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Disease seve rity following respiratory syncytial virus (RSV) infection is associated with inflammation due 
to enhanced pro-inflammatory cytokine secretion, and lung macroph age cells play a role in this process.
In this study we evaluated the hydroxymethylglutaryl coenzyme A reductas e inhibitor lovastatin as an
anti-inflammatory drug to control RSV-induced cytokine secretion in the murine RAW 264.7 (RAW) mac- 
rophage cell line and in primary murine lung macrophages. These cells could be efficiently infected wit h
RSV in vitro , and although no significant level of infecti ous virus particles were produced, the increased 
expression of several virus structural proteins could be detected. Virus infection and gene expression cor- 
related with increased pro-inflammatory cytokine secretion by 24 h post infection. Lovastatin treatment 
did not reduce the cellular cholesterol levels in RSV-infected cells, nor did it inhibit RSV infection. How- 
ever, we observed a significant reduction in the pro-inflammatory cytokine levels in lovastatin-treated 
RSV-infec ted cells. Since enhanced pro-inflammatory cytokine secr etion is a major factor in RSV-associ- 
ated pathology our findings highlighted the potential use of statins to mitigate and control the inflamma-
tory response due to RSV infection. Furthermo re, our study suggested that RAW cells maybe a simple and 
cost-effective model cell system to screen small molecule libraries to identify compounds that are effec- 
tive in reducing RSV-induced inflammation.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction 

Human respirato ry syncytial virus (RSV) is the most important 
cause of lower respiratory tract (LRT) infection in young children 
and neonates (Nair et al., 2010 ). RSV infection gives rise to a spec- 
trum of clinical symptoms from relatively mild symptoms to se- 
vere bronchial pneumonia which can be fatal. This clinical 
scenario is worsened by the lack of an effective vaccine, and the 
limited availability of specific antivirus drugs to treat and prevent 
RSV infection. Disease severity is associated with inflammation due 
to enhanced pro-inflammatory cytokine secretion which can lead 
to extensive lung tissue damage. Therefore, regulating the host’s 
pro-inflammatory response by using drugs that can suppress 
pro-inflammatory cytokine secretion may be a viable strategy to
counter the immune pathology that is associated with RSV 
infection.
Hydroxy methylglutaryl coenzyme A reductase (HMGCR) is a
key regulatory enzyme involved in endogenous cholesterol bio- 
synthesis (Brown et al., 1973; Osborne et al., 1987 ). Cholester ol
metaboli sm has also been implicated in inflammation, and sta- 
tin-based drugs that inhibit HMGCR activity has been reported 
to reduce the expression of pro-inflammatory cytokines (Chaudhry
et al., 2008; Ferro et al., 2000; Huang et al., 2003; Novack et al.,
2009; Rezaie-Majd et al., 2002; Sakamoto et al., 2009 ). The murine 
animal model of RSV infection exhibits many of the features ob- 
served in the human disease (Johnson et al., 2007 ), and has been 
used in many studies to examine the pathology of RSV infection.
RSV infection of pulmona ry macrophages in severely infected 
patients has been demonstrat ed (Johnson et al., 2007 ), and lung 
macroph ages are proposed to play an important role in the early 
response to RSV infection (Haeberle et al., 2002; Pribul et al.,
2008; Reed et al., 2008 ). Statin-based drugs are effective in pro- 
tecting mice from lethal RSV infection (Gower and Graham,
2001), but the basis for this observation was not defined. Given 
the importance that cytokine production plays in RSV-associated 
pathology (reviewed in Collins and Graham, 2008 ) we have used 
in vitro cell systems to examine if lovastati n was effective in
reducing the pro-inflammatory response in RSV-infected macro- 
phage cells.

