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A novel host factor for human respiratory syncytial virus
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ABSTRACT
Human respiratory syncytial virus (RSV) is the leading viral cause of severe lower respiratory disease
in young children worldwide. As part of a genome-wide siRNA screen, we recently discovered that
actin-related protein 2 (ARP2) is a host factor in the RSV replication cycle. ARP2 is a major
constituent of the ARP2/3 complex, which catalyzes actin polymerization involved in cell
morphology and motility. In the course of investigating this finding, we also found that RSV
infection of human lung epithelial A459 cells induced filopodia formation and stimulated cell
motility. The increase in filopodia formation was due, at least in part, to the expression of the RSV
fusion F protein. Filopodia formation and increased cell motility appeared to shuttle RSV particles to
nearby uninfected cells, facilitating virus cell-to-cell spread. ARP2 depletion did not reduce RSV
entry or gene expression early in infection, but reduced subsequent virus production, filopodia
formation, cell motility, and viral spread. Thus, the RSV F protein, ARP2-mediated actin nucleation,
filopodia formation, and cell mobility all contribute to previously unrecognized mechanisms for RSV
cell-to-cell spread that may promote RSV pathogenesis.
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Human respiratory syncytial virus (RSV) is an enveloped
negative-strand RNA virus of the Pneumoviridae family.1

RSV is estimated to cause more than 3.5 million hospi-
talizations and 66,000 to 200,000 deaths in children
worldwide each year, but lacks a vaccine or effective anti-
viral drug.2 In a recent study, we searched for host fac-
tors involved in RSV gene expression and replication
using a whole-genome high-throughput siRNA screen in
human airway epithelial A549 cells infected with RSV
expressing enhanced green fluorescent protein. Among
the top “hits” in this screen were several members of the
integrin family with roles in cell motility and membrane
dynamics, suggesting that these features of cell biology
are important in the RSV replication cycle. Of particular
interest was the actin nucleation factor actin-related pro-
tein 2 (ARP2), which is highly conserved in most eukar-
yotes and is a part of the ARP2/3 complex that nucleates
branched actin filaments.3

We systematically explored the role of ARP2 in indi-
vidual steps in the RSV replication cycle in A549 cells,
from the early step of virus entry to the late step of bud-
ding of progeny virions. Initial experiments indicated
that ARP2 did not have a significant role in the initial
steps in RSV infection, including virus entry, as well as

viral gene transcription and viral protein synthesis early
in infection. ARP2-depletion also did not appear to affect
syncytium formation. However, ARP2 depletion resulted
in a »10-fold reduction in the production of progeny
RSV virions. In addition, transmission and immune-
scanning electron microscopy showed ARP2-depletion
resulted in reduced number and altered morphology of
progeny virions late in infection. We speculate that the
effects of ARP2 depletion on the actin cytoskeleton struc-
ture may affect the assembly of RSV ribonucleoprotein
complexes, matrix protein, and glycoprotein at the cell
membrane. This is under further investigation.

We speculated that ARP2 depletion would affect cell
shape and motility, and therefore focused on ultrastruc-
tural analysis of the cell surface to study the differential
effects of RSV infection and ARP2 knockdown late in
infection. Using confocal, electron, and stimulated emis-
sion depletion (STED) microscopy, we observed 2 differ-
ent kinds of protrusions on the surface of infected cells
compared with uninfected cells. One was the expected
thin filamentous protrusions of about 100 nm in diame-
ter and up to several micrometers in length that were
identified by immunostaining as viral particles, which
characteristically remain mostly cell-associated. The
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second type of protrusion had a broader base (0.5–2 mm)
and variable length (up to 10 mm and even longer) and
fine tips, and were abundantly formed in RSV-infected
A549 cells, and were much less abundant in non-infected
cells. We identified these structures as filopodia based on
their characteristic size and shape, their actin content,
and the absence of tubulin within these structures.4-6

Furthermore, filamentous RSV virions frequently were
associated with these filopodial protrusions, and RSV
particles on the tips of filopodia of infected cells
appeared to be shuttled to neighboring uninfected A549
cells (Fig. 1).7,8 Based on these results, we speculate that
the increased induction of filopodia facilitated virus
spread, and likely also reduced the exposure of RSV to
extracellular spaces where neutralization by antibodies
would be more efficient.

