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ABSTRACT

Nonmuscle myosin heavy chain IIA (NMHC-IIA) has been reported to function as a herpes simplex virus 1 (HSV-1) entry core-
ceptor by interacting with viral envelope glycoprotein B (gB). Vertebrates have three genetically distinct isoforms of the NMHC-
I, designated NMHC-IIA, NMHC-IIB, and NMHC-IIC. COS cells, which are readily infected by HSV-1, do not express NMHC-
ITA but do express NMHC-IIB. This observation prompted us to investigate whether NMHC-IIB might associate with HSV-1 gB
and be involved in an HSV-1 entry like NMHC-IIA. In these studies, we show that (i) NMHC-IIB coprecipitated with gB in
COS-1 cells upon HSV-1 entry; (ii) a specific inhibitor of myosin light chain kinase inhibited cell surface expression of NMHC-
IIB in COS-1 cells upon HSV-1 entry as well as HSV-1 infection, as reported with NMHC-IIA; (iii) overexpression of mouse
NMHC-IIB in IC21 cells significantly increased their susceptibility to HSV-1 infection; and (iv) knockdown of NMHC-IIB in
COS-1 cells inhibited HSV-1 infection as well as cell-cell fusion mediated by HSV-1 envelope glycoproteins. These results sup-
ported the hypothesis that, like NMHC-ITA, NMHC-IIB associated with HSV-1 gB and mediated HSV-1 entry.

IMPORTANCE

Herpes simplex virus 1 (HSV-1) was reported to utilize nonmuscle myosin heavy chain IIA (NMHC-IIA) as an entry coreceptor
associating with gB. Vertebrates have three genetically distinct isoforms of NMHC-II. In these isoforms, NMHC-IIB is of special
interest since it highly expresses in neuronal tissue, one of the most important cellular targets of HSV-1 in vivo. In this study, we
demonstrated that the ability to mediate HSV-1 entry appeared to be conserved in NMHC-II isoforms. These results may pro-
vide an insight into the mechanism by which HSV-1 infects a wide variety of cell types in vivo.

H erpes simplex virus 1 (HSV-1) infects a wide variety of cul-
tured cells in vitro, and two of the most important cellular
targets for HSV-1 in vivo are epithelial cells at the initial site of
infection and neurons for the establishment of latent infection (1).
For HSV-1 entry into a cell, the initial interaction of HSV-1 with
the cell is binding of virion envelope glycoprotein C (gC) and gB to
cell surface glycosaminoglycans, preferentially heparan sulfate,
which mediates virus attachment to the cell (2, 3). Although not
essential for entry, this attachment provides a stable interaction
between the virion and cell that facilitates the next entry steps (4).
Subsequent viral penetration requires fusion between the virion
envelope and host cell membrane and depends on gB, the het-
erodimer gH/gL, gD, and a gD receptor (5-7), which are thought
to act in a cascade resulting in nucleocapsid entry into the cell
(8-10). The gD receptors for HSV-1 reported to date fall into three
classes (7): (i) HVEM (herpesvirus entry mediator), a member of
the tumor necrosis factor (TNF) receptor family (11); (ii) nectin-1
and nectin-2, members of the immunoglobulin (Ig) superfamily
(12, 13); and (iii) specific sites on heparan sulfate (3-O-S-HS)
generated by certain 3-O-sulfotransferases (3-O-ST) (14). Studies
using mice with HVEM and/or nectin-1 knocked out have eluci-
dated the roles of gD receptors in viral replication and disease in
vivo (15).

Accumulating evidence supports the hypothesis that, in addi-
tion to the interaction of gD with a gD receptor, gB binding to a
cellular receptor other than heparan sulfate is required for HSV-1
entry. These data include the following: (i) a soluble form of gB
binds to heparan sulfate-deficient cells and blocks HSV-1 infec-
tion in some cell lines (16); (ii) paired Ig-like type 2 receptor o
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(PILRa), a paired receptor expressed mainly in immune cells (17—
19), associates with gB and functions as an HSV-1 entry corecep-
tor (20); and (iii) HSV-1 infection of primary monocytes express-
ing both HVEM and PILRa is blocked by either an anti-HVEM or
an anti-PILRa antibody (20). PILRa appears to play a significant
role in viral replication and pathogenesis in vivo, based on the
observation that mutation(s) in gB Thr-53 and/or Thr-480, resi-
dues required to have sialylated O-glycosylation for binding of gB
to PILRa (21, 22), abrogates PILRa-dependent viral entry with-
out affecting viral replication efficiency in PILRa-negative cells and
reduces viral replication, pathogenesis, and neuroinvasiveness in
mice (22). Furthermore, myelin-associated glycoprotein (MAG), a
member of the sialic acid-binding Ig-like lectin family, which has
homology with PILRa, can also act as an HSV-1 entry coreceptor and
associate with gB when expressed exogenously (23).

We previously identified nonmuscle myosin IIA (NM-IIA) as a
novel HSV-1 entry coreceptor that associates with gB (24). NM-
ITA is an actin-binding motor protein and plays critical roles in the
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control of cell adhesion, cell migration, and tissue architecture
(25). NM-IIA consists of three pairs of subunits: two heavy chains
(NMHC-IIAs), two regulatory light chains (RLCs), and two essen-
tial light chains (ELCs), with a fraction of NMHC-IIA expressed
on the cell surface (26-28). gB associates with NMHC-IIA on the
cell surface, and this interaction mediates membrane fusion and
HSV-1 entry (24). It has been shown that subcellular localization
of NM-IIA is regulated in part by phosphorylation of its RLCs at
residues Thr-18 and Ser-19, and one of the protein kinases re-
sponsible for NM-IIA RLC phosphorylation at these sites is myo-
sin light chain kinase (MLCK) (29). Cell surface expression of
NMHC-IIA appears to be regulated by MLCK-mediated signaling
events and to be required for efficient HSV-1 infection, based on
the observations that (i) NM-IIA RLC phosphorylation as well as
cell surface expression of NMHC-IIA upon HSV-1 entry is inhib-
ited by ML-7, a specific inhibitor of MLCK, and (ii) ML-7 inhibits
HSV-1 infection in vitro and in vivo (24). Recently, NMHC-IIA
was also reported to serve as an entry receptor for severe fever with
thrombocytopenia syndrome virus (SFTSV) (30). Like HSV-1 en-
try, cell surface expression of NMHC-IIA was induced upon
SFTSV infection (30). Moreover, NMHC-II activity for cellular
protrusions such as filopodia, retraction fibers, and microvilli has
been reported to be required for entry of several viruses, including
Kaposi’s sarcoma-associated herpesvirus (KSHV), papillomavi-
rus, vaccinia virus, and murine leukemia virus (MLV) (31-34).
Thus, it appears that NMHC-IIA might be involved in entry of
viruses other than HSV-1.

