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ABSTRACT

Herpes simplex virus (HSV) entry requires multiple interactions at the cell surface and activation of a complex calcium signaling
cascade. Previous studies demonstrated that integrins participate in this process, but their precise role has not been determined.
These studies were designed to test the hypothesis that integrin �v�3 signaling promotes the release of intracellular calcium
(Ca2�) stores and contributes to viral entry and cell-to-cell spread. Transfection of cells with small interfering RNA (siRNA) tar-
geting integrin �v�3, but not other integrin subunits, or treatment with cilengitide, an Arg-Gly-Asp (RGD) mimetic, impaired
HSV-induced Ca2� release, viral entry, plaque formation, and cell-to-cell spread of HSV-1 and HSV-2 in human cervical and
primary genital tract epithelial cells. Coimmunoprecipitation studies and proximity ligation assays indicated that integrin �v�3
interacts with glycoprotein H (gH). An HSV-2 gH-null virus was engineered to further assess the role of gH in the virus-induced
signaling cascade. The gH-2-null virus bound to cells and activated Akt to induce a small Ca2� response at the plasma mem-
brane, but it failed to trigger the release of cytoplasmic Ca2� stores and was impaired for entry and cell-to-cell spread. Silencing
of integrin �v�3 and deletion of gH prevented phosphorylation of focal adhesion kinase (FAK) and the transport of viral capsids
to the nuclear pore. Together, these findings demonstrate that integrin signaling is activated downstream of virus-induced Akt
signaling and facilitates viral entry through interactions with gH by activating the release of intracellular Ca2� and FAK phos-
phorylation. These findings suggest a new target for HSV treatment and suppression.

IMPORTANCE

Herpes simplex viruses are the leading cause of genital disease worldwide, the most common infection associated with neonatal
encephalitis, and a major cofactor for HIV acquisition and transmission. There is no effective vaccine. These epidemiological
findings underscore the urgency to develop novel HSV treatment or prevention strategies. This study addresses this gap by fur-
ther defining the signaling pathways the virus usurps to enter human genital tract epithelial cells. Specifically, the study defines
the role played by integrins and by the viral envelope glycoprotein H in entry and cell-to-cell spread. This knowledge will facili-
tate the identification of new targets for the development of treatment and prevention.

Herpes simplex viruses (HSVs) are the leading cause of genital
ulcer disease and neonatal encephalitis and a major cofactor in

the HIV epidemic (1). These epidemiological findings highlight the
need to develop new strategies for treatment and prevention. Defin-
ing the pathway of viral entry and cell-to-cell spread will promote the
identification of targets for new drug or vaccine development. Entry
into target cells by either serotype (HSV-1 or HSV-2) is complex,
presumably reflecting the ability of virus to infect multiple cell types
by either direct fusion or one of several endocytic pathways (2). Entry
is initiated by attachment of HSV-1 glycoprotein C (gC) or HSV-2 gB
to heparan sulfate moieties on syndecan proteoglycans (3–6) fol-
lowed by engagement of one of several gD coreceptors, most com-
monly nectin-1 on epithelial cells (7–9). Engagement of the gD core-
ceptor is followed by the translocation of Akt to microdomains on the
outer leaflet of the plasma membrane, where interactions with gB
lead to Akt phosphorylation and release of calcium (Ca2�) near the
plasma membrane (10). This initiates a signaling cascade that pro-
motes the release of inositol-triphosphate receptor (IP3R)-dependent
endoplasmic reticulum (ER) Ca2� stores, leading to entry of viral
capsids and tegument proteins and their transport to the nuclear pore
(5, 11). The role played by gH in this Akt-Ca2� entry pathway has not
yet been delineated.

Glycoprotein H (which forms heteroligomers with gL) is also
essential for viral entry and cell-to-cell spread and has been impli-
cated in regulating the fusogenic activity of gB (12, 13). Several
studies suggest that gH-gL may interact with integrins at the
plasma membrane, although the findings have been inconsistent
(5, 14–20). Viruses can induce conformational changes and/or
clustering of integrins to elicit cell signaling, cytoskeletal rear-
rangement, and viral internalization (21). Since the sequence of
gH contains the integrin binding motif Arg-Gly-Asp (RGD), it
was previously proposed that gH might be a ligand for integrins
(14, 20). A soluble form of HSV-1 gH-gL bound to Vero cells
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(monkey kidney epithelial cell line), and mutation of RGD to RGE
blocked viral binding (14). However, a viral variant mutated in
this sequence retained full infectivity, suggesting either that inter-
actions with integrins are not essential or that the RGD motif may
not be the only integrin binding partner (20). Other studies using
CHO cells engineered to express different gD coreceptors found
that integrin �v�3 expression influenced the pathway of viral en-
try (18). More recently, it was found that integrin �v�6 and �v�8
promote HSV-1 endocytosis through engagement of gH in several
different cell lines, including 293T cells (15). However, most of
these prior studies have focused on HSV-1 and on cell lines where
entry by endocytosis may predominate.

To address this gap, we explored the role integrins play in
HSV-2 and HSV-1 entry into genital tract epithelial cells, where
fusion of the viral envelope with the plasma cell membrane is
presumed to predominate (2, 5). Studies were conducted using a
human cervical cell line (CaSki) as well as primary genital tract
human cells isolated from cervical tissue or cervicovaginal lavage
(CVL) samples. We used small interfering RNA (siRNA) targeting
different integrins, and cilengitide, a cyclic RGD peptide that
binds to and inhibits the activities of the �v�3 and �v�5 integrins,
and engineered a HSV-2 gH-null virus to examine the role gH-
integrin interactions play in viral entry and Akt-Ca2� signaling.

MATERIALS AND METHODS
Cells and viruses. CaSki (human cervical epithelial cell line ATCC CRL-
1550) and Vero (monkey kidney epithelial ATCC CCL-81) cells were
passaged in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum. Primary genital tract epithelial cells
were isolated from cervical tissue obtained from women undergoing hys-
terectomy for benign conditions or from CVL samples obtained from
healthy women participating in studies of genital tract mucosal immunity.
Genital tract epithelial cells from cervical tissue were processed and ex-
panded as previously described (12). The CVL samples were subjected to
low-speed centrifugation, and the cellular pellet was resuspended in se-
rum-free medium, subjected to a second centrifugation step to remove
mucus, and grown in keratinocyte serum-free medium supplemented
with epidermal growth factor (EGF) human recombinant and bovine pi-
tuitary extract (Life Technologies).

The laboratory isolates HSV-2 strain G [here designated HSV-2(G)],
HSV-1(KOS), HSV-1(KVP26GFP), which contains a green fluorescent
protein (GFP)-VP26 fusion protein (22), and HSV-2(333)ZAG, which
expresses GFP under the control of a cytomegalovirus promoter inserted
in an intergenic region between UL3 and UL4 (gift from P. Spear, North-

western University) were propagated on Vero cells, and viral stocks were
stored at �80°C. Stocks of an HSV-2(G) gD-2 deletion virus (�gD) (10)
were propagated on complementing HSV-1 gD-expressing VD60 cells
(23), and stocks of a previously described gB-2 deletion virus (�gB) were
propagated on VgB2 cells (6). Stocks of a new gH-2-null virus (described
below) were propagated on complementing HSV-1 gH-expressing F6
cells (24). One passage of each of the deletion viruses through Vero cells
yields glycoprotein-negative virions. The complemented and noncomple-
mented viruses were purified on sucrose gradients, and relative particle
numbers were determined by Western blotting and probing with an an-
tibody (Ab) to the capsid protein, VP5 (5).

