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Vaccinia virus has a broad range of infectivity in many cell lines and animals. Although it is known that the vaccinia mature vi-
rus binds to cell surface glycosaminoglycans and extracellular matrix proteins, whether additional cellular receptors are re-
quired for virus entry remains unclear. Our previous studies showed that the vaccinia mature virus enters through lipid rafts,
suggesting the involvement of raft-associated cellular proteins. Here we demonstrate that one lipid raft-associated protein, in-
tegrin �1, is important for vaccinia mature virus entry into HeLa cells. Vaccinia virus associates with integrin �1 in lipid rafts on
the cell surface, and the knockdown of integrin �1 in HeLa cells reduces vaccinia mature virus entry. Additionally, vaccinia ma-
ture virus infection is reduced in a mouse cell line, GD25, that is deficient in integrin �1 expression. Vaccinia mature virus infec-
tion triggers the activation of phosphatidylinositol 3-kinase (PI3K)/Akt signaling, and the treatment of cells with inhibitors to
block P13K activation reduces virus entry in an integrin �1-dependent manner, suggesting that integrin �1-mediates PI3K/Akt
activation induced by vaccinia virus and that this signaling pathway is essential for virus endocytosis. The inhibition of integrin
�1-mediated cell adhesion results in a reduction of vaccinia virus entry and the disruption of focal adhesion and PI3K/Akt acti-
vation. In summary, our results show that the binding of vaccinia mature virus to cells mimics the outside-in activation process
of integrin functions to facilitate vaccinia virus entry into HeLa cells.

Vaccinia virus is the prototype of the orthopoxvirus genus of
the family Poxviridae. It has a broad host range, producing

multiple infectious forms of virus particles, e.g., mature virus
(MV), wrapped virus (WV), and extracellular virus (EV) (14).
Vaccinia MV particles are produced in large quantities in infected
cells and contain �80 viral proteins in viral particles (10, 51, 69).
The large number of viral proteins in the MV composition con-
tributes to its complex viral entry processes. First, vaccinia MV
binds to multiple cell surface components, such as glycosamino-
glycans (11, 29, 42), extracellular matrix laminin (9), and sulfati-
des (49). Furthermore, vaccinia MV contains an entry fusion
complex (EFC) of 12 viral envelope proteins that are evolution-
arily conserved and essential for membrane fusion (6, 7, 33, 47, 52,
56, 68). Additionally, different strains of vaccinia MV harboring
mutations in the viral envelope proteins A25 and A26 enter cells
differently (8). Finally, vaccinia MV entry pathways also vary
among different cell lines (66), and multiple kinases, such as ex-
tracellular signal-regulated kinase (ERK), protein kinase A (PKA),
protein kinase C (PKC), and PAK1, have been shown to be acti-
vated upon virus entry (18, 43, 45). However, the cellular receptor
mediating vaccinia MV entry and signal transduction remains un-
known. Our previous work showed that cell-bound MV particles
were clustered at the plasma membrane lipid rafts prior to virus
entry and that the interruption of lipid raft integrity with m-�-
cyclodextran significantly reduced vaccinia MV entry into HeLa
cells (12). Since lipid rafts on the plasma membrane are known to
act as platforms for receptor clustering, endocytosis, and signal
transduction, we hypothesized that cellular proteins within
plasma membrane lipid rafts mediate vaccinia MV entry into
HeLa cells. Therefore, we isolated detergent-resistant domains
from HeLa cells upon vaccinia MV infections and extracted pro-
teins for quantitative proteomic analyses (55). Here, we investi-
gated one of the raft-associated proteins, integrin �1 (ITG�1), for
its role in vaccinia MV entry.

Integrins are a large family of cell surface receptors composed

of 18 different � and 8 different � subunits (35). Integrin �1 is
known to associate with multiple � subunits, including �1-11 and
�V, and is widely distributed in virtually all mammalian cell types
(35, 38, 39, 60). Through interactions with the extracellular ma-
trices, integrin �1 regulates multiple intracellular kinase activa-
tion pathways. Our results demonstrate that integrin �1 mediates
MV entry in both mouse embryonic fibroblast (MEF) and HeLa
cells and that vaccinia virus-induced phosphatidylinositol 3-ki-
nase (PI3K)/Akt requires integrin �1.

(R. Izmailyan conducted this research in partial fulfillment of
the requirements for a Ph.D. from Academia Sinica, Taipei, Tai-
wan, Republic of China.)

MATERIALS AND METHODS
Cells and viruses. Two mouse cell lines, GD25 and GD25�1A, were
kindly provided by Reinhard Fässler (Max Planck Institute of Biochemis-
try, Germany). The GD25 cell line was derived from integrin �1 knockout
(KO) embryonic stem cells (20). The stably transformed cell line
GD25�1A resulted from the electroporation of GD25 cells with wild-type
human integrin �1 cDNA (48). HeLa, BSC40, GD25, and GD25�1A cells
were cultured in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 2% penicillin-streptomy-
cin (Gibco) in a 5% CO2 incubator at 37°C. The Western Reserve strain of
vaccinia MV (WR-VV) was purified through 25 to 40% sucrose gradients
as previously described (32, 37). A recombinant WR-VV was also used in
this study (8). It was constructed previously to express a dual gene cassette
inserted into the thymidine kinase (tk) locus containing the luciferase
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(luc) gene driven by a viral early promoter and the lacZ gene driven by a
viral late promoter (8).

