avian HEV
isolates; and genus Piscihepevirus, including CTV (Smith et al., 2015).
Similar to mammal and avian HEV, the fish HEV genome contains three
open reading frames; ORF1 encodes a polyprotein for virus replication,
ORF2 encodes the capsid protein, and ORF3 encodes a small phos-
phoprotein (Batts et al., 2011). A remarkable feature of CTV is that it is
the only hepevirus that can efficiently replicate in cell culture (Debing
et al., 2013; von Nordheim et al., 2016), and similar to human HEV,
CTV derived from cell culture is associated with lipids (von Nordheim
et al., 2016).

In this study, methods to propagate CTV to high titers and to
evaluate virus infectivity within few days have been optimized.
Additionally, the virus progeny generated in cell culture has been
characterized and virus reduction steps commonly used in manu-
facturing processes have been evaluated for their capacity to clear CTV.
Our results demonstrate that the fish HEV has substantial similarities to
human HEV. Accordingly, the fast-replicating, non-pathogenic CTV
represents a practical virus model for virus clearance studies and to gain
new insights into the understudied biology of hepeviruses.

2. Materials and methods

2.1. Cells and viruses

The rainbow trout gill (RTGill-W1) and the rainbow trout liver
(RTL-W1) cell lines were obtained from Sylvie Bony from the University
of Lyon, France. The cells were kept in Leibovitz’s (L-15) media
(Thermo Fisher Scientific, Waltham, MA, USA) with 10% heat-in-
activated foetal calf serum (Amimed, London, UK) and 50 U/mL peni-
cillin/streptomycin (Biochrom/Millipore, Berlin, Germany) at 18 °C.
CTV (Heenan88 isolate) was obtained from Yannik Debing from the
Rega Institute for Medical Research, Department of Microbiology and
Immunology, Leuven, Belgium.

2.2. Virus propagation in cell culture

RTGill-W1 cells (8× 106 to 107) were treated (or not) with BX795
(Sigma-Aldrich, St. Louis, MO, USA) in 5mL of Minimal Essential Media
(MEM) (Sigma) supplemented with 10mM HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid), 2% heat-inactivated foetal calf
serum, and 50 U/mL penicillin/streptomycin. One hour after, 100 μL of

CTV (2×106 genome equivalents per μL; geq/μL) were added. Four
hours later, 10mL of media were added. After 24 h, the culture medium
was removed, and 20mL of fresh MEM were added. Seven days post-
infection, the supernatant was collected, aliquoted and stored at
−80 °C. Cells were washed with PBS and 10mL of 0% Leibovitz’s (L-15)
were used to recover intracellular virus by four freeze/thaw cycles. The
media was centrifuged to remove cell debris, aliquoted and stored at
−80 °C.

2.3. Quantification of CTV RNA

CTV RNA was quantified as previously described. Briefly, the QIA-
amp Viral RNA Kit (Qiagen) was used to extract CTV RNA. The ex-
tracted samples were prepared for quantification using the Luna
Universal One-Step RT-qPCR Kit (New England BioLabs, Ipswich, MA).
The primers amplify the genomic region between nucleotides 3247 and
3409: (Forward) 5′-GGC AAC CAT CCT CTA CAA ACA C-3′ and
(Reverse) 5′-GAT GTC TTG TGG GAG CCT GTA G-3. Serial ten-fold
dilutions of in vitro transcribed CTV RNA was used as external standard
for quantification.