Construction of an HSV-2 gH-null virus. The HSV-2 �gH virus was
constructed using the recently described HSV-2 bacterial artificial chro-
mosome (BAC) clone, bHSV2-BAC38 (25) and a linearized allelic ex-
change substrate. The allelic exchange plasmid was constructed by PCR
amplification of 1-kb regions flanking UL22 with the primers described in
Table 1. Purified DNA fragments were digested with Van91I (left homol-
ogy region) and DraIII (right homology region) enzymes. Fragments were
ligated with Van91I fragments of pYUB1471 using T4 DNA ligase (New
England BioLabs, Ipswich, MA) (26). The allelic exchange plasmid con-
tains a sacB-hygromycin counterselection/selection cassette driven by a
prokaryotic promoter, which is flanked by ��-resolvase sites. The result-
ing plasmid (pYUB1471-�UL22) was transformed into NEB 5-alpha
competent cells, sequence verified, purified, and linearized at a single PacI
site (NEB). The linearized product was electrotransformed into Esche-
richia coli SW102-containing bHSV2-BAC38, which was induced to ex-
press phage 	 recombineering genes (25). Resulting colonies on chloram-
phenicol and hygromycin were screened for correct gene replacement,
and DNA was purified using a Midiprep kit (Qiagen). Two primer sets
were used to confirm appropriate gene replacement within the genome:
left, primers gH2-L-check and sacB-Out; right, primers gH2-R-check and
Hyg-Out (Table 1). Bacteria containing the desired allelic exchange plas-
mid were transformed with plasmid pYUB870, which encodes the gam-
ma-delta-resolvase gene (tnpR) from transposon Tn1000 and a kanamy-
cin-sacB selection/counterselection cassette. Transformed bacteria were
grown on kanamycin, picked, grown at exponential phase, and plated on
LB agar plates containing 10% sucrose. Colonies were then picked in
replicates on plates containing chloramphenicol plus hygromycin or
chloramphenicol alone. Colonies that grew only on plates containing
chloramphenicol were expanded and screened for the loss of the sacB-
hygromycin cassette. One microgram of this HSV-2 DNA was transfected
into F6 cells with Effectene (Qiagen). Plates were screened for green
plaques, and supernatants from positive wells were collected and overlaid
onto fresh F6 cells for 1 h. Cells were then washed and covered with 1%
low-melting-point agarose prepared in Optimem (Invitrogen). Single
green fluorescent plaques were picked and purified three times using this

TABLE 1 Primers used for construction of the gH-2 deletion virus

Region amplified Primer name Sequence (5= to 3=)a

Region homologous to left of UL22 LL-Van91I-UL22 TTTTTTTT CCAT AAA TTGG GTT CGT GCA AGT GAA GCA CAT CG
LR-Van91I-UL22 TTTTTTTT CCAT TTC TTGG CGC GAA TAA ACG GGT GTG

Region homologous to right of UL22 RL-DraIII-UL22 TTTTTTTT CAC AGA GTG GTC GTC CCG GCT GCC AGT C
RR-DraIII-UL22 TTTTTTTT CAC CTT GTG CGT TCG TGG CCC TCA TGC C

Left to UL22 gH2-L-check AAA TCA TGG GTG GAT GTG GTT CGC GAG C
gH2-WT-Left ATC ACC CAC AAC GCC AGC TAC G
sacB-Out AGGATACAGGACCTGCCAAT

Right to UL22 gH2-R-check GGT GAG GAT GCT TGG CCA GAA GCG G
gH2-WT-R-Out GGC TGT CCC GCA TCG ATA TCA CG
Hyg-Out CTTCACCGATCCGGAGGAAC

a Underlining indicates Van91I and DraIII sites.
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method. HSV-2 �gH was then expanded on F6 cells to produce HSV-1 gH
phenotypically complemented virus (designated �gH�/� for phenotypi-
cally complemented virus or �gH�/� for noncomplemented virus). Ge-
notypic confirmation of the gH deletion was performed by PCR using
primers LL-V91I-UL22 and RR-DraIII-UL22. Phenotypic confirmation
of the gH deletion was assessed by preparing Western blots of infected cell
lysates or sucrose gradient-purified virus.

Antibodies and chemical reagents. Primary antibodies and dilutions
for Western blots, confocal microscopy, and coimmunoprecipitation
were as follows: mouse monoclonal antibody (MAb) anti-VP16, 1:500
(catalog no. sc-7545; Santa Cruz Biotechnology [sc], Santa Cruz, CA);
anti-VP5 MAb, 1:200 (sc-56989); anti-gB MAb, 1:500 (sc-69799), goat
anti-gB, 1:200 (sc-22090); anti-gD MAb, 1:1,000 (sc-56988); anti-gC
MAb, 1:200 (sc-69801); anti-gH-gL MAb, 1:200 (CH31, gift from R.
Eisenberg and G. Cohen, University of Pennsylvania); anti-�-actin MAb,
1:5,000 (A-5441; Sigma-Aldrich, St. Louis, MO); anti-phospho-Akt (ser
473) MAb, 1:500 (4051; Cell Signaling Technology Inc., Danvers, MA);
anti-histone H1 MAb, 1:250 (sc-8030), rabbit anti-total Akt123, 1:1,000
(sc-8312); rabbit anti-pY397 focal adhesion kinase (FAK), 1:1,000 (44-
625G; Invitrogen), anti-total FAK MAb, 1:1,000 (610087; BD Bioscience),
rabbit anti-goat immunoglobulin G (IgG), 1:500 (HAF017; R&D, Minne-
apolis, MN); goat polyclonal anti-integrin �8, 1:200 (sc-6638); goat poly-
clonal anti-integrin �6, 1:200 (sc-6633); rabbit polyclonal anti-integrin
�v, 1:500 (sc6617-R); mouse anti-integrin �v, 1:200 (sc-9969); mouse
anti-integrin �v�3, 1:200 (sc7312); mouse anti-integrin �3, 1:50 (ab7167,
Abcam, Cambridge, MA); rabbit anti-gH-gL, 1:500 (R137; gift from R
Eisenberg and G. Cohen, University of Pennsylvania); rabbit polyclonal
anti-PVRL1 (nectin-1), 1:100 (ab66985); and rabbit polyclonal anti-in-
tegrin �3, 1:500 (sc-14009). The secondary antibodies for Western blots
were horseradish peroxidase-conjugated goat anti-mouse (170-5047, Bio-
Rad, Hercules, CA), goat anti-rabbit (170-5046, Bio-Rad), or donkey
anti-goat (sc-2020). The secondary antibodies for confocal microscopy
were anti-mouse Alexa 488, Alexa 555, or Alexa 350 and anti-rabbit Alexa
488 or Alexa 350 (A11001, A211422, A11045, A11008, A21068; Invitrogen
Molecular Probes). All secondary antibodies were diluted 1:1,000. Iono-
mycin was purchased from Invitrogen Molecular Probes (Bristol, United
Kingdom) and cilengitide from MedKoo Biosciences (CedarLane, Burl-
ington, NC).