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.antiviral.2013.03.015&domain=pdf
http://dx.doi.org/10.1016/j.antiviral.2013.03.015
mailto:rjsugrue@ntu.edu.sg
http://dx.doi.org/10.1016/j.antiviral.2013.03.015
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
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2. Materials and methods 

2.1. Virus and tissue culture 

The RSV A2 strain was prepared using HEp2 cell culture as de- 
scribed previously (Radhakrishnan et al., 2010 ). RSV infectivit y was 
determined using the HEp2 cell micropla que assay (Cannon, 1987;
Sugrue et al., 2001 ). Unless specified, cells were infected with RSV 
using a multiplicity of infection (moi) of three in DMEM + 2%FCS at
33 �C. RAW 264.7 (RAW) cells were maintained in minimum eagles 
medium and HEp2 cells were maintained in Dulbecco’s Modified
Eagle’s medium (DMEM) (Gibco) containing 10% fetal bovine ser- 
um (FBS) and 1% penicillin/s treptomycin (Gibco) at 37 �C in 5%
CO2. Murine lung CD11b+ cells were prepared from 6 to 8 weeks 
old special pathogen-free (SPF) female Balb/c mice as described 
previously (Perrone et al., 2008 ), but with modifications. The lungs 
were digested with collagenase D (1 mg/ml; Gibco) and single cell 
suspension (0.5% BSA, 2 mM EDTA, in 1XPBS). CD11b+ cells were 
purified using CD11b microbea ds and a LS positive selection col- 
umn (Miltenyi Biotec) and cultured in L929 cell conditioned 
(30%) medium at 37 �C in 5% CO2. Prior to use in experime nts the 
cells were washed briefly using PBS to remove non-adhered cells.

2.2. Ethical approval 

This study was carried out in strict accordance with the recom- 
mendations in the guidelines on the care and use of animals for sci- 
entific purposes of the National Advisory Committee for Laborato ry
Animal Research (NACLAR), Singapor e. The protocol was approved 
by the Institutio nal Animal Care and Use Committee, National Uni- 
versity of Singapore (Approved Protocol Number: 046/09). All the 
operations on animals were done after the euthanas ia of the ani- 
mals by CO2 inhalatio n, and all efforts were made to minimize ani- 
mal suffering.

2.3. Antibodies and specific reagents 

The F protein (MAb 19), N protein and M2-1 protein antibodies 
have been described previously (McDonald et al., 2004 ). The G pro- 
tein, LAMP1 and LAMP2 antibodie s were purchase d from Abcam,
anti-RSV (RCL3) was purchased from Novacastr a Laboratories ,
and anti-actin was purchased from Sigma Aldrich. The mouse 
and rabbit secondar y antibodie s were purchased from Molecular 
Probes. Lovastatin (Calbiochem) was activated prior to use as de- 
scribed previously (Keyomarsi et al., 1991 ), and cells were pre- 
treated with activated lovastatin (10 lM in DMEM) for 12 h prior 
to infection (Gower and Graham, 2001 ).

2.4. Immunofluorescence microscopy 

Cells were fixed with 3% paraformald ehyde (PFA) in PBS for 
30 min at 4 �C, permeabiliz ed using 0.1% triton X100, and labelled 
using appropriate primary and secondary antibodie s as described 
previously (McDonald et al., 2004 ). The stained cells were visual- 
ized using either a Nikon eclipse 80i fluorescence microscope or
a Zeiss Axioplan 2 confocal microscop e using appropriate machine 
settings.

2.5. Scanning electron microscopy (SEM)

Cells grown on glass coverslip s were critically point dried (Po-
laron CPD) prior to mounting on aluminium stubs and carbon 
coated using an Edwards sputter coater device (Jeffree et al.,
2003). The cells were visualized using a Jeol 5600 using appropri- 
ate machine settings.

2.6. Surface protein labelling 

This was performed as described previously (Low et al., 2008 ).
Briefly, cell monolayers were incubated with 0.5 mg/ml sulpho-NHS-
LC-LC-biotin (Pierce). Biotinylated proteins were immunoprecipitated
using anti-F and anti-G, and transferred onto PVDF membranes 
by Western blotting. The membranes were probed using streptavi- 
din-HRP and protein bands detected using the ECL protein detec- 
tion system (Amersham, USA).

