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A B S T R A C T

Hepatitis E virus (HEV) causes acute and fulminant hepatitis worldwide. Although enveloped (e) and non-en-
veloped (ne) forms of HEV have been discovered, host factors involved in infection, including receptors, remain
to be elucidated. Here, we identified integrin α3 (encoded by ITGA3), a protein that binds and responds to the
extracellular matrix, as an essential host factor for HEV infection. Integrin α3 expression was lower in four HEV-
non-permissive cell subclones than in an HEV-permissive subclone. ITGA3 knockout cells lost HEV permissi-
bility, suggesting that integrin α3 is critical for HEV infection. Stable expression of integrin α3 in an HEV-non-
permissive subclone provided permissibility only to infection by neHEV; expression of integrin α3 lacking the
ectodomain did not. Direct interaction between neHEV and the integrin α3 ectodomain was confirmed by co-
precipitation using a soluble integrin α3-Fc. These results strongly suggest that integrin α3 is a key molecule for
cellular attachment and entry of neHEV.

1. Introduction

Hepatitis E virus (HEV) infection is a serious public health problem,
causing waterborne outbreaks in developing countries and serving as an
emerging zoonotic disease in developed countries (Kupferschmidt,
2016; Teshale et al., 2010). There are estimated to be 20 million cases
annually, including more than 3 million patients who develop acute
hepatitis every year; the fatality rate is at least 1%, but can be up to
30% in pregnant women (Boccia et al., 2006), resulting in 50,000 he-
patitis E-related deaths annually (Lozano et al., 2012; Rein et al., 2012).
HEV causes acute and fulminant hepatitis in immunocompetent hosts
and chronic infection in immunocompromised hosts (Hoofnagle et al.,
2012; Yamada et al., 2009), while extrahepatic HEV infection recently
has been reported in neurological and obstetrical diseases (Dalton et al.,
2016; Stevens et al., 2017).

HEV belongs to the genus Hepevirus in the family Hepeviridae
(Smith et al., 2014). The HEV RNA genome is approximately 7.2 kb in
size, and includes 3 open reading frames that encode a non-structural
polyprotein, a major structural protein (capsid), and a minor structural
protein (Debing et al., 2016). HEV had previously been considered a
non-enveloped (ne) virus. However, an enveloped (e) version of HEV
was discovered in 2010 (Takahashi et al., 2010). Therefore HEV in

serum and culture supernatant is now considered to be a mixture of
eHEV and neHEV (Nagashima et al., 2017). Although neHEV-like par-
ticles produced in insect cells interact with heparan sulfate proteogly-
cans (Kalia et al., 2009), eHEV and neHEV have different characteristics
and entry mechanisms (Yin et al., 2016).

We previously showed that cells of the human hepatocarcinoma cell
line PLC/PRF/5 are a mixture of HEV-permissive and -non-permissive
cells (Shiota et al., 2015). Given that the HEV-non-permissive subclones
have HEV replication competence after transfection with the HEV RNA
genome, we speculated that these cells do not express HEV-specific
entry receptor(s) on the cell surface (Shiota et al., 2015). Based on these
insights, we performed microarray analysis to compare gene expression
profiles between HEV-permissive and -non-permissive cells. As we re-
port here, we identified integrin α3 (encoded by ITGA3) as a candidate
HEV receptor. Integrins are transmembrane proteins that localize to the
cell surface and are involved in diverse functions such as cell migration,
inflammation, and thrombus formation (Takada et al., 2007). The in-
tegrin family is composed of 18 kinds of α subunit and 8 kinds of β
subunit that together can form 24 different heterodimers. However,
integrin α3 associates only with integrin β1 subunits, yielding Very Late
Antigen 3 (VLA3), a protein that binds to fibronectin, laminin, and
collagen (Sanchez-Madrid et al., 1986; Takada et al., 1991). In the

https://doi.org/10.1016/j.virol.2019.07.025
Received 12 June 2019; Received in revised form 29 July 2019; Accepted 29 July 2019

* Corresponding author.
E-mail address: kishii@nih.go.jp (K. Ishii).

