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Resolution of severe Respiratory Syncytial Virus (RSV)-induced bronchiolitis is mediated by alternatively activated

macrophages (AA-M/) that counteract cyclooxygenase (COX)-2-induced lung pathology. Herein, we report that RSV

infection of 5-lipoxygenase (LO)� /� and 15-LO� /� macrophages or mice failed to elicit AA-M/ differentiation and

concomitantly exhibited increased COX-2 expression. Further, RSV infection of 5-LO� /� mice resulted in enhanced

lung pathology. Pharmacologic inhibition of 5-LO or 15-LO also blocked differentiation of RSV-induced AA-M/ in vitro

and, conversely, treatment of 5-LO� /� macrophages with downstream products, lipoxin A4 and resolvin E1, but not

leukotrieneB4or leukotrieneD4, partially restoredexpressionofAA-M/markers. IndomethacinblockadeofCOXactivity

in RSV-infected macrophages increased 5-LO and 15-LO, as well as arginase-1 mRNA expression. Treatment of

RSV-infected mice with indomethacin also resulted not only in enhanced lung arginase-1 mRNA expression and

decreased COX-2, but also decreased lung pathology in RSV-infected 5-LO� /� mice. Treatment of RSV-infected cotton

ratswithaCOX-2-specific inhibitor resulted inenhanced lung5-LOmRNAandAA-M/markerexpression.Together, these

data suggest a novel therapeutic approach for RSV that promotes AA-M/ differentiation by activating the 5-LO pathway.

INTRODUCTION

Respiratory Syncytial Virus (RSV) infection generally elicits
mild respiratory disease in healthy adults, but is potentially
lethal for infants, young children, elderly, and immunosup-
pressed individuals.1 In fact, RSV infection is themost common
cause of virus-induced death in children under the age of 5 years
worldwide.1 Although a highly effective prophylactic mono-
clonal antibody is available in the United States of America for
at-risk infants,2 the cost of such treatment is prohibitive in
most countries. Currently, there is no vaccine or therapeutic
treatment for severe RSV disease.3

Although airway epithelial cells are the initial targets of RSV
infection, RSV also infects lung macrophages. This results in
the early release of potent proinflammatory cytokines and
chemokines that recruit inflammatory cells that mediate a
robust inflammatory response including cyclooxygenase
(COX)-2-mediated pathology.4 This proinflammatory profile
is typical of classically activated macrophages (CA-Mf or

M1).5,6 We have previously reported that differentiation of
alternatively activated macrophages (AA-Mf or M2) occurs
later in infection. These cells counteract the earlier inflam-
matory responses through induction of anti-inflammatory
cytokines such as interleukin (IL)-10, IL-4, and IL-13, and
mediate repair of lung damage through induction of enzymes
such as FIZZ1, Ym1, and arginase-1.7

Arachidonic acid is a substrate for both the COX and
lipoxygenase (LO) enzymes. The COX-1 and COX-2 enzymes
convert arachidonic acid into prostaglandins and thrombox-
anes. COX-1 is ubiquitously expressed and functions in
homeostatic roles, whereas COX-2 expression is highly
correlated with the inflammatory process.8–10 In contrast to
the COX enzymes, the LO pathway converts arachidonic acid
to proinflammatory leukotrienes and anti-inflammatory
lipoxins through enzymes including 5-, 12-, and 15-LO.8,11

This pathway has been implicated in the pathogenesis or
resolution of certain inflammatory diseases such as asthma and

1Department of Microbiology and Immunology, University of Maryland, School of Medicine, Baltimore,Maryland, USA. 2Sigmovir Biosystems, Inc., Rockville, Maryland, USA
and 3Division of Cellular and Molecular Immunology, Cincinnati Children’s Hospital Research Foundation, Cincinnati, Ohio, USA. Correspondence: SN Vogel
(svogel@som.umaryland.edu)
4Current address: The Bill and Melinda Gates Foundation, Seattle, Washington, USA.

