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Actin- and myosin-driven movement of viruses along
filopodia precedes their entry into cells

Maik J. Lehmann," Nathan M. Sherer,'! Carolyn B. Marks,? Marc Pypaert,? and Walther Mothes!

'Section of Microbial Pathogenesis and ?Department of Cell Biology, Yale University School of Medicine, New Haven, CT 06536

iruses have often been observed in association
with the dense microvilli of polarized epithelia as
well as the filopodia of nonpolarized cells, yet
whether inferactions with these structures contribute to in-
fection has remained unknown. Here we show that virus
binding to filopodia induces a rapid and highly ordered
lateral movement, “surfing” toward the cell body before

Introduction

Enveloped virus entry is initiated by binding to surface recep-
tors/coreceptors followed by trafficking to specific entry sites
where viruses encounter a milieu that provides for activation of
their fusion machine, the viral envelope glycoprotein (Env).
Fusion induces the mixing of viral and cellular membranes to
release viral capsids into the cytoplasm of the host (Hernandez
et al., 1996; Young, 2001; Smith and Helenius, 2004). For pH-
independent viruses, a critical concentration of receptors/core-
ceptors may suffice to induce fusion at the plasma membrane,
while pH-dependent viruses must reach an endosomal environ-
ment for fusion to be triggered by low pH. Little is known
about the cell biology of viral trafficking during entry, in par-
ticular in the morphological context of the host cell. Viruses
have been frequently observed in association with highly dy-
namic cell surface protrusions such as filopodia, or in the case
of mucosal tissues, the dense meshwork of microvilli (Helenius
et al., 1980; Duus et al., 2004; Smith and Helenius, 2004).
Whether filopodia or microvilli actively contribute to infec-
tions is unclear. Here, we demonstrate that upon interaction
with filopodia, viruses undergo rapid actin- and myosin II-
driven transport, “surfing” to entry sites at the cell body. Our
studies suggest that virus cell surfing along filopodia represents
a novel mechanism by which viruses use host cell machineries
for efficient infection.
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cell entry. Virus cell surfing along filopodia is mediated
by the underlying actin cytoskeleton and depends on
functional myosin II. Any disruption of virus cell surfing
significantly reduces viral infection. Our results reveal an-
other example of viruses hijacking host machineries for
efficient infection by using the inherent ability of filopodia
to transport ligands to the cell body.

Results

Virus cell surfing along filopodia
precedes fusion

Murine leukemia virus (MLV), like many other viruses (Hele-
nius et al., 1980), efficiently associates with cellular protrusions
such as filopodia and retraction fibers of fibroblast cells (Fig. 1).
To gain insights into the dynamics of filopodia-associated
MLV, we applied live-cell imaging using fluorescently labeled
retroviral particles (McDonald et al., 2002; Sherer et al., 2003).
MLV labeled with a fusion-competent envelope—YFP protein
(Env—YFP) was added to HEK 293 cells expressing the recep-
tor mCAT-1 fused to CFP (mCAT-1-CFP; Albritton et al.,
1989; Masuda et al., 1999). Confocal time-lapse microscopy of
HEK 293 cells that exhibited abundant filopodia and retraction
fibers revealed that viral particles not only attached to filopodia
but also underwent directed rearward movement, surfing to-
ward the cell body of mCAT-1-CFP-expressing cells (Fig. 2,
A and B; Video 1 available at http://www.jcb.org/cgi/content/
full/jcb.200503059/DC1). After reaching the cell body, viral
particles lost the punctate red envelope label, consistent with
fusion-mediated diffusion of Env—YFP into the large surface of
the plasma membrane (Fig. 2 C; Video 1). To quantitatively
analyze particle movement we measured the distance an indi-
vidual particle traveled within 10 s, the time interval between
single frames of the time-lapse video. The resulting speed for
each step (in pwm/min) was plotted over time, with time “0”
representing the moment when an individual particle attached
to a filopodium (Fig. 2 D; Fig. S1 A available at http:/
www.jcb.org/cgi/content/full/jcb.200503059/DC1). The speed
of particles moving toward the cell body was defined as posi-
tive, whereas particles moving away from the cell body toward
the tip of the filopodium generated negative numbers. Such an
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Figure 1. MLV is associated with filopodia. HEK 293 cells expressing re-
ceptor mCAT-1 were incubated with infectious MLV for 10 min and then
prepared for analysis by SEM. Arrows indicate virions associated with
filopodia. Bars, 1 um.

analysis for 85 MLV particles from six independent experi-
ments revealed that particles initially move randomly along the
filopodium before they begin moving toward the cell body
(Fig. 2 D). Individual particles progressed at varying speeds.
Fast periods of movement reaching maximum speeds of 6—10
pm/min were interrupted by slower intervals, resulting in an
average speed of ~2 pm/min (Fig. 2 D; Fig. S1 A). Particle
movement was also very efficient with over 90% of all parti-
cles apparently associated with filopodia engaging fast move-
ment toward the cell body. Finally, 2 min after attachment,
most particles had disappeared at the base of the filopodium.
Over time, Env—YFP accumulated throughout the plasma
membrane, inducing neighboring cells to undergo cell—cell fu-
sion (Video 2 available at http://www.jcb.org/cgi/content/full/
jcb.200503059/DC1).