2.4. Virus concentration

Three different methods of virus concentration were compared for
their capacity to concentrate viral particles and preserve their in-
fectivity. For ultracentrifugation (UC), 500 μL of CTV supernatant were
added on top of 2mL 12% sucrose and centrifuged at 60’000 × g for 4 h
at 4 °C. The pellet was resuspended in 100 μL PBS. For precipitation
with polyethylene glycol 6000 (PEG), a solution of 12% PEG 6000,
0.6M NaCl was prepared and 5mL of this solution were mixed with
5mL of CTV in PBS overnight at 4 °C on a rocker. The mix was cen-
trifuged at 20’000 × g for 90min at 4 °C. The supernatant was re-
moved, and the pellet was resuspended in 100 μL PBS. For concentra-
tion by ultrafiltration, Amicon Ultra-4 Centrifugal Filter Units 100 K
were used. A total of 4mL infected cell culture supernatant was cen-
trifuged at 4’000 × g in a swinging bucket rotor for 20min at 20 °C.
The filtrate was discarded and the retained solution (50 μL) was col-
lected in an Eppendorf tube. The infectivity of viruses concentrated
with the different methods was assessed. Cells were infected with the
same amount of virus diluted 1:100, 1:500 and 1:2’500 for a period of
one week. Subsequently, the amount of CTV RNA was evaluated by RT-
qPCR.

2.5. Infectivity assays

Three alternative methods based on end-point dilutions were es-
tablished for virus titration. Serial dilutions of the virus stock were
prepared and inoculated onto replicate cell cultures in 96 well plates.
The number of wells containing infected cells were determined for each
virus dilution using three different approaches. CTV RNA quantifica-
tion, ORF2 protein detection by immunofluorescence or by im-
munocytochemistry. Briefly, well plates were seeded with 4× 104

RTGill-W1 cells per well in Leibovitz’s (L-15) media. Cells were infected
with fivefold dilution of the stock virus (4×106 geq/μL) in 50 μL 2%
MEM. One day after the infection, the media was removed, and 200 μL
of fresh 2% MEM were added per well. After two weeks, cells were
lysed by a freeze/thaw cycle. RNA was extracted from samples (140 μL)
by using the QIAamp viral RNA kit (QIAGEN) and quantified by RT-
qPCR. The infectious titer was determined by the Spearman–Kärber
method and expressed as log TCID50/mL.

Alternatively, the infectious titer was quantified by the ORF2 pro-
tein detection using immunofluorescence (IF) or immunocytochemistry
(ICC). Cells were grown and infected with tenfold dilutions of CTV in
2% MEM. Six days post-infection, cells were washed with PBS, fixed
and permeabilized with 40 μL methanol/acetone (1:1) for 3–5min at
−20 °C. The fixative solution was removed, and cells were dried at
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room temperature for 10min and stored at -20 °C or processed directly.
Cells were washed with PBS and blocked with PBS containing 10% (v/
v) goat serum (10% PBS-GS) (Dako/Agilent Technologies) for 20min
and incubated with primary antibody (1:300; rabbit anti-ORF2) in 2%
PBS-GS for 1 h. Following washes with PBS, cells were incubated with
goat anti-rabbit Alexa Fluor 488 antibody in 2% PBS-GS for 1 h in the
case of IF and with goat anti-rabbit HRP antibody in 2% PBS-GS in the
case of ICC. After washing with PBS, DAPI (4′,6-diamidino-2-pheny-
lindole) was used to stain nuclei for IF and AEC (3-Amino-9-ethylcar-
bazole) substrate (Sigma) was added to reveal the signal in ICC. After
final washings with PBS, 100 μL of glycerol-PBS solution (1:1) were
added and the cells were examined with a Zeiss LSM 880 confocal
microscope.

2.6. Iodixanol density gradient centrifugation

Layers from 5 to 40% (w/v) OptiPrep™ density gradient medium
(Sigma-Aldrich) in L-15 media were placed in Ultra-Clear tubes
(14× 89mm, Beckman Coulter, Brea, CA). Cell culture supernatant
(SN) was added onto the gradient and centrifuged with a TLS55 SN2014
rotor in an Optima XPN-80 ultracentrifuge (Beckman Coulter) at 42’000
rpm for 75min, for small volumes, and in a SW-41 Ti rotor (Beckman
Coulter) at 35’000 rpm at 4 °C for 150min, for large volumes. Fractions
of 100 μL for small volumes and 500 μL for large volumes were col-
lected from the top. The refractive index of each fraction was measured
at 4 °C and the RNA concentration was quantified by one-step RT-PCR
after RNA extraction. The density, calculated from the refractive index,
was plotted with the genome equivalents of each fractions. The frac-
tions corresponding to the peaks were collected and purified with PD-
10 desalting columns (Sigma). Virus fractions were stored frozen in 0%
MEM.