Virology 536 (2019) 119–124

Available online 30 July 2019
0042-6822/ © 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

T

http://www.sciencedirect.com/science/journal/00426822
https://www.elsevier.com/locate/virology
https://doi.org/10.1016/j.virol.2019.07.025
https://doi.org/10.1016/j.virol.2019.07.025
mailto:kishii@nih.go.jp
https://doi.org/10.1016/j.virol.2019.07.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virol.2019.07.025&domain=pdf


present study, we characterized the function of integrin α3 in HEV
infection at the cellular and molecular levels.

2. Materials and methods

2.1. Cells, viruses, infectious clones, and antibodies

PLC/PRF/5 cells (cell line number JCRB0406; lot number
01272003) were obtained from the Japanese Collection of Research
Bioresources (Osaka, Japan). PLC/PRF/5 cells were grown in
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10%
(v/v) heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin G,
and 100mg/mL streptomycin at 37 °C in a humidified 5% CO2 atmo-
sphere. HEV-permissive (4-21) and non-permissive (3-12, 3-13, 4-20,
and 4-29) subclones were described previously (Shiota et al., 2015).
HEV genotype 3 and infectious clone G3-HEV83-2-27 (AB740232.1)
were used as described previously (Shiota et al., 2013). neHEV and
eHEV were generated from the supernatant of HEV-infected cells as
reported previously (Nagashima et al., 2014). Anti-HEV polyclonal
antibody was described previously (Li et al., 1997); anti-HEV mono-
clonal antibody (clone: MAb58, mouse IgG2aκ) was raised against G3
HEV virus-like particles that had been produced in insect cells. Anti-
integrin α3 monoclonal antibody ASC-1 was purchased from BioLegend
(CA, USA). Purified mouse IgG1κ (MOPC-21) and IgG2aκ (G155-178)
isotype controls were purchased from BD Pharmingen (CA, USA).

2.2. Microarray analysis comparing gene expression between HEV-
permissive and -non-permissive subclones

Total RNA was prepared from HEV-permissive subclone 4-21 and
from non-permissive subclones 3-12, 3-13, 4-20, and 4-29 using RNeasy
mini kits (Qiagen, Hilden, Germany). The microarray analysis was
performed by Pharmafrontier (Kyoto, Japan) using a Whole Human V2
Genome Microarray kit (4× 44K) (Agilent Technologies, CA, USA). To
compare up- or downregulated-genes with Venn diagrams from 34,127
genes, ratios (non-log scaled fold-change) and Z-scores (Quackenbush,
2002) were calculated. The arithmetic mean of the intensities for gene
expression in 4-21 cells was used as a control. The criteria for the
regulated genes were as follows: ratio ≥2 and Z-score ≥2.0, upregu-
lated genes; ratio ≤0.5 and Z-score≤-2.0, downregulated genes. Heat
maps were generated using MeV software (Saeed et al., 2003). The
microarray data analysis was supported by Cell Innovator (Fukuoka,
Japan).

2.3. Flow cytometric analysis

Cells were washed with phosphate-buffered saline (PBS) and re-
suspended in flow cytometry buffer (PBS supplemented with 2% FBS).
Cells then were incubated with 5 μg/mL anti-integrin α3 monoclonal
antibody for 30min on ice; the isotype control (mouse IgG1κ) was used
as a negative control. After washing with flow cytometry buffer, cells
were incubated in a 1:1000 dilution of Alexa Fluor 488 (Invitrogen)
-conjugated anti-mouse antibody for 30min on ice. Cells then were
washed and re-suspended in flow cytometry buffer. Fluorescence sig-
nals were acquired with a FACSCalibur flow cytometer (Becton
Dickinson, CA, USA) running Cellquest ver. 6.0 software. Layout and
mean fluorescence parameters were analyzed by FlowJo ver. 9.7.7
software (Tree Star, OR, USA).