Because the punctate Env—YFP label did not diffuse
completely until reaching the base of filopodia, and MLV car-
rying a fusion defective envelope (Zavorotinskaya et al., 2004)
still surfed (Fig. 2 E), we predicted that surfing must precede
fusion. To directly examine the membrane topology of viruses
associated with filopodia, we performed transmission electron
microscopy (TEM) of cells fixed after MLV addition (Fig. 3).
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ALV (n=50)

Time in seconds

Figure 2. Virus cell surfing along filopodia. (A) An individual MLV parti-
cle fluorescently labeled with envelope-YFP (MLV-YFP, pseudocolored in
red, marked in white) surfs along the filopodium of a HEK 293 cell trans-
duced with mCAT-1-CFP (pseudocolored in green). The time in seconds is
presented in each frame. The overall movements of the two particles are
summarized by arrows in the far right panel (0-140 s). (B) The image
summarizes the overall movement of selected particles on filopodia of a
single HEK 293 cell as observed in Video 1. (C) To visualize the gradual
loss of fluorescence of moving particles (marked in white), 31 frames from
a region of interest of Video 1 were superimposed. (D) To quantify virus
cell surfing, the motility (Lm/min) of 85 individual MLV particles was plot-
ted over time (in seconds), with time point O representing the moment of vi-
rus attachment to a filopodium. Positive values of motility represent parti-
cles moving toward the cell body whereas negative numbers represent
viruses moving foward the tip of the fiber. (E) MLV bearing a fusion-defec-
tive envelope protein also surfs. The image, generated as in B, visually
summarizes a time-lapse video not shown. (F) Virus capture by shortlived
filopodia and ruffles. HEK 293 cells expressing mCAT-1-CFP were al-
lowed to spread for 30 min on a glass coverslip containing prebound
MLV-YFP. Cells formed a large syncytium as a consequence of viral infec-
tion. (G) Virus capture is receptor dependent. An experiment as in F was
performed with MLV=YFP and HEK 293 cells expressing Tva-CFP, the re-
ceptor for the ALV. Note that cells are unable to take up prebound virus
from beneath the cell and its surroundings. (H) Receptor mCAT-1-CFP
(green) is recruited to MLV particles labeled with Env-YFP (red) when they
attach to filopodia of XC cells. (I) ALV surfs on HEK 293 cells expressing
Tva-CFP. The image visualizes the movement of individual particles as
shown in Video 4. (J) A quantitative analysis as in D was performed for
50 ALV particles. (K) HIV (red) surfs on HEK 293 cells expressing CD4
and CXCRA4. To identify receptor-expressing cells, cytoplasmic CFP (green)
was coexpressed. The image summarizes the movement of three particles
as shown in Video 5. (L) MLV Gag-YFP-labeled virions containing the
VSVG protein (red) surf along filopodia of XC cells expressing mCAT-1-
CFP (green) as a plasma membrane marker. The entire sequence is shown
in Video 6. In all panels, vertical size bars correspond to 5 um.

TEM micrographs showed individual viruses engaged with
filopodia at an average distance of 11.7 £ 0.4 nm (n = 44;
P = 0.0001). Spikes, likely representing Env-receptor com-
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Figure 3. MLV fuses with the plasma membrane at the base of filopodia
or at the cell body. (A and B) HEK 293 cells infected with MLV for 30 min
were prepared for TEM and cut en face within 100 nm from the glass cov-
erslip to visualize viruses and filopodia. Circular nodules as observed in B
are indicative of retraction fibers (Mitchison, 1992). Viruses engaged with
filopodia or retraction fibers are marked with arrows. (C and D) Two ex-
amples of frequently observed spikes (marked by arrows) between virus
and membrane are shown. (E-G) Fusion sites (marked by arrows) were
observed at the widening base of fibers or at the cell body. (H) Viral
capsids accumulate inside the cytoplasm at the base of fibers. In all pan-
els, size bars correspond to 200 nm.

plexes, were frequently observed between the virus and the cell
membrane (Fig. 3, A-D), but fusion intermediates or intracel-
lular capsids were detected only at the widening base of
filopodia or at the cell body (Fig. 3, E-H).

Virus capture by filopodia and retraction
fibers is receptor dependent

Although we had initially studied this process on filopodia and
retraction fibers of HEK 293 cells, virus cell surfing was also
observed along filopodia of mouse and rat fibroblasts and HEK
293 cells cultured on substrates that induced a spread out and
filopodia-abundant morphology (unpublished data). In addition
to surfing, ruffles were also active in virus capture and short-
lived filopodia were observed to “pick” viral particles from the
surrounding areas, efficiently delivering them to the cell body
for fusion (Video 3 available at http://www.jcb.org/cgi/content/
full/jcb.200503059/DC1). The activity of ruffles and filopodia
in virus capture was best illustrated when Env—YFP-labeled
MLV was prebound to the glass coverslip before receptor-
expressing cells were seeded and allowed to spread. Filopodia
captured all of the viral particles surrounding the cells, creating
a clear border area lacking fluorescence (Fig. 2 F). Nonviral
particle capture and uptake by cells have been frequently ob-

served (Albrecht-Buehler and Lancaster, 1976). However, for
viruses this activity was strictly dependent on cognate recep-
tor—envelope interactions (Fig. 2 G). Moreover, the ability of
viruses to undergo surfing was not observed for 293 cells lack-
ing mCAT-1 (unpublished data). Consistent with an important
role for viral receptors in surfing, mCAT-1-CFP recruitment to
attaching MLV particles preceded the onset of surfing. Virus
and receptor colocalized shortly after virus attachment and sub-
sequently moved together toward the cell body (Fig. 2 H; un-
published data). Visualization of receptor recruitment was
close to the detection limits of the confocal microscope, con-
sistent with very few receptor molecules being concentrated
beneath an individual viral particle.

