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We have examined the role that hydroxymethylglutaryl coenzyme A reductase (HMGCR) plays during
respiratory syncytial virus (RSV) maturation. Imaging analysis indicated that virus-induced changes in
F-actin structure correlated with the formation of virus filaments, and that these virus filaments played
a direct role in virus cell-to-cell transmission. Treatment with cytochalasin D (CYD) prevented virus fil-
ament formation and virus transmission, but this could be reversed by removal of CYD. This observation,
together with the presence of F-actin within the virus filaments suggested that newly polymerised F-
actin was required for virus transmission. The virus-induced change in F-actin was inhibited by the
HMGCR inhibitor lovastatin, and this correlated with the inhibition of both virus filament formation
and the incorporation of F-actin in these virus structures. Furthermore, this inhibitory effect on virus fil-
ament formation correlated with a significant reduction in RSV transmission. Collectively these data sug-
gested that HMGCR-mediated changes in F-actin structure play an important role in the inter-cellular
transmission of mature RSV particles. These data also highlighted the interplay between cellular metab-
olism and RSV transmission, and demonstrate that this interaction can be targeted using anti-virus

strategies.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Human respiratory syncytial virus (RSV) is the most important
cause of lower respiratory tract (LRT) infections in young children
(Nair et al., 2010). This overall clinical scenario is worsened by the
lack of an available effective vaccine and the limited availability
and use of cost effective and specific antiviral drugs.

The mature respiratory syncytial virus (RSV) particle is sur-
rounded by a lipid envelope in which the virus fusion (F) and
attachment (G) virus glycoproteins are inserted. The F protein
mediates fusion of the virus and host cell membranes during virus
entry (Scheid and Choppin, 1977), while a primary role for the G
protein is in virus attachment (Levine et al., 1987). The virus enve-
lope surrounds a protein layer formed by the matrix (M) protein.
This virus interior contains a ribonucleoprotein (RNP) complex
formed by the viral genomic RNA (vRNA), the nucleocapsid (N)
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protein, phosphoprotein (P protein), M2-1 protein, and the large
(L) protein (Grosfeld et al., 1995; Yu et al.,, 1995; Collins et al.,
1996). During RSV infection two distinct virus structures are
formed. The inclusion bodies are locations in the cell where the
virus RNP-associated proteins and virus-specific RNA accumulate
(Garcia et al., 1993; Garcia-Beato and Melero, 2000; Brown et al.,
2005; Santangelo et al., 2006; Carromeu et al., 2007), suggesting
that they may be sites of VRNA transcription and replication. Infec-
tious virus particles with a filamentous morphology form on the
plasma membrane (Roberts et al., 1995) and these are referred to
as virus filaments.

The cellular processes involved in virus filament formation are
still poorly understood, but the involvement of lipid-raft microdo-
mains and F-actin in RSV morphogenesis has been suggested
(Burke et al., 1998; Gower et al., 2001; Brown et al., 2002; Bitko
et al,, 2003; McCurdy and Graham, 2003; Gower et al., 2005;
Kallewaard et al., 2005; Jeffree et al.,, 2007; Yeo et al., 2009;
Radhakrishnan et al., 2010). Hydroxymethylglutaryl coenzyme A
reductase (HMGCR) is a key regulatory enzyme in cholesterol bio-
synthesis (Brown et al., 1973; Osborne et al., 1987; Goldstein and
Brown, 1990), and we have previously demonstrated increased
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HMGCR gene expression during virus maturation (Yeo et al., 2009).
We originally speculated that increased HMGCR expression may be
directly related to changes in the composition of lipid-raft mem-
branes during virus infection. However, several studies have also
suggested a role for HMGCR in mediating F-actin re-modelling in
the cell (Bifulco et al., 1993; Koch et al., 1997), and we have ex-
tended our previous findings to examine if the increased HMGCR
activity facilitates virus transmission via actin-remodelling.