2.4. ITGA3 knockout in HEV-permissive subclone

A single-guided RNA (sgRNA) targeting Homo sapiens ITGA3 was
designed based on the ITGA3 cDNA sequence (NM_005501.2); the
sgRNA was designed and synthesized by the Takara Bio Dragon
Genomics Center (Mie, Japan). The sgRNA sequence (5′-CATGGCTAC
ACCAACCGGACTGG-3′) was inserted into an sgRNA expression

plasmid (pRGEN_Human-ITGA3_U6_SG_1). PLC/PRF/5 subclone 4-
21 cells were electroporated with pRGEN_Human-ITGA3_U6_SG_1 and
pRGEN-CAS9_EF1a. After cloning the cells, we extracted the genomic
DNA and amplified the target region by PCR for direct sequencing. We
selected clone #22 as the ITGA3 knockout strain; this clone harbors a
homozygous deletion of a guanine corresponding to nucleotide position
724 of the ITGA3 cDNA sequence (NM_005501.2).

2.5. Construction of integrin α3 and deletion mutant expression plasmids,
and establishment of stable expression cell lines

The ITGA3 cDNA (NM_005501.2) was synthesized and cloned into
pUC57 by Genscript (Tokyo, Japan); the resulting plasmid was used as a
template for PCR. The ITGA3 cDNA was amplified using the primer pair
M13 Forward (-20) (5′-GTAAAACGACGGCCAG-3′) and M13 Reverse (
5′-CAGGAAACAGCTATGAC-3′). The amplified DNA fragment was
cloned into the pEF6-V5-His TOPO plasmid (Life Technologies, CA,
USA) to generate pEF6-ITGA3. We generated pEF6-ITGA3Δ, a deletion
mutant lacking the codons for amino acids (aa) 75-813 of the integrin
α3 ectodomain (aa 1-991 in NP_005492.1), by using pEF6-ITGA3 and
restriction enzymes. The resulting plasmids were used to express in-
tegrin α3 and the deletion mutant stably in HEV-non-permissive 3-
12 cells. Stable transfectants were selected with 7.5 μg/mL blasticidin S
HCl (Invitrogen, CA, USA). The resulting 3-12ITGA3Δ cells and 3-
12emp cells, a stable cell line transfected with the empty vector, were
used without cloning.

2.6. Viral infection assay

We investigated the optimal copy number of the HEV genome for
infection by using a 10-fold dilution series to generate inocula ranging
from 107 to 102 genomes. The inoculation of 104 genome copies yielded
inconsistent infection, with only some wells exhibiting HEV replication.
Therefore, we used 105 genome copies of HEV for the infection assay to
obtain the replicable results. Confluent cells (0.5 mL per well in a 24-
well plate) were inoculated with the supernatant of HEV-infected cells
(using a volume corresponding to 1.5×106 genome copies/well),
eHEV (2.5× 105 genome copies/well), or neHEV (2.5× 105 genome
copies/well). After inoculation, cells were incubated at 25 °C for 1 h
(Tanaka et al., 2007). After incubation, viral supernatants were re-
moved completely and replaced with maintenance medium consisting
of a 1:1 (v/v) mixture of DMEM and medium 199 (Invitrogen, CA, USA)
containing 2% FBS, 30mM MgCl2, 100 U/mL of penicillin G, and
100 μg/mL streptomycin. Maintenance medium was collected and re-
placed every 3 or 4 days. To detect HEV replication, the viral genome
and antigen were quantified by real-time reverse transcription-poly-
merase chain reaction (RT-PCR) and enzyme-linked immunosorbent
assay, respectively, as previously described (Shiota et al., 2013).