Cell surfing is shared by other viruses
Surfing was not restricted to MLV. Gag (viral capsid polypro-
tein precursor)-YFP-labeled MLV capsids containing the en-
velope glycoprotein of the avian leukosis virus (ALV) surfed
along filopodia of HEK 293 cells when they expressed the
ALYV receptor Tva fused to CFP (Bates et al., 1993; Fig. 2 I;
Video 4 available at http://www.jcb.org/cgi/content/full/
jcb.200503059/DC1). ALV surfed at a slower speed than
MLV, averaging 1 wm/min, and attaching particles lacked the
initial random movement seen for MLV (Fig. 2 J). Human im-
munodeficiency virus (HIV) similarly surfed when cells were
expressing the HIV receptors CD4 and CXCR4 (Fig. 2 K;
Video 5 available at http://www.jcb.org/cgi/content/full/
jcb.200503059/DC1). Surfing was not restricted to retrovi-
ruses. Particles bearing the envelope protein of vesicular sto-
matitis virus (VSV) also surfed along filopodia of rat fibro-
blasts (Fig. 2 L; Video 6 available at http://www.jcb.org/cgi/
content/full/jcb.200503059/DC1). VSVG-containing viruses
were found to move along filopodia and then continued to surf
along the plasma membrane until they disappeared from the
confocal microscope plane, likely due to endocytosis. Parallel
immunofluorescence for actin in these cells showed that the
areas that support virus movement are rich in actin filaments
(Fig. S2, A and B available at http://www.jcb.org/cgi/content/
full/jcb.200503059/DC1). Co-expression of clathrin-light
chain—YFP confirmed colocalization of viruses with clathrin
15 min after infection (Fig. S2 C). Video microscopy revealed
that clathrin-recruitment to surfing viruses was initiated as
soon as the virus reached the cell body (Video 7 available at
http://www.jcb.org/cgi/content/full/jcb.200503059/DC1). In-
terestingly, surfing continued during clathrin recruitment
(Video 7). These experiments suggest that pH-dependent vi-
ruses such as VSV surf along filopodia and actin filaments to
reach endocytic hot spots.

Virus cell surfing is actin and myosin
dependent

The association of viral particles with actin-rich filaments and
the observed highly ordered movement of viral particles implied
an actin and motor-driven process. Addition of cytochalasin D,
a reagent that blocks the barbed ends of actin filaments, in-
hibited surfing (Fig. 4, compare B with A; Video 8§ available
at http://www.jcb.org/cgi/content/full/jcb.200503059/DC1),
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Figure 4. Virus cell surfing is actin and myosin Il dependent. (A-G) Im-
ages visually summarize the extent of MLV (A-E) and ALV (F and G) surfing
in the absence and presence of inhibitors as indicated; cytochalasin D
(50 pM), nocodazole (50 pM), sodium azide (10 mM), and blebbistatin
(30 wM). The data are based on time-lapse movies, some of them pro-
vided as supplemental data (Videos 1, 4, and 9). To compare the surfing
activity visually, the motility observed over 120 s (MLV) or 200 s (ALV) is
displayed. Bars, 10 pm.

whereas treatment with nocodazole, which disassembles micro-
tubules, had no effect (Figs. 4 C and 5 C; unpublished data). Ad-
dition of the ATPase inhibitor sodium azide immediately blocked
particle movement toward the cell body (Fig. 4 D; unpublished
data). Quantitative analysis revealed that cytochalasin D or so-
dium azide treatment led to a diffusive random movement (Fig. 5,
compare B and D with A; see Fig. S1 for tracks of individual par-
ticles) and a complete loss of directional motility toward the cell
body (Fig. 5, H and I). Thus, surfing is an energy-dependent pro-
cess mediated by the underlying actin cytoskeleton.

It has been shown that myosin motors are involved in the
movement of actin filaments in cell surface protrusions (Ponti et