2. Materials and Methods
2.1. Cells and virus culture

The RSV A2 strain and HEp2 were used and virus infectivity
measured as described previously (Radhakrishnan et al., 2010). Un-
less specified, cells were infected with RSV using a moi of 3 in
DMEM + 2% FCS at 33 °C.

2.2. Antibodies and specific reagents

Anti-G (Abcam), anti-RSV (RCL3) (Novacastra Laboratories),
anti-N (Rixon et al., 2004; McDonald et al., 2004), anti-F (Geraldine
Taylor IAH, UK), anti-actin (Sigma Aldrich), anti-actinin (Santa Cruz
Laboratories), phalloidin-FITC (Sigma Aldrich), phalloidin-AF 633
(invitrogen), anti-rabbit and anti-mouse IgG conjugated to either
FITC (Signa Aldrich), cy3 and cy5 (Amersham) or Alexa488 and
Alexa555 (invitrogen) were used in this study. Lovastatin
(Calbiochem) was activated prior to use (Keyomarsi et al., 1991)
and cells pre-treated with activated lovastatin (10 pM in DMEM)
for 12 h prior to infection (Gower et al., 2001). Methyl-B-cyclodex-
trin and cholesterol-methyl cyclodextrin (Sigma Aldrich) were
prepared in PBS and used at a final concentration of 5 mM for 1 h
after which they were removed and replaced with maintenance
media. Cytochalasin D (Sigma Aldrich) was prepared in DMSO at
1 mg/ml and used at 5 pg/ml.

2.3. Immunofluorescence microscopy

Cells on 13 mm glass coverslips were fixed and stained with the
relevant primary and secondary antibodies as described previously
(Brown et al., 2002). The stained cells were mounted on slides
using Citifluor and visualized using either a Nikon eclipse 80i fluo-
rescence microscope, or a Zeiss Axioplan 2 confocal microscope
using appropriate machine settings (Nikon ECLIPSE TE2000-U).

2.4. Scanning electron microscopy (SEM)

HEp2 cells were grown on glass coverslips (10 mm diameter)
and processed as described previously (Jeffree et al., 2003). The
cells were critically point-dried (Polaron CPD) prior to mounting
on aluminium stubs and carbon-coated using an Edwards sputter
coater device. The cells were visualized with a Jeol 5600 using
appropriate machine settings.

2.5. Surface protein labelling

This was performed using 0.5 mg/ml sulpho-NHS-LC-LC-biotin
(Pierce) as described previously (Low et al., 2008).

2.6. SDS PAGE and Western blotting

This was performed as described previously (Brown et al.,
2005). The protein bands were visualized using the ECL protein
detection system (Amersham, USA). In all cases the apparent

molecular masses were estimated using Kaleidoscope protein stan-
dards (Bio Rad, USA).

2.7. Cytotoxicity and cholesterol measurements

Cytotoxicity measurements were performed using the cytotox-
icity detection kit, LDH ver 8 (Roche), and cholesterol levels were
quantified using the Amplex red cholesterol assay (Invitrogen) as
recommended by the manufacturer. Absorbance values were mea-
sured using a Tecan Infinite F200 microplate reader with i-Control
software and using appropriate machine settings and wavelengths.