2.7. Generation of the soluble integrin α3 protein

The majority of the integrin α3 ectodomain (aa 1-871) -encoding
sequence was amplified using the primer pair ITGA3FcFw (5′-TATCG
GTCCGATAAATATGGGCCCCGGCCCCAGCC-3′) and ITGA3-ect-wo-dbr
R (5′-GAACGGACCGCTGTGGGGATGATGGCCTG-3′); the resulting am-
plicon was cloned into the SanDI site of pEF6-S-IgG2a-His to generate
pEF6-ITGA3-Fc-His, which encoded the integrin α3 ectodomain fused
to the immunoglobulin Fc fragment of mouse IgG2a followed by a 6xHis
tag. To generate the expression plasmid encoding a deletion mutant
protein (pEF6-ITGA3Δ-His), the nucleotides encoding aa 75-819 of in-
tegrin α3 on pEF6-ITGA3-Fc-His were removed by mutagenesis using
the PrimeSTAR mutagenesis kit (Takara Bio, Shiga, Japan) with primer
pair pEF6-ITGA3sectPaDel-Fc-F-Mod (5′-GCGGATGATTATCAACCCTC
TCAACC-3′) and pEF6-ITGA3sectPaDel-Fc-R-Mod (5′-TTGATAATCATC
CGCTCACAGTCAT-3′).

As unrelated negative control Fc-fused proteins, the two receptors
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for enterovirus 71, P-selectin glycoprotein ligand-1 (PSGL-1)
(Nishimura et al., 2009) and scavenger receptor class B member 2
(SCARB2) (Yamayoshi et al., 2009), were produced as soluble Fc-fused
proteins using the expression plasmids pEF6-PSGL-1-Fc-His and pEF6-
SCARB2-Fc-His, respectively. Constructs were transfected into 293T
cells using Lipofectamine 2000 (Invitrogen, CA, USA). At 3 days post-
transfection, the supernatants were collected and briefly centrifuged to
remove debris. The secreted recombinant proteins were purified from
the supernatants using Dynabeads His-tag isolation (Invitrogen, CA,
USA). The various Fc-fused molecules of the expected molecular sizes
was confirmed by western blotting using an anti-Fc antibody
(Supplementary Fig. 1). The expression level of integrin α3-Fc was
much lower than that of the other Fc-fused proteins. Therefore the re-
lative expression levels of the various fusion proteins was calculated
based on the western blotting and this information was used to nor-
malize the amount of the individual Fc proteins in the co-im-
munoprecipitation assay.

2.8. Co-immunoprecipitation assay

neHEV was prepared as reported previously (Nagashima et al.,
2017), with minor modifications. Namely, the cell culture medium
containing HEV was centrifuged at 11,000×g for 30min at 4 °C to re-
move cell debris. Then the supernatant was recovered and filtered
through a 0.22-μm membrane filter for use in the co-im-
munoprecipitation assay. The production of integrin α3-Fc was much
lower than that of the other Fc fusion proteins. The relative expression
levels of the various Fc fusion proteins were estimated based on signal
strength in a western blot probed with anti-Fc antibody (Supplementary
Fig. 1), and these data were used to normalize the amounts of the fusion
proteins in the co-precipitation reactions. neHEV (1.0× 107 genome
copies per reaction) and the Fc-fused proteins were combined, and the
mixture was incubated at 4 °C for 2 h with gentle agitation. Dynabeads
Protein G (Invitrogen, CA, USA) were added to the mixture. After in-
cubation at 4 °C for 30min with gentle agitation, beads were washed
three times with immunoprecipitation buffer (20mM Tris-Cl, 135mM
NaCl, 1% Triton X-100, and 10% glycerol, pH 7.4). Beads then were
washed and resuspended in ultra-pure distilled water (Gibco, CA, USA)
and boiled for 5min in order to denature protein structures. The eluted
viral genome was quantified by real-time RT-PCR, as previously de-
scribed (Shiota et al., 2013).

3. Results

In order to identify the essential host factor(s) for HEV infection or
replication, we first used microarray analysis to compare the mRNA
expression levels of whole human genome transcripts in the HEV-per-
missive and HEV-non-permissive subclones (Fig. 1A). The gene ex-
pression patterns were not homogeneous among the four clones. To
identify a candidate for the gene encoding a host factor essential for
HEV infection, we focused on genes that encoded transmembrane
proteins, specifically screening for those with consistently lower ex-
pression levels in the four HEV-non-permissive subclones compared to
that in the HEV-permissive subclone; we paid special attention to genes
previously reported to encode functional receptors for other viruses. As
a result, we identified integrin α3, a protein that is encoded by ITGA3
gene and is a functional receptor for Kaposi's sarcoma-associated her-
pesvirus (Akula et al., 2002). ITGA3, but no other members of the in-
tegrin gene family, showed lower expression in all four of the HEV-non-
permissive cells (Fig. 1B). Additionally, integrin α3 protein expression
on the cell surface was lower in HEV-non-permissive subclones than in
the HEV-permissive subclone (Fig. 1C).