Antibodies and reagents. Anti-integrin �1 monoclonal antibodies
(MAbs) Ts2/16 and 12G10 were purchased from Santa Cruz Biotechnol-
ogy and Abcam, respectively, and 9EG7 and Mab13, rat MAbs, were ac-
quired from BD Pharmingen. Anti-transferrin receptor (TfR) antibody
(CD71) was obtained from AbD Serotec. Anti-paxillin antibody was pur-
chased from BD Transduction Laboratories. Alexa Fluor 647-phalloidin
was purchased from Invitrogen. Anti-phospho-Akt (Ser473) and anti-Akt
antibodies were purchased from Cell Signaling Technology. Anti-phos-
pho-focal adhesion kinase (FAK) (pY397) antibody was purchased from
Invitrogen. Anti-FAK antibody was purchased from BD Biosciences.
Anti-cyclophilin B (CypB) antibody was obtained from Santa Cruz
Biotechnology. Anti-�-actin antibody was purchased from Sigma-Al-
drich. Anti-A4 and anti-vaccinia MV (anti-VV) rabbit antibodies were
previously described (30). Mouse MAb clone 2D5 against the vaccinia
virus L1 protein was obtained from Y. Ichihashi (31). Bafilomycin A1
(BFLA), cycloheximide (CHX), and blebbistatin (Bleb) were pur-
chased from Sigma-Aldrich. The PI3K inhibitor (LY294002) and Akt
inhibitor (Akt IV) were purchased from Calbiochem. Laminin-1 (LN),
fibronectin (FN), and poly-L-lysine (PLL) were purchased from Sig-
ma-Aldrich. The CypB small interfering RNA (siRNA) duplex and the
integrin �1 siRNA duplex (AAUGUAACCAACCGUAGCAUU) were
purchased from Dharmacon Inc.

Biological network analysis. Cellular proteins identified in lipid rafts
isolated from HeLa cells (55) were subjected to subcellular localization
analyses with NCBI Gene Ontology. The “integrin �1 (ITG�1) signaling
network” contains cellular proteins that are known to physically interact
with integrin �1 and was constructed by using ARIADNE Pathway Studio
7.0 software, which uses automated text-mining engines to extract infor-
mation (Ariadne Genomics). Plasma membrane proteins identified in
lipid rafts were compared with those in the integrin �1 signaling network
and were displayed in a graphical network by using the open-source soft-
ware Cytoscape (57).

Virus entry assays. Several cell-based biological assays were used to
quantify vaccinia MV entry into host cells based on previously established
methods (8, 24, 61–63). MV particles bound to cells were quantified by
vaccinia MV virion binding assays at 4°C for 60 min with anti-L1 antibody
(2D5) (63). Viral core numbers present in the cytoplasm after membrane
fusion were quantified by viral core-uncoating assays using an antibody
against A4 (62). Luciferase assays driven by a viral early promoter were
performed with cell lysates harvested at 2 h postinfection (p.i.), as de-
scribed previously (8, 61). Acid bypass treatment, which forced cell-
bound MV to fuse with the plasma membrane, was performed as previ-
ously described (24). In brief, HeLa cells were pretreated with 25 nM
bafilomycin A1 or 50 �M PI3K inhibitor at 37°C for 30 min, cooled at 4°C
for 20 min, and subsequently infected with vaccinia MV at a multiplicity
of infection (MOI) of 20 PFU per cell for 1 h. After washing, the infected
cells were treated with neutral (pH 7.2) or acidic (pH 5) buffer for 5 min,
incubated in growth medium, and fixed at 2 h p.i. These infected cells were
permeabilized and stained with anti-core A4 antibody for confocal mi-
croscopy analyses as described previously (62).

Plaque formation on GD25�1A and GD25 cells. Freshly confluent
cells were infected with WR-VV (approximately 300 PFU per well in a
6-well plate) at 37°C for 1 h; washed and cultured in growth medium
containing 1% agarose; fixed at 2 days p.i.; and stained with X-Gal (5-
bromo-4-chloro-3-indolyl-�-D-galactopyranoside) as previously de-
scribed (4). Alternatively, cells were pretreated with dimethyl sulfoxide
(DMSO) or LY294002 (25 or 50 �M) in serum-free DMEM prior to
infection, and the inhibitors remained in cultures after infection until cell
fixation and X-Gal staining as described above.

Integrin �1 siRNA. HeLa cells were either mock transfected (si-con-
trol) or transfected with siRNA duplexes (20 nM) targeting either cyclo-
philin B (si-CypB) or integrin �1 (si-ITG�1) using the Lipofectamine
2000 reagent (Invitrogen) as described previously (30).

Confocal immunofluorescence microscopy. (i) Copatching experi-
ments. The experiments for the copatching of integrin �1 and vaccinia
MV were performed as previously described (30, 58). In brief, HeLa cells
seeded onto glass coverslips were infected with MV at an MOI of 50 PFU
per cell for 1 h at 4°C, washed, and transferred to 12°C, where the cells
were incubated with anti-VV antibody (1:500) and anti-integrin �1 MAb
(12G10) (1:1,000) for 1 h. Tetramethylrhodamine-conjugated goat anti-
rabbit IgG (1:1,000) and fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse IgG (1:1,000) were subsequently added for another 1 h of
incubation prior to cell fixation for confocal microscopy. Cells were
mounted in Vectashield medium (Vector Laboratories, Burlingame, CA),
and images were collected with an LSM510 Meta confocal laser scanning
microscope (Carl Zeiss) using a 63� objective lens.

