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Heparan sulfate (HS) moieties on cell surfaces are known to provide attachment sites for many viruses
including herpes simplex virus type-1 (HSV-1). Here, we demonstrate that cells respond to HSV-1 infec-
tion by enhancing filopodia formation. Filopodia express HS and are subsequently utilized for the trans-
port of HSV-1 virions to cell bodies in a surfing-like phenomenon, which is facilitated by the underlying
actin cytoskeleton and is regulated by transient activation of a small Rho GTPase, Cdc42. We also dem-
onstrate that interaction between a highly conserved herpesvirus envelope glycoprotein B (gB) and HS
is required for surfing. A HSV-1 mutant that lacks gB fails to surf and quantum dots conjugated with
gB demonstrate surfing-like movements. Our data demonstrates a novel use of a common receptor,

Filopodia

Virups HS, which could also be exploited by multiple viruses and quite possibly, many additional ligands for
Glycoprotein transport along the plasma membrane.

Transport © 2009 Elsevier Inc. All rights reserved.
Introduction tially be important. Both are thin, rod-like, inter-convertible cell

Heparan sulfate (HS) proteoglycans, key components of cell
surfaces and extra-cellular matrix, modulate physiological activi-
ties and influence cell growth and differentiation by interacting
with a variety of regulatory factors [1]. The versatile ability of HS
to interact with a variety of molecules can also be exploited by
pathogens including viruses to invade human cells. Herpesviruses,
like many other viruses, initiate infection of the host cell by first
attaching to HS moieties present on cell surfaces [2,3]. The attach-
ment then initiates the process of viral penetration into host cells.
Herpesvirus entry, exemplified by herpes simplex virus type-1
(HSV-1), requires participation from multiple viral glycoproteins
(gB, gC, gD, gH, and gL) and cellular receptors [3,4]. Binding of
HSV-1 to HS is mediated by gB and gC, followed by interaction of
gD with one of its three receptors: HVEM, nectin-1, and 3-0O-sul-
fated heparan sulfate or 3-OS HS [4-7]. Binding of gD to its recep-
tor is essential for viral penetration, which ultimately results in
deposition of viral DNA for replication in the nucleus [4].

Although it is well established that HS provides the initial dock-
ing sites for the virions, it is not clear where on the host cell surface
this interaction occurs first. In this context, projections on the plas-
ma membrane, such as filopodia and retraction fibers, could poten-

* Corresponding author. Address: Department of Ophthalmology and Visual
Sciences, University of Illinois at Chicago, 1855 W. Taylor St, Chicago, IL 60612, USA.
Fax: +1 312 996 7773.

E-mail address: dshukla@uic.edu (D. Shukla).

0006-291X/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2009.11.027

surface extensions formed by bundles of parallel actin filaments
[8] that grow by the assembly of actin via a process that is signaled
by activation of a Rho-family GTPase, Cdc42 [9,10]. Many patho-
genic viruses including human herpesviruses such as HSV-1 [11],
Epstein-Barr virus [12] and human herpesvirus-8 (HHV-8) [13]
also activate Cdc42 during invasion of the host cells.

While filopodia may contribute to viral spread in many in-
stances by facilitating virus particles to bud out [13,14], they could
also play a role by facilitating entry of exogenous virions. Recently
a phenomenon of viral surfing, where by virions attach to filopo-
dia/retraction fibers and travel down these extensions to reach
the cell body for infection was reported for unrelated retroviruses
and papillomavirus [15,16]. Here, we provide novel details about
HSV-1 surfing and suggest a new role for HS as a mediator of the
viral transport phenomenon. The interaction with HS, via HSV-1
gB, results in lateral viral movement along the length of filopodia
to bring the virions closer to the cell body. The involvement of
HS raises an intriguing possibility that all HS-binding virions may
exploit their interactions with HS for targeted transport to cell
bodies. It also implicates HS in ligand transport in general.