Small interfering RNA and transfections. Cells were transfected with
a final concentration of 10 nM for each siRNA sequence in 12-well plates.
For CaSki cells, the transfections were performed with the Lipofectamine
RNAiMAX transfection reagent (Invitrogen, Carlsbad, CA) using the re-
verse transfection protocol provided by the manufacturer or HiPerFect
transfection reagent (Qiagen). Primary cells were transfected using Effect-
ene transfection reagent (Qiagen). The human integrin �v siRNA (iden-
tification no. s7568, s7569, s7570), integrin �3 siRNA (s7580, s7581,
s7582), integrin �5 siRNA (s7547, s7548, s7549), integrin �5 siRNA
(s7589, s7590, s7591), integrin �1 siRNA (s7574, s7575, s7576), control
siRNA (Silencer negative-control siRNA no. 1, catalog no. AM4636) were
purchased from Applied Biosystems (Applied Biosystems, Foster City,
CA). Integrin �6 and integrin �8 siRNA (sc-43135 and sc-43137, respec-
tively) were purchased from Santa Cruz Biotechnology. Cells were ana-
lyzed for protein expression by Western blots of cell lysates and for viral
gene expression by quantitative reverse transcription-PCR (qRT-PCR) 72
h posttransfection. Total RNA was extracted using an Absolutely RNA
Miniprep kit (Stratagene, La Jolla, CA). RNA was reverse transcribed with
a High Capacity cDNA reverse transcription kit (Applied Biosystems).
Real-time PCR amplification was performed using an ABI PRISM 7000
detection system and analyzed using sequence detector software. The re-
actions were performed using the TaqMan Universal PCR master mix
(Applied Biosystems) and the commercially available probes for human
integrin �v (Hs00233808_m1), integrin �3 (Hs00173978_m1), integrin
�5 (Hs00233732_m1), integrin �5 (Hs00609896_m1), integrin �1

(Hs00559595_m1), Akt1 (Hs00178289_m1), Akt2 (Hs00609846_m1),
Akt3 (Hs00178533_m1), interferon alpha (IFN-�; Hs00256882_s1), and

the ribosomal large protein subunit (RPLPO) (4310879E) housekeeping
gene obtained from Applied Biosystems. Quantification was normalized
against the number of RPLPO transcripts in the same RNA extracts.

Western blots. Cells were transfected with siRNA and were harvested
and lysed in buffer containing 20 mM Tris (pH 7.5), 50 mM NaCl, 1%
NP-40, and 0.05% sodium deoxycholate, supplemented with fresh pro-
tease and phosphatase inhibitors (Roche Diagnostics and Sigma-Aldrich,
respectively). Proteins were separated by SDS-PAGE and transferred to
membranes for immunoblotting with antibodies. Membranes were
stripped between antibodies by incubating in Restore Western blot strip-
ping buffer (Thermo Scientific) for 10 min at room temperature and
washing 3 times in Tris-buffered saline (TBS)-Tween 20. Blots were
scanned, and the band intensities were analyzed using a GelDoc2000 sys-
tem. For Akt and FAK phosphorylation studies, the cells were transfected
with siRNA as described above, and 48 h later, the medium was changed to
serum-free medium and allowed to rest overnight. The cells were then
exposed to virus (or medium as a mock-infection control), and at differ-
ent times post-viral exposure, the cells were lysed and harvested for SDS-
PAGE.

Viral binding, entry, and plaque assays. For binding studies, cells
were exposed to serial dilutions of purified virus for 5 h at 4°C. Unbound
virus was removed by washing, and the cell-bound virus was analyzed by
preparing Western blots of cell lysates and probing with anti-gD MAb
(1103; Virusys, Sykesville, MD) (6). For plaque assays, cells were exposed
to serial dilutions of virus for 1 h and then washed three times with phos-
phate-buffered saline (PBS), pH 7.4, and overlaid with 199 medium con-
taining 1% pooled human IgG. Plaques were counted by immunoassay
using an anti-human IgG antibody peroxidase conjugate (Calbiochem)
(4). The ability of VP16, a viral tegument protein, to translocate to the
nucleus following infection was assessed as a marker of viral entry. Cells
were infected with the multiplicities of infection (MOI) of virus indicated
in Fig. 2 at 37°C for 1 h and washed three times with PBS, and nuclear
extracts were prepared and analyzed by Western blotting for VP16 and
histone H1 (27).

Confocal microscopy. Viral entry was also monitored by confocal
microscopy. Cells were grown on glass coverslips in 12- or 24-well plates.
The cells were transfected with siRNA and, at 48 h posttransfection, in-
fected with KVP26GFP (MOI, 5 PFU/cell). To label plasma membranes
and nuclei, the cells were stained for 10 min with red fluorescent Alexa
Fluor 594 wheat germ agglutinin and blue fluorescent Hoechst 33342
stains as provided in an Image-It Live plasma membrane and nuclear
labeling kit (Invitrogen). Cells were fixed with 4% paraformaldehyde so-
lution (Electron Microscopy, Hatfield, PA) at the times postinfection
(p.i.) indicated in the figure legends. Images were acquired by a ZeissLive/
DuoScan laser confocal microscope equipped with a 100
 oil immersion
objective and a numerical aperture (NA) of 1.4. Images were captured in
an optical slice of �0.5 �m with appropriate filters. Alexa Fluor 488 and
GFP were excited using the 488-nm line of a krypton/argon laser and
viewed with a 505- to 530-nm band-pass filter. Alexa Fluor 360 was ex-
cited with a 405-nm diode laser and collected with 420- to 475-nm filter,
and Alexa Fluor 555 was excited using a 561-nm helium/neon laser and
collected with a 575- to 655-nm filter. All images were captured using the
multitrack mode of the microscope to decrease cross talk of fluorescent
signals.

Calcium live-image microscopy. Cells were grown in glass-bottom
35-mm culture dishes (P35G-1.5-10-C; MatTek Corporation, Ashland,
MA), and cellular membranes were stained with lipophilic red fluorescent
CellTrace Bodipy TR methyl ester stain and nuclei with Hoechst (blue)
strain using an Image-It Live intracellular membrane and nuclear labeling
kit (Invitrogen) or with Alexa Fluor 594 wheat germ agglutinin stain for
plasma membranes and blue fluorescent Hoechst stain. The cells were
then loaded with Calcium Green (2.5 �g/ml; Invitrogen) for 1 h at 37°C
and infected with purified virus for 4 h at 4°C. Cells were washed three
times with PBS, overlaid with 25 mM HEPES buffer, and placed into a
temperature-regulated 37°C environmental chamber in a Zeiss Live Du-
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oScan confocal microscope fitted with a 100
/1.4 NA oil objective. Images
were acquired 3 min after the dishes were placed in the chamber. Z-sections
were captured in an optical slice of 0.5 �m, and 15 to 20 cells were scanned per
experiment. Image analysis was conducted using the laser scanning micro-
scope (LSM) confocal software package (Carl Zeiss, Inc.), and intensity stain-
ing was quantified with image J software (National Institutes of Health, Be-
thesda, MD). Three-dimensional (3-D) images were generated using
Volocity 5 confocal software (Improvision, Lexington, MA).

Calcium kinetic measurements. CaSki cells (5 
 104) or primary
vaginal cells (3 
 104) were seeded in 96-well black plates with clear
bottoms (3340, CellBIND surface; Corning Inc., NY) and incubated with
25 �M fura-2 AM diluted in PBS (F1221; Invitrogen Molecular Probes)
for 60 min at 37°C, rinsed thrice with PBS, placed on ice, and then exposed
to cold purified HSV-2 (MOI, �5 PFU/cell) or control buffer (PBS). The
cells were then transferred to a SpectraMaxMFe temperature-regulated
chamber at 37°C (Molecular Devices) without washing; photometric data
for [Ca2�] were generated by exciting cells at 340 and 380 nm and mea-
suring emission at 510 nm every minute for 1 h. An intracellular calibra-
tion was performed with each experiment by determining the fluores-
cence ratio (340:380) in the presence of Ca2�-free 10 mM K2-EGTA
buffer (Rmin) and 10 mM Ca-EGTA buffer containing 10 �M ionomycin
(Rmax) (C-3008, calcium calibration buffer kit no. 1; Invitrogen Molecular

Probes). The mean [Ca2�] was determined from four wells according to
the manufacturer’s recommendations using the following equation:
[Ca2�] 
 Kd Q (R � Rmin)/(Rmax � R), where R represents the fluores-
cence intensity ratio F	1/F	2; 	1 (340 nm) and 	2 (380 nm) are the fluo-
rescence detection wavelengths for ion-bound and ion-free indicators; Kd

is the Ca2� dissociation constant and equals 0.14 �M (fura and indo
ratiometric calcium indicators, Invitrogen Molecular Probes); and Q is
the ratio of Fmin to Fmax at 	2 (380 nm).