2.7. Transmission electron microscopy

To facilitate the adsorption of virus particles to the carbon coated
grid, one drop of 0.1% of poly-L-lysine was added to a carbon coated
grid for 1min and the excess was removed with filter paper. After the
incubation, 5 μL of purified non-enveloped (4×107 geq/μL) and quasi-
enveloped (1.7×107 geq/μL) CTV were deposited on a parafilm in a
humid chamber, grids were then placed face down on the virus drops
and incubated for 6 h at room temperature. The grids were washed,
stained with uranyl acetate and examined using a Philips CM 12
transmission electron microscope equipped with a 12-megapixel
Morada camera.

2.8. Virus reduction studies

Effect of cold ethanol fractionation on CTV removal. CTV was mixed
with 95% ethanol on ice to obtain a 22% ethanol solution and then
added to fraction IV-1 filtrate from the Kistler-Cohn plasma fractiona-
tion process at a temperature of −5 °C resulting in a 1:89 dilution of the

original CTV stock. Ethanol (95%) was added to a final concentration of
43% ethanol to obtain human derived fraction IV-4 suspension and
subsequently the precipitate was removed by depth filtration to obtain
fraction IV-4 filtrate. The CTV content in the spiked starting material,
the resuspended filter retentate and the final fraction IV-4 filtrate was
determined by RT-qPCR.

Effect of pasteurization on CTV inactivation. CTV was spiked into
human albumin solution (Alburex®; with a final albumin concentration
of 24%), PBS or caprylate/tryptophan (C/T; 20mM) to get a final virus
concentration of 4×106 geq/μL. The spiked solutions were heated at
60 °C for ten hours. Intermediate samples were collected at increasing
timepoints. After heat treatment, 4× 104 RTGill-W1 cells in 96-well
plates were infected in 50 μL 2% MEM per well. As controls, untreated
CTV was resuspended in albumin, PBS or caprylate/tryptophan solu-
tions. One day after the infection, the media was removed and 200 μL of
fresh 2% MEM were added per well. After two weeks, the plates were
frozen to lyse the cells, RNA was extracted, and CTV RNA was quan-
tified by RT-qPCR, as specified above. The infectious titer was de-
termined by the Spearman–Kärber method and expressed as log
TCID50/mL.

2.9. RNase assay

A volume of 8 μL of CTV stocks (108 geq/μL) were spiked into
2.1 mL of 25% human albumin, PBS or C/T. Aliquots of the samples
were heated at 60 °C for increasing times from 0min to 120min. After
the heat treatment, the samples were place on ice and RNase A (1 μg/
μL) was added and incubated at 24 °C for 15min. Following the treat-
ment, the RNA was extracted, and CTV RNA was quantified by RT-
qPCR.

2.10. 17β-estradiol treatment

RTGill-W1 (106 cells) were grown in 6-well plates with Leibovitz’s
media. Media was removed and 17β-estradiol (Sigma) was added in
1mL of 2% MEM at 0.1 μM, 0.5 μM and 5 μM for 1 h. Cells were in-
fected with CTV (5× 107 geq/μL) for four hours, washed twice with
PBS, and 3mL of fresh 2% MEM containing 17β-estradiol was added.
Five days later, CTV RNA was quantified in the supernatant by RT-
qPCR. For kinetics, 140 μL of supernatant and intracellular virus were
collected every day until the day 5, extracted and quantified by RT-
PCR.