al., 2004; Svitkina et al., 1997), a process known as rearward or
retrograde F-actin flow (Forscher and Smith, 1988; Mitchison
and Kirschner, 1988; Sheetz et al., 1989; Lin and Forscher,
1993). However, the identity of the myosins involved in this
process is unclear. Myosin II is a plus-end motor that localizes
to the lamellum and retraction fibers (Miller et al., 1992; Roch-
lin et al., 1995; Verkhovsky et al., 1995; Fig. S3, A-C). If an-
chored, this myosin can also mediate minus-end motility by
moving entire actin filaments (Mitchison and Kirschner, 1988).
We tested the involvement of myosin II in viral surfing using its
specific inhibitor, blebbistatin (Straight et al., 2003). Addition
of blebbistatin completely blocked MLV, ALV, and VSV surf-
ing along filopodia (Fig. 4, E and G; Videos 9 and 10 available
at http://www.jcb.org/cgi/content/full/jcb.200503059/DC1; and
unpublished data). Virus movement over the lamellum of rat fi-
broblast cells was similarly blocked, indicating that this move-
ment over the cell surface is also mediated by the underlying
actin—myosin II machinery (Video 10). Parallel immunofluo-
rescence showed that myosin II localized in a patchy distribu-
tion to retraction fibers in these cells (Fig. S3, A and B). Myosin
IT also appeared to localize to the base of filopodia (Fig. S3, A
and C). Treatment with blebbistatin resulted in a redistribution
of myosin II to a diffuse perinuclear region (Fig. S3, D and E).
Thus, in the case of retraction fibers, myosin Il is clearly present
in the cellular protrusions that promote virus motility. In the
case of filopodia, myosin I may affect retrograde F-actin flow
from the base of the filament. Quantitative analysis revealed
that blebbistatin caused a complete block of directed movement
of viruses toward the cell body, but still allowed a diffusive ran-
dom movement in both directions similar to that observed for
azide (Fig. 5, E and G-I). The similar effects of blebbistatin and
azide suggest that myosin II is the predominant ATPase in-
volved in virus cell surfing.

If virus cell surfing represents a physiologically relevant path-
way of viral infection, our observed visual block to surfing by
blebbistatin and cytochalasin D should result in reduced infec-
tivity. To address this question, we applied an assay that al-
lowed us to test the role of these reversible inhibitors specifi-
cally in the earliest stages of infection (Kizhatil and Albritton,
1997). Viruses were added to cells in the presence or absence
of drugs for periods of time as short as 5 min before the drugs
were washed out and viral particles that had failed to enter cells
were inactivated by either a 1-min acid wash or a 10-min treat-
ment with methyl-B-cyclodextrin. Infection was continued in
the absence of inhibitors. Applying this assay, we observed
significant inhibitory effects of blebbistatin on MLV and VSV
infection only when cells were cultured at low confluencies,
conditions where cells exhibited abundant filopodia (Table
I). At higher confluencies, when cells contacted each other,
blebbistatin had reduced effects. Moreover, when cells were
rounded completely due to trypsinization (receptor mCAT-1 is
trypsin resistant), blebbistatin had no effect on MLV entry as
compared with the untreated control. These data indicate that
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blebbistatin can only affect the earliest steps of MLV entry
when cells exhibit abundant filopodia, suggesting a contribu-
tion of virus cell surfing to infection.

Like blebbistatin, cytochalasin D had greater inhibitory
effects on virus entry when cells exhibited abundant filopodia
(Table I). As such, the previously reported requirement for an
intact actin cytoskeleton during viral entry may reflect at least
in part a need for virus cell surfing (Gottlieb et al., 1993;
Kizhatil and Albritton, 1997; Bukrinskaya et al., 1998). How-
ever, in contrast to blebbistatin, cytochalasin D showed some
pleiotropic effects on confluent and on trypsinized cells, con-
sistent with a more global role for the actin cytoskeleton in
early viral entry events (Table I).

Because of the relevance of mucosal epithelia to viral in-
fection, we tested if polarized epithelial cells covered with
dense microvilli would require surfing for efficient infection.
Indeed, infection of polarized MDCK cells by MLV or VSVG-
containing viruses was reduced at least fivefold by blebbistatin
and cytochalasin D when virus was added to the microvilli-rich
apical side but not to the basolateral side (Table I). As was the
case for fibroblasts, no inhibitory effects of blebbistatin were
observed for trypsinized MDCK cells that exhibited a highly
folded surface but lacked microvilli as visualized by scan-
ning electron microscopy (SEM; Table I; Fig. S4 C). In
fact, blebbistatin caused a slight enhancement in infection of
trypsinized MDCK cells as well as if the virus was applied to
the basolateral side of a monolayer of polarized cells. Although
these observations suggest an additional role for myosin II in
virus entry, inhibitory effects were strictly associated with the
microvilli-rich apical side of polarized epithelial cells.

Cytochalasin D behaved identically to blebbistatin in its
ability to inhibit the entry of MLV via microvilli-rich surfaces

Figure 5. Quantitative analysis of the effects of inhibitors
on virus cell surfing. (A) The motility (um/min) of 85 indi-
vidual MLV particles as presented in Fig. 2 D in the ab-
sence of any inhibitor (Wildtype) and plotted over time
(in seconds). (B-E) An analysis as in (A) was performed in
the presence of the inhibitors cytochalasin D (50 pM),
nocodazole (50 pM), sodium azide (10 mM), and
blebbistatin (30 wM), respectively. The number of parti-
cles (n) analyzed in each experiment is indicated. (F and G)
Experiments as described in A and E, respectively, were
analyzed for ALV movement on 293 cells expressing
Tva-CFP. (H) Progressive average movement (um) was
determined using the mean motility for all analyzed parti-

—wt MLV . . . .
—nocoMLV  cles at each given time point in the absence and pres-
—Wt ALV ence of inhibitors as indicated. (l) The average directed
motility toward the cell body (d, directed) was compared
— azide MLV . .- . .
cytoDMLY  with the overall random motility (r, random) including for-
— blebb MLV
plebb ALV ward as well as backward movement for all of the above

experiments. To exclude the observed initial random mo-
tility seen in A, only the period between 30 and 90 s was
included in the analysis. Cyto D, Blebb, and Noco are
abbreviations for cytochalasin D, blebbistatin, and no-
codazole, respectively.

dr dr
<4“—— MLV———» < ALVH
Inhibitor None Azide CytoD Blebb Noco None Blebb

suggesting that the role of actin is limited to the movement
along microvilli (Table I). In contrast, infection of MDCK cells
by VSV, which uses a pH-dependent endocytic entry route,
remained moderately sensitive to cytochalasin D even on
trypsinized MDCK cells.

