Virology 531 (2019) 93-99

journal homepage: www.elsevier.com/locate/virology

Contents lists available at ScienceDirect

Virology

Claudin-1 inhibits human parainfluenza virus type 2 dissemination R

Natsuko Yumine”, Yusuke Matsumoto®, Keisuke Ohta®, Masayoshi Fukasawa”, Machiko Nishio™*

Check for
updates

& Department of Microbiology, School of Medicine, Wakayama Medical University, Wakayama, Japan
b Department of Biochemistry and Cell Biology, National Institute of Infectious Diseases, Tokyo, Japan

ARTICLE INFO ABSTRACT

Keywords:

Tight junctions

Claudin-1

Human parainfluenza virus type 2
Cell-to-cell spread

V protein

Tight junctions enable epithelial cells to form physical barriers that act as an innate immune defense against
respiratory infection. However, the involvement of tight junction molecules in paramyxovirus infections, which
include various respiratory pathogens, has not been examined in detail. Human parainfluenza virus type 2
(hPIV2) infects airway epithelial cells and causes respiratory illness. In the present study, we found that hPIV2
infection of cultured cells induces expression of claudin-1 (CLDN1), an essential component of tight junctions.
This induction seemed to be intrinsically restricted by V, an accessory protein that modulates various host

responses, to enable efficient virus propagation. By generating CLDN1 over-expressing and knockout cell lines,
we showed that CLDN1 is involved in the restriction of hPIV2 spread via cell-to-cell contact. Taken together, we
identified CLDN1 an inhibitory factor for hPIV2 dissemination, and that its V protein acts to counter this.

1. Introduction

Human parainfluenza virus type 2 (hPIV2) is a respiratory pathogen
that causes croup and bronchiolitis in infants and young children (Hall,
2001; Henrickson, 2003). hPIV2 belongs to the genus Rubulavirus in the
family Paramyxoviridae (Lamb and Parks, 2013). Viruses belonging to
this family include other important human respiratory pathogens, such
as hPIV1, hPIV3, hPIV4 and measles virus (MeV). The hPIV2 genome
consists of a single negative-strand RNA that encodes 7 viral proteins
from 6 genes; the nucleocapsid (NP), phospho- (P), V, matrix (M), he-
magglutinin-neuraminidase (HN), fusion (F) and large (L) proteins. NP,
P and L proteins, as well as genome RNA, form the ribonucleoprotein
complex that is responsible for transcription and replication. P protein
and V protein are both produced from the P gene that contains a gene
editing signal. These two proteins share an N-terminal domain, but
have distinct C-terminal domains due to mRNA editing (Kolakofsky
et al., 2005; Ohgimoto et al., 1990). In contrast to P protein that is an
essential component for viral polymerase, V protein works as an ac-
cessory factor to facilitate viral growth efficiency by associating with
various host proteins. V protein interacts with multiple intracellular
sensor molecules and signal transduction proteins; melanoma differ-
entiation-associated protein 5 (MDA-5), laboratory of genetics and
physiology 2 (LGP2), tumor necrosis factor receptor-associated factor 6
(TRAF6) and signal transducer and activator of transcriptions (STATs)
to prevent the interferon (IFN)-mediated antiviral response (Andrejeva
et al., 2004; Childs et al., 2012; Kitagawa et al., 2013; Nishio et al.,
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2001, 2005). Moreover, it interacts with ALG-2 interacting protein 1/
ALG2-interacting protein X (AIP1/Alix), a membrane protein required
for the budding of progeny virions (Nishio et al., 2007). V protein also
interacts with and antagonizes tetherin, an antiviral membrane protein
prevents the release of enveloped viruses from the cell surface (Ohta
et al., 2015). These interactions are mediated via the C-terminal V-
specific region, which include unique motifs containing seven Cys, and
three Trp residues.

Tight junctions form an intercellular barrier between epithelial
cells, and act as an innate immune mechanism that can impede in-
vading pathogens. The compartmentalization between apical and ba-
solateral membrane domains of epithelial cells maintains cell polarity,
and tight junctions have also been implicated in signal transduction and
regulation of paracellular permeability (Colpitts and Baumert, 2016;
Mineta et al., 2011). Tight junctions are formed by various integral
membrane proteins, including occludin, junctional adhesion molecules
(JAMs) and the claudin family (Furuse et al., 1993, 1998; Martin-
Padura et al., 1998; Bazzoni, 2003). The claudin family consists of at
least 27 members. They have four transmembrane domains and two
extracellular loops, and are solely responsible for forming tight junction
strands (Furuse et al., 1998; Kojima et al., 2013).

Claudin family proteins have been implicated in the infection of
several human pathogens. Claudin-1 (CLDN1) plays a critical role in the
entry process of hepatitis C virus (HCV). The envelope glycoprotein of
HCV interacts with CLDN1 that acts as a co-receptor (Evans et al.,
2007), and CLDN1 is involved in both cell-free and cell-to-cell
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transmission of HCV (Brimacombe et al., 2011). Moreover, CLDN6 and
CLDN9 function as a co-receptor for HCV in a virus genotype—depen-
dent manner (Meertens et al., 2008; Haid et al., 2014; Zheng et al.,
2007). CLDN1 was shown to be involved in dengue virus (DENV) entry
(Che et al., 2013; Gao et al., 2010). It has been proposed that DENV prM
protein binds to CLDN1, and CLDN1 knockout and knockdown inhibit
DENV infection in hepatoma cells. However, the involvement of tight
junction molecules and respiratory viruses, many of which are para-
myxoviruses, has not been investigated in detail. In the present study,
we examine the correlation between hPIV2 infection and CLDNI.