3. Results and discussion

3.1. Virus-induced changes in F-actin structure plays a direct role in
RSV particle assembly

Mock-infected and RSV-infected cells were stained using phal-
loidin-AF633 (detects F-actin) and visualised by fluorescence scan-
ning confocal microscopy (FSCM) (Fig. 1A and B). Filamentous
projections on mock-infected cells were consistent with F-actin
stabilized membrane structures (e.g. microvilli) (Fig. 1A), while in-
creased filamentous staining at the cell surface and at cell-to-cell
contacts was observed in virus-infected cells (Fig. 1B). Infected
HEp2 cells were labelled using phalloidin-AF633, anti-F and anti-
G which recognize the virus surface proteins (indicates the pres-
ence of virus filaments) and imaged using FSCM which revealed
a filamentous staining pattern in each case (Fig. 1C). Extensive
co-localisation of the anti-G and phalloidin-AF633 along the entire
length of the virus filaments was observed (Fig. 1D(i)), while the F
protein staining was more apparent at the distal ends of the virus
filaments (Fig. 1D(ii) and (iii)). RSV-infected cells were also co-
stained using anti-N (indicates the presence of inclusion bodies
and virus filaments), anti-F and phalloidin-AF633 to determine
the relative distribution of the virus filaments, inclusion bodies
and F-actin. Extensive co-localization of the N protein and F-actin
at the cell top (Fig. 1E(i)), and periphery (Fig. 1E(ii)) was observed,
while F protein staining at the ends of the virus filaments was
again apparent (Fig. 1F(i) and (ii)). F-actin was not detected within
the inclusion bodies suggesting that it is either not a major compo-
nent of inclusion bodies, or that phalloidin-AF633 cannot penetrate
the inclusion bodies.

3.2. Virus filaments mediate transmission by direct cell-to-cell contact

Virus filaments are cell-associated and virus transmission by di-
rect contact between infected and non-infected cells would be ex-
pected. To confirm this, confluent HEp2 cell monolayers were
infected using a multiplicity of infection (moi) of between 0.1
and 0.0001, and at 30 hpi the distribution of anti-RSV labelled cells
was determined using immunofluorescence (IF) microscopy
(Fig. 2A). A moi of 0.1 was sufficient to infect all cells in the mono-
layer by 30 hpi, while virus-infected cell clusters were visible on
monolayers infected with a moi of 0.001 and 0.0001. These in-
fected cell clusters accounted for >95% of the detectable staining
on the monolayer and contained approximately 58 + 10 infected
cells per cluster, suggesting localized spreading of virus filaments
in the cell monolayer.

Cells were infected using a moi of 0.05 and at 40 hpi infected
cells clusters were detected (Fig. 2B). The tissue culture superna-
tant (TCS) was harvested (cell-free virus fraction) and cell-associ-
ated virus fraction was recovered by releasing the virus from the
infected cells. Newly plated cell monolayers were challenged with
each fraction and the presence of infected cells detected using IF
microcopy. We failed to detect infectious virus in the TCS, while
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Fig. 1. RSV-induced changes in F-actin structure correlate with virus filament formation. At 18 h post-infection (hpi) (A) mock-infected and (B) RSV-infected cells were
labelled with phalloidin-AF633 and imaged using fluorescence scanning confocal microscopy (FSCM) at optical planes showing (i) the cell top (TOP) and (ii) cell periphery
(PERIPHERY). Inset, the F-actin structures are highlighted on mock-infected (x) and virus-infected (white arrows) cells. (C) At 18 h post-infection (hpi) RSV-infected cells were
labelled with anti-G (FITC; green), anti-F (cy3; red) and phallodin-AF633 (blue; F-actin) and the individual staining patterns were imaged using FSCM at a single optical plane
that shows the virus filaments. (D) The relative distribution of the (i) G protein and F-actin, (ii) the F protein and F-actin, and (iii) the F and G proteins are also shown. Inset,
areas of high co-localisation are highlighted (white arrows). (E and F) The relative distributions of F-actin, virus filaments (VF) and inclusion bodies (IB) in virus-infected cells
are shown. At 18 hpi RSV-infected cells were labelled with anti-N (cy3; red), anti-F (FITC; green) and phalloidin-AF633 (blue; F-actin) and imaged using FSCM. (E) (i) the N
protein and F-actin staining pattern in the merged image at the cell top (top) and (ii) the individual staining pattern for the N protein and F-actin at cell periphery (int) and are
shown. The virus filaments (white arrows) and inclusion bodies (IB) are highlighted in the merged images. (F) The relative distribution of the F protein, N protein and F-actin.
The stained cells were imaged using FSCM at a single optical plane at the (i) cell top (Top) and (ii) cell periphery (Periphery) of infected cell. The inclusion bodies (IB) are
highlighted. Insets, the areas of enhanced F protein staining at the distal ends of the virus filaments are also highlighted (white arrow). The values of the overlap coefficient
(0C) and correlation coefficient (CR) are indicated. (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. 2. RSV transmission occurs by direct cell-to-cell contact via virus filaments. (A) Near confluent HEp2 monolayers were infected with RSV using a multiplicity of infection
(moi) of between 0.1 and 0.0001 and at 30 h post-infection (hpi) the cells were labelled with anti-RSV (Alexa 488) and the cell monolayers imaged using fluorescence
microscopy (bar =100 um). (B and C) Cells were infected with RSV using a moi of 0.05 and (B) at 24 and 40 hpi the cell were stained using anti-RSV and viewed by
fluorescence microscopy at magnification 20x. The single cells early in infection (white arrow) and infected cells clusters (white boxes) are indicated. (C) The relative levels of
RSV infectivity associated with the tissue culture supernatant (TCS) (Cell-free fraction) and the cell-associated virus (Cell-associated fraction) was examined. HEp2 cells were
infected using a moi Of 0.05 and at 40 hpi the TCS was carefully harvested. The same volume of fresh DMEM was added to the cells monolayer and the cells harvested using a
cell scraper. The virus was released from the cells by using a sonicating water bath at 4 °C (5 x 1 s pulses at low power at 5 min intervals). Both fractions were clarified by
centrifugation to remove any insoluble material and added to HEp2 cell monolyers. At 20 hpi the cells were stained using anti-RSV to detect the presence of infected cells and
imaged by fluorescence microscopy (magnification 20x).