In contrast to the filopodia of fibroblasts, microvilli are
too small to be imaged by live microscopy. To test if the ob-
served inhibitory effects of blebbistatin were due to a block
in virus cell surfing, we applied SEM to visualize microvilli-
rich surfaces and viruses at magnifications of ~20,000 and
40,000X. To this end, viruses were bound on ice to polarized
MDCK cells. After 30 min, the samples were washed with cold
media to remove unbound virus. One sample was immediately
prepared for SEM while the other two were incubated for an
additional 30 min at 37°C in the absence or presence of
blebbistatin. Scanning electron micrographs of all samples re-
vealed efficient binding of viruses to the microvilli of MDCK
cells. A clustering and bundling of tips of microvilli and vi-
ruses, both of similar size, was observed (Fig. 6 A, upper
panel). This effect was not due to aggregation of virions, rather,
as revealed by parallel TEM, was caused by the multivalency
of virus/microvilli interactions (Fig. 6 B). Incubation at 37°C in
the absence of blebbistatin resulted in a complete loss of mi-
crovilli-associated viruses (Fig. 6 A, middle panel). Parallel
TEM demonstrated that under these conditions viruses had en-
tered cells (Fig. 6 C). In contrast, the presence of blebbistatin
completely blocked virus movement along microvilli, arresting
the process at the step of virus binding (Fig. 6 A, lower panel).
These data demonstrate that viruses efficiently bind to the mi-
crovilli of polarized epithelial cells, suggest that they use surf-
ing to enter cells at the cell body and indicate that surfing is
controlled by myosin II.
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Table I. The inhibition of virus motility by blebbistatin and cytochalasin D correlates with decreased infectivity

Cell type | Confluency Incubation Treatment Infection in percent
time MLV VsV
XC 10% 5 min None 100 = 5 100 = 8
5 uM Cyto D 37 x2 49 =1
50 pM Cyto D 43 =5 55 =3
50 pM Blebb 43 = 4 40 = 3
XC 80-100% 5 min None 100 = 10 100 = 3
5 uM Cyto D 49 £ 5 656
50 pM Cyto D 56 =9 57 =3
50 pM Blebb 85 =11 74 = 4
XC Suspension 5 min None 100 = 3 100 = 16
5 pM Cyto D 75=3 82+ 6
50 pM Cyto D 56=5 78 =3
50 pM Blebb 109 = 4 7227
MDCK (apical) 100% 30 min None 100 = 4 100 =5
50 uM Cyto D 19+11 7 +1
30 uM Blebb 19 +6 20 =1
MDCK (apical) 100% 120 min None 100 = 3 100 = 4
50 pM Cyto 16 =3 20+ 4
30 pM Blebb 31x4 33=3
MDCK (basolateral) 100% 120 min None 100 = 6 100 = 15
50 pM Cyto D 137 =15 93 +6
30 uM Blebb 263 =9 191 =8
MDCK (nonpolarized) Suspension 30 min None 100 + 4 100 = 1
5 uM Cyto D 109 = 6 61 =2
50 pM Cyto D 104 = 2 63 =5
30 uM Blebb 142 = 5 18375
MDCK (nonpolarized) Suspension 120 min None 100 + 4 100 £ 9
5 pM Cyto D 113 =7 77 =3
50 pM Cyto D 112 3 56 2
30 uM Blebb 148 = 4 130 = 10

Cyto D and Blebb are abbreviations for cytochalasin D and blebbistatin, respectively. Basolateral control experiments were performed in duplicate and mean values
with simple variations are presented. All other infection experiments were performed three to nine times and standard errors are shown. 100% infection in the absence
of inhibitors (none) corresponded to several hundred infected colonies. Infectious titers of MLV and VSV were about 10° in the case of the 5 min infection of XC cells
as well as the 30-min infection of nonpolarized MDCK cells. Susceptibility of MDCK cells to MLV and VSV was reduced upon polarization, with both viral preparations

reaching titers of about 10%.