Received 2 January 2013; revised 1 August 2013; accepted 19 August 2013; published online 25 September 2013. doi:10.1038/mi.2013.71

nature publishing group ARTICLES

MucosalImmunology | VOLUME 7 NUMBER 3 |MAY 2014 549

mailto:svogel@som.umaryland.edu


inflammatory bowel disease, respectively.12,13 Brown et al
reported that mice deficient in 5-LO exhibited persistent Lyme
disease-induced arthritis.14 Although numerous cell types,
including macrophages, are known to express 5-LO, 12-LO,
and 15-LO, the level of expression is cell type-dependent.8,15

In this report, we show an unexpected reciprocal relationship
between induction of COX-2 and arginase-1 (and other AA-
Mf markers) in RSV-infected wild-type (WT) vs. 5-LO� /�

and 15-LO� /� macrophages. This observation strongly
suggested that the balance between COX-2 and LO pathways
is critical to the development of pathology vs. resolution of lung
injury and suggests a novel therapeutic approach for ameliora-
tion of RSV-induced disease.

RESULTS

RSV-infected macrophages induce 5-LO and 15-LO mRNA
and LO enzymatic activity

Previous studies showed that COX-2 is responsible for RSV-
induced lung pathology.4We also reported that pharmacologic
inhibition of COX-2 decreased RSV-induced pathology while
increasing expression of AA-Mf genes.7 As arachidonic acid is
a substrate for both COX-2 and 5-LO, and 5-LO has been
shown to resolve inflammation through the release of lipoxins
and resolvins,8 we sought to evaluate the possibility of a
functional relationship between COX-2 and 5-LO with respect
to RSV-induced lung pathology.

To determine whether RSV infection upregulates expression
of 5-LO and/or 15-LO mRNA, purified mouse alveolar and
peritoneal exudate macrophages were stimulated in vitro with
medium only or recombinant interleukin-4 (rIL-4) (positive
control for induction of AA-Mf), or infected with RSV
(Figure 1a). Although rIL-4 did not induce COX-2, RSV
significantly induced COX-2 mRNA early in infection that was
reduced to basal levels by 72 h in both alveolar and peritoneal
macrophages. Similar to rIL-4, RSV induced expression of both
5-LO and 15-LO mRNA within several hours of infection, and
both returned to baseline by 72 h (Figure 1a). Lung homo-
genates from RSV-infected mice showed similar results with
both 5-LO and 15-LOmRNAbeing induced early, on day 1 post
infection, and returning to and remaining at basal levels by days
4 and 6 post infection (Figure 1a). RSV failed to induce 12-LO
mRNA expression either in vitro or in vivo (data not shown).

The cotton rat (Sigmodon hispidus) is themodel of choice for
RSV infection because the lung responses more closely reflect
that of humans.16 LO enzymatic activity peaked between 24 and
48 h in both mouse (Figure 1b, left panel) and cotton rat
macrophages (Figure 1b, right panel) and in lung homogenates
2 days post infection in both RSV-infected mice (Figure 1c, left
panel) and cotton rats (Figure 1c, right panel).

Both the 5-LO and 15-LO enzymes are required for AA-M/
induction

No LO activity was observed in RSV-infected 5-LO� /�

macrophages (data not shown). Therefore, to assess whether
the 5-LO pathway is involved in the differentiation of RSV-
induced AA-Mf, WT C57BL/6 J or 5-LO� /� macrophages

(on aC57BL/6 background) were stimulated withmediumonly
or rIL-4, or infectedwith RSV, followed by analysis of prototype
AA-Mfmarkers, arginase-1 and mannose receptor mRNA, by
quantitative real-time reverse transcription PCR. Both argi-
nase-1 and mannose receptor mRNA levels were increased
comparably in rIL-4-treated and RSV-infected WT macro-
phages, whereas RSV infection failed to induce arginase-1
mRNA in 5- or 15-LO� /� macrophages (Figure 2a).
Conversely, RSV-infected 5-LO� /� and 15-LO� /� macro-
phages expressed greatly augmented steady-state levels of
COX-2mRNA (Figure 2a). Thus, under conditions where AA-
Mf are not induced by RSV, i.e., in the absence of 5-LO or 15-
LO, a significant upregulation of COX-2mRNA expressionwas
observed. Similar findings were seen in vivo. Figure 2b
illustrates that arginase-1 and mannose receptor mRNA
expression is greatly increased in the lungs of WT, but not
5-LO� /� mice, whereas COX-2 mRNA is greatly increased in
RSV-infected 5-LO� /� mice. That rIL-4 induced arginase-1,
mannose receptor, and enhanced COX-2 mRNA expression in
the 5/15-LO-deficient mice suggests that these enzymes act
upstream of the induction of IL-4. Indeed, levels of IL-4 and
IL-13 mRNA, but not levels of IL-4Ra, were decreased in the
5-LO and 15-LO macrophages (data not shown).