Vertebrates have three genetically distinct isoforms of NMHC-II
(designated NMHC-IIA, NMHC-IIB, and NMHC-IIC), with the
NMHC-II isoform determining the NM-II isoform (designated
NM-IIA, NM-IIB, and NM-IIC, respectively) (25). The three
NMHC-II isoforms are highly conserved, with 80% identity and
89% similarity between the amino acid sequences of NMHC-IIA
and NMHC-IIB, and 64% identity and ~80% similarity between
NMHC-IIC and both NMHC-ITA and NMHC-IIB (35). The three
isoforms also have both overlapping and unique properties (25).
Most human tissues express different ratios of the NM-II isoforms
(35, 36). In particular, NM-IIB predominates in neuronal tissue,
one of the most important cellular targets of HSV-1 in vivo. COS
cells are also readily infected by HSV-1 and express NM-IIB but
not NM-ITA. These observations suggested that NM-II isoforms
other than NM-IIA might also be involved in HSV-1 entry and
associate with gB. In this study, we focused on NM-IIB and exam-
ined whether this NM-II isoform associated with HSV-1 gB and
mediated HSV-1 entry.

MATERIALS AND METHODS

Cells and viruses. Vero, COS-1, and IC21 cells were described previously
(37, 38). Wild-type HSV-1(F) and influenza virus (A/WSN/33; HIN1)
were described previously (24). Recombinant HSV-1 YK333 carried an
enhanced green fluorescent protein (EGFP) expression cassette in the
UL3-UL4 intergenic region under the control of the Egr-1 promoter (39).
YK333 has been shown to be phenotypically the same as wild-type HSV-
1(F) in cell cultures, and cells infected with YK333 efficiently express
EGFP (39). Recombinant HSV-1 YK711 expresses gB tagged with an MEF
tag consisting of Myc and Flag epitopes and a tobacco etch virus (TEV)
protease cleavage site at the amino-terminal domain (MEF-gB), as de-
scribed previously (24).

Mutagenesis of viral genomes and generation of recombinant
HSV-1. Recombinant virus YK716, which expresses gH tagged with the
MEF tag at the carboxyl terminus (gH-MEF), was constructed by the
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two-step Red-mediated mutagenesis procedure using Escherichia coli
GS1783 containing pYEbac102, a full-length infectious HSV-1(F) clone
(38), as described previously (40), except for the use of primers 5'-GGTT
CTCCGGACAAGTGTCCCGTTTTTTTGGAGACGCGAAATGGAGCA
AAAGCTCATTTC-3" and 5'-TCGGTCGGGCGGATAAACGGCCGAA
GCCACGCCCCCTTTATTAATCTTTGTCATCGTCGTC-3'.

Plasmids. Plasmid pSSSP-NMHC-IIB, used to generate a stable cell
line expressing short hairpin RNA (shRNA) against human NMHC-IIB,
was constructed as follows. Oligonucleotides 5'-TTTGGATTCCATCAG
AACGCCATGGCTTCCTGTCACCATGGCGTTCTGATGGAATCCTT
TTTTG-3' and 5'-AATTCAAAAAAGGATTCCATCAGAACGCCATGG
TGACAGGAAGCCATGGCGTTCTGATGGAATC-3" were annealed
and cloned into the BbsI and EcoRI sites of pmU6 (41). The BamHI-
EcoRI fragment of the resultant plasmid, containing the U6 promoter and
the sequence containing shRNA against human NMHC-IIB, was cloned
into the BamHI and EcoRI sites of pSSSP (41), which is a derivative of
retrovirus vector pMX containing a puromycin resistance gene, to pro-
duce pSSSP-NMHC-IIB. Plasmid pSSSP-Cre containing shRNA against
Cre recombinase was described previously (41). Plasmids pPEP98-gB,
pPEP99-gD, pPEP101-gL, and pPEP100-gH were used for expression of
HSV-1 gB, gD, gL, and gH, respectively, as described previously (6). Plas-
mids pCAGT7, encoding T7 RNA polymerase, and pT7EMCLuc, carrying
the firefly luciferase gene under the control of the T7 promoter, were used
to determine fusion efficiency as described previously (42).

For generating a fusion protein of glutathione S-transferase (GST) and
the rod domain of human NMHC-IIB (GST-NMHC-IIB), a plasmid
(pGEX-NMHC-IIB) was constructed by amplifying the sequence con-
taining NMHC-IIB codons 1672 to 1976 by PCR from pEGFP-BRF305
(43) (a generous gift from M. Takahashi) and cloning the DNA fragment
into pGEX-4T3 (GE Healthcare) in frame with GST. Plasmid pGEX-
NMHC-IIA, encoding a fusion protein of GST and the rod domain of
human NMHC-IIA, was described previously (24) and used to generate
GST-NMHC-IIA. Plasmid pME-Fc-gB, used to generate an extracellular
domain of gB (codons 31 to 730) fused to a mutant Fc fragment of human
IgG1 with low binding affinity for cellular Fc receptors (gB-Fc), and plas-
mid pME-Fc-gD, used to generate an extracellular domain of gD (codons
31 to 336) fused to the mutant Fc fragment of human IgG1 (gD-Fc), were
constructed as described earlier (24). pME-Fc-CD200 (20) was used to
generate control Fc fusion protein. The plasmids NMHC-IIB in pCAG-
Flag-IRES-puro (a generous gift from R. Nishinakamura), pMXs-
NMHC-IIA, pMXs-nectin-1, and pMxs-puro, which were used for gen-
erating IC21 cells overexpressing NMHC-I1B, NMHC-IIA, and nectin-1
and control IC21 cells, respectively, were described previously (22, 24, 44).