Immunoprecipitation assay. Cells were serum starved for 24 h prior
to being synchronously infected with purified virus (5 PFU/cell) and 2 and
15 min after being transferred to 37°C, the cells were placed back on ice,
lysed by sonication in radioimmunoprecipitation assay (RIPA) buffer
(Thermo Scientific) supplemented with complete protease inhibitors
(Roche Diagnostics). The lysates were incubated with an equal amount
(based on protein concentration provided by the manufacturer) of mono-
clonal anti-integrin �v�3 or control mouse IgG (sc-7312 and sc-2343;
Santa Cruz) overnight at 4°C and then immune complexes were isolated
following 4 h of incubation with protein A agarose beads (Thermo Scien-
tific). The precipitated complexes (pellet), supernatants, or an aliquot of
the nonimmunoprecipitated cell lysate were analyzed by Western blotting
for gH (rabbit serum R137) or gB (goat anti-gB, sc-22090). Reciprocal
immunoprecipitation studies were performed by immunoprecipitating

FIG 1 Silencing of integrin �v�3, but not other integrins, reduces HSV plaque formation. (a) CaSki cells were transfected with siRNA targeting �v, �5, �1, �3,
�6, or �8 alone or a combination of �v�3 and were infected 72 h later with serial dilutions of HSV-2(G). Viral plaques were counted at 48 h p.i. Results are
presented as PFU on siRNA-transfected cells as a percentage of PFU on nontransfected cells and are means (� standard deviations [SD]) from at least 3
independent experiments conducted in duplicate. Only wells in which the number of plaques ranged between 25 and 200 plaques were used to calculate the viral
titer. (b) CaSki cells were transfected with siRNA targeting the indicated integrins, and gene expression was determined by RT-PCR at 72 h posttransfection.
Results are presented as percent expression relative to that of nontransfected cells and are means (� SD) from at least 3 independent experiments. (c) CaSki cells
were transfected with siControl (siCtrl) or siRNA targeting integrin �v�3 (here termed siIntegrin�v�3 or siIn�v�3), siIntegrin �3 (siInt�3), siIntegrin �6
(siInt�6), or siIntegrin �8 RNA (siInt�8), and protein expression was evaluated by Western blotting at 72 h posttransfection; the blots are representative of at
least 2 independent experiments. (d) Primary vaginal cells cultivated from CVL pellets were transfected with the indicated siRNA and were infected 72 h later with
HSV-2(333)ZAG (MOI, 0.1 PFU/cell) and monitored for GFP expression; images are representative of 2 independent experiments. Asterisks indicate significant
difference relative to the control (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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with anti-gH-gL MAb (CH31) and performing Western blots probing for
integrin �v (rabbit sc-6617).

PLA. CaSki cells (�105 cell/well) were seeded on microscope glass
cover slides in a 24-well plate (Fisher Scientific) and incubated with puri-
fied viruses (MOI, 5 to 10 PFU/cell) or mock infected for 4 h at 4°C, and
the unbound virus was removed by washing thrice in cold PBS. The cells
were then transferred to a 37°C water bath for 15 min, placed back at 4°C,
and fixed with cold 4% paraformaldehyde. Blocking solution from
Duolink in situ was used to prevent nonspecific interactions. Cells were
incubated with primary Abs (1:100, 3% bovine serum albumin [BSA] in
PBS) for 1 h at room temperature. Proximity ligation assay (PLA) probes
used in this study were anti-mouse Minus (Duolink in situ, DUO092004;
Sigma-Aldrich) and anti-rabbit Plus (Duolink in situ; DUO092002, Sig-
ma-Aldrich). Hybridization, ligation, amplification, and detection steps
were performed following the manufacturer’s protocol (Detection Re-
agents Orange, Art. no. DUO092007, mounting medium with 4=,6=-di-
amidino-2-phenylindole [DAPI], Duolink, 82040-0005; Sigma-Aldrich).
Fluorescence signals were detected using a Zeiss Live DuoScan confocal
microscope fitted with a 64
/1.4 NA oil objective. Z-sections were cap-
tured in an optical slice of 0.44 �m. Extended-focus images were gener-
ated using Volocity 5 confocal software (Improvision, Lexington, MA).

Infectious center assays. CaSki cells (donor cells) were labeled with 25
nM MitoTracker Orange CMTMRos (M7510; Invitrogen) for 15 min,
washed, and infected with HSV-2(333)ZAG at a MOI of 5 to 10 PFU/cell.
The cells were washed with citrate buffer to inactivate residual extracellu-
lar virus at 2 h p.i., detached with trypsin-EDTA at 4 to 5 h p.i., plated at a
ratio of 1:5 with target cells that had been transfected with 10 nM siRNAs
72 h earlier, and then replated on MatTek 35-mm glass-bottom dishes
(MatTek, Ahland, MA) 1 day prior to coculture. The cocultures were

performed in medium containing pooled human IgG (Sigma), which
neutralizes infection by virus released into the medium. The cocultures
were incubated for 12 h, washed, fixed with 4% paraformaldehyde solu-
tion (Electron Microscopy, Hatfield, PA), and mounted in anti-fade re-
agent with DAPI (Invitrogen). Images were examined using a Leica SP2
AOBS confocal microscope (Leica Microsystems GmbH, Germany), and
at least 10 randomly selected fields were counted.

Statistical analyses. Analysis of variance or Student’s t tests were per-
formed using GraphPad Prism 6 (GraphPad Software, San Diego, Cali-
fornia, USA) with adjustments for multiple comparisons, and P values of
�0.05 were considered significant.

RESULTS
Silencing of integrin �v�3, but not other integrins, reduces
HSV plaque formation. CaSki cells were transfected with siRNA
sequences against integrin �v, �5, �1, �3, �5, �6, or �8 alone or a
combination of �v�3 and were infected 72 h later with HSV-2(G).
Silencing of integrin �v and �3 or the combination, but that not
the other integrins, significantly inhibited HSV-2 plaque forma-
tion (Fig. 1a). RT-PCR and Western blots were performed to as-
sess the efficacy and specificity of silencing of integrin protein and
gene expression (Fig. 1b and c, respectively). Each targeted integ-
rin subunit was silenced specifically, although a reduction in �v
expression was observed following transfection with siRNA tar-
geting �3. The siRNAs were not cytotoxic, as measured by a cell
proliferation assay (CellTiter96; Promega, CA, USA) and did not
induce an IFN-� response (not shown). Similarly, transfection of