2.7. Western blotting 

The protein samples were transferred by western blotting onto 
PVDF membrane, which were blocked with PBS containing 5%(w/v)
milk powder (Marvel™) as described previousl y (McDonald et al.,
2004). The membrane was incubated with the appropriate primary 
antibody and anti-mouse IgG (whole molecule) peroxidase conju- 
gate (Sigma, USA). The protein bands were visualized using the 
ECL protein detection system (Amersham, USA), and the apparent 
molecula r masses were estimated using Kaleidoscop e protein stan- 
dards (Bio Rad, USA).

2.8. Cytotoxici ty and cholesterol measuremen ts

Cytotoxic ity measurements were performed using the cytotox- 
icity detection kit, LDH ver 8 (Roche). The LDH levels were mea- 
sured in the clarified tissue culture supernatant from non-treated 
and drug-treate d cells (5 � 106 cells) as recommended by the man- 
ufacturer. Cholesterol levels were quantified from non-treated and 
drug-treate d cells (5 � 106 cells) using the Amplex red cholesterol 
assay (Invitrogen) as recommend ed by the manufactur er. In both 
cases absorbance values were measured using a Tecan Infinite
F200 micropla te reader with i-Control software and using appro- 
priate machine settings and wavelengths.

2.9. Cytokine assay 

Tissue culture supernatants were centrifuged at 10,000 g for
10 min at 4 �C after which the supernat ant was used in the cyto- 
kine assay accordin g to the manufactur er’s instructions. Cytokines 
present in the media were analysed with the Bio-Plex Protein Array 
System (BioRad) using the Bio-Plex Mouse Cytokine 23-Plex Panel 
(1 � 96-well, # M60009RD PD, Bio-Rad).

2.10. PCR array 

The extracted RNA from harvested cells was reverse transcribed 
using the RT2 First Strand Kit (SABiosciences, USA) according to the 
manufac turer’s protocol. For each 96-well plate, 1.0 lg of extracted 
RNA was used. The cDNA were then pre-mixed with RT2 Real
Time™ SYBR Green/Fluor escein PCR Master Mix, and applied on
RT2 Profiler PCR Array Mouse Inflammatory Cytokines & Receptors 
plates (SABiosciences, USA). The quantitative RT-PCR was run on
the Applied Biosystems 7500 Fast Real Time PCR system (Applied
Biosystem s, USA) using appropriate settings. The threshold cycle 
(CT) value was determined by standard setting in Applied Biosys- 
tems 7500 Fast Real Time PCR system as recommend ed by
manufac turer. The fold-change was calculated by 2�DDCT method
with the software available at http://www.sabioscience s.com/ 
pcrarraydat aanalysis.php .

http://www.sabiosciences.com/pcrarraydataanalysis.php
http://www.sabiosciences.com/pcrarraydataanalysis.php
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3. Results and discussion 