relatively high level of cell-associated virus fraction was detected actinin (to stain individual cells within the monolayer) and exam-
(Fig. 2C), with an estimated virus titer of approximately ined by FSCM. Virus filaments spreading from the initial point of
8 x 10* pfu/ml. infection to the surrounding non-infected cells was consistent with

HEp2 cell monolayers were infected with RSV using a moi of direct cell-to-cell transmission via the virus filaments (Fig. 3(i)-
0.05 and at 24 hpi the cells were labelled with anti-G and anti-o- (iv)). The distal end of the virus filaments, where the F protein is
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Fig. 3. Examination of cell-to-cell transmission by fluorescence scanning confocal microscopy (FSCM). Cells were infected using a moi of 0.2 and at 24 hpi the cells were
stained using anti-actinin (cy3; red) and anti-G (FITC; green). The cells were imaged by FSCM at three optical planes from (i) the cell top to (iii) the cell periphery. The virus
filaments (highlighted by white arrows) extending from infected cells (I) to non-infected cells (NI) are indicated. (objective 64 x). (iv) shows an enlarged image from the
boxed area in plate (iii). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

concentrated (Fig. 1F(i) and (ii)), presumably makes contact with
the surface of the non-infected cell during the initial stages of
membrane fusion.

3.3. Actin polymerization is required for RSV transmission

The data suggested that F-actin polymerization may play a di-
rect role in virus transmission, and this possibility was examined
further using the actin polymerization inhibitor cytochalasin D
(CYD). Virus filaments start to form by 12 hpi (Yeo et al., 2009),
and infected cells were either non-treated (NT) or CYD-treated
from 9 hpi (i.e. prior to the onset of virus filament formation). At
18 hpi the cells were labelled with anti-G (Fig. 4A) and phalloi-
din-FITC (Fig. 4B) and imaged using FSCM. The NT-treated cells
exhibited a predominantly filamentous anti-G staining pattern
(Fig. 4A(i)), and although similar G protein labelling intensity
was observed in CYD-treated cells, a change to a punctate labelling
pattern was noted (Fig. 4A(ii)). A loss in the filamentous phalloidin-
FITC staining pattern in CYD-treated cells was consistent with F-
actin destabilization (Fig. 4B).