Antibodies. Mouse monoclonal antibodies to Flag (M2; Sigma), a-tu-
bulin (DM1A4; Sigma), pan-cadherin (CH-19; Sigma), gB (1105; Goodwin
Institute), gE (9H3; Abcam), and nectin-1 (CK8; Zymed) were used in this
study. Rabbit polyclonal antibodies to the C-terminal peptide of NMHC-
ITA and to the C-terminal peptide of NMHC-IIB were purchased from
Sigma. Anti-influenza virus antibody R309 was described previously (24).

Immunoprecipitation. COS-1 cells were incubated with wild-type
HSV-1(F), YK711 expressing MEF-gB, or YK716 expressing gH-MEF at a
multiplicity of infection (MOI) of 50 at 4°C for 2 h to allow viral adsorp-
tion. The cells were then transferred to 37°C for 2 min (a permissive
temperature for viral penetration), harvested, washed with phosphate-
buffered saline (PBS), and lysed in TNE buffer (1% NP-40, 150 mM NaCl,
10 mM Tris-HCl [pH 7.8], and 1 mM EDTA) containing a proteinase
inhibitor cocktail. After centrifugation, the supernatants were precleared
by incubation with protein A-Sepharose beads for 30 min at 4°C. After a
brief centrifugation, the supernatants were reacted with an anti-Flag, anti-
gE, or anti-gB antibody for 2 h at 4°C. Protein A-Sepharose beads were
then added and allowed to react, with rotation, for an additional 1 h at
4°C. The immunoprecipitates were collected by a brief centrifugation,
washed extensively with TNE buffer, and analyzed by immunoblotting
with anti-NMHC-IIB antibody.
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GST pulldown. GST-NMHC-IIA or GST-NMHC-IIB was expressed
in bacteria, lysed with HEPES buffer (1% Triton X-100, 250 mM NaCl, 50
mM HEPES [pH 7.4], and 10 mM MgCl,), purified on glutathione-Sep-
harose beads, and eluted with 10 mM glutathione. gB-Fc, gD-Fc, or
control Fc fusion protein was expressed in COS-1 cells, lysed with the
radioimmunoprecipitation assay (RIPA) buffer (1% NP-40, 0.1% deoxy-
cholate [DOC], 0.1% SDS, 150 mM NaCl, 10 mM Tris-HCI [pH 7.8], and
1 mM EDTA) containing a proteinase inhibitor cocktail, purified on pro-
tein A-Sepharose beads, and quantified as described previously (24). Af-
finity precipitation was performed as described previously (24) except
that purified GST-NMHC-IIA or GST-NMHC-IIB was incubated with
purified gB-Fc-, gD-Fc-, or control-Fc-conjugated protein A-Sepharose
beads and detected with anti-NMHC-IIA or -NMHC-IIB antibody.

Establishment of cell lines stably expressing shRNA against NMHC-
IIB. COS-1 cells were transfected with pSSSP-NMHC-IIB or pSSSP-Cre
and selected with 1 g puromycin/ml in maintenance medium. Resistant
cells transfected with pSSSP-Cre were designated COS-shControl cells
and used as a control. Single colonies transfected with pSSSP-NMHC-IIB
were isolated and screened by immunoblotting with anti-NMHC-IIB an-
tibody, which led to isolation of COS-shNMHC-IIA cells. COS-shControl
and COS-shNMHC-IIB cells in 24-well plates were incubated with YK333
expressing EGFP at an MOI of 1. After viral adsorption for 1 h, the inoc-
ulum was removed and the cells were washed twice and refed with the
appropriate medium. At 5 h postinfection, cell samples were analyzed
using a FACSCalibur cytometer with Cell Quest software.

Cell fusion assay. COS-1 cells in a 24-well plate were transfected with
pPEP98-¢gB, pPEP99-gD, pPEP101-gL, pPEP100-gH, and pCAGT7, and
these transfectants were used as effector cells (23). COS-shControl and
COS-shNMHC-IIB cells in 24-well plates were transfected with
pT7EMCLuc, and these transfectants were used as target cells (23). As an
internal control, pRL-CMV (Promega) containing the Renilla luciferase
gene driven by the cytomegalovirus (CMV) promoter was cotransfected
into the target cells. At 6 h posttransfection, the effector cells were de-
tached by 0.04% EDTA in phosphate-buffered saline (PBS), washed once
with maintenance medium, and cocultured with the target cells for 18 h.
Firefly and Renilla luciferase activities were independently assayed by the
dual-luciferase reporter assay system (Promega) with a Veritas luminom-
eter (Promega). The relative fusion activity was calculated as (firefly lucif-
erase activity)/(Renilla luciferase activity).

Immunoblotting and immunofluorescence. Immunoblotting and
immunofluorescence were performed as described previously (45).

Biotinylation of cell surface proteins of HSV-1-infected cells. COS-1
or IC21 cells were incubated with wild-type HSV-1(F), YK711 (MEF-gB),
or YK716 (gH-MEF) at an MOI of 50 at 4°C for 2 h in the absence or
presence of 20 .M ML-7. In the case of ML-7 treatment, cells were pre-
treated with 20 wM ML-7 for 30 min at 37°C before virus inoculation. The
cells were then transferred to 37°C for 15 min in the absence or presence of
20 wM ML-7, washed four times with ice-cold PBS, and biotinylated twice
(15 min each time) with cleavable sulfo—N-hydroxysuccinimide (NHS)—
SS-biotin (Pierce). After two washes with Dulbecco modified Eagle me-
dium (DMEM) supplemented with 0.2% bovine serum albumin (BSA),
free SH groups were quenched by addition of a solution of 5 mg iodoac-
etamide/ml in PBS containing 1% BSA and the cells were harvested, sol-
ubilized in radioimmunoprecipitation assay (RIPA) buffer containing a
proteinase inhibitor cocktail, precipitated with streptavidin beads, and
analyzed by immunoblotting with anti-NMHC-IIB, anticadherin, anti-o.-
tubulin antibody, or streptavidin-horseradish peroxidase.