(ii) Surface staining of integrin �1 with virus in GD25�1A cells.
GD25�1A cells were seeded (1.2 � 105 cells) onto glass coverslips in
12-well plates. The next day, cells were cooled at 4°C for 20 min and
subsequently infected with vaccinia MV at an MOI of 60 PFU per cell for
1 h, washed 3 times in phosphate-buffered saline (PBS), fixed, and incu-
bated with primary anti-integrin �1 MAb (12G10) (1:1,000) and anti-VV
rabbit antibody (1:500) for 1 h. Tetramethylrhodamine-conjugated goat
anti-rabbit IgG (1:1,000) and FITC-conjugated goat anti-mouse IgG (1:
1,000) were subsequently added for 30 min, and cells were analyzed by
confocal microscopy.

Outside-in integrin signaling activation assay. Outside-in integrin
signaling activation assays were performed as follows. (i) Glass coverslips
in 24-well plates were coated with FN (10 �g/ml), LN (20 �g/ml), or PLL
(100 �g/ml) in PBS at 4°C. After 24 h, the dishes were blocked with 1%
bovine serum albumin (BSA) in PBS at 37°C for 1 h. Serum-starved HeLa
cells were seeded at a density of 8 � 104 cells into each well in serum-free
DMEM; incubated at 37°C for 20, 30, 45, and 90 min; and lysed in cold
lysis buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 0.5% NP-40, 1% sodium
deoxycholate, 0.1% SDS, 1% Triton X-100, 1 mM EGTA, and 1 mM
EDTA with 1� protease inhibitor cocktail [tablets purchased from Roche
Applied Science]). Samples were then prepared for immunoblot analyses
with anti-phospho-Akt (1:1,000), anti-phospho-FAK (1:1,000), anti-Akt
(1:1,000), and anti-FAK (1:1,000) antibodies. Alternatively, cells were
fixed after 90 min of plating, permeabilized, and stained with anti-paxillin
antibody (1:1,000). (ii) HeLa cells seeded for 90 min, as described above,
were subsequently infected with vaccinia MV at an MOI of 5 PFU per cell
at 37°C for 1.5 h and harvested for luciferase assays. (iii) HeLa cells were
seeded, as described in above, for 15 min at 37°C. DMSO or blebbistatin
(25 and 50 �M) was added to cells, and the cells were incubated for
another 45 min. The cells either were fixed, permeabilized, and stained
with anti-paxillin antibody (1:1,000) or were infected with vaccinia MV at
an MOI of 5 PFU per cell for 1.5 h and harvested for luciferase assays.

Flow cytometry. Cells were detached from the dishes with 20 mM
EDTA, washed, and stained with anti-integrin �1 MAb (9EG7) (1:1,000)
in PBS containing 150 mM NaCl and 1% BSA for 1 h at 4°C. Samples were
then washed 3 times, followed by incubation with FITC-conjugated goat
anti-rat secondary antibody for 1 h at 4°C. Following a final wash, the cells
were analyzed by fluorescence-activated cell sorting (FACS).

Vaccinia MV infections activated Akt phosphorylation. HeLa cells
(7.5 � 104 cells/well) or GD25�1A cells (1 � 105 cells/well) were cultured
in 12-well plates for 24 h. Cells were serum starved at 37°C for 2 h (for
HeLa cells) or 18 h (for GD25�1A cells) and then stimulated with medium
containing 20% FBS or purified vaccinia MV (at MOIs of 40 PFU per cell
for HeLa cells and 60 PFU per cell for GD25�1A cells) at 37°C for various
times. Cell lysates were prepared with cold lysis buffer (10 mM Tris [pH
7.4], 150 mM NaCl, 0.5% NP-40, 1% sodium deoxycholate, 0.1% SDS,
1% Triton X-100, 1 mM EGTA, and 1 mM EDTA with 1� protease
inhibitor cocktail [tablets purchased from Roche Applied Science]) for
immunoblot analysis.

Statistical analysis. Statistical analyses were performed by using Stu-
dent’s t test with Prism software (GraphPad).

Izmailyan et al.

6678 jvi.asm.org Journal of Virology

http://jvi.asm.org


FIG 1 Integrin �1 was identified in lipid rafts and is associated with vaccinia MV on HeLa cells. (A) The hierarchical ITG�1 network, constructed by ARIADNE
Pathway Studio 7.0 software (see Materials and Methods), shows integrin �1 and its direct and indirect interacting membrane proteins. The nodes are labeled
with gene symbols, and the red nodes represent the cellular proteins identified in the lipid raft fractions upon vaccinia MV infections (55). ITG�1, integrin �1;
TLN1, talin-1; EZR, ezrin; CAV1, caveolin-1; SLC3A2, CD98. (B) Vaccinia MV colocalizes with ITG�1 at the surface of HeLa cells. HeLa cells were infected with
vaccinia MV at an MOI of 50 PFU per cell for 1 h at 4°C, washed, and transferred to 12°C, where the cells were incubated with rabbit anti-VV antibody (1:500)
(red) and anti-integrin �1 MAb (12G10) (1:1,000) (green) for 1 h for copatching as previously described (30). Alternatively, anti-VV antibody was incubated with
anti-transferrin receptor (TfR) (green) MAb as a control. Tetramethylrhodamine-conjugated goat anti-rabbit IgG (1:1,000) and FITC-conjugated goat anti-
mouse IgG (1:1,000) were subsequently added, and cells were fixed for confocal microscopy. DNA was visualized by 4=-6-diamidino-2-phenylindole (DAPI)
staining (blue).
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RESULTS
Integrin �1 associates with vaccinia MV on HeLa cells. In order
to identify cellular proteins within lipid raft microdomains, we
previously performed stable isotope labeling for quantitative pro-
teomic analyses and identified 570 cellular proteins. Those pro-
teins with altered levels after vaccinia virus infection constitute
about 3% of the total candidates and were described elsewhere
previously (55). To complement the above-mentioned study, here
we analyzed the remaining 97% of the “constitutive” raft-associ-
ated proteins whose quantifications fell within the range of a ratio
of 1.0 � 0.5, i.e., a ratio that was considered not significantly
changed by virus infection. These proteins were analyzed through
biological network analyses in order to identify specific signaling
complexes resident in the rafts. As described in Materials and
Methods, biological network analyses (Fig. 1A) revealed the pres-
ence of integrin �1 and its associated proteins, such as CD9,
CD47, CD59, CD98, talin, ezrin, and Fyn/yes/lyn, suggesting a
possibility that integrin �1-mediated biological signaling may
participate in vaccinia MV entry. We thus investigated whether
integrin �1 associates with vaccinia MV on the surface of infected
HeLa cells. HeLa cells were infected with the vaccinia MV WR
strain at an MOI of 50 PFU per cell for 60 min at 4°C and then
washed and transferred to a temperature of 12°C. Anti-integrin �1
(ITG�1) and anti-vaccinia MV (VV) antibodies were subse-
quently added to cells for copatching (Fig. 1B), as previously de-
scribed (30, 58). An anti-transferrin receptor (TfR) antibody was
also included as a negative control. The results show that vaccinia
MV on HeLa cells copatched with cell surface integrin �1 but not
with the transferrin receptor on HeLa cells (Fig. 1B), suggesting a
role of integrin �1 in vaccinia MV entry.