Materials and methods

Plasmids, cell lines and reagents. The plasmids used in these
experiments were pPEP98 (gB), and pPEP99 (gD) [5]. Wild-type
CHO-K1, A mutant CHO cell line, pgsA-745 [17] and the gB comple-
menting cell line D6 [18] were used. CHO cells stably expressing
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nectin-1 were provided by P. Spear (Northwestern University,
Chicago IL). Cells were grown in Ham’s F12 medium supplemented
with 10% fetal bovine serum (FBS) and containing geneticin
(500 pg/ml) for complimenting cell lines. HEK-293 and HelLa cells
were passaged with DMEM supplemented with 10% FBS while Vero
cells were passaged with DMEM supplemented with 5% FBS.
Antibody to heparan sulfate (10E4, U.S. biological), gB (Virusys Cor-
poration), and gD (Abcam) were used at predetermined concentra-
tions. Heparinase IIl was obtained from Sigma. Nectin-1 antibody,
PRR1, (Immunotech) was used in a 1:100 dilution. Secondary HRP
antibody (Jackson Immunoresearch Laboratories) was used in a
1:5000 dilution. FITC conjugated secondary anti-mouse IgG (SIG-
MA) was used in 1:200 dilution. Texas Red phalloidan (Invitrogen)
was used at a dilution of 1:100.

Virus stocks and purification. Wild-type KOS, K26GFP and KO82-
K26GFP viruses were used [18,19]. KO82-K26GFP lacks gB, and was
grown in a complementing cell line (D6) that stably expresses gB.
Virus was propagated on Vero cells and purified using a sucrose
gradient as previously described [8,10]. The pB-galactosidase-
expressing recombinant HSV-1(KOS) gL86 was kindly provided
by P. Spear (Northwestern University, Chicago IL). Since the virus
lacks gL, it was grown in a complementing Vero cell line that stably
expresses gL [6].

Imaging and analysis. All cell images were taken using a 100x oil
objective (plan-apo 1.4) on a Leica SP2 laser scanning confocal
microscope (Leica). Cells were grown on a 35-mm glass-bottom
dishes (Mattek) coated with collagen (BD Biosciences). Before imag-
ing at 37 °C, cells were washed with PBS, and cells were placed in
DMEM/10% FBS. In some experiments, cells were serum starved for
eight hours. K26GFP virus was imaged at 30 min after infection. In
some experiments a high multiplicity of infection of 100-500 was
used to capture particles in a given plane. For live cell imaging,
brightfield and GFP channels were imaged every 30 s. Images were
acquired using Leica confocal software. All videos, entire images,
and analysis were processed using Metamorph (Molecular Devices),
Leica confocal software, and Photoshop (Adobe).

Downregulation of Cdc42 and its effect on entry. Small interfering
(si)-RNA targeting Cdc42, two different RNA duplexes (CDC42 Val-
idated Stealth RNAi) were purchased from Invitrogen. Transfection
of siRNA duplexes were performed in Hela cells with Lipofect-
amine 2000 (Invitrogen) according to manufacturer’s instruction,
and seeded onto glass bottom dishes (Mattek). As a negative con-
trol for Cdc42 siRNA low GC RNAi Negative Control Duplexes
(Invitrogen) was used. The transfection efficiency of each duplex
was confirmed by Block-It Fluorescent Oligo (Invitrogen). Viral
entry assay was described previously [6].

Indirect immunofluorescence. Indirect immunofluorescence as-
say was done on Vero and CHO-K1 cells. Cells were adhered to
glass bottom dishes, and subsequently blocked in PBS with 3%
(w/v) bovine serum albumin, for 1 h at room temperature. Cells
were then incubated with either heparan sulfate antibody (US Bio-
logicals), HVEM antibody, or Nectin-1 antibody (Immunotech) for
1 h at room temperature. As a negative control, primary antibody
was omitted. FITC conjugated secondary anti-mouse IgG (SIGMA)
was used in 1:200 dilution.

Cell lysate and quantum dot preparations. Cells were transfected
in 6-well dishes with appropriate plasmid. After 24 h post trans-
fection, cells were detached using cell dissociation buffer (Invitro-
gen) and sonicated on ice for 6 s intervals, and then put on ice for
6 s. This was repeated a total of six times, and the solution was
passed through a 0.8 um filter. For quantum dot experiments,
HeLa cells were blocked in 6% BSA for 1 h. Anti-gB monoclonal
antibody (10B7, Virusys Inc.) was incubated for 1h with
Qdot@605 goat anti-mouse IgG (Invitrogen) and the mixture
was then incubated with gB for 1 h before addition to cells with
a final end concentration of 0.04 uM, which were pre-blocked

with 6% BSA. As a negative control, primary antibody was ex-
cluded from quantum dots.