FIG 2 Silencing of integrin �v�3 prevents HSV entry. (a) Primary genital tract cells generated from cervical tissue were transfected with siControl RNA or siRNA
targeting integrin �v�3 and were analyzed 72 h later for silencing by Western blotting, or (b) the silenced cells were inoculated with HSV-2(G) (MOI, 1 PFU/cell),
and nuclear extracts were prepared 1 h p.i. and analyzed for the presence of the tegument protein VP16 and histone H1 (as a nuclear extract control). Blots shown
are representative of results obtained in 2 independent experiments. (c) Transfected primary genital tract cells (siControl or siIntegrin�v�3) were exposed to
HSV-1(K26GFP) (MOI, 5 PFU/cell) and at 1 or 4 h p.i., cells were fixed and viewed by confocal microscopy; nuclei were stained with blue fluorescent Hoechst
stain, and plasma membrane was stained with red fluorescent Alexa Fluor 594 wheat germ agglutinin stain. Top panels represent the XY image, bottom panels
represent the XZ image. Bar 
10 �m. (d) In parallel experiments, cells were infected in the presence of serum-free medium (control) or cilengitide (100 �M),
and at 4 h p.i., the cells were fixed and viewed by confocal microscopy. (e) For both siRNA transfection and cilengitide treatment experiments, 100 cells from
different fields were counted. Results are presented as the percentage of GFP-positive cells and are means (� SD) from 2 independent experiments; asterisks
indicate significance (*, P � 0.05; **, P � 0.01) relative to the respective control.
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primary genital tract epithelial cells with siRNA targeting integrin
�v�3 significantly reduced the number of infected cells, which
were monitored by microscopy for GFP expression after exposing
cells (3 
 104 cells per well) to HSV-2(333)ZAG (MOI, 0.1 PFU/
cell) (Fig. 1d). No integrin �6 or �8 expression was detected in
primary cells by Western blotting (not shown).

Silencing of integrin �v�3 prevents HSV entry. Several inde-
pendent approaches were applied to determine if integrin �v�3
contributes to viral entry. First, primary genital tract cells were
transfected with siRNA (�v�3 or control), and silencing was con-
firmed 72 h later by Western blotting (Fig. 2a). The cells were then
infected with HSV-2(G), and after 1 h of incubation, nuclear ex-
tracts were prepared and evaluated for VP16 by Western blotting;
histone H1 was included as a control for the nuclear extracts.
VP16 is a viral tegument protein, which is delivered to the nucleus
following HSV entry; thus, its nuclear transport provides a surro-
gate of entry. Silencing of integrin �v�3 reduced the nuclear
transport of VP16, which is consistent with a block to viral entry
(Fig. 2b).

To further assess the impact of �v�3 silencing on viral entry,
confocal studies were conducted with purified K26GFP, an HSV-1
viral variant in which GFP has been fused in frame with the gene
for the viral capsid protein VP26 (22). Cells were transfected with
siRNA (control [here termed siControl] or �v�3 [si�v�3]) and 72
h later, the cells were infected (MOI, 5 PFU/cell). Cells were fixed
and stained at 1 and 4 h p.i. and viewed by confocal microscopy.

Capsids (GFP, green) were readily detected in the nuclei (DAPI,
blue) of siControl, but not si�v�3, cells (Fig. 2c). Specifically,
colocalization of GFP and DAPI staining was observed for 85% of
siControl compared to 10% of si�v�3 cells (n 
 100 cells
counted) at 4 h p.i. (Fig. 2e). Similarly, treatment of cells with
cilengitide (100 �M), a specific inhibitor of �v�3 signaling, also
decreased the number of internalized viral capsids (Fig. 2d and e).
Cilengitide was not cytotoxic as measured by a cell proliferation
assay of CaSki and primary genital tract cells (not shown).

Integrin �v�3 contributes to the HSV-mediated cytoplasmic
Ca2� responses post-Akt phosphorylation. Recent studies with
human epithelial cells indicate that HSV induces Akt phosphory-
lation and the release of Ca2� near the plasma membrane (10).
The Akt activation was retained in CaSki cells transfected with
siRNA targeting integrin �v�3 (Fig. 3a). However, only a small
amount of Ca2� was detected in response to HSV-2 in si�v�3-
transfected cells by confocal microscopy, which was localized pri-
marily near the plasma membrane (Fig. 3b). In contrast, HSV-2
triggered an increase in both plasma membrane and cytosolic
Ca2� in cells transfected with a control siRNA (si�5). The reduced
Ca2� response to virus in the si�v�3-transfected cells did not
reflect a loss of intracellular stores, as ionomycin triggered com-
parable responses in si�v�3- and si�5-transfected cells.

While confocal microscopy allows one to detect responses in
individual cells and identify the subcellular localization of Ca2�

responses, it is not quantitative. Therefore, quantitative kinetic

FIG 3 Integrin �v�3 contributes to the virus-induced cytoplasmic Ca2� response post-Akt phosphorylation. (a) CaSki cells transfected with siIntegrin�v�3
RNA were mock infected (serum free medium) or infected with purified HSV-2(G) (10 PFU/cell), and cell lysates were prepared for Western blot analysis at the
indicated times p.i. Blots were incubated with anti pS473-Akt123 and then stripped and probed with anti-total Akt123. A representative blot from 3 independent
experiments is shown. (b) CaSki cells were loaded with Calcium Green 72 h posttransfection with the indicated siRNA and synchronously mock infected or
infected with purified HSV-2(G) (5 PFU/cell). Live images were acquired 3 min after a temperature shift to 37°C. Cellular membranes were stained with CellTrace
(red), nuclei were stained with Hoechst (blue), and Ca2� is green. Representative XYZ images from 3 independent experiments are shown. Bars 
 9.2 �m. (c)
Transfected CaSki cells were loaded with fura-2, infected with purified HSV-2(G) (2 PFU/cell), or mock infected. To assess whether siRNA transfections impacted
the intracellular Ca2� stores, uninfected cells were treated with 1 �M ionomycin. The mean intracellular Ca2� concentration (nM) over 1 h was calculated from
4 wells, each containing 5 
 104 cells; the asterisk indicates a significant increase in Ca2� concentration relative to the mock-infected control (P � 0.05). (d)
Parallel studies were conducted with cells treated with calcium-free buffer (control) or buffer supplemented with cilengitide (100 �M), and the Ca2� response
over 1 h p.i. was compared to that of mock-infected cells.
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fluorometric studies were conducted in parallel. Transfected
CaSki cells (siControl or si�v�3) were loaded with fura-2 and
infected with purified HSV-2(G) (MOI, 2 PFU/cell), and the mean
intracellular Ca2� concentration ([Ca2�]) over 1 h was calculated
from 4 wells, each containing 5 
 104 cells. HSV-2 induced a
significant increase (�5.4-fold) in [Ca2�] compared to that of
mock-infected cells transfected with a control siRNA. In contrast,
HSV-2 triggered only a small (�1.7-fold) increase in [Ca2�] in
cells transfected with si�v�3, which did not achieve statistical sig-
nificance (Fig. 3c). This small response presumably reflects the
Akt-associated response at the plasma membrane. Cilengitide also
inhibited the Ca2� response to HSV-2 in primary genital tract
epithelial cells (Fig. 3d). Together, these findings suggest that in-
tegrin is activated downstream of virus-induced Akt phosphory-
lation and contributes to the cytosolic Ca2� signaling pathway
required for HSV entry.