The effect of CYD treatment on virus transmission was exam-
ined on near confluent monolayers infected with RSV using a
moi of 0.05 (Fig. 4C). At 18 hpi the cells were either non-treated
or CYD-treated, and at 30 hpi the anti-G stained monolayers were
examined by IF microscopy. Non-treated cell monolayers exhibited
infected cell clusters, while brightly labelled single-infected cells
were observed on CYD-treated cell monolayers. Removal of the
CYD at 24 hpi was sufficient to restore RSV transmission by

30 hpi in a similar manner to that in non-treated cells. These data
support a role for newly polymerized actin in the process of RSV fil-
ament formation and cell-to-cell transmission.

We examined if CYD treatment could mediate release of virus.
Cells were infected using a moi of 3 and at 24 hpi the infection con-
firmed (Fig. 4D(i) and Fig. 4E(ii)). Cell-associated virus was de-
tected in the non-treated and CYD-treated cells, accounting for
virus titers of 0.9 x 10° and 6.2 x 10° pfu/ml, respectively. Only
sporadic staining was observed in the cell-free virus of non-treated
cells was observed at moi of 3 (representing approximately 0.1% of
the plated cells (Fig. 4D(ii) and Fig. 4E(ii)). Using a moi of 0.05 in
either non-treated or CYD-treated cells only cell-associated virus
was detected.

3.4. Hydroxymethylglutaryl coenzyme A reductase (HMGCR) activity
mediates virus-induced F-actin remodelling and RSV filament
formation

We have previously demonstrated increased expression of
HMGCR and several other genes that play a role in cholesterol bio-
synthesis during virus filament formation (Yeo et al., 2009). In-
creased expression of these genes would be expected to lead to
increased cholesterol levels during virus infection. We compared
the cholesterol levels in mock and virus-infected cells at 18 hpi
which indicated an approximate 30% increase in cholesterol levels
following RSV infection (Fig. 5A), consistent with our earlier gene
expression analysis.
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Fig. 4. RSV requires newly polymerized actin for cell-to-cell transmission. (A) Cells were infected with RSV and at 9 h post-infection (hpi) the cells were either (i) non-treated
(NT) or (ii) cytochalasin-D-treated (CYD). At 18 hpi the cells were labelled with anti-G (Alexa488; green) and imaged using fluorescence scanning confocal microscopy (FSCM)
at a focal plane that allows the cell periphery (periphery) and cell top (top) to be visualized. The virus filaments (white arrows) and punctate staining patterns (x) are
highlighted. Insets are enlarged images of virus-infected cells showing the distinct staining patterns. (B) Non-treated (NT) and cytochalasin-D-treated (CYD) cells were also
stained using phalloidin-FITC. (C) Actin polymerization is required for cell-to-cell transmission. Cells were infected with RSV using a multiplicity of infection of 0.2 and at
18 hpi either non-treated or cytochalasin-D-treated (CYD-treated). At 24 hpi the cytochalasin-D was removed from some infected cultures (CYD-treated/washout). In all cases
at 30 hpi the cells were labelled with anti-RSV and the cells visualized using a Nikon eclipse 80i fluorescence microscope in fluorescence microscopy mode (objective 20x ).
The infected cell clusters (white box) and individual stained infected drug-treated cells (white arrow) are highlighted. (D and E). RSV-infected cells were infected using a moi
of 3 and at 8 hpi the cells were either non-treated or CYD-treated. At 24 hpi the cells were either (D(i) and E(i)) stained using anti-RSV and examined immunofluorescence
microscopy or (D(ii) and E(ii)) the cells separated into cell-associated (CA) and cell-free (CF) fractions and the resulting preparations used to infect HEp2 cells. After 24 hpi the
cells were stained using anti-RSV and imaged by immunofluorescence microscopy. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