Western blot. Cdc42 activation and western blot assay was de-
scribed previously [11]. Time points for Cdc42 activation were
set at 0 min, 30s, 1 and 5 min.

Results and discussion
HSV-1 can induce filopodia

In order to examine the early morphological changes upon HSV-
1 infection, a number of cell lines were examined at high magnifi-
cation on a Leica SP2 laser scanning confocal microscope (Leica). As
shown in Fig. 1A, significant (40-200%) increase in the number of
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Fig. 1. Exogenous HSV-1 can induce filopodia formation. (A) Increase in the number
of filopodia upon exposure to HSV-1 was counted for cells indicated. Counting was
done 15-30 min before and after the addition of virus. Numbers are represented as
percentages to better compare different cell lines. Three independent experiments
were counted for each cell type (n=25). Numbers of filopodia are presented as
means with error bars showing standard deviation. (B) Western Blot analysis
confirms activation of Cdc42 at the time points indicated. (C) Down-regulation of
Cdc42 inhibits HSV-1 entry. HeLa cells were transfected with siRNA against Cdc42
or control siRNA and exposed to a B-galactosidase expressing HSV-1(KOS) virus.



178 M.-J. Oh et al./Biochemical and Biophysical Research Communications 391 (2010) 176-181

filopodia per cell was observed at 15 min post virus addition com-
pared to the control cells. The increase in filopodia numbers was
observed with all cell lines examined including HelLa, HEK-293,
CHO-K1, nectin-1-expressing CHO-K1 and Vero cells. It is notewor-
thy that CHO-K1 cells allow the virus to attach but not enter due to
the lack of any receptors for gD [6]. Thus, it was clear that the in-
crease in the filopodia numbers was not dependent on the pres-
ence of a gD receptor. The increase in number was mostly
observed with filopodia attached to the substrate. There was only
a mild increase in filopodia on the dorsal surface of the cells. Inter-
estingly, the average length of the filopodia was not altered by the
infection (data not shown).

A mechanism for filopodia formation has been attributed to the
activation of a RhoA GTPase, Cdc42 [20]. A transient activation of
Cdc42 was indeed observed upon addition of HSV-1(KOS) to Vero
cells (Fig. 1B). The Cdc42 activation lasted for at least 1 min and be-
came undetectable by 5 min. Of interest is that although detectable
Cdc42 activation was transient (within the first 5 min), an increase
in the number of filopodia was most noticeable at 15 min after the
virus infection. To further understand the role of Cdc42 activation
and corresponding increase in filopodia numbers upon HSV-1
infection, Cdc42 expression was down-regulated by transfecting
HeLa cells with a commercially validated siRNA against Cdc42
(Invitrogen) or a scrambled siRNA control. At 48 h post transfec-
tion, the cells were infected with identical dosages of a reporter
HSV-1(gL86) virus and entry was measured at 6 h post infection.
A relative decline in viral entry was evident for the cells transfected
with the siRNA against Cdc42 and not its scrambled control
(Fig. 1C). Taken together, our results suggest that an increase in fil-
opodia numbers regulated by Cdc42 activation may play a support-
ive role in the entry process.