3. Results

3.1. Generation of high titer CTV stocks

RTGill-W1 and RTL-W1 cell lines have been previously shown to be
permissive to CTV infection (von Nordheim et al., 2016). As shown in
Fig. 1A, CTV reaches peak titer levels of 107 geq/μL in RTGill-W1 and
106 geq/μL in RTL-W1 within 6 days in culture. During the replication

Fig. 1. Generation of high-titer CTV stocks
in cell culture and virus concentration. (A)
Replication kinetics of CTV in RTGill-W1 and
RTL-W1 cell lines. (B) Effect of interferon in-
hibition on CTV replication. RTGill-W1 cells
were treated with increasing doses of BX795.
Five days post-infection (dpi), the amount of
CTV RNA was quantified. As controls, cells
were untreated or treated with DMSO. (C)
Effect of virus concentration methods on CTV
infectivity. Following virus concentration, cells
were infected at different MOI and the amount
of CTV RNA was determined by quantitative
RT-PCR. PEG, polyethylene glycol 6000; UF,
ultrafiltration; UC, ultracentrifugation.
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process, CTV generates dsRNA intermediates, which trigger the induc-
tion of type I interferon (Poynter et al., 2015). The activation of type I
interferon antiviral immunity can reduce the replication efficiency of
the virus (Kang and Myoung, 2017). With the aim to further improve
the cell culture system, virus propagation was examined in the presence
of the transcriptional activity of interferon regulatory factor 3 (Clark
et al., 2009) and has been shown to improve HEV replication in cell
culture (Devhare et al., 2016). In cells treated with BX795, a seven-fold
increase in virus yield was observed, reaching 5×107 virus per μL in 5
days (Fig. 1B). Doses above 0.5 μM were toxic for the cells and virus
replication was affected.

Virus concentration methods have been extensively used in order to
obtain sufficient HEV particles for subsequent assays, although their
influence in virus infectivity has not yet been tested. In our studies,
ultrafiltration, ultracentrifugation and PEG precipitation were tested for
their efficacy and influence in virus infectivity. Following the con-
centration step, the virus yield was determined by quantitative RT-PCR
and the infectivity was measured by quantifying the accumulation of
viral RNA in the cell culture supernatant. Ultrafiltration was the method
that better recovered the infectivity of the virus (Fig. 1C). Ultra-
centrifugation and PEG precipitation had a similar detrimental effect on
virus infectivity.

3.2. Infectivity assays based on viral RNA and ORF2 detection

A TCID50 assay based on viral RNA quantification was used to
analyze virus infectivity. RTGill-W1 cells (4× 104) in L-15 medium
were added to wells in 96-well plates and incubated for 3–4 days. Cells
were infected with serial dilutions of virus stocks (4× 106 geq/μL). To
produce the virus stock, RTGill-W1 cells were infected in the presence
of 0.5 μM of BX795. Subsequently, the supernatant was collected and
concentrated by ultrafiltration. At 14 days post-infection, CTV RNA was
detected and quantified by RT-PCR. The infectious titer, calculated by
the Spearman–Kärber algorithm, was 6.27 log TCID50/mL (Fig. 2A).
Considering that RNA extraction and quantification is expensive and
time-consuming, alternative methods based on ORF2 protein detection

by immunofluorescence (IF) and immunocytochemistry (ICC) were also
established. An antibody against ORF2 of CTV (von Nordheim et al.,
2016), detecting both native and denatured capsids proteins was used
(Fig. 2B). Cells in 96-well plates were infected with serial dilutions of
virus stocks (107 geq/μL) and incubated for 6 days. Following infection,
the cells were analyzed by IF and ICC. Similar virus titers of 5.17 and
4.95 log TCID50/mL were obtained by IF and ICC, respectively
(Fig. 2C).