A role for HMGCR activity in F-actin re-modelling has been pro- significant cytotoxic effect under our experimental conditions
posed (Bifulco et al., 1993; Koch et al., 1997), and we used the (Fig. 5B), and in subsequent experiments when appropriate cells
HMGCR inhibitor lovastatin to examine if HMGCR activity played were treated using 10 uM lovastatin. The cholesterol levels in
a role in F-actin remodelling during virus morphogenesis. HEp2 lovastatin-treated virus-infected cells were similar to that in
cells treated with between 1 and 50 uM lovastatin exhibited no mock-infected cells (Fig. 5A). Although lovastatin prevented the
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Fig. 5. Biochemical evidence for increased HMGCR activity during RSV infection. (A) RSV-induced increased HMGCR activity is inhibited by lovastatin treatment. Mock and
RSV-infected cells were either non-treated, lovastatin-treated (Lovastatin), or with cholesterol-methyl-p-cyclodextrin-treated (cholesterol) or Methyl-B-cyclodextrin-treated
(MBCD) between 7 and 8 h post-infection (hpi). At 18 hpi the free-cholesterol levels were measured. The values obtained are averages or triplicate measurements and
representative data from one of two separate experiments is shown (P < 0.05). (B) Cytotoxicity measurements (percentage cell viability) from HEp2 cells treated with
increasing lovastatin concentrations (M) for 30 h. The values obtained are averages of triplicate measurements and representative data from one of two separate

experiments is shown. (P < 0.05).

virus-induced cholesterol biosynthesis it did not reduce the basal
cellular cholesterol levels; consistent with the inhibition of the in-
creased HMGCR activity during virus infection.

Mock-infected and non-treated or lovastatin-treated RSV-in-
fected HEp2 cells were labelled with phalloidin-FITC (Fig. 6) and
the F-actin staining pattern examined by IF microscopy. This con-
firmed the virus-induced changes in the F-actin staining pattern
following virus infection, but this change in F-actin was not ob-
served in lovastatin-treated infected cells. This indicated that lov-
astatin-treatment inhibited the virus-induced changes in F-actin,
and we examined the effect of lovastatin treatment on virus fila-
ment formation.

Non-treated and lovastatin-treated RSV-infected HEp-2 cells
were labelled with anti-G and examined by FSCM (Fig. 7A). The
surface of non-treated infected cells exhibited numerous virus fil-
aments, while in lovastatin-treated cells which was replaced by a
staining pattern that varied between stunted filaments to punctate
in appearance. This suggested impaired virus assembly in lova-
statin-treated cells, which was confirmed using scanning electron
microscopy (SEM). As expected, numerous virus filaments were
observed on the surface of non-treated cells (Parry et al., 1979;
Roberts et al., 1995; Jeffree et al., 2003, Brown et al., 2004), while
lovastatin-treated infected cells exhibited a surface topology that
was similar to that of mock-infected cells (Fig. 7B). The effect of
drug treatment on the surface expression of the F and G proteins
was examined by immunoprecipitation of surface-biotinylated
non-treated and lovastatin-treated infected cells detergent ex-
tracts with anti-F and anti-G (Fig. 7C). Similar levels of surface-la-
belled F and G proteins were detected in non-treated and
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RSV-infected/
Non-treated

S

"y
<
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lovastatin-treated infected cell lysates, indicating that drug-treat-
ment did not impair transport of these proteins to the surface of in-
fected cells. We can therefore conclude that the altered staining
pattern observed on lovastatin-treated cells may represent the
sites of RSV assembly. During infection it would be expected that
F-actin remodelling mediates the extension of these structures that
give rise to the more accentuated filamentous staining pattern that
is characteristic of virus filaments.

The distribution of the F-actin and virus filaments in non-trea-
ted and lovastatin-treated virus-infected cells was compared using
FSCM. Although co-staining of F-actin and the G protein within
virus filaments on non-treated infected cells was observed
(Fig. 8A), this co-staining pattern was significantly reduced in lov-
astatin-treated infected cells (Fig. 8B); as indicated by a reduction
in the correlation coefficient values in lovastatin-treated cells. This
suggested that lovastatin treatment impaired virus filament for-
mation by inhibiting the virus-induced changes in the F-actin
structure that correlated with the incorporation of F-actin in the
virus filaments.