2. Materials and methods
2.1. Cells, antibodies and virus

Vero cells were cultured in Eagle's minimum essential medium
(MEM) supplemented with 10% FCS. A549 and MDCK cells were cul-
tured in Dulbecco's modified Eagle's MEM (DMEM) supplemented with
10% FCS. All cells were maintained in a humidified incubator at 37 °C
with 5% CO,. Anti-CLDN1 rabbit polyclonal antibody and anti-actin
mAb were purchased from Abcam (Cambridge, United Kingdom) and
Santa Cruz (Dallas, TX), respectively. Anti-hPIV2 P/V protein (315-1)
mADb was as described previously (Nishio et al., 1997). hPIV2 (Toshiba
strain) and recombinant hPIV2 (rPIV2) V¢i93,197a that possesses point
mutations in V gene were as previously described (Nishio et al., 2005).

2.2. Quantitative real-time reverse transcription-PCR

CLDN1, Zonula occludens-1 (ZO-1), ZO-2 and Occludin mRNA ex-
pression was measured by quantitative real-time reverse transcription-
PCR (qRT-PCR). Total RNAs were isolated from virus-infected cells
using ISOGEN (Nippon Gene, Tokyo, Japan) according to the manu-
facturer's instructions. cDNA synthesis was carried out by using a
PrimeScript RT reagent kit (Takara, Shiga, Japan) with oligo-dT primer.
qRT-PCR was performed by using SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad, Hercules, CA). Expression of the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA was used as an internal
control. The primers were as follows; CLDN1 (F: 5"-AAAGTCTTTGACT
CCTTGCTGAATC-3’, R: 5-GGTGTTGGGTAAGAGGTTGTTTTTC-3), ZO-
1 (F: 5-GGGACAACAGCATCCTTCCA-3’, R: 5-ATCACAGTGTGGTAAG
CGCA-3"), ZO-2 (F: 5-TGAAGACACGGACGGTGAAG-3’, R: 5-GGGCTG
GGTTTCCTTATGCT-3’), Occludin (F: 5-CAGGCCTCTTGAAAGTCC
ACC-3’, R: 5-AGGCTGGCTGAGAGAGCATT-3"), GAPDH (F: 5-GAAGG
TCGGAGTCAACGGATTT-3’, R: 5-ATCTTGAGGCTGTTGTCATACT
TCT-3).

2.3. Western blot analyses

Cells were lysed in a lysis buffer (150 mM NaCl, 50 mM Tris-HCI
[pH 7.5], 0.6% NP-40), and they were subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis. Electrophoretic transfer
from gels onto nitrocellulose membrane was carried out. The mem-
branes were blocked with 5% skim milk in PBS, treated with primary
antibody, and washed with PBS including 0.2% Tween20 (PBS-T). The
membranes treated with peroxidase-labeled horse anti-mouse IgG or
peroxidase-labeled goat anti-rabbit IgG (Vector Laboratories,
Burlingame, CA), and washed with PBS-T. Signals were visualizes by
using ImmunoCruz Western Blotting Luminol Reagent (Santa Cruz)
according to the manufacturer's instructions.

2.4. Plasmid construction

Human CLDN1 expressing plasmid (pcDNA-CLDN1) was generated
by inserting a cDNA clone of the claudin-1 gene into plasmid pcDNA
3.1(+) (Invitrogen, Carlsbad, CA). To establish CLDN1 knockout (KO)
MDCK cell line, GeneArt CRISPR Nuclease Vector (Thermo Fisher
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Scientific, Waltham, MA) was used according to the manufacturer's
instruction with some modifications. To allow the antibiotic selection, a
hygromycin-resistant gene was inserted into the vector. The target se-
quence of canine CLDN1 is 5’-caccgcaacgcggggctgeageteetgg-3’. hPIV2
V was cloned into the mammalian expression vector pEBS-PL, to gen-
erate pEBS-V, as described previously (Nishio et al., 2005).

2.5. Establishment of cell lines constitutively over-express CLDN1 and V
proteins

A549 cells were transfected with pcDNA-CLDN1 using XtremeGENE
HP (Roche, Basel, Switzerland) according to the manufacturer's proto-
cols. At two days post transfection, cells were transferred to 12-well
plates, and cultured in DMEM containing 10% FCS and 100 pg/ml
hygromycin B (Invitrogen). Cells were cultured for 2-4 weeks and hy-
gromycin-resistant colonies were isolated. A549 cells were transfected
with pEBS-V plasmids using XtremeGENE HP. At two days post trans-
fection, the cells were transferred to 12-well plates and cultured in
DMEM containing 10% FCS and 100 pg/ml hygromycin B. Cells were
cultured for 2-4 weeks and hygromycin-resistant colonies were iso-
lated. Overexpression of CLDN1 was confirmed by western blot analysis
using specific antibody against CLDN1.

2.6. Generation of CLDN1 knockout MDCK cell line

MDCK cells were transfected with GeneArt CRISPR Nuclease Vector
targeting canine CLDN1 using Lipofectamin 3000 (Invitrogen) ac-
cording to the manufacturer's protocols. At two days post transfection,
the cells were transferred to 12-well plate and cultured DMEM con-
taining 10% FCS and 100 pug/ml hygromycin B. The cells were cultured
for 2-4 weeks and hygromycin-resistant colonies were isolated.
Knockout of CLDN1 was confirmed by western blot analysis using a
specific antibody against CLDN1.

2.7. Virus titration

Virus titers were measured by a plaque assay using Vero cells as
described previously, with a little modification (Nishio et al., 2005,
2007). Briefly, 300 pl of serial 10-fold dilution of the virus solutions in
MEM without FCS was added to each well of a 12-well plate with Vero
cells. After 1h of adsorption, virus solutions were removed and MEM
containing 2% FCS and 1% SeaKem ME agarose (FMC BioProducts,
Philadelphia, PA) was added. At 4-5 days post infection, the cells were
stained with 0.1% neutral red and the plaques were counted.