Infection inhibition assays. For inhibition with ML-7, COS-1 cells
pretreated with various concentrations of ML-7 for 30 min were incu-
bated with YK333 or influenza virus at an MOI of 1 in the same concen-
trations of ML-7 for 1 h. After removal of unadsorbed virus, the cells were
refed with medium containing the same concentrations of ML-7. At 5 h
postinfection for YK333 and at 7 h for influenza virus, cell samples were
analyzed using a FACSCalibur cytometer with Cell Quest software.
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PEG treatment. COS-1 cells pretreated with or without 20 wM ML7 at
37°C for 5 min were incubated with YK333 atan MOI of 1 in 20 M ML-7
at 37°C for 30 min. After viral adsorption, unadsorbed virus was removed,
and the cells were washed twice and exposed to 40% polyethylene glycol
(PEG) as described previously (24, 46). After PEG removal, the cells were
refed with medium 199 containing 1% fetal calf serum (FCS). At 5 h
postinfection, cell samples were analyzed using a FACSCalibur cytometer
with Cell Quest software.

Establishment of IC21 cells stably overexpressing NMHC-IIB,
NMHC-IIA, or nectin-1. IC21 cells were transfected with a mouse
NMHC-IIB expression vector (NMHC-IIB in pCAG-Flag-IRES-puro)
(44), a human NMHC-IIA expression vector (pMxs-NMHC-IIA) (24),
human nectin-1 (pMxs-nectin-1) (22), or pMxs-puro (47) and selected
with 0.25 to 1 pg puromycin/ml in maintenance medium. Resistant cells
transfected with pMxs-puro, pMxs-NMHC-IIA, pMxs-nectin-1, or
NMHC-IIB in pCAG-Flag-IRES-puro were designated IC21/puro, IC21/
hNMHC-IIA, IC21/hnectin-1, and IC21/mNMHC-IIB, respectively.
IC21/puro, IC21/hNMHC-IIA, IC21/hnectin-1, and IC21/mNMHC-IIB
cells in 24-well plates were incubated with YK333 at an MOI of 5. After
viral adsorption for 1 h, unadsorbed virus was removed and the cells were
washed twice and refed with the appropriate medium. At 10 h postinfec-
tion, cell samples were analyzed by fluorescence microscopy (Olympus
IX71) or a FACSCalibur cytometer with Cell Quest software.

RESULTS AND DISCUSSION

Association of NMHC-IIB with HSV-1 gB. It has been reported
that COS cells, a simian kidney epithelial cell line, express NMHC-
IIB but not NMHC-IIA (48). In agreement with that report, we
found that COS-1 cells expressed only NMHC-IIB, whereas Vero
cells, another simian kidney epithelial cell line, expressed both
NMHC-IIA and NMHC-IIB (Fig. 1A). To examine the specific
association of HSV-1 gB with NMHC-IIB upon viral entry, COS-1
cells were mock incubated or incubated with wild-type HSV-1(F)
atan MOI of 50 at 4°C for 2 h, after which the cells were subjected
to a temperature shift to 37°C for 2 min; next, proteins were im-
munoprecipitated with anti-gB or anti-gE antibody and analyzed
by immunoblotting them with the anti-NMHC-IIB antibody.
Whereas the anti-gB antibody coprecipitated gB with NMHC-IIB
from alysate of COS-1 cells incubated with HSV-1(F), the anti-gE
antibody did not (Fig. 1B). However, the anti-gB antibody did not
immunoprecipitate NMHC-IIB from lysates of mock-incubated
COS-1 cells (Fig. 1B), indicating that this antibody did not cross-
react with NMHC-IIB. Similarly, an anti-Flag antibody coprecipi-
tated MEF-gB with NMHC-IIB from a lysate of COS-1 cells that
had been incubated with YK711 (MEF-gB) at an MOI of 50 at 4°C
for 2 h and then shifted to 37°C for 2 min, whereas the antibody
did not coprecipitate these proteins from a lysate from COS-1 cells
incubated with YK716 (gH-MEF) (Fig. 1C). The anti-Flag anti-
body appeared to immunoprecipitate MEF-gB as efficiently as it
immunoprecipitated gH-MEF from lysates of COS-1 cells incu-
bated with YK711 (MEF-gB) or YK716 (gH-MEF) (Fig. 1C). To
investigate whether gB interacted with NMHC-IIB on the cell sur-
face, we biotinylated the cell surface proteins of COS-1 cells ex-
posed to YK711 (MEF-gB) or YK716 (gH-MEF) (as described
above) and then detected the immunoprecipitated complex of
NMHC-IIB and MEF-gB by using streptavidin. The NMHC-IIB
that coprecipitated with MEF-gB was biotinylated, whereas no
biotinylated protein with a molecular mass similar to that of
NMHC-IIB was detected in cells exposed to YK716 (gH-MEF)
(Fig. 1E).

To examine whether both NMHC-IIB and NMHC-IIA di-
rectly and specifically bound to gB, purified gB-Fc, gD-Fc, or con-

jviasm.org 1881


http://jvi.asm.org

Arii et al.