3.3. Characterization of CTV generated from cell culture

Following infection of RTGill-W1 cells, intracellular and super-
natant fractions were subjected to iodixanol gradient ultracentrifuga-
tion. Three freeze/thaw cycles were performed to release viruses from
intracellular compartments. The presence of CTV in the different io-
dixanol fractions was determined by quantitative RT-PCR. The results
showed that non-enveloped and quasi-enveloped CTV coexist in the
intracellular and supernatant fractions (Fig. 3A). While in the super-
natant fraction, the non-enveloped CTV is predominant, in the in-
tracellular fraction the major population consists of quasi-enveloped
particles. Pre-treatment of intracellular and supernatant fractions with
NP40 removed the lipid envelope resulting in a unique population of
non-enveloped virus (Fig. 3B). When the fractions were pre-treated
with NP40 and pronase, no further shift in density was observed, sug-
gesting that ORF3 was already removed with NP40 alone (Fig. 3C).
Similar results were obtained with different concentrations of pronase
or with the use of trypsin and chymotrypsin (data not shown).

The presence of non-enveloped CTV population in the cell culture
supernatant was intriguing. This virus population could originate from
the degradation/removal of the lipids associated with the particles or
from an alternative virus egress not involving lipid association. The
envelope could be degraded due to freeze/thaw cycles or due to the
mild acidic conditions typically found in the cell culture supernatant
during virus replication. As shown in Fig. 3E, three freeze/thaw cycles
or exposure to mild acidic conditions did not disturb the quasi-envel-
oped particles.

Fig. 2. CTV infectivity assays. (A) TCID50 RT-
PCR assay. Cells in 96-well plates were infected
with serial dilutions of virus stocks (4× 106

geq/μL) in eight replicates. After 14 days, the
amount of CTV RNA was determined by quan-
titative RT-PCR. The infectious titer was cal-
culated by the Spearman–Kärber method. (B)
Detection of native and denatured (PLB; protein
loading buffer) CTV capsids by dot blot with an
antibody against the ORF2 protein. (C) TCID50

IF and ICC assays. Cells in 96-well plates were
infected with serial dilutions of virus stocks
(107 geq/μL) in eight replicates. After 6 days,
ORF2 capsid proteins was detected by im-
munofluorescence (IF) or by im-
munocytochemistry (ICC) with an antibody
against the ORF2. The infectious titer was cal-
culated by the Spearman–Kärber method. The
dilutions of the virus and the number of posi-
tive wells are indicated (number positive well-
s:number of replicates).
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3.4. Differential structure and infectivity of non-enveloped and quasi-
enveloped CTV

CTV non-enveloped and quasi-enveloped particles were separated
by iodixanol density centrifugation and examined by transmission
electron microscopy. CTV non-enveloped appeared as spherical parti-
cles with a diameter ranging from 27 to 34 nm. The quasi-enveloped
particles appeared as exosome-like structures, mostly spherical or egg-
shaped with an average diameter of 40 nm (Fig. 4A). Similar diameters
were reported for HEV (Nagashima et al., 2017). The quasi-enveloped
CTV particles were individually enclosed by the lipid membrane, re-
sembling a typical enveloped virus. Lipid structures containing more
than one capsid, similar to those revealed in hepatitis A or C viruses
(Feng et al., 2013; Ramakrishnaiah et al., 2013), were not observed.

During the course of the infection, four populations of progeny CTV
can be detected, i.e., non-enveloped intracellular and extracellular and
quasi-enveloped intracellular and extracellular (Fig. 3A). The four virus

populations were separated by density gradient centrifugation and their
infectivity was examined by TCID50-IF, as described above. All four
populations were infectious, however, the quasi-enveloped population,
was approximately one log less infectious than the non-enveloped virus
(Fig. 4B and C).

3.5. Virus reduction by cold ethanol fractionation and pasteurization

In the plasma fractionation process for manufacture of albumin
fraction IV-4 precipitation is part of a series of cold ethanol precipita-
tions with increasing ethanol concentrations. It takes place at an al-
cohol concentration around 40% and removes accompanying proteins
from the albumin containing fraction IV-4 filtrate. At this precipitation
step CTV clearly partitioned into the precipitate leading to a mean re-
duction of the virus load in the fraction IV-4 filtrate by 3.0 log (Fig. 5A).