2.8. Immunofluorescence analysis (IFA) to examine cell-to-cell spread of
hPIV2

Cells cultured at UV sterilized cover glass in 6-well plates were in-
oculated with hPIV2 at a multiplicity of infection (MOI) of 0.01. After
1 h of adsorption, virus solutions were removed and MEM containing
2% FCS and 1% SeaKem ME agarose was added. At 24 and 36 h post
infection, the cells were fixed with 4% paraformaldehyde at room
temperature and rinsed with PBS. The cells were permeabilized with
PBS containing 0.2% (w/v) TritonX-100 and washed with PBS. The cells
were incubated with anti-hPIV2 P/V mAb. The secondary antibody
reaction was performed with AlexaFluor 488 goat anti-mouse IgG
(Invitrogen). After washing the cells with PBS, cells were observed
under a fluorescence microscope.

3. Results
3.1. Induction of CLDN1 expression in hPIV2 infected cells

To gain insight into the involvement of tight junction molecules in
viral infection, we examined the mRNA expression of CLDN1, ZO-1, ZO-
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Fig. 1. Induction of CLDN1 in hPIV2-infected A549
cells. (A) A549 cells were infected with hPIV2 wt or rPIV2

6 1 Vci93/107a at an MOI of 0.01 for 48h. Expressions of
0O mock %\@v CLDN1, ZO-1, ZO-2 and Occludin mRNA were measured
5 1 H hPIV2 wt RN by gRT-PCR, and relative values are shown (mock=1).
& \Qq’ \A(L Data represent means and standard deviations of triplicate
% 4 4 [ rPIV2 Vcig3/1974 6\0 .(‘\2 \Q experiments. (B) A549 cells were infected with hPIV2 wt
§ /I;I\ E CLDN1 or rPIV2 V93,1074 at an MOI of 0.01 for 48 h. The cell
Q $ 31 lysates were subjected to western blot analysis using the
2 g <P indicated antibodies. Expression of actin in cell lysates was

E) =~ 2 used as a loading control.

<V
1
] ’ 7
CLDN1  ZOA1 Z0-2 Occludin

2 and Occludin in hPIV2 infected cells. A polarized cell line, A549 cells
(Bose et al., 2001) were infected with hPIV2 wt at an MOI of 0.01.
Relative mRNA expressions were measured by qRT-PCR using specific
primers. Among four genes, CLDN1 mRNA expression was specifically
up-regulated by approximately two-fold in hPIV2 wt infection (Fig. 1A).

We next examined the contribution of V protein for the up-regula-
tion of cellular gene expression. Paramyxovirus V proteins are com-
posed of the N-terminal half of the P protein and a unique C-terminal
region. hPIV2 V protein influences viral growth efficiency, and the C
terminus of the V protein-specific region contains functionally im-
portant groups of Cys (zinc finger) and Trp residues (Nishio et al., 2001,
2007). We previously generated rPIV2 Vcig3,1974, Which expresses a
mutant V protein that no longer antagonize multiple antiviral host
proteins (Nishio et al., 2005). We hypothesized that the functional V
affects the induction of tight junction molecules during viral infection
to obtain an ideal condition for virus propagation. The relative mRNA
expressions of tight junction molecules in A549 cells infected with
rPIV2 V¢i93/197a Were compared with those with hPIV2 wt. Although
expressions of mRNA coding for ZO-1, ZO-2 and Occludin did not ex-
hibit clear changes, the up-regulation of CLDN1 mRNA expression was
enhanced in the case of rPIV2 V93,1974 infection by approximately
four-fold higher than that of mock (Fig. 1A). Remarkable induction of
CLDN1 protein expression was observed in rPIV2 V¢i93/,1974 infected
A549 cells by western blot analysis. (Fig. 1B).

We further examined the mRNA expressions of CLDN 3, 4 and 7, all
of which express in human respiratory tract (Coyne et al., 2003) in
A549 cells infected with hPIV2 wt, rPIV2 V1931974 and mock by qRT-
PCR, and found that CLDN1 is the only factor that was specifically in-
duced by viral infection (data not shown).

3.2. CLDN1 inhibits hPIV2 growth

To investigate the effects of CLDN1 on hPIV2 growth, A549 cell
lines stably over-expressing CLDN1 (A549/CLDN1), as well as their
control cell lines (A549/ctrl), were generated (Fig. 2A). hPIV2 wt was
inoculated into these cells at an MOI of 0.1 for 48 h. Virus titers and
viral protein expression were measured by a plaque assay and western
blot analysis, respectively. We observed that hPIV2 wt growth and
protein expression were decreased to approximately one third in the
presence of excessive amount of CLDN1 (Fig. 2A). The similar result
was observed at an MOI of 2 for 48 h (data not shown).

MDCK cells endogenously express CLDN1 protein abundantly
(Fig. 2B). We generated a CLDN1 knockout MDCK cell line (MDCK/
CLDN1-KO) and its control (MDCK/ctrl) by using a clustered regularly
interspaced short palindromic repeats (CRISPR) and CRISPR-associated
protein (CRISPR/Cas9) system. These cells were infected with hPIV2 wt
at an MOI of 0.1 for 48 h, and virus titers and viral protein expression
were measured. Depletion of CLDN1 elicited an approximately ten-fold
enhancement of hPIV2 growth and protein expression (Fig. 2B). We
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next attempted to confirm these results using MDCK cells cultured on
filters that exhibit both apical and basolateral surfaces. Release of
hPIV2 from the apical surface was approximately ten-fold higher in
MDCK/CLDN1-KO cells than that in MDCK/ctrl cells at an MOI of 0.1
(Fig. 2C). The similar result was observed at an MOI of 2 (data not
shown). Thus, we confirmed that hPIV2 growth is inhibited in the
presence of CLDN1.