Discussion

We have identified a novel process by which viruses induce
rapid and directed trafficking along filopodia to reach the cell
body for entry into cells. The frequently observed association of
viruses with filopodia is not coincidental, but represents an effi-
cient infectious pathway that in the case of endocytic viruses
such as Semliki Forest virus and VSV can result in a direct trans-
port of viruses into clathrin-coated pits (Helenius et al., 1980;
and this paper). Interference with surfing results in a modest re-
duction in infection of cultured fibroblast cells where viruses
have relatively easy access to the cell body. In contrast, a block
to surfing leads to a significant reduction in infection of polarized
epithelial cells that are covered with dense microvilli. We hy-
pothesize that in vivo, virus cell surfing enables the penetration
of the microvilli-rich mucosal surfaces to efficiently infect the
host. Inhibitors such as blebbistatin should be tested in vivo for
their potential to reduce mucosal transmission, which accounts
for ~80% of all HIV infections (Bomsel and Alfsen, 2003).
With virus cell surfing, our understanding of viral entry is
now modified by an early stage involving virus attachment, re-
ceptor recruitment, the establishment of a link to the underlying

JCB « VOLUME 170 « NUMBER 2 « 2005

actin cytoskeleton and myosin II-mediated transport of the vi-
rus to the cell body. This process lies upstream of cell entry re-
gardless of whether the virus enters cells by pH-independent
(MLV, HIV) or pH-dependent (ALV, VSV) mechanisms
(Stein et al., 1987; Maddon et al., 1988; Mothes et al., 2000;
Kolokoltsov and Davey, 2004; Matsuyama et al., 2004). Surf-
ing may have evolved to avoid having to penetrate the dense
cortical actin cytoskeleton by moving along the plasma mem-
brane to reach endocytic hot spots, which are areas of active ac-
tin remodeling. MLV and HIV, which do not require endocytosis
for fusion, also surf to these areas before fusion, thereby avoid-
ing the delivery of capsid into actin filament-dense areas.

Virus cell surfing depends on cognate Env—receptor inter-
actions. Visually, receptor recruitment precedes the onset of
surfing. The initial random movements of MLV observed within
the first 10 s of attachment to filopodia likely reflects a period of
mCAT-1 receptor recruitment as well as the establishment of a
link between oligomerized receptor and actin filaments.

Transport along filopodia is mediated by the underlying
actin cytoskeleton and is controlled by myosin II. Because my-
osin II is a plus end motor that apparently mediates minus end
motility toward the cell body, it must regulate the movement of
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Figure 6. MLV enters polarized epithelial cells via myosin Il-dependent
surfing along microvilli. (A) Individual steps of MLV infection of polarized
MDCK cells were visualized by SEM in the presence and absence of
blebbistatin as indicated. Arrows indicate virions associated with mi-
crovilli. Bars, 500 nm. (B) To analyze the nature of clusters seen in A TEM
was performed revealing multivalent interactions between viruses and mi-
crovilli. Viruses similar in size fo microvilli are recognized by their electron
dense capsid core. (C) Parallel TEM of infected MDCK cells shows that at
30 min viruses are internalized. Bars: (B and C) 200 nm.

entire actin filaments, a process called retrograde F-actin flow
(Forscher and Smith, 1988; Mitchison and Kirschner, 1988;
Sheetz et al., 1989; Lin and Forscher, 1993). Thus, our data
suggest a role for myosin II in retrograde flow. How myosin II
controls retrograde flow remains to be determined. Although
myosin II clearly localizes to retraction fibers, it is absent from
filopodia. In the latter case, myosin II may control actin fila-
ment movement at the base of filopodia by regulating actin fil-
ament disassembly. Although we would anticipate the involve-
ment of other myosins in retrograde flow, azide does not block
virus cell surfing beyond the level observed for blebbistatin,
suggesting that myosin II plays a predominant role.

How viruses engage retrograde F-actin flow remains to
be determined. Signaling from cytoplasmic tails of oligomer-
ized receptor appears to be a prerequisite for the establishment
of a link to the actin cytoskeleton (Felsenfeld et al., 1996; Suter
et al., 1998). Tva receptors carrying a GPI anchor instead of a
transmembrane domain do not support efficient surfing of
ALV (unpublished data), consistent with the observed slow

kinetics of ALV infection mediated by these receptors
(Narayan et al., 2003). The link to the actin cytoskeleton may
only briefly be tight when viruses travel at maximum speed. In
general, however, surfing viruses appear to engage a molecular
clutch resulting in a fast-and-slow or slippage mode of move-
ment rather than a rigid link to actin filaments. The ability of
different viruses and their receptors to engage retrograde flow
varies. MLV and ALV move at different average speeds along
filopodia of the same cell type. In addition, movement of indi-
vidual viral particles along the same filopodium occurs inde-
pendently with no apparent coordination (unpublished data).

Virus cell surfing was observed on a number of different
actin-rich protrusions such as filopodia, retraction fibers, and
microvilli. In each case, surfing was mediated by the underlying
actin cytoskeleton and was dependent on myosin II. Even in the
case of short-lived filopodia that were observed to occasionally
capture viral particles, particles were brought to the cell body by
retrograde flow of actin filaments. These observations suggest
that all instances of virus cell surfing are based on a related ba-
sic mechanism despite being morphologically different.