3.1. RSV exhibits an abortive Infection in RAW264.7 cells 

Low passage RAW 264.7 (RAW) murine macrophage cells were 
infected with RSV and at 24 hpi the cells were stained using 
anti-RSV (a composite antibody that recognises the N, P and M2- 
1 proteins). Examination by immunofluorescence (IF) microscopy 
indicated virus antigen was present in >95% of the infected cells 
(Fig. 1A). Virus-infected RAW cells were stained using antibodie s
against the F and the G virus surface glycoproteins , which revealed 
Fig. 1. Detection of RSV proteins in virus-infected RAW cells. (A) Mock-infected and RSV-
Infected cells (highlighted by white arrows) were imaged using immunofluorescence mi
stained with anti-F, anti-G, anti-RSV, or anti-M2-1 and analysed using fluorescence scann
(C) Scanning electron microscope analysis of mock-infected and RSV-infected RAW cells
arrows). White bar = 5 lm (D) (i) Surface expression of F and G glycoproteins. RAW cel
biotinylated and the F and G protein immunoprecipitated using anti-F and anti-G resp
biotinylation assays 2 � 106 cells were used, and protein bands corresponding in size to t
lysates prepared from mock-infected (M) and RSV-infected (I) RAW cells probed using a
a punctate staining pattern on infected cells (Fig. 1B). Analysis by
SEM showed evidence of membrane ruffling of the surface of
mock-infect ed cells which increased following RSV infection 
(Fig. 1C). However , this morphology was distinct from the infec- 
tious virus filaments that form on RSV-infected epithelial cells 
where the virus matures as prominent finger-like projections that 
are up to 6 lm in length (Jeffree et al., 2003 ). The polymerase -
associate d proteins (N, P and M2-1 proteins) form cytoplasm ic
inclusion bodies in infected epithelial cells (Garcia et al., 1993 ),
and anti-M2-1 and anti-RSV stained RAW cells revealed similar 
structure s (Fig. 1B, highlighted by IB).
infected RAW cells were fixed at 24 h post-infection (hpi) and stained with anti-RSV.
croscopy (objective � 10). (B) Mock and RSV-infected cells were fixed at 24 hpi and 
ing confocal microscopy (objective � 63). The inclusion bodies (IB) are highlighted.
, increased surface membrane ruffling on virus-infected cells is highlighted (white

ls were mock-infected (M) or RSV-infected (I) and at 24 hpi the cells were surface- 
ectively. A similar analysis was performed in parallel on HEp2 cells (HEp2). In all 
he mature G and F1 proteins are indicated (black arrow). (ii) Immunoblot analysis of
nti-G and anti-M2-1.
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We failed to detect the presence of the mature F and G glycopro- 
teins on the surface of infected RAW cells, although in a parallel 
analysis both proteins could be readily detected on virus-infected 
HEp2 cells (Fig. 1D (i)). In comparis on immunob lotting of infected 
RAW cell lysates using anti-G revealed a 90 kDa protein, which is
the expected size for the mature G. This indicated that although 
the mature virus G protein was expressed in infected RAW cells, it
was not displayed on the surface of infected cells. Immunoblotti ng
of infected cell lysates with anti-M2-1 revealed a 22 kDa protein 
species which is the expected size of the M2-1 protein (Fig. 1D (ii)).

The imaging data suggested inefficient production of infectious 
virus particles in virus-inf ected RAW cells and this was examined 
further. HEp2 cells are highly permissive to RSV infection and pro- 
duce relatively large quantities of infectious virus. Similar HEp2 
and RAW cell numbers (2x106 cells) were infected with RSV using 
a moi of 0.1 and at 4 and 24 hpi the virus titres estimated and com- 
pared by microplaque assay (Sugrue et al, 2001 ). At 24 hpi a virus 
titer of 3 � 106 pfu/ml and 8 � 104 pfu/ml was recovered from the 
Fig. 2. Virus transmission does not occur in RSV-infected RAW cells. (A) Virus transm
multiplicity of infection (moi) of 0.05 and at between 12 and 48 h post-infection (hpi) the
cells in the monolayer are highlighted (white arrow). The same area of cells was imaged u
� 10). In all cases identical camera settings were used. (B and C) RAW cells were infecte
anti-RSV and anti-LAMP-2. The stained cells were visualised by fluorescence scanning con
virus inclusion bodies (white arrow) is highlighted.
RSV-infe cted HEp2 and RAW cells respectively. At 4 hpi (i.e. soon 
after infection) a virus titre of 5.3� 104 pfu/ml and 7.2� 104 pfu/ml
was measured in HEp2 cells and RAW cells, respectively , suggest- 
ing that the infectious virus measured in RAW cells at 24 hpi was 
largely due to the detection of residual virus from the virus 
inoculum .