A

Vero
COS-1

200~

NMHC-ITIA

200 = s s NMHC-IIB

* a-tubulin
45 -

=

a-gB
HSV-1(F) a-gB |5
HSV-1(F) a-gE
HSV-1(F) | =

mock
mock

200— ' - -t

IB: a-NMHC-1IB

112—
| -
IB: a-gB
. . =
IB: o—gE
C D et +GST-
1P: a-Flag WCE NMHC-1IB__NMHC-IIA
= =
2 E % B - S
S 2 > S5 = S5 =
E Eln E ;"r cl S oB %
66 — ~ -
200-- - I s IB: IB:

IB: a-NMHC-IIB o-NMHC-1IB a-NMHC-IIA

112 ' - -
IB: o-Flag 66 — - e —
IB: a-human Ig
E P: IP:
Anti-Flag  Anti-Flag WCE
o] = o]
£ 2 == =2
=% =% =%
w- (Wl B =
IB: Avidin a-NMHC-IIB
IB: o-Flag

FIG 1 Association of NMHC-IIB with HSV-1 gB. (A) Expression of NMHC-
IIA and NMHC-IIB in Vero and COS-1 cells was analyzed by immunoblotting
with anti-NMHC-IIA and anti-NMHC-IIB antibody, respectively. (B) COS-1
cells were mock incubated or incubated with wild-type HSV-1(F) at an MOI of
50 at 4°C for 2 h, followed by a temperature shift to 37°C for 2 min, and then
immunoprecipitated (IP) with anti-gB or anti-gE antibody and analyzed by
immunoblotting (IB) with anti-NMHC-IIB, anti-gB, or anti-gE antibody.
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trol-Fc proteins bound to protein A-Sepharose beads were reacted
with purified GST-NMHC-IIA or GST-NMHC-IIB, which con-
sisted of GST and the rod domain of human NMHC-IIA or
NMHC-IIB, respectively. Purified NMHC-IIA and NMHC-IIB
were pulled down by the gB-Fc fusion protein but not by the
gD-Fcand control-Fc fusion proteins (Fig. 1D). Collectively, these
results suggested that human NMHC-IIB can directly bind to
HSV-1 gB in vitro and that the endogenous simian NMHC-IIB in
COS-1 cells specifically associated with HSV-1 gB on the cell sur-
face upon HSV-1 entry. Notably, the functions and sequences of
mammalian NMHC-IIB proteins are highly conserved, and the
identity and similarity between the amino acid sequences of hu-
man and mouse NMHC-IIB are 99% and 100%, respectively (49).

Effect of ML-7 on NMHC-IIB cell surface expression upon
HSV-1 entry and HSV-1 infection. We previously reported that
ML-7, a specific inhibitor of MLCK, inhibits cell surface expres-
sion of NMHC-IIA and HSV-1 infection in cell cultures and in a
mouse model (24). MLCK also regulates the function and distri-
bution of NM-IIB (25). To examine the effect of ML-7 on cell
surface expression of NMHC-IIB upon HSV-1 entry, cell surface
proteins of COS-1 cells infected with wild-type HSV-1(F) at an
MOI of 50 at 4°C for 2 h, followed by a temperature shift to 37°C
for 15 min, were precipitated with avidin beads and analyzed by
immunoblotting with anti-NMHC-IIB, anti-a-tubulin, or anti-
pan-cadherin antibody. In agreement with our previous report on
NMHC-IIA (24), ML-7 inhibited expression of cell surface
NMHC-IIB in COS-1 cells after viral adsorption at 4°C followed
by a temperature shift to 37°C, but not that of cadherin (Fig. 2A).
To further examine the effect of ML-7 on HSV-1 infection, COS-1
cells infected with YK333 (EGFP) or influenza virus at an MOI of
1 in the presence or absence of ML-7 were analyzed by flow cy-
tometry at 5 or 7 h postinfection, respectively. As shown in Fig. 2B
and C, YK333 (EGFP) infection was inhibited by ML-7 in a dose-
dependent manner, whereas influenza virus infection was hardly
affected by ML-7.

To investigate whether ML-7 inhibited HSV-1 infection at the
level of viral entry, especially at viral envelope-cell membrane fu-
sion, we tested whether ML-7 inhibition of HSV-1 infection was
blocked by treatment with PEG, which can chemically induce fu-
sion of juxtaposed membranes and thereby promote entry of en-
try-defective or entry-blocked herpesviruses adsorbed on the cell
surface (46). As shown in Fig. 2D, in the presence of ML-7, PEG
treatment significantly increased YK333 (EGFP) infection com-
pared to cells that were not treated with PEG. These results indi-
cated that inhibition of cell surface expression of NMHC-IIB by
ML-7 inhibited HSV-1 infection at the level of viral entry and

WCE, whole-cell extract control. (C) COS-1 cells were incubated with YK711
(MEF-gB) or YK716 (gH-MEF) at an MOI of 50 at 4°C for 2 h, followed by a
shift to 37°C for 2 min, and then immunoprecipitated with anti-Flag antibody
and analyzed by immunoblotting with anti-NMHC-IIB antibody. WCE,
whole-cell extract. (D) Purified GST-NMHC-ITA or GST-NMHC-IIB was re-
acted with purified gB-Fc, gD-Fc, or control Fc immobilized on protein A-
Sepharose beads. The beads were then washed extensively and analyzed by
immunoblotting with an anti-NMHC-IIA or -NMHC-IIB antibody. (E) Cell
surface proteins of COS-1 cells exposed to YK711 (MEF-gB) or YK716 (gH-
MEEF) at 4°C for 2 h, followed by a temperature shift to 37°C for 15 min, were
biotinylated, immunoprecipitated with an anti-Flag antibody, and analyzed by
immunoblotting with streptavidin or anti-Flag or anti-NMHC-IIB antibody.
Numbers at left of panels are molecular masses in kilodaltons.
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FIG 2 Effect of ML-7 on cell surface expression of NMHC-IIB and HSV-1
infection in COS-1 cells. (A) Cell surface proteins of COS-1 cells incubated
with wild-type HSV-1 atan MOI of 50 at 4°C for 2 h, followed by a temperature
shift to 37°C for 15 min, in the presence or absence of 20 uM ML-7 were
biotinylated, precipitated with avidin beads, and analyzed by immunoblotting
with anti-NMHC-IIB or anticadherin or anti-a-tubulin antibody. Numbers at
left are molecular masses in kilodaltons. (B and C) COS-1 cells infected with
HSV-1YK333 (EGEP) or influenza virus at an MOI of 1 in the presence of the
indicated concentrations of ML-7 (B) or in the presence of 20 uM ML-7 (C)
were analyzed by flow cytometry at 5 h and 7 h postinfection, respectively, and
mean fluorescence intensities (MFIs) were determined. The mean and stan-
dard error of each data set are shown (n = 3; n.s., not significant). The mean
value in the absence of ML-7 was normalized to 100% relative MFI. (D) COS-1
cells were infected with YK333 (EGFP) at an MOI of 1 in the absence or
presence of 20 pM ML-7 for 1 h and subsequently treated with 40% PEG.
Mean fluorescence intensities (MFIs) were determined by flow cytometry at
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suggested that NMHC-IIB in COS-1 cells was required for effi-
cient HSV-1 entry.