Vaccinia virus entry is reduced upon integrin �1 knockdown
in HeLa cells. To test whether integrin �1 mediates vaccinia MV
entry into HeLa cells, control siRNA (si-control) or siRNA target-
ing integrin �1 (si-ITG�1) or cyclophilin B (si-CypB) was trans-
fected into HeLa cells, followed by harvesting for immunoblot
analyses (Fig. 2A) and FACS analyses (Fig. 2B). The si-ITG�1 and
si-CypB constructs specifically knocked down (KD) the total
amounts of integrin �1 and cyclophilin B proteins, respectively
(Fig. 2A). In addition, integrin �1 expression on the cell surface
was effectively reduced in si-ITG�1 KD HeLa cells but not in
si-control or si-CypB KD cells (Fig. 2B). si-ITG�1 also affected
integrin �1-mediated cell adhesion, resulting in alterations in cell
morphology and a disorganization of focal adhesions, as deter-

mined by actin and paxillin staining in si-ITG�1 KD HeLa cells
(Fig. 2C), confirming the specificity of si-ITG�1. We then in-
fected these HeLa KD cells with vaccinia MV at an MOI of 5
PFU per cell and harvested the cells at 2 or 4 h p.i. for viral early
luciferase activity assays. The results showed that the rates of
vaccinia virus infection of si-ITG�1 KD HeLa cells were re-
duced to 40% (at 2 h p.i.) and 38% (at 4 h p.i.) of the infection
rates seen for the si-control and si-CypB KD HeLa cells (Fig.
2D), suggesting that the reduction was not due to delayed ki-
netics. Finally, we performed vaccinia MV binding assays and
virus core-uncoating assays as previously described (62, 63).
The results showed that the rate of MV attachment was reduced
to 52% in si-ITG�1 KD HeLa cells (Fig. 2E) and that the rate of
MV penetration was reduced to 32% (Fig. 2F), indicating that
integrin �1 is important for vaccinia virus entry at both the
attachment and penetration steps.

Vaccinia virus entry is reduced in mouse cells lacking integ-
rin �1 expression. In addition to HeLa cells, we obtained a mouse
cell line, GD25�1A, derived from an integrin �1 KO cell line,
GD25 (20), which expresses only human integrin �1 (48). Indeed,
integrin �1 was detected on the surface of GD25�1A cells but not
on the surface of GD25 cells by FACS analyses (Fig. 3A).
GD25�1A and GD25 cells were infected with vaccinia MV at an
MOI of 60 PFU per cell at 4°C for 60 min, washed, and fixed for
immunofluorescence analyses. Abundant MV particles bound to
GD25�1A cells and colocalized with surface integrin �1 concen-
trated at cellular protrusions, whereas fewer MV particles (�34%)
bound to GD25 cells (Fig. 3B). In addition, both GD25�1A and
GD25 cells were infected with vaccinia WR-VV at different MOIs
from 10 to 40 PFU per cell and were harvested to measure the early
luciferase activity at 2 h p.i. or the late �-galactosidase (�-Gal)
activity at 8 h p.i. (Fig. 3C). Data from both enzymatic activity
assays and the core-uncoating assay (data not shown) revealed
that vaccinia MV entry into GD25 cells was less efficient than entry
into GD25�1A cells. We also performed plaque assays on
GD25�1A and GD25 cells and stained the plaques with X-Gal.
Consistently, vaccinia MV produced fewer plaques (�30%) in
GD25 cells than in GD25�1A cells (Fig. 3D). Interestingly, plaques
formed in GD25 cells also appeared smaller than those formed in
GD25�1A cells, implying a role of integrin �1 in vaccinia virus
spreading among cells, although we did not pursue it further.
Taken together, the results show that cell surface integrin �1 me-
diates vaccinia MV infections.