The low efficiency of mature infectious virus production was 
confirmed by examining the virus transmission in RAW cells. Cells 
were infected with RSV using a moi of 0.05 and between 12 and 
48 hpi the cells were stained using anti-RSV (Fig. 2A). Similar num- 
bers of stained cells were observed at each time point, but the cells 
at the later time points showed significantly more intense label- 
ling. The increased staining observed at 48 hpi was consisten t with 
the presence of enlarged cytoplasmic inclusion bodies. Infected 
RAW cells were co-staine d with anti-RSV, and either anti-LAMP1 
or anti-LAM P2 (Fig. 2B and C) which recognise the two mature 
phagosom es cell marker proteins LAMP1 and LAMP2 respectively.
Neither Anti-LAMP1 nor anti-LAMP2 co-localised with these 
ission does not occur in RSV-infected RAW cells. RAW cells were infected using a
 cells were fixed and stained using anti-RSV. Inset, enlarged image showing infected 
sing fluorescence microscopy (anti-RSV) and bright field (BF) microscopy (objective

d with RSV and at 24 hpi the cells were stained using anti-RSV and anti-LAMP-1, or
focal microscopy at (B) (objective � 40) and (C) at (objective � 100). The presence of



Fig. 3. Increased cytokine gene expression and cytokine secretion in RSV-infected RAW cells. (A) Effect of RSV infection on the expression of host-response genes in RSV- 
infected RAW cells using qPCR. At 2 h post-infection (hpi) and 16 hpi the relative fold-change (FC) in cytokine-related genes in virus-infected cells compared to that in mock- 
infected cells was measured by PCR array. Average values from three measurements are shown (p < 0.05). NC indicates no detectable change. (B) The cytokine concentrations 
in the tissue culture supernatant of mock-infected (24 hpi) and virus-infected RAW cells at between 4 and 24 hpi were measured using the Bio-Plex Mouse Cytokine 23-Plex 
Panel assay. Representative data from one of two independent experiments is presented, and the average values and standard error obtained from triplicate measurements 
are shown (p < 0.05).
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structures indicating that the anti-RSV staining pattern was due to
the presence of inclusion bodies and did not arise by engulfment of
virus antigen in phagosomes.
Collectiv ely these data indicate that although virus protein 
expression occurred in the infected RAW cells, significant virus 
transmis sion to neighbou ring non-infected cells did not occur. This 



Fig. 4. The effect of lovastatin treatment on virus infection. (A) Mock-infected RAW cells were incubated with increasing lovastatin concentrations for 28 h and the cell 
viability measured. Representative data from one of two independent experiments is presented, and the average values and standard error obtained from triplicate 
measurements (p < 0.05) are shown. (B) RSV infection in RAW cells is not inhibited by lovastatin treatment. RAW cells were either mock-infected, or RSV-infected and either 
non-treated (NT) or lovastatin-treated (+Lova). At 24 h post-infection (hpi) the cells stained using anti-RSV and imaged using fluorescence microscopy (objective � 20). (C) At
24 hpi total cell lysates were prepared from mock-infected cells (M) and RSV-infected cells that were either non-treated (I) or lovastatin-treated (I+Lova). Lysates were 
transferred by Western blotting onto PVDF membranes and probed using anti-M2-1. A protein band corresponding in size to the M2-1 protein is indicated (black arrow). (D)
Non-treated and lovastatin virus infected cells were stained using anti-RSV and imaged using fluorescence microscopy (objective � 100). Ther presence of inclusion bodies in
infected cells is indicated (white arrows).