Integrin �v�3 interacts with glycoprotein H. It was previ-
ously suggested that gH may be a ligand for integrins based, for
example, on surface plasmon resonance studies with soluble pro-
teins (15), but direct evidence with virus is lacking. To address
this, coimmunoprecipitation studies were performed. CaSki cells
were synchronously infected with purified HSV-2(G) (MOI, 5
PFU/cell), and cell lysates were prepared 2 and 15 min after the
shift in temperature and were incubated with a MAb to integrin

�v�3 or an isotype control MAb. The immune complexes were
precipitated with protein A-agarose and analyzed by Western
blotting with rabbit polyclonal antibody to gH-gL or, as a control,
with a goat polyclonal antibody to gB. Glycoprotein H, but not gB,
was detected in the pellet following precipitation with anti-integ-
rin �v�3 antibodies, but gH was retained in the supernatant when
proteins were precipitated with an isotype control antibody (Fig.
4a, left and middle panels). Conversely, integrin �v was detected
in the pellet (and supernatant) following precipitation with an
anti-gH-gL MAb (CH31) (Fig. 4a, right). As a complementary
approach, proximity ligation assays were performed. CaSki cells
were synchronously infected (no siRNA) or first transfected with
integrin �v�3 or control siRNA and then synchronously infected
72 h later by exposing the cells to HSV-2(G) (MOI, 5 PFU/cell) at
4°C to allow viral binding, washing the cells, and then transferring
them to a water bath at 37°C for 15 min to allow viral entry. The
cells were then placed back on ice, fixed, and stained with murine
monoclonal antibodies (MAbs) directed against integrin �v�3
and rabbit polyclonal serum (rabbit immunoglobulin [RIg])
against gH-gL and probed with species-specific proximity ligation
secondary antibodies. As a positive control for the assay, non-
transfected HSV-2 synchronously infected cells were stained with
a MAb to gD and RIg to nectin-1. A high concentration of fluo-
rescence (red signal) was detected in the majority of nontrans-

FIG 4 Integrin �v�3 interacts with glycoprotein H. (a) CaSki cells were synchronously infected with purified HSV-2 (5 PFU/cell), and cell lysates were harvested
2 and 15 min post-temperature shift and incubated with monoclonal mouse anti-integrin �v�3 (left panels) or an isotype control MAb (middle panel). Immune
complexes were precipitated, and equivalent volumes of the whole-cell lysate (starting material), supernatant, and pellet were subjected to Western blotting with
rabbit anti-gH-gL (upper left) or goat anti-gB (lower left) antibodies. In reciprocal experiments, lysates were precipitated with monoclonal antibodies to gH-gL
and analyzed by Western blotting with rabbit polyclonal antibodies to integrin �v (right panel). Controls included uninfected cell lysates; blots shown are
representative of 5 independent experiments. (b) CaSki cells were synchronously infected with purified HSV-2(G) (5 PFU/cell) (no siRNA) 72 h after being
transfected with the indicated siRNA. The cells were subsequently fixed and probed with monoclonal mouse antibodies (MAb) to integrin �v�3 or gD and rabbit
sera (RIg) to gH-gL or nectin-1 and assessed in a proximity ligation assay. (c) Additional proximity ligation studies were conducted with nontransfected CaSki
cells that were synchronously infected with HSV-2(G) as in panel b and fixed and probed with the indicated antibodies. Proximity ligation results are represen-
tative of 2 independent experiments. Bar 
 10 �M.
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fected and siControl-infected cells, but not si�v�3-transfected
cells, supporting an interaction between gH and integrin �v�3
(Fig. 4b). A similar signal was observed with the gD-nectin-1 Ab-
stained cells. The polyclonal rabbit anti-gH-gL Ab did not interact
with MAbs directed against syndecan-2 or Akt, and conversely,
rabbit anti-integrin �v�3 did not interact with gB or gD (Fig. 4c).

An HSV-2 gH-null virus is impaired in viral entry. To further
address the role of gH-integrin interactions in promoting the sig-
naling cascade associated with HSV entry, a virus with a deletion
of gH-2 was constructed using a recently described HSV-2 BAC
clone, bHSV2-BAC38 (25). The virus was expanded on gH-1-
expressing F6 cells to produce phenotypically complemented
virus (designated �gH�/�) and passaged once on Vero cells to
produce phenotypically gH-null virus (�gH�/�). Genotypic con-
firmation of the gH deletion was performed by PCR (Fig. 5a). The
phenotype was assessed by performing Western blots of purified
virus after passage of the virus on F6 (�gH�/�) or Vero (�gH�/�)

cells and by examining plaque formation with fluorescence mi-
croscopy of the complementing and noncomplementing cells.
The gH protein was detected only in complemented virus,
whereas gD, gB, gC, and VP5 were detected in virus purified from
both F6 and Vero cells (Fig. 5b). Plaques were readily detected
when F6 cells were infected with the complemented �gH�/� vi-
rus, but only rare singly infected cells were observed for the Vero
cells (Fig. 5c). The �gH�/� virus was competent for viral binding,
which is mediated by gB-2 (Fig. 5d), but it is impaired in entry as
evidenced by decreased detection of nuclear VP16 following ex-
posure of CaSki cells to �gH�/� (Fig. 5e). Moreover, gH-integrin
�v�3 interactions were observed by proximity ligation assay when
CaSki cells were exposed to �gH�/�, but not �gH�/� (Fig. 5f).
Virus purified on F6 cells had a 10,000 higher titer for F6 cells than
that for Vero cells (Table 2).

Integrin �v�3-gH interactions are required for cytosolic
Ca2� responses and FAK phosphorylation. Exposure of cells to

FIG 5 Construction and characterization of an HSV-2 gH-null virus. (a) Genotypic characterization of �gH-2 was performed by PCR using two primer sets to
confirm appropriate replacement of gH. The left flank of UL22 was tested with primers gH2-L-check and sacB-Out, while the right flank of this gene was assessed
with primers gH2-R-check and Hyg-Out (Table 1). (b) The gH-null virus was propagated on gH-1-expressing F6 cells to yield complemented virus (�gH�/�)
or on Vero cells to yield noncomplemented virus (�gH�/�). The viruses were purified on sucrose gradients, and equivalent numbers of viral particles (estimated
by comparing VP5 expression on Western blots) were analyzed for expression of viral proteins by immunoblotting with rabbit polyclonal Ab to gH-gL or murine
MAbs to gB, gD, gC, and VP5. (c) Representative fluorescence microscopy image obtained 36 h p.i. of F6 or Vero cells with �gH�/�. (d) To evaluate whether
deletion of gH impacted binding, CaSki cells were exposed to serial 2-fold dilutions of relatively equal numbers of purified complemented or noncomplemented
gH-null viruses (starting with viral particle numbers equivalent to an MOI of 5 PFU/cell) at 4°C for 4 h. Binding was assessed by performing Western blots of
cellular lysates with gD and �-actin, and results shown are representative of 3 independent experiments. (e) CaSki cells were inoculated with purified virus
(relative particle numbers equivalent to an MOI of 1 PFU/cell on F6 cells), and nuclear extracts were prepared 1 h p.i. and probed for the tegument protein VP16
and histone 1 (H1). A blot representative of results from 3 independent experiments is shown. (f) CaSki cells were synchronously infected with purified �gH�/�

or �gH�/� (equivalent to 5 PFU/cell) and fixed and probed with monoclonal mouse antibodies to integrin �v�3 and rabbit sera to gH-gL and assessed in a
proximity ligation assay. Results are representative of 3 independent experiments.
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either �gH�/� or �gH�/� did not prevent the release of a small
amount of Ca2� at the plasma membrane as seen by confocal
microscopy (Fig. 6a). However, there was no significant increase
in cytosolic [Ca2�] following exposure of CaSki cells (Fig. 6b,
upper panel) or primary genital tract epithelial cells (Fig. 6b, lower
panel) to �gH�/� virus, whereas the complemented virus
(�gH�/�) triggered a significant increase in [Ca2�] in both cell
types (3.8- and 3.0-fold increase, respectively). Furthermore, us-
ing a proximity ligation assay with a mouse MAb to gB and rabbit
polyclonal antibody to Akt, we observed that inoculation of cells
with either �gH�/� or �gH�/� did not block the interaction be-
tween Akt and gB (Fig. 6c). These findings contrast with previ-
ously described results for �gB�/� and �gD�/� mutants (10) and
support the findings that Akt phosphorylation is preserved in in-
tegrin �v�3-silenced cells (Fig. 3a).