3.5. Hydroxymethylglutaryl coenzyme A reductase (HMGCR) activity is
required for RSV transmission

Since HMGCR activity is required for virus filament formation
we examined the effect of lovastatin on virus transmission in con-
fluent HEp2 cell monolayers. Non-treated and lovastatin-treated
HEp2 monolayers were infected with RSV using a moi of 0.1, and
at 36 hpi the distribution of infected cells examined. The cell mon-
olayers were stained using anti-G and examined using bright-field

RSVEinfected/
Lova-treated

A

Fig. 6. Lovastatin inhibits virus-induced change in the F-actin network. At 18 h post-infection (hpi) mock-infected and virus-infected non-treated or virus-infected lovastatin-
treated (Lova-treated) cells were stained using phalloidin-FITC and imaged by fluorescence microscopy using identical camera settings. The increased filamentous staining
pattern following RSV infection is shown (white arrows), while the F-actin staining pattern in lovastatin-treated virus infected cells is highlighted ().
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cells labelled with anti-G (FITC, green). The stained cells were examined by fluorescence scanning confocal microscopy (FSCM) at optical planes representing the cell surface
(sur) or cell periphery (int). The virus filaments (VF) and the predominant punctate staining pattern in Lova-treated cells (*) are highlighted. (B) Mock and RSV-infected cells
were either non-treated or Lova-treated, and at 18 hpi the cells were visualized using scanning electron microscopy (SEM) at magnification 5000x. The surface features on
mock-infected cells (black arrow) and the virus filaments (VF) on RSV-infected cells are highlighted. Also shown are virus filaments radiating from the cell periphery (VFx). (C)
Mock-infected cells and virus-infected cells either non-treated (NT) or lovastatin-treated (Lova) were surface-biotinylated. At 18 hpi the surface expressed F and G protein
isolated by immunoprecipitation and analyzed as described in methods. Protein species of the correct size of the G protein (90 kDa) and F1 protein (55 kDa) are indicated. (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. 8. The effect of lovastatin treatment on virus-associated F-actin. (A) Non-treated or (B) Lova-treated infected cells were stained using phalloidin-FITC (green) and anti-G
(Alexa555; red) and imaged using FSCM (objective 100x ). The virus filaments (white arrows) in non-treated cells and the punctate staining pattern (x) in Lova-treated cells
are highlighted. The values of the overlap coefficient and correlation R are indicated. (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. 9. Hydroxymethylglutaryl coenzyme A reductase (HMGCR) activity is required for virus cell-to-cell transmission. HEp2 cell monolayers were infected with RSV using a
multiplicity of infection of 0.05 and were either non-treated, lovastatin-treated (Lova-treated) from 12 hpi, or Methyl-B-cyclodextrin-treated (MBCD-treated) from between
18 and 19 hpi. At 30 hpi the cells were labelled using anti-G or anti-RSV. The anti-G stained cells were imaged using (A) bright-field (BF) and (B) fluorescence microscopy and
the average number of infected cells per infected cell cluster is shown, while (C(i)) the anti-RSV stained cells were imaged using fluorescence microscopy. (C(ii)) cells were
MBCD-treated from between 18 and 19 hpi, and then treated with cholesterol-methyl-B-cyclodextrin (ch-MBCD) between 19 and 20 hpi. At 30 hpi the cells were stained
using anti-RSV and imaged using fluorescence microscopy. (D) Infected cells were either non-treated, ch-MBCD-treated (cholesterol-treated), or lovastatin-treated and then
treated with ch-MBCD (Lova/cholesterol treated). At 30 hpi the cells were labelled with anti-RSV and imaged using fluorescence microscopy. Lovastatin treatment was
maintained throughout and the ch-MBCD was added at between 19 and 20 hpi. The stained cells were visualized using a Nikon eclipse 80i fluorescence microscope (objective
20x). Large clusters of infected cells in non-treated cells (in white box) and the singly stained infected cells (white arrow) are highlighted.