FIG 2 Vaccinia virus entry is reduced in si-ITG�1 KD HeLa cells. (A) Immunoblots of lysates prepared from mock-KD (si-Cont.1 and 2), si-ITG�1 KD, and
si-CypB KD HeLa cells using anti-ITG�1 (Mab13), anti-CypB, or anti-�-actin antibodies. (B) Cell surface expression of ITG�1 determined by flow cytometry.
The KD HeLa cells described above (A) were stained with anti-ITG�1 MAb (9EG7), followed by FITC-conjugated goat anti-rat secondary antibody, and analyzed
by FACS. si-control is shown in red, si-CypB is shown in blue, and si-ITG�1 is shown in gray. The background staining (shown in black) represents the si-control
cells that were stained with the secondary antibody only. (C) Immunofluorescence analysis of ITG�1, paxillin, and actin proteins in KD HeLa cells. The KD HeLa
cells described above (A) were fixed and stained with anti-ITG�1 MAb (Mab13), followed by FITC-conjugated goat anti-rat secondary antibody (green).
These cells were subsequently permeabilized and stained with Alexa Fluor 647-phalloidin (white) and anti-paxillin antibodies, followed by tetramethylrhod-
amine-conjugated goat anti-mouse IgG (red). (D) Viral early luciferase assays. The KD HeLa cells described above (A) were infected with VV-WR at an MOI of
5 PFU per cell and harvested at 2 and 4 h p.i. for luciferase assays as described in Materials and Methods. The luciferase activity in the si-control cells was defined
as 100%. The bars represent the standard deviations from three independent experiments. (E) Immunofluorescence analyses of vaccinia virus binding assay. The
KD HeLa cells described above (A) were infected with purified vaccinia MV particles at an MOI of 20 PFU per cell for 60 min at 4°C, fixed, and stained with
anti-ITG�1 Mab13 (green) and anti-L1 MAb 2D5 (red). The cell-bound virions were quantified as described previously (63). (F) Immunofluorescence analyses
of vaccinia virus core-uncoating assays. The KD HeLa cells described above (A) were infected as described above, cultured in the presence of cycloheximide (10
�g/ml) for an additional 2 h at 37°C, fixed, and stained with anti-ITG�1 MAb Mab13 as described above. These cells were subsequently permeabilized and stained
with anti-A4 antibody, and internalized viral cores were quantified as described previously (62). Particle numbers counted in the si-control HeLa cells were used
as 100%. The bars represent the standard deviations from five independent experiments. Statistical analyses in panels D to F were performed by using Student’s
t test in Prism software (GraphPad). The P value is shown (���, P � 0.0001).
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FIG 3 Vaccinia virus entry is reduced in mouse cells lacking integrin �1 expression. (A) Flow cytometry analyses of cell surface expression of ITG�1. GD25�1A
(blue) and GD25 (red) cells were stained with anti-ITG�1 MAb (9EG7), followed by FITC-conjugated goat anti-rat secondary antibody, and analyzed by FACS.
The background staining (in gray) represents cell staining with the secondary antibody only. (B) Confocal immunofluorescence of vaccinia MV particles
colocalized with integrin �1 in GD25�1A and GD25 cells. GD25�1A and GD25 cells were infected with purified vaccinia MV particles at an MOI of 60 PFU per
cell at 4°C for 1 h, washed, and stained with anti-ITG�1 (12G10) (green) and anti-VV (red) antibodies, followed by FITC-conjugated goat anti-mouse IgG and
tetramethylrhodamine-conjugated goat anti-rabbit IgG. GD25 cells were negative for ITG�1 staining and were subsequently permeabilized and stained with
Alexa Fluor 647-phalloidin (white) to mark the cell body. (C) GD25�1A and GD25 cells were infected with WR-VV at MOIs of 10, 20, and 40 PFU per cell and
harvested at 2 h p.i. for luciferase assays (Early) and 8 h p.i. for �-Gal activity assays (Late). RLU, relative light units; OD 405, optical density at 405 nm. (D)
Vaccinia MV formed more plaques in GD25�1A cells than in GD25 cells. Both cell types were infected with �300 PFU of WR-VV, fixed, and stained for X-Gal
at 2 days p.i. to visualize the blue plaques.
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Vaccinia MV binds to integrin �1 to induce PI3K/Akt activa-
tion, which leads to virus endocytosis in HeLa cells. Integrin �1
was shown previously to mediate multiple inside-out and out-
side-in signaling pathways that play crucial roles in cell-to-cell and
cell-to-matrix communications (28, 38, 46). The clustering of in-
tegrin at the cell membrane leads to kinase activation, which is
followed by alterations to the cytoskeleton and receptor endocy-
tosis. Since it was shown previously that PI3K and Akt are critical
regulators downstream of integrin �1 on GD25�1A cells (15, 48,
65), we wanted to test whether vaccinia MV binding to integrin �1
activates PI3K/Akt signaling in GD25�1A cells and whether such
kinase activation is critical for vaccinia MV entry.