The accessibility of the viral RNA to RNase was used to evaluate the
effect of heat on CTV capsid integrity. CTV resuspended in human

Fig. 3. Characterization of CTV progeny generated in cell culture. (A) Separation of non-enveloped and quasi-enveloped CTV (qeCTV) from supernatant (SN) and
intracellular samples. After iodixanol gradient centrifugation, fractions containing the virus were detected and quantified by RT-qPCR. CTV genome equivalents of
each fraction were plotted with density. (B) Iodixanol gradient centrifugation of SN and intracellular virus treated with NP40 (0.1%). (C) Iodixanol gradient
centrifugation of SN and intracellular virus treated with NP40 (0.1%) and pronase (0.1%). (D) Buoyant density shift of qeCTV upon treatment with detergent alone
and detergent plus pronase (E) Effect of freeze/thaw cycles and exposure to mild acidic conditions on envelope stability. CTV genome equivalents of each fraction are
shown.
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serum albumin (HSA; 24%), PBS or caprylate/tryptophan (C/T;
20mM), used as thermal stabilizer of albumin, was treated at 60 °C for
increasing times up to 120min. Following treatment, the sensitivity of
the viral RNA to RNase was evaluated by quantitative RT-PCR. A log
reduction factor (LRF) in capsid integrity of 0.95 was observed after
120min in the presence of HSA. CTV capsids were more sensitive to
heat in PBS (1.56 LRF) and in C/T solution (1.79 LRF) (Fig. 5B).

The RNase assay can only measure capsid integrity, which does not
necessarily reflect infectivity. To evaluate the effect of heat on CTV
infectivity, following heat treatment at 60 °C for increasing times, the
infectivity of CTV was evaluated by the TCID50/RT-PCR assay. In 24%
HSA, CTV was inactivated to below the LOD within 30min, with a
mean RF of ≥ 3.7 log TCID50/mL. Similar inactivation was observed
when the virus was resuspended in PBS or in C/T solution (Fig. 5C).

3.6. Estradiol treatment stimulates CTV replication

Mortality rates can increase up to 30% among infected pregnant
women (Pérez-Gracia et al., 2017) and is thought to be a consequence
of the particular hormonal and immunological status during pregnancy
(Krain et al., 2014; Navaneethan et al., 2008). In line with this as-
sumption, HEV replication has been recently shown to be enhanced in
the presence of 17β-estradiol (Yang et al., 2018). CTV has been isolated
only during spawning (Batts et al., 2011) when sex hormone con-
centrations in plasma are high. Accordingly, it is possible that CTV
replication is also exacerbated in the presence of 17β-estradiol. In order
to explore this possibility, RTGill-W1 cells were treated with increasing
doses of 17β-estradiol, from 0.1 μM, which is near the physiological
concentrations in the trout (Espinosa et al., 2013), up to 5 μM. After 5
days in culture, 17β-estradiol resulted in the stimulation of CTV re-
plication (2.11 ± 0.38 and 2.32 ± 0.26 fold, at 0.1 μM and 0.5 μM,
respectively). Increased cytotoxicity was observed at doses above 5 μM
(Fig. 6A). An increased accumulation of CTV RNA inside the cells and in
the cell culture supernatant was observed in the presence of 17β-es-
tradiol over a period of five days (Fig. 6B and C).

4. Discussion

Despite the importance and the global impact of HEV as a human
pathogen, the replication mechanism of the virus is still largely un-
explored. The main reason of the poor characterization of human HEV
is the lack of robust cell culture systems to study the infection in detail.
Although significant progress has been made, the virus titers produced
in cell culture are typically low and require extensive incubation times
and complex experimental settings to mimic the liver environment
(Okamoto, 2013). The discovery of novel HEV species from wild and
domestic animals (Meng, 2016a), and recently from insects (Wu et al.,
2018) should expand the opportunities for developing useful virus
models for human HEV. However, the biology and zoonotic potential of
these novel animal HEV are still poorly characterized. Besides, the in
vitro replication of these novel HEV variants is not better than human
HEV. An exception to this situation is cutthroat trout virus (CTV), a fish
HEV which is non-pathogenic for humans or animals (Batts et al., 2011)
that has been shown to replicate efficiently in cell culture (von
Nordheim et al., 2016). For this reason, CTV has been proposed as a
human HEV surrogate (Debing et al., 2013; von Nordheim et al., 2016).
However, the fish HEV is distantly related to human HEV and more data
is required to evaluate the degree of similarity between the two viruses.
The aims of this study were to improve CTV in vitro replication, to
characterize CTV progeny generated from cell culture and to evaluate
the usefulness of CTV as a human HEV surrogate in virus clearance
studies.