Effect of NMHC-IIB overexpression on HSV-1 infection. We
next examined whether NMHC-IIB mediated HSV-1 entry. For
this purpose, CHO cells, which are resistant to HSV-1 infection,
have often been used since overexpression of gD or gB receptors,
including nectin-1, nectin-2, HVEM, and PILRa, was shown to
make CHO cells become susceptible to HSV-1 infection (11-13,
20). However, we reported previously that HSV-1 entry into CHO
cells expressing a gD receptor, nectin-1, was blocked by antisera to
NMHC-IIA, suggesting that NMHC-IIA was required for HSV-1
entry into CHO cells expressing the gD receptor (24) and that
CHO cells were not suitable for this type of experiment with
NMHC-II. Therefore, we used murine macrophage-derived IC21
cells since the cells express NMHC-IIB at a low level and were
relatively resistant to HSV infection (data not shown). First, we
established IC21 cells that stably overexpressed either the reported
gD receptor human nectin-1 (IC21/hnectin-1 cells) or the re-
ported gB receptor human NMHC-IIA (IC21/hNMHC-IIA cells)
(Fig. 3A) and examined how the overexpression of these HSV-1
entry receptors affected HSV-1 entry in IC21 cells. Infection of
IC21/nectin-1 or IC21/hNMHC-IIA cells with YK333 (EGFP) re-
sulted in a significant increase in the percentage of virus-infected
cells compared with the infection of control IC21/puro cells (Fig.
3C and D), which demonstrated that IC21 cells, like CHO cells,
can be used as a model for investigating the role of a receptor in
HSV-1 entry. As mentioned above, our results also showed that
NMHC-IIA and nectin-1 were detectable in IC21/puro cells (Fig.
3A), and this suggested that IC21 cells endogenously express these
reported HSV-1 entry receptors. Next, we generated IC21 cells
that stably expressed high levels of mouse NMHC-IIB (IC21/
mNMHC-IIB cells) (Fig. 3A). The cell surface expression of
NMHC-IIB in IC21/mNMHC-IIB cells was increased compared
with the expression in control IC21/puro cells (Fig. 3B), and the
overexpression of NMHC-IIB significantly enhanced the suscep-
tibility of IC21 cells to HSV-1 infection, similar to what was ob-
served following the overexpression of nectin-1 or NMHC-IIA in
these cells (Fig. 3C and D); these results indicated that NMHC-IIB
mediated HSV-1 infection. Notably, overexpression of nectin-1
increased the susceptibility of IC21 cells to HSV-1 infection more
efficiently than did overexpression of NMHC-IIA or NMHC-IIB
(Fig. 3C and D). However, the extent to which the overexpression
of each HSV-1 receptor in IC21 cells affected the susceptibility to
HSV-1 infection does not necessarily reflect the activity of these
receptors in mediating HSV-1 entry; this is because we were not
able to evaluate the levels of overexpression of each of the recep-
tors in IC21 cells by using distinct antibodies to detect the HSV-1
receptors.

Effect of NMHC-IIB knockdown in COS-1 cells on HSV-1
infection and cell-cell fusion. To examine the role of endoge-
nously expressed NMHC-IIB in HSV-1 infection, we generated
COS-shNMHC-IIB and COS-shControl cells in which shRNA
against NMHC-IIB and control shRNA were expressed, respec-

Journal of Virology

5 h postinfection. The relative MFI is the MFI of infected cells treated with
ML-7 and/or PEG compared with untreated control cells. The mean and stan-
dard error of each data set are shown (n = 3; *, P = 0.0077, two-tailed Student
t test). The mean value in the absence of ML-7 and PEG was normalized to
100% relative MFI.
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FIG 3 Effect of NMHC-IIB overexpression on HSV-1 infection. (A) Expres-
sion of NMHC-IIB, NMHC-IIA, nectin-1, and a-tubulin in IC21/puro, IC21/
hNMHC-IIA, IC21/mNMHC-IIB, and IC21/hnectin-1 cells was analyzed by
immunoblotting. (B) Cell surface proteins of IC21/puro or IC21/mNMHC-
1IB cells incubated with HSV-1 at an MOI of 50 at 4°C for 2 h, followed by a
temperature shift to 37°C for 15 min, were biotinylated, precipitated with
avidin beads, and analyzed by immunoblotting with anti-NMHC-IIB anti-
body. WCE, whole-cell extract. Numbers at left of panels A and B are molec-
ular masses in kilodaltons. (C) IC21/puro, IC21/hNMHC-IIA, IC21/
mNMHC-IIB, or IC21/hnectin-1 cells were infected with YK333 (EGFP) and
analyzed by flow cytometry, and the percentage of infected cells was deter-
mined at 10 h postinfection. The mean and standard error of each data set are
shown (n = 3; %, P < 0.01, two-tailed Student ¢ test). (D) IC21/puro, IC21/
hNMHC-IIA, IC21/mNMHC-IIB, or IC21/hnectin-1 cells were infected with
YK333 (EGFP) at an MOI of 1 and analyzed by fluorescence and phase-con-
trast microscopy at 10 h postinfection.
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tively. NMHC-IIB, nectin-1, and a-tubulin expression in COS-
shControl and COS-shNMHC-IIB cells were analyzed by immu-
noblotting to confirm NMHC-IIB knockdown by shRNA against
NMHC-IIB (Fig. 4A). Expression of NMHC-IIB, but not of nec-
tin-1 and a-tubulin, was reduced in COS-shNMHC-IIB cells
compared to COS-shControl cells. We also confirmed that the cell
surface expression of NMHC-IIB in COS/shNMHC-IIB cells was
apparently reduced compared to that in control COS-shControl
cells (Fig. 4B). COS-shNMHC-IIB and COS-shControl cells were
then infected with YK333 (EGFP), and HSV-1 infection was de-
termined by flow cytometry. As shown in Fig. 3C and D, YK333
infection in COS-shNMHC-IIB cells was significantly impaired
compared to that in COS-shControl cells, but shRNA against
NMHC-IIB had no effect on influenza virus infection.