3.3. CLDN1 inhibits cell-to-cell spread of hPIV2

We hypothesized that CLDN1 is involved in the spread of hPIV2 via
cell-to-cell contact. A549/ctrl and /CLDN1 were inoculated with hPIV2
wt at a low MOI (0.01), and 1% agarose was added to the culture
medium to prevent the spread of released virions, but allowing cell-to-
cell spread. Virus dissemination was examined by IFA using P/V mAb.
hPIV2-infected A549/ctrl cells were observed as foci consisting of
multiple cells at 24h, they subsequently widely expanded at 36h
(Fig. 3A). In contrast, viral foci were rarely observed in A549/CLDN1 at
24 h. Although they expanded at 36 h, the size was smaller than those
observed in A549/ctrl. Similar experiments were performed using
MDCK/ctrl and /CLDN1-KO cells (Fig. 3B). The viral foci observed in
MDCK/ctrl cells, which abundantly express endogenous CLDN1, were
very small at 24 and 36 h. However, those in MDCK/CLDN1-KO cells
were larger, especially at 36 h (Fig. 3B). Next, the cell numbers within
the viral foci observed in these cell lines were counted, when the most
remarkable difference was seen (24 h for A549 cells, and 36 h for MDCK
cells). Cell numbers within the viral foci in A549/CLDNT1 cells (1.95 on
average) were clearly fewer than those in A549/ctrl cells (6.35 on
average) (Fig. 3C). Moreover, those in MDCK/ctrl (1.98 on average)
were fewer than those in MDCK/CLDN1-KO (6.98 on average)
(Fig. 3D). These results demonstrated that the cell-to-cell spread of
hPIV2 is inhibited in the presence of CLDN1.

3.4. Effect of V protein for induction of CLDN1 expression in infected cells

hPIV2 wt infection induced CLDN1 expression, and rPIV2 V mutant
infection facilitated the induction, indicating that V protein acts to re-
press CLDN1 expression. To evaluate this, we created A549 cells that
stably express hPIV2 V protein (A549/V), and their control (A549/ctrl)
(Fig. 4A, mock). CLDN1 expression was not affected by the stable ex-
pression of hPIV2 V. hPIV2 wt and rPIV2 V¢i93,1974 Were used to infect
A549/ctr]l and A549/V. CLDN1 mRNA and protein expressions were
measured by qRT-PCR and western blot analysis, respectively. hPIV2 wt
infection induced CLDN1 mRNA expression both in A549/ctrl and /V,
whereas rPIV2 Vcy93/1974 infection did not induce CLDN1 mRNA ex-
pression in A549/V as strongly compared to A549/ctrl (Fig. 4B). CLDN1
protein expression was remarkable in rPIV2 V93,1974 infected A549/
ctrl cells, but not in that infected A549/V cells (Fig. 4A). These data
suggest that V protein reduces CLDN1 expression during viral infection.
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4. Discussion

Tight junctions enable epithelial cells to form physical barriers that
help to defend against infection. In the present study, we observed an
increase of CLDN1 mRNA and protein expression levels during infection
of hPIV2 wt, and infection with hPIV2 expressing dysfunctional V
proteins caused further enhanced induction of CLDN1 (Fig. 1). We fo-
cused on this induction of CLDN1, and examined its role in hPIV2
propagation. Although tight junctions were thought of as a host de-
fense, their implication for respiratory viral infection has not been ex-
amined in depth, and direct evidence that tight junction molecules af-
fect viral growth was insufficient (Colpitts and Baumert, 2016). We
showed that hPIV2 growth was reduced in a A549 cell line over-ex-
pressing CLDN1 (Fig. 2A). Moreover, by using a CRISPR/Cas9 based
strategy to knockout the CLDN1, we demonstrated that hPIV2 release
from apical surface was enhanced in the absence of CLDN1 (Fig. 2B, C).
These results support the importance of CLDN1 in constructing a barrier
against viral growth. CLDN1 expresses in epithelial cells of human re-
spiratory tract (Coyne et al., 2003), which could be effective for hPIV2
that infects airway epithelial cells and causes respiratory illness (Hall,
2001; Henrickson, 2003).

Tight junctions are thought to act as a physical barrier between
apical and basolateral membrane domains of polarized epithelial cells,
which restrict pathogens to a cellular compartment. An additional
property that inhibits cell-to-cell spread of viruses has been suggested.
Human immunodeficiency virus type 1 (HIV-1) protein expression
disrupts oral epithelial tight junctions, leading to the facilitation of cell-
to-cell spread of herpes simplex virus (Sufiawati and Tugizov, 2014).
We hypothesized that the involvement of tight junctions in inhibiting
viral cell-to-cell spread broadly applies to many viruses, and examined
this for hPIV2. Using CLDN1 over-expressing and -KO cell lines, we
found that hPIV2 cell-to-cell spread is inhibited in the presence of
CLDN1, and improved in its absence (Fig. 3). Our results suggest that a
property of tight junctions is to restrict infection of various viruses via
cell-to-cell contact at least, and CLDN1 alone could be sufficient for this
inhibition. It is currently unclear how the tight junction proteins are
involved in the inhibition of cell-to-cell spread of hPIV2 and other
paramyxoviruses. It is broadly known that hPIV2 spread is facilitated by
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Fig. 2. Effect of CLDN1 over expres-
sion and knockout on hPIV2 growth.
(A) A549/CLDN1 and its control cells
were infected with hPIV2 wt at an MOI
of 0.1 for 48h. (B) MDCK/CLDN1-KO
and the control cells (MDCK/ctrl) were
infected with hPIV2 at an MOI of 0.1
for 48 h. (C) MDCK cells were grown on
the filter, and infected with hPIV2 via
the apical surface at an MOI of 0.1 for
48 h. Samples were collected from both
apical and basolateral sides. Virus titers
were measured by a plaque assay. Data
represent means and standard devia-
tions of triplicate  experiments.
Significance is indicated as p < 0.05
(*). The cell lysates were subjected to
western blot analysis.