Consistent with these findings, Akt was detected on the surface
of cells following exposure to phenotypically complemented vi-

ruses and following exposure to both �gH�/� or �gH�/�, but not
in mock-infected cells or cells exposed to noncomplemented
�gB�/� and �gD�/� mutants (Fig. 7a and 7b, green staining). Akt
was assessed and detected under all conditions in permeabilized
cells (only shown for mock-infected cells). Notably, there was a
parallel increase in the detection of surface integrin �v�3 in cells
in response to the same viruses (Fig. 7a and c, red staining). These
findings confirm previous studies indicating that binding of gD
and gB are sufficient to trigger a redistribution of Akt (10) and
indicate that this is associated with increased integrin �v�3 detec-
tion near the cell surface, which may facilitate subsequent inter-
actions with gH.

FAK phosphorylation, which has been previously shown to pro-
mote transport of viral capsids to the nuclear pore (11), was reduced
when cells were transfected with siRNA targeting integrin �v and/or
�3 (Fig. 8a). A modest decrease in FAK phosphorylation was also
observed in cells transfected with siRNA targeting �1, although this
did not translate to other phenotypic changes. Similarly, the gH-null
virus did not induce FAK phosphorylation; phosphorylation (which
was observed as early as 5 min p.i.) was restored when cells were
exposed to complemented virus (Fig. 8b). Thus, while gB and gD are
required to initiate the cellular signaling responses, gH must engage
integrin �v�3 to complete the internalization process, including the
release of intracellular Ca2� stores and activation of FAK to facilitate
viral entry and capsid transport.

TABLE 2 Titer of the HSV-2 gH null virus purified on complementing
gH-1-expressing F6 cells or noncomplementing Vero cells

Cell line virus purified on:

Titer (PFU/ml) on:

Vero cells F6 cells

F6 cells (�gH�/�) 5 
 103 3 
 107

Vero cells (�gH�/�) 4 
 103 6 
 103

FIG 6 Integrin �v�3-gH interactions trigger release of cytosolic Ca2�. (a) CaSki cells were loaded with Calcium Green and synchronously infected with
�gH2�/� or �gH2�/� viruses (equivalent to 5 PFU/cell) or mock infected (medium). Live images were acquired at the indicated time post-temperature shift.
Nuclei were stained with Hoechst (blue), and plasma membrane was stained with red fluorescent Alexa Fluor 594 wheat germ agglutinin. Representative
extended-focus images from 3 independent experiments are shown. (b) CaSki or primary genital tract cells were loaded with fura-2 and exposed to �gH2�/� or
�gH2�/� viruses (equivalent to 5 PFU/cell), and the mean intracellular Ca2� concentration (nM) over 1 h was calculated from 4 wells, each containing 5 
104

CaSki (upper panel) or 3 
 104 primary (lower panel) cells; the asterisk indicates significant increase in Ca2� concentration relative to that seen with mock
infection (P � 0.01). (c) CaSki cells were exposed to �gH2�/� or �gH2�/� viruses (equivalent to 2 PFU/cell) for 4 h at 4°C, unbound virus was removed by
washing, and cells were shifted to 37°C for 15 min (synchronous infection). The cells were then fixed and stained for a proximity ligation assay with mouse MAb
to gB and rabbit polyclonal antibodies to Akt. Images are representative of results of 2 independent experiments.
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Integrin �v�3 is important for HSV cell-to-cell spread. Si-
lencing of integrin �v�3, but not other integrin subunits, reduced
the number and size of plaques (Fig. 1a and Fig. 9a). Based on this
observation, we investigated whether integrin �v�3 plays a role in
HSV cell-to-cell spread. A modified infectious center was per-
formed whereby CaSki cells were labeled with Mitotracker Or-
ange, infected with HSV-2(333)ZAG (MOI, 5) for 4 h (donor
cells) and then cocultured (ratio 1:5) with uninfected unlabeled
target cells, that had been transfected with integrin-specific or
control siRNAs 72 h earlier. Cells were cocultured for 12 h in the
presence of pooled human immunoglobulin, and the number of
unlabeled targets expressing GFP (indicative of cell-to-cell
spread) was quantified. Silencing of integrin �v�3 reduced the
number of GFP-positive target cells per infected donor cell 19-
fold, from 2.97 � 0.24 in si�5-transfected targets to 0.19 � 0.06 in
si�v�3-transfected targets (10 fields of cells were counted from a
minimum of 2 experiments). Representative images are shown in
Fig. 9b. Similarly, deletion of gH also prevented cell-to-cell spread
as evidenced by the size of plaques on noncomplementing cells
(Fig. 5). Together, these findings indicate that gH-integrin inter-
actions are required for both viral entry and cell-to-cell spread.

DISCUSSION

HSV infects many different cell types and likely enters both by
direct fusion and fusion following endocytosis or phagocytosis
(28, 29). These processes involve interactions with multiple cellu-

lar receptors and activation of Ca2� signaling pathways that facil-
itate viral entry and transport of viral capsids to the nuclear pore
(5, 10, 11, 27). A role for integrins in HSV entry was suggested
previously based on the observation that gH has an RGD se-
quence, but studies of cell lines that are not the primary target of
HSV, such as Vero, CHO, and integrin-negative K562 (myeloid
leukemia) cells and with an HSV-1 variant carrying a mutation in
the RGD sequence have yielded conflicting results (14, 15, 18, 19).
We therefore focused our efforts on human cells derived from the
female genital tract (CaSki and primary cells) because the genital
tract is an important site of infection and engineered a gH-2-null
virus (propagated on a gH-1-expressing cell line) to test the hy-
pothesis that gH engages integrins to promote Ca2� signaling and
viral entry and to identify the specific integrin subunits. The re-
sults obtained extend a model of HSV entry that involves activa-
tion of a complex Ca2� signaling cascade. Specifically, the data
indicate that gH from either serotype interacts with integrin �v�3
downstream of virus-induced Akt phosphorylation to trigger the
release of intracellular Ca2� stores and FAK phosphorylation pro-
moting viral entry and capsid transport. Silencing of other integ-
rins had little effect on viral infection, although it should be noted
that CaSki (Fig. 1) and primary genital tract cells (not shown)
expressed very low levels of integrin �6 or �8.