We have previously shown that during replication in cultured cells
CTV generates dsRNA (von Nordheim et al., 2016) an intermediate RNA
species which stimulates strong protective responses, such as the in-
duction of interferon response (Karpala et al., 2005). It has been de-
monstrated that CTV can induce interferon-like activity in cultures of
AK leucocytes (Hedrick et al., 1994). Replication of human HEV was
improved by treatment of the cells with the inhibitor BX795, which
blocks the expression of interferon-stimulated genes (Devhare et al.,
2016). As shown in Fig. 1B, exposure of cells to BX795 resulted in a

Fig. 4. Differential structure and infectivity of non-enveloped and quasi-enveloped CTV. (A) Transmission electron micrographs of purified CTV and qeCTV
derived from cell culture. (B) Infectivity of CTV and qeCTV. Cells in 96-well plates were infected with serial dilutions of purified CTV and qeCTV in eight replicates.
After 6 days, the ORF2 protein was detected by immunofluorescence. The dilutions of the virus and the number of positive wells are indicated (number positive
wells:number of replicates). (C) Infectious titer of CTV and qeCTV calculated by the Spearman–Kärber method.
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significant improvement of CTV replication, reaching 5× 107 geq/μL
in only 5 days. Replication of human HEV in cell culture is slower and
does not reach these high titers. Accordingly, methods of virus con-
centration such as ultracentrifugation, PEG precipitation and ultra-
filtration are frequently required to improve virus yield or to purify
viruses from clinical samples. However, the effect of concentration

methods on virus infectivity has not yet been evaluated. Our results
with CTV suggest that concentration by ultrafiltration results in better
recovery of the virus infectivity than ultracentrifugation or PEG pre-
cipitation.

Similar to human HEV (Qi et al., 2015), the fish HEV derived from
cell culture is associated with lipids (von Nordheim et al., 2016).

Fig. 5. Virus reduction studies. (A)
Partitioning of CTV by cold ethanol fractiona-
tion at 43% (v/v) ethanol concentration.
Fraction IV-1 filtrate was spiked with CTV and
then processed to obtain the albumin con-
taining fraction IV-4 filtrate. Samples were
drawn at the beginning (spiked starting mate-
rial) and the end of the process (Pool of Fr. IV-4
filtrate and filter postwash) and from the waste
fraction (Resuspended retentate). Virus content
of samples was quantified by RT-qPCR with
virus concentration expressed as geq/mL.
Reduction factors were calculated as difference
of virus loads of starting sample and final
sample of the process step. (B) Effect of heat
treatment on CTV capsid integrity. The virus
was spiked in 25% albumin solution (Alburex®),
PBS or caprylate/tryptophan (C/T) and heated
at 60 °C for increasing times until 120min.
Following heat treatment, the samples were
treated with RNase, extracted and quantified by
RT-PCR. The limit of detection (LOD) is shown
(discontinued line). (C) Effect of heat treatment
on CTV infectivity. The virus was spiked in 25%
albumin solution (Alburex®), PBS or C/T and
heated at 60 °C for increasing times until 10 h.
CTV infectious titer was determined by the
TCID50 RT-PCR assay. The LOD is shown (dis-
continued line).