L.I. Ravi et al. / Antiviral Research 98 (2013) 332–343 337



Fig. 5. The effect of lovastatin treatment on pro-inflammatory cytokine secretion in RSV-infected RAW cells. (A) Mock-infected cells and non-treated and lovastatin-treated 
RSV-infected cells were stained using phalloidin-FITC and imaged using fluorescence microscopy (objective �20). Inset shows enlarge image of cells showing change in
F-actin staining in RSV infection (highlighted by white arrow). (B) At 24 hpi total cell lysates were prepared from mock-infected cells (M) and RSV-infected cells that were 
either non-treated (I) or lovastatin-treated (I+Lova). Lysates were transferred by Western blotting onto PVDF membranes and probed using anti-actin. A protein band 
corresponding in size to the actin protein is indicated (black arrow). (C) The tissue culture supernatant was harvested from mock-infected and non-treated or lovastatin- 
treated RSV-infected cells at 24 hpi. The cytokine levels were measured using the Bio-Plex Mouse Cytokine 23-Plex Panel assay. Representative data from one of two 
independent experiments is presented, and the average values and standard error obtained from triplicate measurements (p < 0.05) are shown.
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Fig. 6. The effect of lovastatin treatment on pro-inflammatory cytokine secretion in mock-infected RAW cells. RAW cells were either non-treated or treated with lovastatin 
and at 36 h (the equivalent of 24 h post-infection) the cytokines levels were measured. Representative data from one of two independent experiments is presented, and the 
average values and standard error obtained from triplicate measurements (p < 0.05) are shown.
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is consistent with previous in vitro studies on primary mouse and 
human lung macroph ages indicating abortive infection in lung 
macrophages (Becker et al., 1991; Becker et al., 1992; Franke- 
Ullmann et al., 1995 ).

3.2. Pro-inflammatory response in RSV-infected RAW cells 

The host response to RSV infection in RAW cells was examined 
by measuring the changes in cytokine gene expression following 
virus infection. The mRNA levels of specific cytokine s in mock-in- 
fected and virus-infected cells were compared using PCR array at
2 and 16 hpi. In general, either no increase or relatively small in- 
creases in mRNA levels of these cytokines were observed at
2 hpi, however at 16 hpi significantly higher cytokine gene expres- 
sion levels was detected. Increased expression levels of MCP-1,
MIP1b, TNF a, IL-6, G-CSF, RANTES (CXCL5) and CXCL10 was 
observed (Fig. 3A), although the magnitud e of this increase was 
cytokine -specific (e.g. 10-fold (TNF) and 1000-fold (G-CSF3)).

The Bio-Plex Mouse Cytokine 23-Plex Panel was used to mea- 
sure the levels of selected secreted cytokines in the tissue culture 
supernat ant (TCS) of RSV-infected RAW cells (Fig. 3B) at between 
4 and 24 hpi. A comparison of the cytokine levels in mock-infected 
cells and infected cells at 24 hpi showed significant increases in
MCP-1, G-CSF, RANTES, TNF a, IL-6, and MIP-1 b. These cytokine s
have been reported in lungs of RSV-infected mice and their human 
homologues have also been implicated in human disease severity 
(McNamara et al., 2005; Collins and Graham, 2008 ). In general a
temporal increase in cytokine levels was observed from 8 hpi, with 
the largest increase occurring in a cytokine -specific manner at be- 
tween 12 and 24 hpi. Some cytokines reached maximal levels at



Fig. 7. The effect of lovastatin treatment on pro-inflammatory cytokine secretion in RSV-infected primary pulmonary murine macrophages. (A) Mock-infected and RSV- 
infected primary pulmonary murine macrophage cells were fixed at 24 h post-infection (hpi) and stained with anti-RSV. The stained cells were imaged by IF microscopy 
(objective �10). (B) Mock-infected primary lung macrophage cells were incubated with increasing lovastatin concentrations for 28 h and the cell viability measured.
Representative data from one of two independent experiments is presented, and the average values and standard error obtained from triplicate measurements (p < 0.05) are 
shown. (C) The cytokine concentrations were measured in the tissue culture supernatant of mock-infected, RSV-infected and lovastatin-treated RSV-infected primary lung 
macrophage cells at 24 hpi. Representative data from one of two independent experiments is presented, and the average values and standard error obtained from triplicate 
measurements are shown. (⁄ and ⁄⁄ indicate pair wise comparisons p < 0.05).
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12 hpi, after which the levels slightly declined (e.g. TNF and IL-6),
while the G-CSF, MCP-1 and MIP-1 b levels did not significantly
increase after 12 hpi. In contrast, the RANTES levels appeared to
continually increase up until 24 hpi. We also noted that several 
non-macrop hage associated cytokines that are included in the 
Bio-Plex Mouse Cytokine 23-Plex Panel (e.g. Il4, IL5) were present 
at less than 25 ng/ml in either mock-infect ed or RSV-infected cells 
(Ravi Iyer and Sugrue, unpublished observati ons).