formation of cell fusion caused by the cooperation of viral F and HN
proteins expressed on the infected cell surface (Ah-Tye et al., 1999;
Tsurudome et al., 2008), which may contribute to a direct transmission
of virus particle or replication machinery to neighboring cells. PIV5,
Sendai virus and MeV can infect polarized epithelial cells and form cell
fusions or intracellular membrane pores that contribute to the rapid
spread of these viruses (Villenave et al., 2010; Zhang et al., 2011; Singh
et al.,, 2015). The presence or absence of CLDN1 (and other tight
junction-related proteins) would alter the environment of intercellular
connection, and may influence the efficiency of the cell-to-cell spread of
paramyxoviruses. In addition to the cell-to-cell spread via direct con-
tact, these viruses are disseminated from a cell to adjacent cells as re-
leased viral particles. The involvement of tight junction molecules in
this type of virus dissemination is also an important issue in complete
elucidation of the mechanism of cell-to-cell spread of these viruses.
Viruses have evolved to counter the antiviral effect of tight junc-
tions. As mentioned above, HIV-1 protein degrades tight junction mo-
lecules (Sufiawati and Tugizov, 2014). West Nile virus (WNV) and Ja-
panese encephalitis virus (JEV) are mosquito-borne viruses. Following
mosquito transmission, these viruses cross several polarized cell layers.
The WNV capsid protein induced the degradation of CLDN1, CLDN2,
CLDN3 and CLDN4 in various cultured cells (Medigeshi et al., 2009).
JEV infection also caused degradation of CLDN1 in endothelial and
epithelial cells (Agrawal et al., 2013). These observations suggest that
mosquito-borne viruses establish their infection in their vertebrate
hosts by degrading tight junction molecules to disrupt the epithelial
barriers. Additionally, the destruction of tight junctions is also im-
plicated in the enhancement of virus-mediated nervous pathogenesis. In
the present study, we propose that this destruction of tight junctions
during viral infection contributes not only to the virus entry and tissue
damage, but also to the enhanced dissemination of viruses whose cell-
to-cell spread should be intrinsically restricted by tight junctions.
When compared with HIV-1, WNV and DENV, hPIV2 infection does
not employ an active strategy to degrade tight junction molecules. V
protein appears to counter the tight junction-mediated antiviral re-
sponse. Interestingly, rPIV2 Vcj93,1974 infection caused further en-
hanced CLDN1 expression compared with hPIV2 wt infection (Fig. 1).
In V-expressing A549 cells, intrinsic induction of CLDN1 caused by
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Fig. 3. Effect of CLDN1 for the spread of hPIV2 via cell-to-cell contact. (A and B) A549/CLDN1 and MDCK/CLDN1-KO or their control cells were infected with
hPIV2 wt at an MOI of 0.01 for 24 and 36 h, and stained with anti-P/V mAb (green). Nuclei were stained with 4’, 6’-diamidino-2-phenylindole (DAPI; blue). Scale bars
correspond to 100 um. (C and D) The cell numbers of hPIV2 infected foci were counted, and those of total sixty foci per each cell line are shown. Results of A549 cells
at 24 h (C), and those of MDCK cells at 36 h (D) are shown. Significance is indicated as p < 0.05 (*).
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Fig. 4. Induction of CLDN1 in the hPIV2
infected A549 cells expressing V protein.
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rPIV2 V193,197 infection was not observed (Fig. 4A, B). However, it is
shown that V expression alone does not affect CLDN1 expression
(compare protein expressions between mock-A549/ctrl and mock-
A549/V; Fig. 4A). We also confirmed that V does not interact with
CLDN1 by an immunoprecipitation assay (data not shown), indicating
that other molecules may contribute to the regulatory mechanism of
CLDN1 expression during hPIV2 infection. V protein acts to restrict
multiple antiviral cellular responses. In the infection of hPIV2 expres-
sing dysfunctional V, cellular responses that are normally limited by V
function could be activated, some of which may be responsible for
CLDN1 induction. Because V protein acts to prevent IFN-mediated an-
tiviral responses, we have focused on the relationship between IFN and
CLDN1 induction. However, we could not find that the treatment of
IFN-a to A549 cells induce the CLDN1 mRNA expression (data not
shown). Thus, we would focus on the other possibility. CLDN1 mRNA
and protein are induced by several pro-inflammatory cytokines, such as
tumor necrosis factor a (TNFa) and interleukin-1 (IL-13) (Kondo
et al., 2008; Fujita et al., 2011; Al-Sadi and Ma, 2007). We found that
TNFa mRNA expression was induced by hPIV2 wt infection, and this
was stronger in hPIV2 infections that express dysfunctional V (data not
shown). Expression pattern of CLDN1 during hPIV2 infection may be
affected by this increase of TNFa. Moreover, we have recently reported
that normal V interacts with caspase-1 and suppresses the production of
activated IL-1B (Ohta et al.,, 2018). Inhibition of IL-1f triggered by
functional V is also considered to be a strategy that indirectly inhibits
CLDN1 expression.

Funding

This study was funded by JSPS KAKENHI Grant Number
JP17K08864.