Virus interacts with filopodia for surfing

In order to further understand the significance of filopodia
induction by HSV-1, cells were infected with GFP-expressing
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K26GFP virions and the infected cells were examined by laser scan-
ning confocal microscopy. It was observed that the green fluores-
cent HSV-1 virions showed strong clustering on the filopodia
(Fig. 2A). In fact, more virions were observed on the filopodia than
on the cell membrane. Time course analysis, using live cell micros-
copy, indicated an interesting phenomenon. Increase of fluores-
cence intensity on filopodia, used as a surrogate for HSV-1
binding, was almost instantaneous but then it took about 60 min
for the binding to show its peak (Fig. 2B), which continued for an-
other 60 min before showing steady decline. Thus, it appears that
the virions kept on finding the filopodia to attach for a relatively
long time (about 2.0-2.5 h). The occasional sharp declines in the
intensity were likely due to large numbers of HSV moving out of
the focal plane of the region of interest (ROI). It could happen
due to twisting of filopodia and/or rapid movement of particles
out of the ROL Continued live cell imaging of the green HSV-1 viri-
ons indicated that bound virions did not remain stationary; instead
they demonstrated highly ordered, “surfing-like” [16], lateral
movement toward the cell body (Video S1). Virtually all moving
particles remained attached to the filopodia and did not show
any random motion. To gain additional insight into HSV-1 surfing,
the viral movement was quantified by measuring the distance a
virion travelled per frame (30 s). It was found that HSV-1 virions
on filopodia surfed at variable speeds (Fig. 2C) with a net average
speed of 1.5 um/min where time 0 was when a virion was detected
on the filopodia. The speed of travel appears very similar to what
has been reported with unrelated retroviruses [16].

Heparan sulfate and gB are important for binding and surfing

Next, to address the molecular interactions that give rise to
surfing we focused on cellular receptors and viral glycoproteins.
A previous report had found that trans-interactions of nectin-1
can induce filopodia formation [21]. However, we failed to detect
nectin-1 on filopodia of HSV-1 infected cells (data not shown). In
contrast, Fig. 3A shows the expression of HS, the attachment
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Fig. 2. HSV-1 binds and surfs along filopodia. (A) Time course of K26GFP virus (green) surfing (arrow) on a single Vero cell at indicated time points. Cells were infected at an
approximate MOI of 200. (B) Representative binding of K26GFP virus to filopodia. To quantify virus binding, the average fluorescent intensity of a selected region of interest
on filopodia was plotted over time. (C) Tracking of viral particles demonstrates an average particle speed of 1.5 pm/min. To quantify viral surfing speed, 8 to 10 particles per
cell were tracked every 30 s and the distance traveled was plotted over time. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 3. Heparan sulfate and gB are important for attachment to filopodia and surfing. (A) Anti-heparan sulfate staining of Vero and CHO-K1 cells. As a negative control,
primary antibody was omitted. FITC conjugated secondary anti-mouse IgG (SIGMA) was used in 1:200 dilution. (B) Western blot analysis confirming gB and gD presence in
cell lysates. (C) Quantification of the average green intensity around the cell membrane and filopodia for gB and gD. Twenty micrograms of total protein from gB and gD
lysates were taken and incubated with monoclonal antibodies (Virusys Corp and Abcam, respectively) before using as probes on cells. The figure represents three independent
experiments (n = 11). Data are presented as means with error bars showing standard deviations. (D) Quantification of Heparinase treated cells and gB null virus. Average
green intensity at filopodia was measured after 1 h of treatment with the enzyme or incubation with the mutant virions. Error bars show standard deviations. (E) Quantum
dots (red) conjugated to gB via an antibody were used for demonstration of binding of gB to filopodia and its ability to surf on HeLa cells.

receptor for HSV-1, on filopodia, which raised the possibility that
HS could be the major filopodial receptor for interaction with
HSV-1. To determine a viral ligand for this interaction, we fo-
cused on HSV-1 glycoprotein, gB, which is already known to
bind HS [3], and found on filopodia of virus infected or gB-
expressing cells [13]. Another glycoprotein, gD, was targeted as
a control, especially since gD receptors are required for entry
and we indirectly wanted to confirm that gD receptors are not
present on filopodia. Cell lysates containing gB or gD were pre-
pared and the presence of ~60 KD gD and ~120 KD gB proteins
was confirmed by Western blot analysis (Fig. 3B). Similar prepa-
rations from identically processed mock (pcDNA3.1) transfected
cells were used as negative controls. Next, each glycoprotein

was separately added to cells to determine the preferential bind-
ing locations of gB and gD. As seen in Fig. 3C, gB demonstrates
greater binding at the filopodia whereas gD preferentially binds
at the cell surface. This observation was determined by calculat-
ing green fluorescence intensity measurements at multiple loca-
tions on cells. The inability of gD to bind filopodia also indicates
that gD receptors are not expressed on filopodia. This may ex-
plain why the virions need to travel on filopodia as they need
to reach a gD receptor on the cell body for the mediation of en-
try. A similar finding has been demonstrated with some unre-
lated retroviruses [16].