3.3. Lovastatin mitigates the pro-inflammatory response in
RSV-infected macrophag e cells 

Statins have anti-inflammatory properties and previous studies 
have shown that lovastatin treatment was effective in protecting 
mice from lethal RSV infection (Gower and Graham, 2001 ). We
therefore examined the effect of lovastatin treatment on pro- 
inflammatory cytokine secretion in RSV-infected RAW cells. No
significant cell toxicity between 1 and 10 lM lovastatin was de- 
tected (Fig. 4A), and in all subsequent experime nts cells were trea- 
ted with 10 lM lovastati n. In non-treated and lovastatin-trea ted 
RSV-infe cted cells we observed similar numbers of RSV infected 
cells (Fig. 4B), M2-1 protein levels (Fig. 4C), and inclusion bodies 
(Fig. 4D), indicating that drug treatment did not inhibit virus infec- 
tion. Furthermore, lovastati n treatment did not result in a signifi-
cant reduction in cholester ol levels (unpublished observations ).

Virus infection induced changes in the F-actin staining pattern 
(Fig. 5A), but immunoblottin g using anti-actin indicated similar ac- 
tin levels in non-treated and lovastatin-t reated infected cells 



Fig. 8. The effect of lovastatin treatment on pro-inflammatory cytokine secretion in mock-infected primary pulmonary murine macrophages. (A) Cells were either non- 
treated or treated with lovastatin and at 36 h (the equivalent of 24 h post-infection) the cytokines levels were measured. Representative data from one of two independent 
experiments is presented, and the average values and standard error obtained from triplicate measurements (p < 0.05) are shown. Effect of lovastatin (Lova) on RSV-infected 
macrophage cells. (B) The cholesterol levels were measured in non-treated (NT) or Lovastatin-treated (Lovastatin) virus-infected cells at 24 h post-infection (hpi).
Representative data obtained from two independent experiments is shown. The values represent the average of triplicate measurements (p < 0.05). (C) The macrophage cell 
morphology examined and compared in mock-infected and virus-infected cells either non-treated (NT) or lovastatin-treated (Lova-treated) cells using SEM (magnification �
100) at 24 hpi. (D) Mock-infected and RSV-infected cells either non-treated (NT) or lovastatin-treated (Lova-treated) were stained at 24 hpi using anti-RSV and imaged using 
fluorescence microscopy (objective �10).
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(Fig. 5B). However , this change was not observed in lovastatin- 
treated infected cells, indicating that lovastatin prevented this 
virus induced change. The cytokine levels in the TCS of non-treated 
and lovastatin-trea ted cells were measure d at 24 hpi using the Bio- 
Plex Mouse Cytokine 23-Plex Panel. We noted a reduction of be- 
tween 75% and 99% in the levels of IL6, MCP-1, RANTES, MIP1 b,
TNFa and G-CSF in lovastati n-treated RSV-infected cells compared 
to the non-treated cells (Fig. 5C). In mock-infected cells we noted 
very low cytokine levels at 24 hpi, and lovastain treatment pro- 
duced a small reduction in these basal cytokine levels (Fig. 6).
The effect of lovastatin treatment on primary murine macro- 
phages isolated from whole lung tissue was also examined. Stain- 
ing of mock-infect ed and RSV-infected cells using anti-RSV showed 
staining in >95% of the infected cells (Fig. 7A). However, we noted 
that after 24 hpi these cells yielded a virus titer of 1.6 � 102 pfu/ml,
suggestin g inefficient progeny virus production. Similarly, pre- 
treatment of these cells with 10 lM lovastatin showed no signifi-
cant cytotoxic effects under our experime ntal condition s
(Fig. 7B). At 24 hpi the cytokine levels in the TCS of mock-infected 
and virus-infected pulmonary macrophages were measured 
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(Fig. 7C). Virus infection resulted in significant increase in RANTES,
MCP-1, IL6, TNF a and MIP-1 b levels by 24 hpi. Although lovastati n
treatment caused a modest reduction in TNF a levels (�10%), other 
cytokines showed reduced levels of between 60% (e.g. IL6) and 99%
(e.g. RANTES), similar to that observed in RSV-infected RAW cells.