References

Agrawal, T., Sharvani, V., Nair, D., Medigeshi, G.R., 2013. Japanese encephalitis virus
disrupts cell-cell junctions and affects the epithelial permeability barrier functions.
PLoS One 8. https://doi.org/10.1371/journal.pone.0069465.

Ah-Tye, C., Schwartz, S., Huberman, K., Carlin, E., Moscona, A., 1999. Virus-receptor
interactions of human parainfluenza viruses types 1, 2 and 3. Microb. Pathog. 27,
329-336. https://doi.org/10.1006/mpat.1999.0313.

Al-Sadi, R.M., Ma, T.Y., 2007. IL-1 causes an increase in intestinal epithelial tight junction
permeability. J. Immunol. 178, 4641-4649.

Andrejeva, J., Childs, K.S., Young, D.F., Carlos, T.S., Stock, N., Goodbourn, S., Randall,

R.E., 2004. The V proteins of paramyxoviruses bind the IFN-inducible RNA helicase,
mda-5, and inhibit its activation of the IFN-beta promoter. Proc. Natl. Acad. Sci. USA
101, 17264-17269. https://doi.org/10.1073/pnas.0407639101.

Bazzoni, G., 2003. The JAM family of junctional adhesion molecules. Curr. Opin. Cell
Biol. 15, 525-530.

Bose, S., Malur, A., Banerjee, A.K., 2001. Polarity of human parainfluenza virus type 3
infection in polarized human lung epithelial A549 cells: role of microfilament and
microtubule. J. Virol. 75, 1984-1989. https://doi.org/10.1128/JV1.75.4.1984-1989.
2001.

Brimacombe, C.L., Grove, J., Meredith, L.W., Hu, K., Syder, A.J., Flores, M.V., Timpe,
J.M., Krieger, S.E., Baumert, T.F., Tellinghuisen, T.L., Wong-Staal, F., Balfe, P.,
McKeating, J.A., 2011. Neutralizing antibody-resistant hepatitis C virus cell-to-cell
transmission. J. Virol. 85, 596-605. https://doi.org/10.1128/JVI.01592-10.

Che, P., Tang, H., Li, Q., 2013. The interaction between claudin-1 and dengue viral prM/
M protein for its entry. Virology 446, 303-313. https://doi.org/10.1016/j.virol.2013.
08.009.

Childs, K., Randall, R., Goodbourn, S., 2012. Paramyxovirus V proteins interact with the
RNA helicase LGP2 to inhibit RIG-I-dependent interferon induction. J. Virol. 86,
3411-3421. https://doi.org/10.1128/JVI1.06405-11.

Colpitts, C.C., Baumert, T.F., 2016. Claudins in viral infection: from entry to spread. Pflug.
Arch. Eur. J. Physiol. 1-8. https://doi.org/10.1007/500424-016-1908-4.

Coyne, B.C., Gambling, T.M., Boucher, R.C., Carson, J.L., Johnson, L.G., 2003. Role of
claudin interactions in airway tight junctional permeability. Am. J. Physiol. Lung
Cell. Mol. Physiol. 285, L1166-L1178.

Evans, M.J., von Hahn, T., Tscherne, D.M., Syder, A.J., Panis, M., Wolk, B., Hatziioannou,
T., McKeating, J.A., Bieniasz, P.D., Rice, C.M., 2007. Claudin-1 is a hepatitis C virus
co-receptor required for a late step in entry. Nature 446, 801-805. https://doi.org/
10.1038/nature05654.

Fujita, H., Chalubinski, M., Rhyner, C., Indermitte, P., Meyer, N., Ferstl, R., Treis, A.,
Gomez, E., Akkaya, A., O'Mahony, L., Akdis, M., Akdis, C.A., 2011. Claudin-1 ex-
pression in airway smooth muscle exacerbates airway remodeling in asthmatic sub-
jects. J. Allergy Clin. Immunol. 127. https://doi.org/10.1016/j.jaci.2011.03.039.

Furuse, M., Fujita, K., Hiiragi, T., Fujimoto, K., Tsukita, S., 1998. Claudin-1 and -2: novel
integral membrane proteins localizing at tight junctions with no sequence similarity
to occludin. J. Cell Biol. 141, 1539-1550.

Furuse, M., Hirase, T., Itoh, M., Nagafuchi, A., Yonemura, S., Tsukita, S., Tsukita, S.,
1993. Occludin: a novel integral membrane protein localizing at tight junctions. J.
Cell Biol. 123, 1777-1788.

Gao, F., Duan, X., Lu, X., Liu, Y., Zheng, L., Ding, Z., Li, J., 2010. Novel binding between
pre-membrane protein and claudin-1 is required for efficient dengue virus entry.
Biochem. Biophys. Res. Commun. 391, 952-957. https://doi.org/10.1016/j.bbrc.
2009.11.172.

Haid, S., Grethe, C., Dill, M.T., Heim, M., Kaderali, L., Pietschmann, T., 2014. Isolate-
dependent use of claudins for cell entry by hepatitis C virus. Hepatology 59, 24-34.
https://doi.org/10.1002/hep.26567.

Hall, C.B., 2001. Respiratory syncytial virus and parainfluenza virus. N. Engl. J. Med.
https://doi.org/10.1056/NEJM200106213442507.

Henrickson, K.J., 2003. Parainfluenza viruses. Clin. Microbiol. Rev. 16, 242-264.

Kitagawa, Y., Yamaguchi, M., Zhou, M., Nishio, M., Itoh, M., Gotoh, B., 2013. Human
parainfluenza virus type 2 V protein inhibits TRAF6-mediated ubiquitination of IRF7
to prevent TLR7- and TLR9-dependent interferon induction. J. Virol. 87, 7966-7976.
https://doi.org/10.1128/JVI1.03525-12.