M. Bochud et al. Journal of Virological Methods 263 (2019) 111–119

117



Intracellular CTV progeny was already associated with lipids and
shared the same buoyant density as the extracellular lipid-associated
CTV (Fig. 3A). The presence of intracellular quasi-enveloped particles
suggests that the acquisition of the envelope occurs most likely fol-
lowing budding of assembled particles into intracellular vesicles, as it
has been proposed for human HEV (Nagashima et al., 2014). Detergent
treatment efficiently removed the envelope of CTV and further treat-
ment with pronase did not change the buoyant density of the virus.
Similar results were obtained with other proteases such as trypsin and
chymotrypsin (data not shown), suggesting that ORF3 is incorporated
into the lipid membrane and it is efficiently removed by detergent
treatment (Fig. 3B, C and D). ORF3 from human HEV has been shown to
be integrated into the lipid envelope and to function as an ion channel
(Ding et al., 2017).

Non-enveloped and quasi-enveloped particles are found both inside
the cell and in the cell culture supernatant. All these virus populations
were infectious, but the quasi-enveloped virus was approximately one
log less infectious than the non-enveloped virus (Fig. 4). While the in-
tracellular non-enveloped particles are likely assembled progeny par-
ticles before vesicle budding, the origin of the extracellular non-en-
veloped particles is uncertain. The presence of non-enveloped particles
in the cell culture supernatant was also reported in human HEV (Qi
et al., 2015). A possible explanation would be the degradation of the
envelope after virus egress. However, exposure of quasi-enveloped
particles to freeze/thaw cycles or to mild acidic conditions similar to
those observed in infected cell culture supernatant, did not destabilize
the envelope (Fig. 3E). Other explanations might be the interaction of
the quasi-enveloped virus with factors on host cellular membranes or an
alternative lipid-independent egress mechanism.

CTV has been proposed as a human HEV surrogate to study virus
reduction steps in manufacturing processes (EMA, 2016). In a scale
down model for a plasma fractionation step in the manufacture of al-
bumin concentrate, cold ethanol fractionation at 43% ethanol removed
3.0 log of CTV. This is in good agreement with 2.6 log HEV removal,
which was obtained in a virus spiking study on the same process step
(unpublished data).

The effect of heat on CTV capsid integrity and infectivity was
evaluated by the RNase assay and by the TCID50/RT-PCR assay, re-
spectively. The presence of HSA had a significant stabilizing effect on
CTV integrity, similar to that observed in HEV evaluating loss of in-
fectivity (Yunoki et al., 2016). However, when measuring infectivity,
CTV was inactivated rapidly, reaching the LOD already at the first
measurement point (30min), with a mean LRF of ≥ 3.7 log TCID50. In
comparison, heat treatment in 12.5% HSA at 58 °C inactivated human
HEV to below the LOD within 60–180min, with a mean LRF of more
than 3.1–3.7 log TCID50 (Farcet et al., 2016). The faster heat in-
activation of CTV compared with HEV can be explained by the fact that
the fish HEV replicates at lower temperatures (18 °C). Accordingly, CTV

is not an appropriate HEV model for thermal inactivation studies.
Progressive adaptation to replicate at 37 °C may increase viral ther-
mostability.

An unexplained phenomenon associated to HEV infection is the
increase in mortality rates up to 30% among infected pregnant women
(Pérez-Gracia et al., 2017). The explanation for this outcome is not
known but hormonal levels during pregnancy are through to play a role
(Navaneethan et al., 2008; Krain et al., 2014). In line with this as-
sumption, HEV replication was significantly increased in cells treated
with 17β-estradiol (Yang et al., 2018). The increased replication of CTV
in vivo during spawning and in vitro upon treatment of cells with 17β-
estradiol (Fig. 6) suggest that CTV infection may also be influenced by
changes in sex hormone concentrations and can be useful model to gain
insight into this phenomenon.

5. Conclusion

Taken together, our data reveals significant similarities between
CTV and HEV and further supports the fish HEV as a useful model for
human HEV. The major advantages of CTV as surrogate for HEV are the
efficient replication in cell culture, the simplicity of the experimental
settings and the lack of biohazard risk, in contrast to human HEV and
other more closely related animal HEV species.
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