Integrins are multifunctional molecules expressed in many cell
types that respond to signals from outside (“outside-in”) and in-
side (“inside-out”) the cell. Integrin clustering and engagement by

FIG 7 Glycoprotein H is not required for Akt or integrin �v�3 relocalization. CaSki cells were synchronously infected with �gH2�/� or �gH2�/� viruses
(equivalent to 5 PFU/cell), and at 15 min post-temperature shift, the cells were fixed and stained with rabbit polyclonal Ab to Akt123 (green) and mouse MAb
to integrin �v�3 (red). Nuclei were stained with DAPI (blue). For comparison, mock-infected cells were also permeabilized (perm) with 1% Triton X-100.
Representative XYZ images from 2 independent experiments are shown in panel a, and the mean (� standard error of the mean [SEM]) fluorescence intensity
(MFI) per cell calculated from 100 cells for Akt (green) is shown in panel b and that for integrin (red) in panel c. The asterisks indicate significant increases in MFI
relative to the nonpermeabilized mock-infected cells (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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ligands activate several intracellular signaling pathways involving
molecules such as Akt and FAK (30). HSV appears to usurp this
signaling network to promote viral entry, but in an unusual man-
ner as illustrated by the activation of Akt upstream of integrin
�v�3 signaling. This differs from the more commonly described
scenario in which virus-induced integrin signaling activates Akt
downstream, as observed for vaccinia virus and human cytomeg-
alovirus (HCMV) (31, 32). Moreover, exposure of cells to HSV
triggers a relocalization of Akt to the outer plasma membrane as
evidenced here by microscopy of nonpermeabilized cells (Fig. 7)
and previously by biotinylation of cell surface proteins (10). The
relocalization and activation of Akt was associated with increased
detection of integrin �v�3 at the plasma membrane, which may
facilitate interactions with gH. Translocation of integrin �v�3 to
lipid rafts has been described during HCMV entry (32) and in-
creased migration and expression of integrin �v�3 at the cell sur-
face was also described in response to transforming growth factor
� (TGF-�) on human chondrosarcoma cells (33). The cellular
responses to HSV facilitate infection, since perturbations in Akt or
integrin signaling with siRNA or by the addition of pharmacolog-
ical inhibitors impede HSV entry (10).

While gH-integrin �v�3 interactions are not required for the
HSV-induced activation of Akt and the associated small increase
in Ca2� near the plasma membrane, this pairing is required for the
significant increase in intracellular Ca2� concentration, which is
observed by confocal microscopy and Ca2� fluorometry. Further-

more, the entry process is aborted when integrin �v�3 (but not
other integrins) are silenced or following exposure to a gH-2-null
virus. These findings are consistent with a known link between
integrin and Ca2� responses. Integrin ligands trigger the activa-
tion of phosphoinositide-specific phospholipase C enzymes,
which in turn catalyze the hydrolysis of phosphatidylinositol 4,5-
bisphosphate to inositol 1,4,5-trisphosphate (IP3) and diacylglyc-
erol; the former binds to the IP3 receptor to trigger the release of
endoplasmic reticulum (ER) Ca2� stores (5, 34). Activation of this
pathway often occurs in response to inside-out signals or through
G-protein-coupled receptors (35). The response to HSV, which is
triggered by an outside (gH) signal, also differs from the response
described for Madin-Darby canine kidney epithelial cells, where
RGD triggered a Ca2� influx independent of IP3 as well as the
release of IP3-mediated intracellular stores (34). Our prior work
indicates that the predominant source of the increased intracellu-
lar Ca2� is the release of IP3-dependent ER stores and not the
Ca2� influx. This is supported by the findings that the HSV-in-
duced Ca2� response is blocked when intracellular, but not extra-
cellular, Ca2� is chelated and by silencing of or pharmacological
blockade of the IP3R (27).

The observation that integrin binding and aggregation lead to
the activation of FAK has been previously described with other
integrin ligands (36). For example, viruses that bind integrin re-
ceptors, such as human herpesvirus 8 (HHV-8), trigger FAK
phosphorylation (37). We previously showed that HSV-1 and

FIG 8 Integrin �v�3-gH interactions are required for FAK phosphorylation.
(a) CaSki cells transfected with the indicated siRNA and were exposed 72 h
later to serum-free medium (mock-infected) or infected with HSV-2(G)
(MOI, 10 PFU/cell) and cellular lysates prepared 5 min p.i. Western blots were
performed and probed for phosphorylated FAK (pY397FAK), total FAK, in-
tegrin �v, and �-actin. A blot representative of 3 independent experiments is
shown. The blots were scanned, and the mean percentage of phosphorylated
FAK relative to total FAK from the 3 independent experiments is indicated. (b)
To assess the role of gH, CaSki cells were infected with �gH2�/� or �gH2�/�

viruses (equivalent to 5 PFU/cell), and at the indicated times p.i., analyzed for
phosphorylated and total FAK. Results are representative of 2 independent
experiments.

FIG 9 Integrin �v�3 is important for cell-to-cell spread. (a) CaSki cells were
transfected with the indicated siRNA and 72 h later were infected with HSV-
2(G). Plaques were visualized by immunostaining and representative images
are shown. (b) To further assess the impact of integrin �v�3 on cell-to-cell
spread, a modified infectious center assay was performed in which “donor”
cells were labeled with Mitotracker Orange, infected with HSV-2(333)ZAG,
treated with a low-pH citrate buffer at 1 h p.i. to inactivate any extracellular
virus. At 4 h p.i., the donor cells were trypsinized and plated at a ratio of 1:5 on
“receiver” cells that had been transfected 72 h earlier with the indicated siRNA
and then cocultured in medium containing pooled human immunoglobulin.
The cocultures were incubated for 12 h, washed, fixed, and mounted in anti-
fade reagent with DAPI to stain nuclei (blue). Representative images from 10
different fields and a minimum of 2 independent experiments are shown.
Upper left, DAPI channel; upper right, GFP channel; lower left, Mitotracker
Orange; and lower right, merge.
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HSV-2 induce FAK and proline-rich kinase 2 (Pyk2) phosphory-
lation to promote the transport of viral capsids and tegument
proteins to the nuclear pore (11). However, while the earlier stud-
ies showed that FAK phosphorylation occurred downstream of
Ca2� responses, the signal pathways that triggered FAK phos-
phorylation were not identified. The current studies fill this gap
and link FAK phosphorylation to �v�3-gH interactions. We used
a newly engineered gH-2-null virus, rather than the previously
described HSV-1 variant in which the RGD motif in gH was mu-
tated to RGE or recombinant proteins, to test the role of gH and
integrin signaling in viral infection. The different outcomes ob-
tained with the gH-null virus compared to those with the RGE
mutant virus suggest that the RGD motif is not essential, as the
latter virus retained infectivity (14). Deletion of gH from the viral
envelope prevented viral interactions with integrin �v�3 and
blocked viral entry; the phenotype was restored when the virus
was complemented with HSV-1 gH-1 by growing the virus on F6
cells.

We also demonstrate for the first time by a combination of
coimmunoprecipitation and proximity ligation assays that
gH-2 [HSV-2(G)] and gH-1 (gH-2-null virus complemented
with F6 cells) are ligands for integrin �v�3. Importantly, these
studies were performed with virus and human cells, rather than
recombinant and/or tagged viral proteins, as the structure and
function of individual components may be impacted by virus-
cell interactions and other envelope glycoproteins. Indeed, no
interaction between gH and �v�3 was detected by proximity
ligation assay in response to �gD or �gB virus (expressing gH),
although soluble gH-gL can bind to immobilized integrin �v�3
(16).

The current studies focused on the impact of gH-�v�3 inter-
actions on viral entry. However, other work also links the virus-
induced Akt/integrin/Ca2� cascade to innate immune responses.
For example, using 293T cells, Campadelli-Fiume and colleagues
have shown that integrin �v�3 relocates HSV-1 to cholesterol-rich
membrane microdomains where the virus activates innate responses
through Toll-like receptor 2 (TLR2)-dependent and TLR2-inde-
pendent pathways (16). Moreover, HSV virus-like particles in-
duced the expression of interferon-stimulated genes, including
CXCL10 in dendritic cells, but the response was dependent on Akt
activation, as drugs that blocked Akt phosphorylation prevented
the CXCL10 response (38). Possibly, the signaling pathway de-
scribed here to promote HSV entry into genital tract epithelial
cells also modulates innate immune responses, as genital tract
epithelium expresses Toll-like receptors, chemokines, cytokines,
and interferons. Thus, targeting the virus-cell signaling pathways
may not only lead to new strategies to prevent HSV infection but
also could modulate host immune responses.
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