To examine the role of NMHC-IIB in HSV-1-mediated mem-
brane fusion, we used a cell-cell fusion assay that allowed mea-
surement of HSV-1-induced membrane fusion based on transient
expression of HSV-1 glycoproteins (5). When COS-shNMHC-1IB
cells were cocultured with COS-1 cells transiently expressing
HSV-1 gB, gD, gH, and gL, the efficiency of cell-cell fusion de-
creased significantly compared to that of cell-cell fusion when
COS-shControl cells were cocultured with COS-1 cells expressing
the viral envelope glycoproteins (Fig. 4E). In contrast, NMHC-1IB
knockdown had little effect on vesicular stomatitis virus envelope
protein G-mediated cell-cell fusion (Fig. 4F).

These results suggested that endogenous NMHC-IIB in COS-1
cells mediated HSV-1 infection and HSV-1 glycoprotein-medi-
ated membrane fusion.

As discussed above, NMHC-II isoforms exhibit a high level of
amino acid sequence similarity (25), and therefore, NMHC-1I iso-
forms have been suggested to have overlapping functions. In con-
trast, accumulating evidence suggests that NMHC-II isoforms
have differences in their motor activities, molecular interactions,
and cellular and tissue distributions (25). In particular, ablation of
the gene encoding NMHC-IIA, -IIB, or IIC in mice showed dif-
ferent phenotypes resulting (50-52). NMHC-IIA ablation re-
sulted in lethality by embryonic day 6.5, with a defect in cell ad-
hesion and visceral endoderm formation (50, 53). NMHC-IIB
ablation resulted in survival to embryonic day 14.5, but with
marked abnormalities in the heart, including ventricular septal
defects and in cardiac myocyte cytokinesis, and brain, including
the hydrocephalus and abnormal migration of certain groups of
neurons (51, 52). In contrast, NMHC-IIC-ablated mice survive to
adulthood and show no obvious defect (53). Because of these di-
verse functions of NMHC-II isoforms, it was uncertain whether
NMHC-IIB, an isoform of NMHC-IIA which is enriched in neu-
ronal tissues that are the most important cellular targets for
HSV-1 in vivo (1, 36), can mediate HSV-1 entry by associating
with gB like NMHC-IIA. In this study, we have shown a series of
data suggesting that NMHC-IIB specifically interacted with
HSV-1 gB and mediated HSV-1 entry. Notably, although we have
shown that human NMHC-IIB directly bound to gB in vitro, we
have not provided data showing that human NMHC-IIB plays a
role in HSV-1 entry in human cells. However, as described above,
the functions and sequences of mammalian NMHC-IIBs are
highly conserved, and no species-specific functional differences of
NMHC-IIBs have been reported (49). Therefore, NMHC-IIB in
human cells is also likely involved in HSV-1 entry. We also showed
that overexpression of NMHC-IIB increased the percentage of
cells infected by HSV-1, leading to the conclusion that NMHC-IIB

February 2015 Volume 89 Number 3


http://jvi.asm.org

o o
Q
S
200 == \NMHC-IIB
tinl
66 - -3 nectin
e 0—tubulin
45 — -
B mock _ HSV-1(F)
=) =
= =
3 QO B3 O
£ E £ E
s =2 § =2
oz O =z
2 2 5 £
200—n — "~ NMHC-IIB
avidin ppt
200— puumy == guma = NMHC-IIB
WCE
C HSV-1 D  influenza virus
* n.s.
~ 125 — ~125
S N
= 100 =100
—
= =
s 75 =75
£ 50 2 50
= =
< 25 S 25
-7 & o
0
> ¥
Q
< C\\q’ & Q\C\X
< & 3&@&
© s\é 3
E HSV-1 F; VSV-G
o °
é ] * é 1.S.
'2)125 — g [
-E 100 £ 1507
2 H
§7] £ 100]
225 &
£ g,
= - S > <
~ <O
H \‘0\ C\@ Co‘\\' QCQ
o RN
S

FIG 4 Effects of NMHC-IIB knockdown on HSV-1 infection and cell-cell
fusion. (A) NMHC-IIB, nectin-1, and a-tubulin expression levels in COS-
shControl and COS-shNMHC-IIB cells were determined by immunoblotting.
(B) Cell surface proteins of COS-shControl or COS-shNMHC-IIB cells incu-
bated with HSV-1 at an MOI of 50 at 4°C for 2 h, followed by a temperature
shift to 37°C for 15 min, were biotinylated, precipitated with avidin beads, and
analyzed by immunoblotting with anti-NMHC-IIB antibody. WCE, whole-
cell extract. Numbers at left of panels A and B are molecular masses in kilodal-
tons. (C and D) COS-shControl and COS-shNMHC-IIB cells infected with
YK333 (EGFP) (C) or influenza virus (D) atan MOI of 1 were analyzed by flow
cytometry, and mean fluorescence intensities (MFIs) were determined at 5 and
7 h postinfection, respectively. The mean and standard error of each data set
are shown (n = 3; %, P = 0.036, n.s., not significant, two-tailed Student ¢ test).
The mean value for COS-shControl cells was normalized to 100% relative
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can mediate HSV-1 entry. However, we cannot completely ex-
clude the possibilities that overexpression of NMHC-IIB alters the
cell surface expression of nectin-1 and other receptors, affects
downstream cellular processes that enhance virus entry, and/or
enhances expression of viral glycoproteins resulting in increased
cell fusion.