Consistent with these findings, analysis of lung sections from
RSV-infected 5-LO� /� mice revealed significantly greater
pathology than seen in RSV-infected WT mice (Figure 2c
and d) for each histological parameter scored (i.e.,
peribronchiolitis, perivasculitis, interstitial pneumonitis, and
alveolitis). Thus, 5/15-LO enzymes contribute to both the
differentiation of AA-Mf and to amelioration of lung
pathology induced by RSV infection.

To confirm the observation that the 5-LO and/or 15-LO
pathways reciprocally regulate AA-Mf differentiation and
COX-2 expression, WT macrophages were treated with 5-LO
pathway inhibitor AA-861 or 15-LO pathway inhibitor, PD-
146176. Blocking either 5-LO and/or 15-LO inhibited the
induction of both arginase-1 and mannose receptor mRNA in
both rIL-4-treated and RSV-infected WT macrophages,
whereas enhancing the induction of COX-2 mRNA
(Figure 3a). To challenge the hypothesis further, 5-LO� /�

macrophages were treated exogenously with lipoxin A4 (LXA4),
leukotriene B4 (LTB4) or leukotriene D4 (LTD4), end products
of the 5-LO pathway. LXA4 has been shown to exert anti-
inflammatory actions, whereas LTB4 and LTD4 have been
shown to exert pro-inflammatory actions.8 Macrophages were
also treated with resolvin E1 (RvE1), an endogenous lipid
mediator known to be involved in the resolution of acute
inflammation that is also an end product of the LOpathway, but
is derived from the 5-LO substrate, eicosapentaenoic acid,
rather than arachidonic acid.8,17 Figure 3b shows that LXA4

and RvE1, but neither LTB4 nor LTD4, increased expression of
arginase-1 and mannose receptor mRNA significantly in
5-LO� /� macrophages infected with RSV.

Although it has been previously reported that infection with
RSV can lead to the production of leukotrienes,18,19 neither
study showed that these molecules contributed to the cytokine
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induction or inflammatory responses associated with RSV. To
assess further the possible involvement of leukotrienes during
RSV infection in macrophages and their role in AA-Mf
development, WT macrophages were treated with either an
antagonist of the leukotriene receptors, BLT1 and BLT2
(LY255283), or an inhibitor of the cysteinyl leukotriene
pathway (zileuton), and then infected with RSV. Neither
inhibitor affected induction of RSV-induced arginase-1,

mannose receptor, or COX-2 mRNA (Figure 3c and d,
respectively), suggesting that in contrast to lipoxins and
resolvins, leukotrienes do not mediate the macrophage
inflammatory response induced by RSV. Together, these
observations strengthen the hypothesis that the 5-LO
pathway reciprocally regulates expression of COX-2 and
AA-Mf gene expression and favors the production of the
anti-inflammatory lipoxins or resolvins during RSV infection.

Figure 1 Respiratory Syncytial Virus (RSV) infection induces 5-lipoxygenase (LO) and 15-LO mRNA and lipoxygenase activity in vitro. (a) Highly
purified wild-type (WT) C57BL/6J alveolar and peritoneal macrophage cultures were treated with medium only, recombinant interleukin-4 (rIL-4)
(40 ng/ml), or infectedwithRSV (multiplicity of infection¼ 2).WTC57BL/6Jmiceweremock infectedwith phosphate-buffered saline or infectedwithRSV.
Lungs were collected on the days indicated. Gene expression was analyzed by quantitative real-time reverse transcription PCR. Data represent
means±s.e.m. from three (macrophages) and two (whole lungs) separate experiments. (b)WTC57BL/6Jand cotton ratmacrophageswere treated as in
panel a. Lipoxygenase enzymatic activity was determined by the ferrous oxidation-xylenol orange assay. Data represent means±s.e.m. from three
separate assays. (c)WTC57BL/6Jmice and cotton rats were infectedwith RSV and lipoxygenase enzymatic activity was determined as in panelb. Data
representmeans±s.e.m. from twoseparate assayswith three to six animals per treatment group in twoexperiments (mouse) andoneexperiment (cotton
rat; representative of three separate experiments with similar results). *Po0.05.
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Inhibition of COXenzymes in vitroor in vivo enhances 5-LO
leading to AA-M/ induction