It is the nature of host—pathogen interactions that patho-
gens exploit existing cellular pathways. In this case, viruses
likely engage retrograde F-actin flow, a process that was dis-
covered and has been studied extensively using artificial beads
(Abercrombie et al., 1970; Harris and Dunn, 1972; Albrecht-
Buehler and Lancaster, 1976; Forscher and Smith, 1988;
Mitchison and Kirschner, 1988; Sheetz et al., 1989). The abil-
ity of beads to establish a link to the actin cytoskeleton had
been used to study how the forces of the actin cytoskeleton can
translate into cell motility if beads were immobilized. As such,
the field has focused on adhesion molecules such as integrins
and members of the immunoglobulin family of CAM proteins
(Felsenfeld et al., 1996; Suter et al., 1998). Our work with vi-
ruses now reemphasizes the role of the actin cytoskeleton in
ligand uptake, transport, and endocytosis and offers viruses as
physiological “beads” to study this process. In addition to ad-
hesion molecules we extend the list of receptors capable of
promoting rearward movement toward the cell body to also
include transporters such as mCAT-1 for MLV (Albritton et
al., 1989), receptors of the LDL receptor-like family Tva for
ALYV (Bates et al., 1993) as well as CD4/chemokine receptors
in the case of HIV (Littman, 1998). As such, virus cell surfing
likely reflects the fundamental ability of receptors to transport
ligands along filopodia. Movement of EGF quantum dots along
filopodia has recently been reported (Lidke et al., 2004). Fer-
ritin and toxins have also been observed to travel along mi-
crovilli in an actin-dependent fashion (Gottlieb et al., 1993;
Shurety et al., 1996). Thus, viral cell surfing appears to repre-
sent the exploitation of retrograde F-actin flow to efficiently
transport signaling molecules from the periphery toward en-
docytic zones at the cell body. One prediction of this hypothesis
is that signaling cascades are spatially separated into peripheral
events that induce cell surfing and downstream events in the
cell body that trigger signaling toward the nucleus. As such,
cell surfing, powered by the underlying F-actin flow, and en-
docytosis in areas of actin remodeling, likely represent two
steps of a coordinated process of ligand signaling and uptake.
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Materials and methods

Reagents and cell lines

Cytochalasin D, nocodazole, and sodium azide were obtained from
Sigma-Aldrich. Blebbistatin was purchased from Toronto Research Chemi-
cals. Reagents and cell lines used for the generation of labeled virions
were as described (Sherer et al., 2003). Plasmids encoding CD4 and
CXCR4 were a gift from Heinrich Gottlinger (University of Massachusetts,
Worcester, MA). 293 cells were obtained from American Type Culture
Collection, a small number of which exhibited extensive filopodia under
normal culture conditions. Extensive filopodia were also evident when
293 cells were grown on alcian blue-treated glass coverslips. For this pur-
pose glass coverslips were rinsed in 70% ethanol, heated to boiling in 1%
alcian blue (Sigma-Aldrich), incubated for 10 min, rinsed three times in
water, and allowed to dry (Hammond et al., 1998). 293 cells were
bound to treated glass coverslips in the absence of serum. DFJ8 cells rep-
resent DF-1 chicken cells stably expressing mCAT-1 (Sherer et al., 2003).
Mouse Swiss fibroblasts were a gift from Philip Allen (Harvard Medical
School, Boston, MA) and Rat XC sarcoma cells (Klement et al., 1969) sta-
bly expressing low amounts of mCAT-1-CFP, actin-YFP (a gift from Me-
lissa Rolls, Pascal Stein, and Tom Rapoport, Harvard Medical School, Bos-
ton, MA) or clathrin light chain-YFP (Gaidarov et al., 1999) were
generated by selection using G418 (Invitrogen). 293 and DFJ8 cells were
cultured in DME high glucose (Invitrogen) containing 10% FBS plus Pen/
Strep/Glutamine. XC and MDCK cells (strain II; gift of Ira Mellman, Yale
University, New Haven, CT) were grown in «MEM (Invitrogen) with 10%
FBS. MDCK cells stably expressing mCAT-1-CFP were selected using
G418 (Invitrogen).

Generation of fluorescently labeled viruses

Most reagents for the generation of fluorescent viruses have previously
been described (Sherer et al., 2003). Env-YFP-labeled MLV is a replica-
tion competent virus produced in large quantities from infected DFJ8 cells
cultured in roller bottles. Viruses obtained from filtered supernatants were
spun through a 15% sucrose cushion, resuspended in DME containing
10% FBS, filtered through 0.2 um filters (Nalgene) and stored at —80°C.
Gag-YFP-labeled MLV cores (Sherer et al., 2003) were used for the gen-
eration of viruses bearing fusion-defective MLV Env (delta H8; James Cun-
ningham, Harvard Medical School, Boston, MA), ALV-A Env, and VSVG
(Mothes et al., 2000). Fluorescent HIV particles were generated by
cotransfection of a 10 cm plate of 293 cells with plasmids encoding
HIVerus, —env (5 g; McDonald et al., 2002), HIVEnv (5 pg), and HIV-
Gag-YFP (1 pg; Sherer et al., 2003). Medium was replaced 36 h after
transfection. Virus-containing supernatants were collected at 40 and 44 h
and directly used for imaging experiments.

Imaging

Transfection and live cell imaging of 293, DFJ8, and XC cells were as pre-
viously described (Sherer et al., 2003) using the 100X oil objective (nu-
merical aperture 1.4) of an LSM 510 confocal microscope equipped with
a Zeiss axiovert 100 M base (Zeiss Microlmaging, Inc.). For live cell imag-
ing, cells were grown on poly-L-lysine-coated 35-mm glass-bottom plates
(MafTek). Before imaging at 37°C, media was replaced with DME/10%
FBS supplemented with 10 mM Hepes, pH 7.4. In most imaging experi-
ments, a high viral multiplicity of infection of 100-1,000 was used in or-
der to capture a suitable number of particles in an individual confocal
plane within a short period of time. In timelapse videos, CFP and YFP
channels were imaged every 10 s and pseudocolored in green and
red, respectively. All videos were exported from the LSM 510 as Quick-
Time videos, edited using Openlab (Improvision) or Photoshop software
(Adobe) and compressed using Apple video (Videos 1-6 and 8-10) or
the Apple animation mode (Video 7). For quantitative analysis, the dis-
tance each individual particle traveled within 10 s was defermined using
LSM 510 software.