GD25�1A cells were serum starved and subsequently infected
with vaccinia MV at an MOI of 60 PFU per cell at 37°C for 5, 10,
and 20 min and then harvested for immunoblot analyses with
anti-phospho-Akt (Ser473) antibody. As shown in Fig. 4A, vac-
cinia MV stimulated the robust phosphorylation of Akt in
GD25�1A cells as early as 5 min after the addition of virus, com-
pared to that in medium alone. The pretreatment of GD25�1A
cells with the PI3K inhibitor LY294002 completely abolished MV-
induced Akt phosphorylation, showing that vaccinia MV infec-
tion triggered the activation of Akt through PI3K. To determine
whether PI3K/Akt activation was required for vaccinia virus entry,
we pretreated both GD25�1A and HeLa cells with inhibitors that
blocked PI3K (LY294002) and Akt (Akt IV) activities, subse-
quently infected the cells with vaccinia MV, and measured viral
early promoter luciferase activity at 2 h p.i. As shown in Fig. 4B,
PI3K as well as Akt inhibitors readily reduced vaccinia MV infec-
tions in both GD25�1A and HeLa cells in a dose-dependent man-
ner, showing that PI3K/Akt signaling is crucial for vaccinia MV
entry into both cell lines. It is worth noting that GD25 cells were
not suited to kinase signaling studies because it was previously
shown that this cell line contains altered kinase regulation that
compensates for the loss of integrin �1 and that multiple tyrosine
kinases are activated without integrin �1 (3). Thus, in order to
demonstrate that MV-induced PI3K activation requires integrin
�1, we infected si-control and si-ITG�1 KD HeLa cells with vac-
cinia MV and harvested the cells at 0, 60, and 90 min for phospho-
Akt immunoblot analyses. When these cells were infected with
vaccinia MV, the phosphorylation of Akt was also induced in si-
control HeLa cells although with slower kinetics than in
GD25�1A cells (Fig. 4C). Most importantly, the phosphorylation
of Akt was significantly reduced in si-ITG�1 KD HeLa cells. Fi-
nally, GD25�1A cells were pretreated with 25 and 50 �M
LY294002 and infected with vaccinia MV for plaque formation
assays, which showed a dosage-dependent reduction of plaque
numbers with LY294002 and not the DMSO control (Fig. 4D),
consistent with the data from the luciferase assays (Fig. 4B). Taken
together, these results demonstrate that vaccinia MV-induced
PI3K/Akt activation is mediated through integrin �1 and that

FIG 4 PI3K/Akt activation induced by WR-VV is required for virus entry. (A)
WR-VV induced phosphorylation of Akt in GD25�1A cells. GD25�1A cells
were serum starved, pretreated with DMSO or the PI3K inhibitor (LY294002),
and either mock infected or infected with medium containing purified MV
particles (WR-VV) at an MOI of 60 PFU per cell at 37°C. Cells were harvested
at 0, 5, 10, and 20 min after the addition of virus for immunoblot analyses with
anti-phospho-Akt (pAkt) (S473), anti-Akt, and anti-�-actin antibodies. (B)
Viral early luciferase activity in GD25�1A and HeLa cells was blocked by PI3K/
Akt inhibitors. Cells were pretreated with DMSO; the PI3K inhibitor
(LY294002) at a concentration of 12, 25, or 50 �M; or the Akt inhibitor (Akt
IV) at a concentration of 2.5 or 5 �M and subsequently infected with WR-VV
at MOIs of 10 PFU (for GD25�1A cells) and 5 PFU (for HeLa cells) per cell and
harvested at 2 h p.i. for luciferase assays as described above. The luciferase
activity present in the DMSO-treated samples was used as 100%. The bars
represent the standard deviations from three independent experiments. Sta-
tistical analyses were performed by using Student’s t test in Prism software
(GraphPad). P values are shown (��, P � 0.001; ���, P � 0.0001). (C) WR-
VV-induced phosphorylation of Akt requires integrin �1 in HeLa cells. The
si-control and si-ITG�1 KD HeLa cells, as described in the legend of Fig. 2A,
were serum starved, pretreated with or without inhibitors of PI3K (LY294002)
or Akt (Akt IV), and subsequently infected with purified MV particles (WR-
VV) at an MOI of 40 PFU per cell at 37°C. Cells were harvested at 0, 60, and 90
min after the addition of virus for immunoblot analyses with anti-phospho-
Akt (pAkt) (S473), anti-Akt, and anti-�-actin antibodies. The si-control HeLa

cells stimulated with medium containing 20% fetal bovine serum (M�FBS)
for 30 min were used as a control. (D) Vaccinia virus plaque formation was
reduced with the PI3K inhibitor LY294002 in GD25�1A cells. GD25�1A cells
were pretreated with DMSO or the inhibitor LY294002 at concentrations of 25
and 50 �M for 1 h at 37°C and subsequently infected with WR-VV (�300
PFU/well), cultured in medium containing inhibitors, fixed at 2 days p.i., and
stained with X-Gal to visualize the blue plaques. After photography, cells were
subsequently stained with crystal violet to reveal the monolayer of cells.
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such an activation is required for vaccinia virus entry and plaque
formation.

To determine whether the PI3K inhibitor specifically blocks
viral endocytic entry, we performed acid bypass experiments in
which the cell-bound viruses were briefly treated with acidic buf-
fer to force viral entry through plasma membrane fusion, as de-
scribed previously (24). HeLa cells were pretreated with DMSO,
bafilomycin A (a drug known to inhibit endosomal acidification),
or the PI3K inhibitor LY294002 and infected with vaccinia MV at
4°C for 1 h. The unbound virions were washed, and the infected
cells were briefly exposed to either neutral (pH 7.4) or acidic (pH
5) buffer for 5 min at 37°C. The cultures were then maintained for
another 2 h in growth medium prior to fixation for viral core-
uncoating assays as previously described (8). As shown in Fig. 5A,
control HeLa cells treated with DMSO (Fig. 5Aa) were successfully
infected, and abundant viral cores were detected in the cytoplasm.
BFLA pretreatment significantly reduced viral core numbers in
cells, confirming virus entry through a low-pH-dependent endo-
cytic process (Fig. 5Ab). The pretreatment of HeLa cells with
LY294002 also reduced numbers of viral cores in cells, suggesting
that PI3K/Akt is important for vaccinia virus uncoating (Fig.
5Ac). Most importantly, the exposure of these cells to a low-pH
buffer rendered MV entry through plasma membrane fusion re-
sistant to inhibition by BFLA (Fig. 5Ad) and LY294002 (Fig. 5Ae).
Quantifications of viral uncoated cores in each sample are shown
in Fig. 5B. Taken together, these results demonstrate that PI3K/
Akt activation induced by vaccinia MV is important for virus en-
docytosis in HeLa cells.