Kojima, T., Go, M., Takano, K., Kurose, M., Ohkuni, T., Koizumi, J., Kamekura, R.,
Ogasawara, N., Masaki, T., Fuchimoto, J., Obata, K., Hirakawa, S., Nomura, K., Keira,


https://doi.org/10.1371/journal.pone.0069465
https://doi.org/10.1006/mpat.1999.0313
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref3
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref3
https://doi.org/10.1073/pnas.0407639101
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref5
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref5
https://doi.org/10.1128/JVI.75.4.1984-1989.2001
https://doi.org/10.1128/JVI.75.4.1984-1989.2001
https://doi.org/10.1128/JVI.01592-10
https://doi.org/10.1016/j.virol.2013.08.009
https://doi.org/10.1016/j.virol.2013.08.009
https://doi.org/10.1128/JVI.06405-11
https://doi.org/10.1007/s00424-016-1908-4
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref11
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref11
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref11
https://doi.org/10.1038/nature05654
https://doi.org/10.1038/nature05654
https://doi.org/10.1016/j.jaci.2011.03.039
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref14
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref14
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref14
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref15
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref15
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref15
https://doi.org/10.1016/j.bbrc.2009.11.172
https://doi.org/10.1016/j.bbrc.2009.11.172
https://doi.org/10.1002/hep.26567
https://doi.org/10.1056/NEJM200106213442507
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref19
https://doi.org/10.1128/JVI.03525-12

N. Yumine, et al.

T., Miyata, R., Fujii, N., Tsutsumi, H., Himi, T., Sawada, N., 2013. Regulation of tight
junctions in upper airway epithelium. Biomed. Res. Int. 2013, 947072. https://doi.
org/10.1155/2013/947072.

Kolakofsky, D., Roux, L., Garcin, D., Ruigrok, R.W.H., 2005. Paramyxovirus mRNA
editing, the ‘rule of six’ and error catastrophe: a hypothesis. J. Gen. Virol. 86,
1869-1877. https://doi.org/10.1099/vir.0.80986-0.

Kondo, J., Sato, F., Kusumi, T., Liu, Y., Motonari, O., Sato, T., Kijima, H., 2008. Claudin-1
expression is induced by tumor necrosis factor-alpha in human pancreatic cancer
cells. Int. J. Mol. Med. 22, 645-649.

Lamb, R.A., Parks, G., 2013. Paramyxoviridae: the viruses and their replication, p957-
995. In: Knipe, D.M., Howley, P.M., Cohen, J.I., Griffin, D.E., Lamb, R.A., Martin,
M.A., Racaniello, V.R., Roizman, B. (Eds.), Fields Virology, 6th ed. Lippincott
Williams & Wilkins, Philadelphia, PA.

Martin-Padura, I., Lostaglio, S., Schneemann, M., Williams, L., Romano, M., Fruscella, P.,
Panzeri, C., Stoppacciaro, A., Ruco, L., Villa, A., Simmons, D., Dejana, E., 1998.
Junctional adhesion molecule, a novel member of the immunoglobulin superfamily
that distributes at intercellular junctions and modulates monocyte transmigration. J.
Cell Biol. 142, 117-127.

Medigeshi, G.R., Hirsch, A.J., Brien, J.D., Uhrlaub, J.L., Mason, P.W., Wiley, C., Nikolich-
Zugich, J., Nelson, J.A., 2009. West nile virus capsid degradation of claudin proteins
disrupts epithelial barrier function. J. Virol. 83, 6125-6134. https://doi.org/10.
1128/JVI.02617-08.

Meertens, L., Bertaux, C., Cukierman, L., Cormier, E., Lavillette, D., Cosset, F.L., Dragic,
T., 2008. The tight junction proteins claudin-1, -6, and -9 are entry cofactors for
hepatitis C virus. J. Virol. 82, 3555-3560. https://doi.org/10.1128/JV1.01977-07.

Mineta, K., Yamamoto, Y., Yamazaki, Y., Tanaka, H., Tada, Y., Saito, K., Tamura, A.,
Igarashi, M., Endo, T., Takeuchi, K., Tsukita, S., 2011. Predicted expansion of the
claudin multigene family. FEBS Lett. 585, 606-612. https://doi.org/10.1016/j.
febslet.2011.01.028.

Nishio, M., Tsurudome, M., Ishihara, H., Ito, M., Ito, Y., 2007. The conserved carboxyl
terminus of human parainfluenza virus type 2 V protein plays an important role in
virus growth. Virology 362, 85-98. https://doi.org/10.1016/].virol.2006.12.017.

Nishio, M., Tsurudome, M., Ito, M., Garcin, D., Kolakofsky, D., Ito, Y., 2005. Identification
of paramyxovirus V protein residues essential for STAT protein degradation and
promotion of virus replication. J. Virol. 79, 8591-8601. https://doi.org/10.1128/
JVI.79.13.8591-8601.2005.

Nishio, M., Tsurudome, M., Ito, M., Kawano, M., 2001. High resistance of human para-
influenza type 2 virus protein-expressing cells to the antiviral and anti-cell pro-

liferative activities of alpha/beta Interferons: cysteine-rich V-specific domain is

99

Virology 531 (2019) 93-99

required for high resistance to the interferons. 75, 9165-9176. https://doi.org/10.
1128/JVI1.75.19.9165-9176.2001.

Nishio, M., Tsurudome, M., Ito, M., Watanabe, N., Kawano, M., Komada, H., Ito, Y., 1997.
Human parainfluenza virus type 2 phosphoprotein: mapping of monoclonal antibody
epitopes and location of the multimerization domain. J. Gen. Virol. 78, 1303-1308.
https://doi.org/10.1099/0022-1317-78-6-1303.