In some experiments MatTek glass-bottom plates were pretreated
with 1 mg/ml fibronectin (Invitrogen) for 10 min at room temperature and
spun at 1,000 rpm fo generate an evenly coated surface. Fluorescent vi-
ruses were allowed to bind for 30 min at room temperature. After removal
of excess virus, HEK 293 cells expressing viral receptors were seeded for
30 min at 37°C before fixation and imaging.

For myosin ll-indirect fluorescence, XC cells stably expressing
actin-YFP were incubated with 0.02% saponin-PBS for 30 s before 10
min fixation in 4% paraformaldehyde/0.25% Triton X-100. Cells were
washed with PBS, quenched with 50 mM NH,CI, and washed with
0.05% Triton X-100-PBS before incubation for 1 h with rabbit antimyo-
sin Il antisera (Biomedical Technologies Inc.). After washing, cells were
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subsequently incubated for 40 min with Alexa Fluor 568-conjugated
anti-rabbit secondary antisera (Invitrogen), washed, and mounted on
glass slides with Gelmount (Biomeda). For three-colored imaging of vi-
rus, clathrin, and actin, VSV-G-carrying MLV Gag-CFP virions were
added to XC cells stably transfected with clathrin light chain-YFP and
fixed at various times after infection using 4% paraformaldehyde. After
permeabilization using —20°C methanol immunostaining was as de-
scribed above using rabbit antiactin antisera (Sigma-Aldrich) and Alexa
Fluor 568-conjugated anti-rabbit secondary antisera (Invitrogen). All
immunofluorescence was imaged using the 60 oil objective (numerical
aperture 1.4) of the Nikon TE2000 microscope and Openlab acquisition
software (Improvision).

Infection assays

To gauge the effects of various drugs on viral infection, MLV particles
carrying a viral genome for the expression of B-galactosidase (pMMP-
LTR-LacZ; Richard Mulligan, Harvard Medical School, Boston, MA) were
generated as previously described (Mothes et al., 2000; Sherer et al.,
2003). Viruses were added in the presence of polybrene to cells either
untreated or pretreated for 5 min with 5-50 pM cytochalasin D or 30-
50 puM blebbistatin. Infection was performed for 5, 30, or 120 min
before nonfused virus was inactivated using either a 1-min acid wash
(Kizhatil and Albritton, 1997) or a 15-min incubation with 10 mM
methyl-B-cyclodextrin (MCD). MCD-treated MLV was five orders of mag-
nitude less infectious. Cells were cultured for 2 d before infectivity was
scored by X-gal staining.

Polarized MDCK cells were prepared for infection experiments by
growing a confluent cell layer for at least 12 d on transwell filters (pore
size 0.4 um; Corning) until the transepithelial electrical resistance (TER)
plateaued (Fig. S4 A). Addition of inhibitors for up to 2 h did not affect the
TER. TEM of fully polarized MDCK cells revealed the apical formation of a
typical dense meshwork of microvilli (Fig. S4 B). Infection was performed
as described above except that virus was added to either the apical or ba-
solateral side of the transwell. Cells were transferred into six well dishes
after MCD treatment and infection was scored as above.

Electron microscopy

Cells were rinsed with serum-free buffer and then quick-fixed with 1% os-
mium tetroxide for 10 s, immediately followed by aldehyde fixation for
1 h (2.5% glutaraldehyde, 2% paraformaldehyde in 100 mM cacodylate
buffer, pH 7.4). Cells were rinsed three times for 5 min with 100 mM ca-
codylate buffer, postfixed for 1 h in 1% osmium tetroxide, rinsed three
times with HPLC water, en bloc uranyl acetate stained, dehydrated
through a graded ethanol series, and finally embedded using EMBed
812 [EMS).

293 cells were cut en face and 70-90 nm sections were collected
within the first 200 nm of the coverglass surface (Fig. 3). Scraped transwell
plate samples of MDCK cells were cut perpendicular to the substrate, at the
same section thickness (Fig. S4 B). In both cases, sections were counter-
stained with either 2% (wt/vol) or 4% (wt/vol) uranyl acetate followed by
lead citrate. All samples were imaged on an FEl Tecnai 12 (Philips).

For analysis by SEM, cells were fixed for 30 min with 2.5% glutar-
aldehyde/2% paraformaldehyde in 100 mM cacodylate buffer (pH 7.4),
rinsed three times with 100 mM cacodylate buffer, and dehydrated
through a graded ethanol series. After washing three times with hexameth-
yldisilazane (EMS), cells were dried for 5 min at 60°C, coated with plati-
num, and analyzed on a FEI ESEM scanning electron microscope (Philips).

Online supplemental material
Descriptions of the data presented in supplemental figures and videos are
infroduced upon citation in the text. Online supplemental materials are

available at http://www.jcb.org/cgi/content/full /icb.200503059/DC1.
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