Mock-infected cells showed a basal level of cytokine production 
(up to 100 pg/ml), and in general mock-infect ed cells treated with 
lovastatin exhibited a small increase in these basal cytokine levels 
(Fig. 8A). Analysis of the cholesterol levels in non-treated and lov- 
astatin-trea ted RSV-infected cells indicated that lovastatin did not 
reduce the cellular cholesterol levels (Fig. 8B). Similar cell numbers 
(Fig. 8C) and anti-RSV staining levels (Fig. 8D) were observed in
both non-treated and lovastatin-trea ted RSV-infected cells, sug- 
gesting that lovastatin did not significantly alter cell viability nor 
prevent virus infection.
4. Conclusion 

An increase in virus antigen and the presence of inclusion 
bodies in RSV-infected macrophages cells correlated with in- 
creased levels of several pro-inflammatory cytokines. Some of
these have been implicated in increased disease severity in in- 
fected humans (McNamara et al., 2005 ), and we observed a similar 
spectrum of virus-induc ed cytokines in RAW cells and cultured 
RSV-infected primary pulmonary macrophages , and in murine 
alveolar macrophage cells following in vitro RSV infection (Ravi
Iyer and Sugrue, unpublished observations ). Although RAW cells 
may differ in some physiological aspects from the primary murine 
pulmonary macrophages, in regards to RSV infection and subse- 
quent cytokine secretion they appear to behave similarly. This sug- 
gests that the signalling networks that lead to virus-induced 
cytokine expression are retained in RAW cells. A role for rho 
GTPase signalling in this process is suggested by the inhibitory ef- 
fect of lovastatin on RSV-induce d changes in F-actin structure that 
correlated with reduced cytokine levels.

RSV is an immune-patho genic virus, and much of the disease 
associated with RSV infection is mediated via the pro-inflamma- 
tory response it elicits. Although RSV infection in the LRT is likely 
to involve several cell types in the lung, the role of macroph ages 
in the host response has been demonstrat ed (Haeberle et al.,
2002; Pribul et al., 2008; Reed et al., 2008 ). Statins are currently li- 
censed drugs for the treatment of heart disease, but several studies 
have also shown that they suppress pro-inflammatory cytokine 
secretion (e.g. in Sakamoto et al., 2009 ). We have demonstrated 
the potential of statin-based drugs to mitigate the inflammatory
response in RSV-infected macrophages. Our observations may 
therefore partly help to explain the observation that lovastatin 
treatment protects mice from lethal RSV infection (Gower and Gra- 
ham, 2001 ).

Finally, there are logistical and ethical issues in obtaining suffi-
cient human and murine primary macrophages for screening com- 
pounds with anti-inflammatory activity. RAW cells and primary 
macrophage cells behave similarly, both with respect to RSV infec- 
tion and in the RSV-induced pro-inflammatory cytokine response.
RAW cells may therefore represent a cost-effective assay system 
for high-throughput screening of chemical libraries to identify 
drugs to control RSV-induced inflammation.
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