Ohgimoto, S., Bando, H., Kawano, M., Okamoto, K., Kondo, K., Tsurudome, M., Nishio,
M., Ito, Y., 1990. Sequence analysis of P gene of human parainfluenza type 2 virus: P
and cysteine-rich proteins are translated by two mRNAs that differ by two non-
templated G residues. Virology 177, 116-123.

Ohta, K., Goto, H., Yumine, N., Nishio, M., 2015. Human parainfluenza virus type 2 V
protein inhibits and antagonizes tetherin. J. Gen. Virol. 83, 2635-2662. https://doi.
org/10.1099/0022-1317-83-11-2635.

Ohta, K., Matsumoto, Y., Nishio, M., 2018. Human parainfluenza virus type 2 V protein
inhibits caspase-1. J. Gen. Virol. https://doi.org/10.1099/jgv.0.001037.

Singh, B.K., Hornick, A.L., Krishnamurthy, S., Locke, A.C., Mendoza, C.A., Mateo, M.,
Miller-Hunt, C.L., Cattaneo, R., Sinn, P.L., 2015. The nectin-4/afadin protein complex
and intercellular membrane pores contribute to rapid spread of measles virus in
primary human airway epithelia. J. Virol. 89, 7089-7096. https://doi.org/10.1128/
JVI.00821-15.

Sufiawati, I., Tugizov, S.M., 2014. HIV-associated disruption of tight and adherens
junctions of oral epithelial cells facilitates HSV-1 infection and spread. PLoS One 9.
https://doi.org/10.1371/journal.pone.0088803.

Tsurudome, M., Nishio, M., Ito, M., Tanahashi, S., Kawano, M., Komada, H., Ito, Y., 2008.
Effects of hemagglutinin-neuraminidase protein mutations on cell-cell fusion medi-
ated by human parainfluenza type 2 virus. J. Virol. 82, 8283-8295. https://doi.org/
10.1128/JVI.00460-08.

Villenave, R., Touzelet, O., Thavagnanam, S., Sarlang, S., Parker, J., Skibinski, G.,
Heaney, L.G., McKaigue, J.P., Coyle, P.V., Shields, M.D., Power, U.F., 2010.
Cytopathogenesis of Sendai virus in well-differentiated primary pediatric bronchial
epithelial cells. J. Virol. 84, 11718-11728. https://doi.org/10.1128/JVI.00798-10.

Zhang, L., Collins, P.L., Lamb, R.A., Pickles, R.J., 2011. Comparison of differing cyto-
pathic effects in human airway epithelium of parainfluenza virus 5 (W3A), parain-
fluenza virus type 3, and respiratory syncytial virus. Virology 421, 67-77. https://
doi.org/10.1016/j.virol.2011.08.020.

Zheng, A., Yuan, F., Li, Y., Zhu, F., Hou, P., Li, J., Song, X., Ding, M., Deng, H., 2007.
Claudin-6 and claudin-9 function as additional coreceptors for hepatitis C virus. J.
Virol. 81, 12465-12471. https://doi.org/10.1128/JV1.01457-07.


https://doi.org/10.1155/2013/947072
https://doi.org/10.1155/2013/947072
https://doi.org/10.1099/vir.0.80986-0
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref23
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref23
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref23
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref24
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref24
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref24
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref24
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref25
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref25
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref25
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref25
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref25
https://doi.org/10.1128/JVI.02617-08
https://doi.org/10.1128/JVI.02617-08
https://doi.org/10.1128/JVI.01977-07
https://doi.org/10.1016/j.febslet.2011.01.028
https://doi.org/10.1016/j.febslet.2011.01.028
https://doi.org/10.1016/j.virol.2006.12.017
https://doi.org/10.1128/JVI.79.13.8591-8601.2005
https://doi.org/10.1128/JVI.79.13.8591-8601.2005
https://doi.org/10.1128/JVI.75.19.9165-9176.2001
https://doi.org/10.1128/JVI.75.19.9165-9176.2001
https://doi.org/10.1099/0022-1317-78-6-1303
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref33
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref33
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref33
http://refhub.elsevier.com/S0042-6822(19)30025-X/sbref33
https://doi.org/10.1099/0022-1317-83-11-2635
https://doi.org/10.1099/0022-1317-83-11-2635
https://doi.org/10.1099/jgv.0.001037
https://doi.org/10.1128/JVI.00821-15
https://doi.org/10.1128/JVI.00821-15
https://doi.org/10.1371/journal.pone.0088803
https://doi.org/10.1128/JVI.00460-08
https://doi.org/10.1128/JVI.00460-08
https://doi.org/10.1128/JVI.00798-10
https://doi.org/10.1016/j.virol.2011.08.020
https://doi.org/10.1016/j.virol.2011.08.020
https://doi.org/10.1128/JVI.01457-07

	Claudin-1 inhibits human parainfluenza virus type 2 dissemination
	Introduction
	Materials and methods
	Cells, antibodies and virus
	Quantitative real-time reverse transcription-PCR
	Western blot analyses
	Plasmid construction
	Establishment of cell lines constitutively over-express CLDN1 and V proteins
	Generation of CLDN1 knockout MDCK cell line
	Virus titration
	Immunofluorescence analysis (IFA) to examine cell-to-cell spread of hPIV2

	Results
	Induction of CLDN1 expression in hPIV2 infected cells
	CLDN1 inhibits hPIV2 growth
	CLDN1 inhibits cell-to-cell spread of hPIV2
	Effect of V protein for induction of CLDN1 expression in infected cells

	Discussion
	Funding
	References