Outside-in activation of integrin �1 facilitates vaccinia MV
entry. The fact that the integrin network is essential for cell viabil-

ity, migration, and growth suggests that vaccinia MV exploits the
integrin/PI3K/Akt signaling pathway to modulate cellular envi-
ronments preferable for viral entry and growth. We thus per-
formed outside-in activation experiments to turn on the integrin-
dependent signaling pathway in HeLa cells. HeLa cells were plated
onto dishes precoated with the extracellular matrix proteins fi-
bronectin (FN) and laminin (LN) for only a short time so that few
extracellular matrix proteins were secreted from cells to induce
integrin-mediated cell adhesion. As a negative control, HeLa cells
were plated onto dishes precoated with poly-L-lysine (PLL), which
mediates cell attachment through electrostatic interactions and is
independent of integrins (53, 54). Cells were allowed to adhere
and spread for 20, 30, 45, and 90 min before they were harvested
for immunoblot analysis. As shown in Fig. 6A, the integrin-medi-
ated phosphorylation of FAK and Akt was detected as early as 20
min after cell plating onto FN and LN but not onto PLL, showing
a specific activation of integrin/PI3K/Akt through cell-matrix in-
teractions. As expected, immunofluorescence staining with anti-
paxillin antibody revealed the formation of focal adhesions in cells
plated onto FN and LN but not onto PLL (Fig. 6B). When these
cells were infected with vaccinia MV, the early luciferase activity
level was higher in HeLa cells plated onto FN and LN than in those
plated onto PLL (Fig. 6C). Altogether, these results demonstrate
that the outside-in activation of integrin �1-mediated PI3K sig-
naling is important for vaccinia MV entry into HeLa cells.

Integrin adhesome formation induced by outside-in activation
was shown previously to be disrupted upon blebbistatin treatment
(53). When the above-described outside-in activation procedures
were performed with HeLa cells in the presence of 25 and 50 �M
blebbistatin, the formation of focal adhesions was completely dis-

FIG 5 PI3K/Akt activation is required for vaccinia MV endocytosis. (A) Immunofluorescence analyses of virus-uncoating assays with HeLa cells. HeLa cells were
pretreated with DMSO (a), 25 nM BFLA (b and d), or 50 �M PI3K inhibitor (LY294002) (c and e) and subsequently infected with purified MV particles at an MOI
of 20 PFU per cell for 60 min at 4°C. Cells were then treated with neutral (pH 7.4) (a to c) or acidic (pH 5) (d and e) buffer for 5 min, washed, cultured at 37°C
in medium containing 10 �g/ml cycloheximide for an additional 2 h, and analyzed by virus core-uncoating assays using anti-A4 antibody, as described in the text.
(B) Quantification of viral core numbers per cell from each group (30 cells/group) described above (A). Statistical analyses were performed by using Student’s t
test in Prism software (GraphPad). The P value is shown (���, P � 0.0001).
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persed (Fig. 6D). These drug-treated HeLa cells were subsequently
infected with vaccinia MV, and a dosage-dependent reduction of
viral entry was observed, compared with the mock-treated cells
(Fig. 6E). These results suggested that the recruitment of cellular
proteins to form integrin adhesomes, which was blocked by bleb-
bistatin treatment, is important for vaccinia MV entry.

DISCUSSION

In this study, we demonstrated the role of the cellular protein
integrin �1 in vaccinia MV entry by several experimental criteria.
First, we showed that integrin �1 and vaccinia MV colocalized on
plasma membrane lipid rafts and that the knockdown of integrin
�1 in HeLa cells and the knockout of integrin �1 in mouse cells
reduced vaccinia MV attachment. Second, we showed that the
requirement of integrin �1 is not limited to virus attachment,
since integrin �1 also mediated the activation of PI3K/Akt for
subsequent MV endocytosis. We further showed that adhesome
formation activated by the interaction of the extracellular matrix
and integrin is also critical for vaccinia MV entry. Taken together,
these data demonstrated that cell surface integrin �1 in lipid rafts
serves as a signaling platform which activates downstream kinases
and cellular adhesome formation, both of which are important for
vaccinia MV entry.

Vaccinia virus infection is known to activate multiple kinases,
including ERK (18), PKC, and PAK1 (43, 45). However, the virus-
induced upstream signal that leads to kinase activation remains
unknown. Our study shows that the binding of vaccinia MV to
integrin �1 activated the PI3K/Akt kinase pathway. We also found
that the KD of integrin �1 led to a reduction of ERK activity in
HeLa cells and that the addition of the ERK inhibitor PD98059
interfered with vaccinia MV entry (R. Izmailyan, unpublished re-
sults). Although we did not investigate PAK1 activation in this
study, interestingly, PAK1 was previously shown to be activated by
integrin �1 (50). Taking these findings together, we conclude that
vaccinia MV interacts with integrin �1 to activate a downstream
kinase network to induce viral endocytosis (Fig. 7). At this point,