We analyzed the involvement of integrin α3 in HEV infection. Cells
of the HEV-non-permissive subclone 3-12 were transfected with pEF6-
ITGA3 and transfectants were selected using 7.5 μg/mL blasticidin. The
resulting cells (designated 3-12ITGA3) then were used for the

experiments without cloning. 3-12ITGA3 cells showed strong expres-
sion of integrin α3 (Fig. 2A). Additionally, 3-12ITGA3 cells secreted
particles containing the HEV RNA genome as assessed at 1.5 months
post-infection, while cells of the parental 3-12 subclone did not
(Fig. 2B).

We confirmed the importance of integrin α3 in HEV infection by
generating ITGA3-knockout PLC/PRF/5 cells. Specifically, starting from
the HEV-permissive subclone (4-21 cells), we established ITGA3
homozygous knockout cells (designated line #22) that lacked protein
expression of integrin α3 (Fig. 3A). As expected, #22 cells lacked HEV
permissibility, resembling the 3-12 cells (Fig. 3B). Taken together, these
results indicated that high-level integrin α3 expression is critical for
HEV infection.

Next, we examined the distinct involvement of integrin α3 in in-
fection by eHEV and neHEV. Starting from the primary 3-12ITGA3
transfectant, we established a 3-12ITGA3 clone that exhibited stable
high-level exogenous expression of integrin α3 (Fig. 4A). We also es-
tablished another 3-12-derived line, which we designated 3-12ITGA3Δ,
that expressed integrin α3 lacking the majority of its extracellular do-
main (Fig. 4A). Interestingly, 4-21 was permissive only for neHEV
(Fig. 4B), suggesting a specific role of the ectodomain in permitting
infection by neHEV present in the supernatant (Figs. 2B–3B). In contrast
to the parental 3-12 subclone, 3-12ITGA3 cells, but not 3-12ITGA3Δ
cells, exhibited permissibility for infection by neHEV (Fig. 4B).

To investigate the direct interaction between integrin α3 and
neHEV, we generated a soluble form of integrin α3 by fusing ITGA3
sequences to those encoding an Fc fragment. We then used the resulting
integrin α3-Fc protein in a co-precipitation assay (Fig. 4C). Integrin α3-
Fc co-precipitated with neHEV, demonstrating a specificity for HEV
similar to that seen with the MAb58 anti-HEV antibody. neHEV was not
co-precipitated with the negative control fusion proteins (either the
protein encoded by a deletion mutant lacking the ectodomain, or the
integrin-unrelated proteins PSGL-1 and SCARB2) or an isotype control
(Fig. 4D). These results indicated that the ectodomain of integrin α3
specifically interacts with neHEV.

4. Discussion

We identified integrin α3 as a host factor essential for infection by
neHEV. Based on microarray analysis, we focused on integrin α3, a
protein that was previously reported to serve as a functional receptor
for Kaposi's sarcoma-associated herpesvirus (Akula et al., 2002). We
confirmed the direct interaction between integrin α3 and neHEV
(Fig. 4D). The strength of the direct interaction was similar to that of
anti-HEV antibody for HEV. This insight implied that integrin α3 is a
functional receptor for neHEV.