We were interested in understanding how RSV indu-
ces filopodial structures. In transient expression studies,
we found that expression of the RSV fusion (F) protein

alone induced filopodia-like cellular protrusions,
although the number of filopodia was reduced and their
length was shorter compared with those induced by virus
infection. Still, the results suggest that expression of a
viral protein contributes to this process, similar to results
recently described for an Alphavirus9 and for human
metapneumovirus (HMPV).10 However, the induction of
filopodia was much more robust with RSV than with
human parainfluenza virus type 3 (HPIV3) and HMPV,
which are members of the Paramyxoviridae and
Pneumoviridae families, respectively.

Imaging of live cells yielded a further surprise. In
time-lapse movies, we discovered that RSV-infected
A549 cells exhibited increased cell motility compared
with non-infected cells. Using viral GFP expression as a
marker, we observed RSV-infected cells moving dynami-
cally through the monolayer. This increased motility
occurred even in confluent monolayers, and appeared to
result in a more rapid spread of infection. The motility
of RSV-infected cells was inhibited by depletion of
ARP2. In addition, increased cell mobility was not
observed following infection of A549 cells with HPIV3
or HMPV. Cell motility is regulated by Rho GTPases
which are involved in the regulation of the F-actin cyto-
skeleton and rely on numerous mechanical and bio-
chemical cues [reviewed in ref. 11].

Our study indicates that RSV infection actively modu-
lates cytoskeleton signaling cascades, membrane mor-
phology, and cell motility to increase viral production
and spread. A number of viruses are known to manipu-
late actin dynamics in their replicative cycles.12,13 Some
viruses have acquired the ability to hijack cellular actin
dynamics, exploiting actin dynamics to support viral
intracellular or cell surface-associated movement.14 Fur-
thermore, in a recent study, HMPV was shown to use
intercellular extensions for cell-to-cell spread,10 similarly
to previous findings for influenza virus15 and, more
recently, for Alphaviruses.9 To date, viral interactions
with filopodia have been described mostly in viral entry
and budding.16 Our results add new variations to the
ways that viruses manipulate the cytoskeleton. Specifi-
cally, RSV infection induced an increase in filopodia for-
mation that was induced at least in part by expression of
the RSV F protein. This identified a new effect of the
RSV F protein. RSV infection also induced increased cell
motility. Both of these effects occurred late in infection.
Both were dependent on APR2, which was identified as a
novel cellular host factor in RSV infection. Both effects
appeared to be facilitate viral spread, even in fully conflu-
ent monolayers. Additionally, ARP2 depletion modestly
reduced RSV budding and viral shedding. The ARP2-
dependent filopodia signaling cascade provides a possible
therapeutic target to reduce RSV disease. Thus, this study

Figure 1. Filopodia-driven RSV cell-to-cell spread. A549 cells were
infected with RSV wild type at a multiplicity of infection of 1 for
24 hr. Cells were fixed, permeabilized, and immunostained for
RSV F (green) by incubating with mouse monoclonal antibody
specific for the RSV F protein (abcam, ab43812) followed by incu-
bating with the secondary antibody anti-mouse AlexaFluor488
(Life Technologies). The cells were further stained with rhoda-
mine phalloidin (Cytoskeleton Inc.) to detect F-actin (red). Images
were collected on a Leica TCS SP8 STED 3X system (Leica Micro-
systems) as described in.7 This image illustrates that the filopodia
(indicated by arrows) of the RSV-infected cell (labeled A) appear
to convey RSV particles (indicated by arrow heads) to a neighbor-
ing cell (labeled B).
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identified new factors and mechanisms in RSV spread
and pathogenesis.
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