FIG 6 Outside-in integrin activation enhances vaccinia MV entry. (A) Cell
adhesion to the extracellular matrix activates FAK and Akt phosphorylation.
Serum-starved HeLa cells in suspension (	) were seeded onto fibronectin
(FN), laminin-1 (LN), and poly-L-lysine (PLL) at 37°C and harvested at 20, 30,
45, and 90 min for immunoblot analysis with anti-phospho-FAK (pFAK)
(Y397), anti-phospho-Akt (pAkt) (S473), anti-FAK, and anti-Akt antibodies.
(B) Immunofluorescence staining of paxillin in HeLa cells seeded onto a dif-
ferent extracellular matrix. HeLa cells were seeded onto FN, LN, and PLL, as
described above, for 90 min; fixed; permeabilized; and stained with anti-pax-
illin antibody, followed by FITC-conjugated goat anti-mouse IgG. (C) Viral
early luciferase assays. HeLa cells were seeded as described above (B), infected
with WR-VV at an MOI of 5 PFU per cell, and harvested at 1.5 h p.i. for
luciferase assays as described in Materials and Methods. The luciferase activity
in HeLa cells seeded onto FN was defined as 100%. The bars represent the
standard deviations from three independent experiments. (D) Immunofluo-
rescence staining of paxillin in HeLa cells treated with blebbistatin. HeLa cells
were seeded onto FN and LN as described above (A) and incubated with 50 �M
blebbistatin (�Bleb) or DMSO (	Bleb) (see Materials and Methods) for 60
min. Cells were fixed and permeabilized, and the focal adhesions were stained
with anti-paxillin antibody (red). Cell nuclei were stained with DAPI (blue). In
panels B and D, white arrows identify areas of focal adhesion. (E) HeLa cells
seeded as described above were treated with DMSO or blebbistatin (25 and 50
�M) and subsequently infected with WR-VV at an MOI of 5 PFU per cell and
harvested at 1.5 h p.i. for luciferase assays. The luciferase activity in DMSO-
treated HeLa cells was defined as 100%. The bars represent the standard devi-
ations from three independent experiments. Statistical analyses in panels B, C,
and E were performed by using Student’s t test in Prism software (GraphPad).
The P value is shown (���, P � 0.0001).

FIG 7 Current model of integrin �1 in vaccinia MV entry. The vaccinia MV
WR strain binds to cell surface glycosaminoglycans (GAGs) and laminin,
which induce further interactions between MV and cellular surface receptor
integrin in lipid rafts. The subsequent recruitment of the cellular membrane
protein CD98 and the activation of downstream kinases such as PI3K/Akt and
ERK lead to the endocytosis of vaccinia MV.
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we have not been able to identify any viral envelope protein spe-
cifically associated with integrin �1 in coimmunoprecipitation
experiments. It could be that vaccinia MV interacts with multiple
cellular receptor proteins during virus entry and that each recep-
tor interaction is transient and dynamically regulated (see below).

Although our study focused primarily on integrin �1, the sig-
nificance of the involvement of integrin in vaccinia virus entry
goes beyond this molecule. Blebbistatin, an inhibitor of myosin II
light-chain ATPase (41), was recently shown to interrupt integrin
adhesome formation (53), and in our experiments, blebbistatin-
treated HeLa cells lost the outside-in activation of integrin and
reduced vaccinia virus endocytosis. This finding implies that other
components of the integrin adhesome may be involved in vaccinia
virus endocytosis. Indeed, a recent study conducted in our labo-
ratory by Schroeder et al. (55) demonstrated that CD98, a type II
membrane protein found in lipid rafts (55) and a component of
the integrin adhesome (53), is required for vaccinia MV endocy-
tosis (55). The KD of CD98 does not affect vaccinia MV binding to
cells but reduces virus endocytosis and core uncoating (55), sug-
gesting that it participates in vaccinia virus entry at a step subse-
quent to integrin �1. It is worth noting that CD98 was reported
previously to promote integrin-dependent signaling, leading to
the activation of FAK, PI3K, Akt, and Rac (22, 23, 70). Currently,
our model proposes that vaccinia MV binds to integrin �1, re-
cruits CD98 in rafts, activates kinases, and induces cytoskeleton
rearrangements to trigger MV endocytosis in cells (Fig. 7). Finally,
we noticed that vaccinia MV formed smaller plaques on GD25
cells than those on GD25�1A cells. The KD of integrin �1 in HeLa
cells also reduced MV and EV production in a low-MOI infection,
implying that vaccinia virus spreading among cells may also re-
quire integrin �1 (data not shown). Further studies are needed to
explore this possibility.

Integrins are involved in the entry of many viruses (2, 5, 19, 21,
26, 34, 36, 44, 59, 64) and bacteria (16, 27, 40). The pathogen-host
interaction may promote the clustering of integrins and focal ad-
hesion formation but subvert the downstream signaling network
to modify membrane traffic and cytoskeletal dynamics to meet
their own needs (1, 17). Several unique properties of integrins may
explain why they are so frequently targeted for bacterial and viral
invasions. Integrins are ubiquitously expressed on virtually all
cells. They regulate both outside-in and inside-out signaling to
maintain important cell functions related to cell adhesion, migra-
tion, and survival. Furthermore, integrins act as global regulators
of endocytosis, affecting the intracellular trafficking of growth fac-
tor receptors and endosome localization in cells (67). A genome-
wide screen of endocytosis regulators identified adhesion-medi-
ated molecules that support cross talk between cell adhesion
regulation and endocytic activity (13). The fate of endocytosed
vaccinia MV is not well understood. Recently, it was shown that
integrin internalization is mediated through macropinocytosis.
Internalized integrins were found to transit through early endo-
somes to recycling endosomes and then back to the cell surface to
form new adhesions (25). Currently, we are investigating whether
integrin �1 regulates the intracellular trafficking of vaccinia viri-
ons through the same route prior to virus-cell membrane fusion.
More studies will be needed in the future to dissect the structure-
function relationship of integrins in vaccinia virus entry.
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