The entry of herpesviruses into a cell is a highly complex pro-
cess that requires multiple envelope glycoproteins and involves
multiple host cellular receptors (54). In HSV, in addition to the gD
and gB receptors described above, av36- and av38-integrins were
reported to bind to gH/gL and serve as HSV entry receptors (55—
57). Similarly, previous studies have reported that (i) members of
the integrin family serve as receptors for gH/gL of Epstein-Barr
virus (EBV) and human cytomegalovirus (HCMV) and gB of hu-
man herpesvirus 8 (HHV-8) and (ii) human leukocyte antigen
class II (HLA-II), epidermal growth factor receptor, insulin-de-
grading enzyme, MAG, and EphrinA2 serve as receptors for EBV
gp42, HCMV gB, varicella-zoster virus (VZV) gE, VZV gB, and
HHV-8 gH/gL, respectively (23, 58-64). One possible explanation
for why herpesviruses use numerous host cellular receptors is that
specific interactions between herpesviral envelope glycoproteins
and host cellular receptors determine viral cell tropism. In agree-
ment with this hypothesis, previous studies have reported that
interactions between EBV gp42 and HLA-II and between EBV
gH/gL and integrins are involved in EBV entry into B and epithe-
lial cells, respectively (59, 63). An alternative possibility is that
simultaneous interactions between multiple viral envelope glyco-
proteins and multiple host cellular receptors might enable the
viral envelope to stably localize close to the host cellular plasma
membrane, which, in turn, might facilitate membrane fusion be-
tween the viral envelope and the host cellular membrane. The
HSV-1 gD receptors nectin-1 and HVEM, the gB receptors
NMHC-IIA and NMHC-IIB, and the gH/gL receptors av36- and
avp38-integrins are expressed in a variety of cell types (11, 12, 25,
65); therefore, HSV-1 gD, gB, and gH/gL might concurrently in-
teract with these host cellular receptors and thereby contribute to
efficient membrane fusion during HSV-1 entry into a cell.

Here, we have demonstrated that cell surface expression of
NMHC-IIB was upregulated after adsorption at 4°C followed by a
temperature shift to 37°C for 2 to 15 min, as observed with
NMHC-IIA in our previous study (24). Currently, the precise
mechanism by which the cell surface expression of NMHC-ITA
and NMHC-IIB is upregulated upon HSV-1 entry remains to be
elucidated. However, HSV-1 entry was reported to rapidly trigger
arelease of Ca®™ (within 16 s after a shift to 37°C), and this Ca**
signaling played a critical role in HSV-1 entry (66). Ca** is an
essential cofactor for the activation of MLCK, which controls the
functions and localization of NM through phosphorylation (67).
The data presented here and in our previous study have shown
that ML-7, a specific inhibitor of MLCK, and 1,2-bis(2-amino-
phenoxy)ethane-N,N,N’,N’-tetraacetic acid tetrakis(acetoxy-

mean fluorescence intensity (MFI). (E and F) COS-1 cells transfected with
expression vectors for T7 polymerase, gB, gD, gH, and gL (E) or expression
vectors for T7 polymerase and vesicular stomatitis virus G protein (VSV-G)
(F) were cocultured with COS-shControl or COS-shNMHC-IIB cells trans-
fected with a reporter plasmid carrying the luciferase gene driven by the T7
polymerase. The mean and standard error of each data set are shown (n = 3; %,
P = 0.034, two-tailed Student t test). The mean value for COS-shControl cells
was normalized to 100% relative fusion activity.
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methyl ester) (BAPTA-AM), a Ca*>™ chelator, prevented the up-
regulation of the cell surface expression of NMHC-IIA and/or
NMHC-IIB upon viral entry; these results suggested that the up-
regulation of NMHC-II cell surface expression was regulated by a
signaling event(s) during the initiation step of viral entry. In this
and previous studies, small amounts of NMHC-IIA and NMHC-
IIB were detectable on the surface of mock-infected cells, but
whether the NMHC-ITA and NMHC-IIB expressed on the surface
of these mock-infected cells are sufficient for HSV-1 entry remains
unknown. Moreover, there is a possibility that the 2-h incubation
at 4°C followed by a shift up to 37°C allows for sufficient initial
membrane fusion and/or pore formation resulting in exposure of
surface-bound remaining viral particles and gB to NMHC-IIA
and NMHC-IIB. However, previous studies reported that a time
lag of 10 to 15 min occurred between viral adsorption at 4°C and
the initiation of viral penetration after a temperature shift to 37°C
in the case of HSV-1 (68, 69) but not vaccinia virus (70). These
findings agree with our observation that the cell surface expression
of NMHC-IIA and NMHC-IIB is upregulated after viral adsorp-
tion at 4°C followed by a temperature shift to 37°C for 2 to 15 min,
and these results suggest that the upregulation of cell surface ex-
pression of NMHC-IIA and NMHC-IIB during the initiation of
viral entry might be required for efficient viral entry. It has been
reported that HSV-1 protein VP22, a virion tegument protein,
interacts with NMHC-IIA (71) and that myosin Va, another
member of the myosin family, plays roles in the secretion of
HSV-1 virions and cell surface expression of HSV-1 envelope gly-
coproteins (72). Thus, members of the myosin family appear to be
involved in multiple steps of HSV-1 replication. Further clarifica-
tion of the precise roles of these and other myosins in HSV-1
infection may elucidate the molecular basis of multiple aspects of
HSV-1 infection.
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