Integrin α3 was expressed not only on HEV-permissive cells but also
on HEV-non-permissive cells, although the level of expression in the
latter was lower than that in the former. Notably, 3-12, a subclone that
is non-permissive, acquired HEV permissibility when endowed with
exogenous expression of integrin α3, suggesting that comparatively
strong expression of integrin α3 is needed to provide permissibility for
HEV infection. The expression level of integrin α3 in 4-21 (Fig. 1C) and
3-12ITGA3 (Figs. 2A–4A) was comparatively stronger, exhibiting al-
most 10-fold higher fluorescence intensity than that observed by flow
cytometric analysis in the non-permissive subclones (Fig. 1C). Thus,
permissibility for HEV infection appears to be conferred by strong ex-
pression of integrin α3. Interestingly, integrin α3 promoted infection by
neHEV, but not that by eHEV (Fig. 4B). eHEV presumably uses an as-yet
unknown strategy to infect cells and escape from neutralizing anti-
bodies targeting the HEV capsid (Takahashi et al., 2010; Yin et al.,
2016). The antibodies targeting the capsid would neutralize the infec-
tion only for neHEV (Nagashima et al., 2017), suggesting that the
capsid protein of neHEV, not that of the enveloped one, interacts with
integrin α3 to facilitate entry into the cell. eHEV presumably uses an
unidentified receptor(s) other than integrin α3 to infect hepatocytes.
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Although we examined a series of commercially available monoclonal
and polyclonal anti-integrin α3 antibodies, none of them inhibited in-
fection of 4-21 cells by neHEV (data not shown). This lack of inhibition
might be due to the low antigenicity of the HEV-interacting region of
human integrin α3. Establishment of an anti-integrin α3 antibody
capable of inhibiting the interaction between neHEV and integrin α3
would enable confirmation of their specific interaction and the in-
volvement of integrin α3 in the cellular entry of neHEV.

Members of the integrin family are extracellular matrix receptors
with diverse functions. Integrin α3β1 acts as a receptor for laminin, the
major component of the basement membrane in epithelial cells, and
mediates the cell migration of neuronal and tumor cells (Campbell and
Humphries, 2011). Integrin α3 is broadly expressed in the human body
(de Melker et al., 1997), including tissues known to correspond to in
vivo sites of HEV replication. Integrin α3-dependent infection by neHEV
might not play a major role in the hepatic infection and pathology,

Fig. 1. Global and integrin-encoding gene ex-
pression and integrin α3 protein expression in
HEV-permissive and non-permissive subclones of
the PLC/PRF/5 cell line. (A) Global gene expres-
sion. A hierarchical clustering image, which shows
human genome transcripts from 34,127 genes, re-
vealed differences between the HEV-permissive sub-
clone (4-21) and the non-permissive subclones (3-12,
3-13, 4-20, 4-29). Blue and red indicate lower and
higher expression (respectively) of genes when com-
pared to 4-21. (B) Expression of genes encoding
members of the integrin family. mRNA expression of
the genes encoding integrin α (ITGA) and integrin β
(ITGB) was compared between permissive (4-21) and
non-permissive subclones, as assessed by global gene
expression analyses using microarrays. ITGA6 is
listed twice because the same gene is detected via
two separate oligonucleotides within the microarray.
(C) Cell surface expression of integrin α3 by flow
cytometry. Blue and red lines indicate isotype control
and anti-integrin α3 antibody staining, respectively.
Values in the panel indicate percentage of strongly
integrin α3-positive cells.

Fig. 2. Enhanced integrin α3 expression confers
permissibility for infection by HEV. (A) Integrin
α3 expression on non-permissive 3-12 cells and on
crude 3-12ITGA3 cells (3-12 cells stably expressing
exogenous integrin α3; these transfectants were
tested without cloning). Blue and red lines indicate
isotype control and anti-integrin α3 antibody
staining, respectively. (B) Rescue of HEV replication
in non-permissive cells by exogenous expression of
integrin α3. 3-12ITGA3 cells secreted the viral
genome at 1.5 months post-inoculation with HEV
supernatant. Experiments were performed in dupli-
cate; standard deviations are shown as error bars. ND
means not detected (under the detection limit).
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given the low expression of integrin α3 in normal hepatocytes (de
Melker et al., 1997; Volpes et al., 1991, 1993). Thus, eHEV might play
the dominant role in hepatic pathological change. Studies in animal
models have shown that HEV replicates not only in liver, but also in the
small intestine, colon, lymph nodes, kidney, spleen, stomach, placenta,
and central nervous system (Debing et al., 2016; Pischke et al., 2016;
Wang et al., 2019); therefore, integrin α3 might be involved primarily

in non-hepatic infection. Indeed, it has been reported that orally in-
gested HEV may infect integrin α3-expressing cells in the small intes-
tine (Beaulieu, 1992; Choy et al., 1990). Additionally, HEV may cross
into blood vessels via activated lymphocytes expressing integrin α3
(Shimizu and Shaw, 1991). Considered together with the results of the
present study, these observations suggest that integrin α3 could be in-
volved in hepatic and extrahepatic hepatitis E pathology.