Next, to verify that HSV-1 attachment to filopodia was indeed
mediated by interaction of gB with HS, we examined the effects
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of enzymatic removal of HS from cell surface and the binding
and surfing ability of a virus devoid of gB. A gB deletion mutant
of HSV-1 was generated in the K26GFP background (KO82-
K26GFP) [19]. KO82-K26GFP lacks gB, and was grown in a com-
plementing cell line, D6 [19] that stably expresses gB. Virus was
propagated on Vero cells and purified using a sucrose gradient as
previously described [18,22]. Attachment of virions to filopodia
was measured by recording fluorescence intensity. As shown
(Fig. 3D), about 75% reduction in binding to filopodia was seen
with the wild-type K26GFP when HS was removed by heparin-
ase-Ill treatment (Sigma) (Fig. 3D). Even more, over 95% reduc-
tion to filopodial binding was observed when untreated cells
were incubated with uncomplemented gB null virus. The fact
that the drastically reduced binding was solely due to gB was
confirmed by growing KO82-K26GFP virions on HSV-1 gB com-
plementing cells. The complemented virions were able to regain
the ability to bind filopodia (data not shown). Next, to demon-
strate that gB alone may have the ability to bind and surf along
filopodia, we made use of red quantum dots (qdots) (Invitrogen)
conjugated to gB. The gB qdots were incubated with cells which
were preinfected with HSV-1 to induce filopodia formation. It
was evident that gB qdots not only bound filopodia but also a
few of them were able to surf along filopodia (Fig. 3E; Video
S2). The implication of gB in surfing is very significant given
the fact that it is one of the most highly conserved glycoproteins
among herpesviruses and virtually all known homologs of it bind
HS [3]. It is, therefore, tempting to speculate that other herpesvi-
ruses could also surf via a similar gB-mediated mechanism. Like-
wise, the implication of HS in surfing has even more significance
for the viral invasion and ligand transport processes, since many
unrelated viruses including retroviruses use HS for attachment to
cells [1,2]. Thus, surfing via HS may represent a unique common-
ality developed and conserved among viruses to help the infec-
tion process.

To summarize, the detailed analysis of a surfing-like phenome-
non by HSV-1 and the involvement of HS point to the possibility of
a common invasion strategy by many unrelated viruses. In an
apparent analogy to retroviral surfing, virions in both cases [16,
this study] demonstrate a net directional movement on filopodia
toward the cell body at an average speed of 1-2 pum/min, require
actin cytoskeleton and results in the increase in filopodia numbers.
In all cases, surfing lies upstream of cell entry regardless of the
mode of entry. Among the major differences lies the fact that the
attachment receptor, HS, is an important initiator of surfing for
herpesviruses whereas retroviruses have yet to be tested for the
use of HS during surfing [16]. In case of papillomavirus the involve-
ment of HS has been speculated but not demonstrated yet [15]. An-
other possible difference could lie in the motor usage. We have
some preliminary evidence to suggest that HS mediated surfing
may require myosin X (Oh and Shukla, unpublished observation)
whereas myosin Il seems to have a role in retrovirus surfing [16].
This difference, however, may not be that critical since the involve-
ment of actin filaments and myosin motors, in general, imply that
the cellular mechanism of surfing could be identical, basically
involving retrograde F-actin flow [23-25]. Although how HSV-1
engages retrograde F-actin flow remains to be determined, the pro-
cess itself is a part of the normal cargo delivery to cells [26].
Anchoring of HSV-1 to HS proteoglycans, such as syndecan-2, or
EGF receptors, which are linked with filopodial cargo movement,
may hold some clues to this process [26-28]. In any case, many
identical aspects of retrovirus, papillomavirus and herpesvirus
surfing can implicate novel targets for the development of broad-
spectrum anti-viral prophylactic agents, a possibility that should
also be examined in the near future and so is the role of HS in li-
gand transport.
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