(BF) and IF microscopy. BF microscopy showed similar cell densi-
ties in non-treated and lovastatin-treated cells indicating that the
cell numbers remained unchanged following drug treatment
(Fig. 9A). In anti-G stained non-treated cells we observed the pres-
ence of infected cell clusters consisting of approximately 23.4 + 8.2
infected cells per cell cluster (Fig. 9B(ii), highlighted by white box).
In contrast, anti-G stained lovastatin-treated infected cell mono-
layers exhibited 2.3 + 0.9 cells per cell cluster, indicating that lov-
astatin impaired cell-to-cell transmission of the virus. Similar
observations were observed when using anti-RSV to detect the
presence of infected cells (Fig. 9C(i)).

Treatment of infected cells with methyl-B-cyclodextrin (MBCD)
caused a 60% reduction in cholesterol levels, while cholesterol-
methyl-p-cyclodextrin (Ch-MBCD) treatment caused a 60% in-
crease in cholesterol levels (Fig. 4A). Approximately 2.3 + 0.9 cells
per cell cluster was detected in MBCD-treated infected cell mono-
layers indicating impaired cell-to-cell transmission (Fig. 9B and
C(i)). However, cell monolayers treated with Ch-MBCD for 1 h di-
rectly after MBCD-treatment showed similar numbers of infected
cells per cell cluster to that in non-treated cells (Fig. 9C(ii)). This
indicated that cholesterol addition following cholesterol depletion
was sufficient to restore virus transmission within the cell mono-
layer. In contrast anti-RSV labelled lovastatin-treated virus-in-
fected cells treated with ch-MBCD showed a similar number of
infected cells/cluster to that in lovastatin-treated cells (Fig. 9D).

This further indicated that the additional cholesterol was insuffi-
cient to restore cell-to-cell transmission, suggesting that the pri-
mary antiviral mode of lovastatin was not due to decreased
cholesterol levels. This suggested that other activities associated
with HMGCR activity rather than cholesterol biosynthesis play a
role in mediating RSV transmission.

4. Conclusion

Our current findings suggested a paradigm shift in the current
understanding of RSV morphogenesis and transmission. From a
mechanism of virus transmission that involves the release of
cell-free virus particles to a mechanism where virus filaments
can be viewed as virus-modified cell surface structures that allow
the direct transmission of virus cargo (e.g. virus genomes) between
infected and non-infected cells. In this context our observations
have suggested that virus induced cellular changes leads to cell-
to-cell to transmission via actin remodelling. Viruses that are
transmitted by direct cell-to-cell contact would have advantages
over a predominantly cell-free virus state, for example evasion of
the host immune response by HIV-1 (Phillips, 1994; Jolly et al.,
2004). Direct cell-to-cell transmission of RSV could avoid the re-
lease of the virus particles into a potentially hostile environment
of the mucus-coated upper respiratory tract that could potentially
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impair virus infection and transmission (Singh et al., 2002). Inter-
estingly, our findings are consistent with previous observations
suggesting the localised transmission of RSV in upper airway cells
(Zhang et al., 2002). Although our observations differs from that of
a recent study (Shaikh et al., 2012), they are consistent with the
body of literature suggesting that actin is involved in RSV morpho-
genesis. During RSV infection a relatively small subset of host
genes showed up-regulated gene expression (Martinez et al.,
2007; Yeo et al., 2009), suggesting that changes in the cell tran-
scriptome during the early stages of infection may facilitate virus
morphogenesis and transmission e.g. by mediating F-actin remod-
elling. Although future studies will elucidate the molecular mech-
anisms involved in this process, our current data suggests that
virus-induced changes in cellular metabolism mediate RSV trans-
mission. These data also provided a rational basis for the inhibitory
action of lovastatin on RSV infection that was reported previously,
but which had remained largely uncharacterised (Gower and Gra-
ham, 2001).
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