We have shown that integrin α3 is an essential host factor for in-
fection by neHEV. Knowledge regarding integrin α3 and its role in HEV
interaction is expected to yield new strategies for specific treatment and
prevention of HEV infection. Further investigation of the mechanism of
eHEV infection and identification of the responsible receptor will be
needed to provide a comprehensive understanding of HEV pathogen-
esis. Nonetheless, identification of integrin α3 as an essential host factor
for infection by neHEV is expected to catalyze our understanding of the
HEV life cycle, leading to fundamental solutions for HEV treatment.
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Fig. 3. ITGA3 knockout in 4-21 abolishes permissibility for HEV infection.
(A) Integrin α3 expression analyzed by flow cytometry. Both copies of the
ITGA3 gene in HEV-permissive clone 4-21 were mutated, yielding homozygous
knockout clone #22. Blue and red lines indicate isotype control and anti-in-
tegrin α3 antibody staining, respectively. (B) ITGA3 homozygous knockout
effect on HEV infection. #22 showed non-permissibility to HEV at 1.5 months
post-inoculation with HEV supernatant (same time point as that used in
Fig. 2B). 3-12 is an HEV-non-permissive cell line. Experiments were performed
in duplicate in parallel with the experiments in Fig. 2B. Therefore, the same
values for HEV RNA copy numbers are plotted in Figs. 2B–3B. Standard de-
viations are shown as error bars. ND means not detected (under the detection
limit).

Fig. 4. The extracellular domain of in-
tegrin α3 is involved in non-enveloped
HEV-specific permissibility and interac-
tion. (A) Flow cytometric analysis of in-
tegrin α3 expression on cells established
from HEV-non-permissive cell line 3-12.
Cloned 3-12ITGA3, 3-12ITGA3Δ, and 3-
12emp are stable cell lines transfected with
expression vectors harboring ITGA3, har-
boring a mutated ITGA3 lacking sequences
encoding the ectodomain, or lacking an in-
sert (i.e., empty vector), respectively. 3-
12ITGA3 strongly expressed integrin α3.
Blue and red lines indicate isotype control
and anti-integrin α3 antibody staining, re-
spectively. (B) Replication of enveloped (e)
and non-enveloped (ne) HEV. The stable cell
lines were infected with eHEV or neHEV. 4-
21 had permissibility only for infection by
neHEV. Exogenous expression of full-length
integrin α3 in 3-12 (yielding clone 3-
12ITGA3) endowed the subclone with
neHEV-specific permissibility. Exogenous
expression of integrin α3 with a substantial
deletion of the extracellular domain in 3-12
(yielding clone 3-12ITGA3Δ) did not confer
neHEV permissibility. HEV RNA copies at
approximately 3 weeks post-infection are
shown. ND means not detected (under the
detection limit). (C) Schematic representa-
tion of the integrin α3-Fc binding assay.

neHEV bound to integrin α3-Fc was precipitated by Dynabeads Protein G and magnetic force. After washing, the precipitated neHEV particles were quantified by
real-time RT-PCR. (D) Detection of neHEV co-precipitated with integrin α3-Fc. The secreted Fc-fusion forms of integrin α3, integrin α3Δ, PSGL-1, and SCARB2 were
used for co-precipitation assays. The amounts of fusion proteins were normalized based on relative expression levels determined by western blotting using an anti-Fc
antibody. An anti-HEV monoclonal antibody (MAb58) and an IgG2aκ isotype control were used as positive and negative controls, respectively. Experiments were
performed in duplicate (B) and triplicate (D); standard deviations are shown as error bars.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.virol.2019.07.025.
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