Richardson et al. previously showed that RSV selectively
upregulates COX-2 mRNA and protein in lung macrophages
and that the pan-COX inhibitor, indomethacin, blocked RSV-
induced pathology.4 To extend these findings, murine macro-
phages were infected with RSV in the absence or presence of
indomethacin followed by the analysis of arginase-1 mRNA.
RSV-induced arginase-1 mRNA was increased when indo-
methacin was included in themacrophage cultures (Figure 4a).
In parallel, both 5-LO and 15-LOmRNAwere also significantly
increased during RSV infection in indomethacin-treated
macrophages (Figure 4a).

When RSV-infected WT or 5-LO� /� mice were treated
with indomethacin and their lungs harvested on day 6 post
infection, again, indomethacin treatment increased arginase-1
mRNA in the WT lungs, but failed to upregulate arginase 1 in
the 5-LO� /� mice (Figure 4b, left panel). Conversely,
indomethacin treatment significantly decreased the RSV-
induced COX-2 mRNA expression in both the WT and the
5-LO� /� mice (Figure 4b, right panel). This decreased COX-2
correlated with a significant decrease in RSV-induced lung
pathology that was more striking in the 5-LO� /� lungs
(Figure 4c and d).

Parecoxib, a COX-2-specific inhibitor, was shown previously
to block COX-2 while upregulating expression of arginase-1

Figure 3 Pharmacological blockade of the lipoxygenase (LO) pathway inhibits alternatively activated macrophages differentiation. (a) Wild-type (WT)
C57BL/6J peritoneal macrophages were pre-treated with AA-861 (5-LO inhibitor; 1 mgml�1), PD-146176 (15-LO inhibitor; 1 mgml�1), or both AA-861
andPD-146176 for 2 h.Macrophageswere then treatedwithmediumalone, recombinant interleukin-4 (rIL-4), or infectedwithRespiratorySyncytial Virus
(RSV) for 48 h. Gene expression was measured by quantitative real-time reverse transcription PCR (qRT-PCR). (b) 5-LO� /� peritoneal macrophages
werepre-treatedwith lipoxinA4 (LXA4; 1mgml� 1) overnight, resolvinE1 (RvE1; 1 mgml�1), leukotrieneB4 (LTB4; 1 mgml�1), or LTD4 (1mgml� 1) for 1 h.
Macrophages were treated with medium alone or infected with RSV for 48 h. Gene expression was measured by qRT-PCR. (c and d) WT C57BL/6J
peritonealmacrophageswerepre-treatedwith LY25583 (100 ngml� 1) or zileuton (1mM) for 1 h.Macrophageswere then treatedwithmediumalone, LTB4

(1 mgml� 1) or LTD4 (1 mgml� 1), rIL-4 (40 ngml�1), or infected with RSV for 48 h. Gene expression was measured by qRT-PCR. All data represent
means±s.e.m. from two experiments. *Po0.05.

Figure 2 The 5-lipoxygenase (LO) pathway is required for Respiratory Syncytial Virus (RSV)-induced alternatively activated macrophages
differentiation and lack of 5-LO results in increased pathology in response to RSV infection in vivo. (a) Wild-type (WT) C57BL/6J, 5-LO� /� , and
15-LO� /� peritoneal macrophages were treated as in Figure 1 and mRNA expression measured. Data are means±s.e.m. from two separate
experiments. (b)WTand 5-LO� /� miceweremock orRSV infected.Micewere killed 6 days post infection, and arginase-1 and cyclooxygenase (COX)-2
mRNA measured in lungs by quantitative real-time reverse transcription PCR. (c) WT and 5-LO� /� mice were treated as in panel b. Lung pathology
was scored as described in ‘‘Methods.’’ Results are compiled from two independent experiments *Po0.05. (d) Lung sections derived fromWT and 5LO� /�

mice that were RSV infected. Lungs were harvested 6 days post infection. Images were taken at � 400 magnification and the bars shown are
200 mM.
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and mannose receptor gene expression in lungs of RSV-
infected cotton rats.7 To test the hypothesis that COX-2 and
5-LO induction are reciprocally regulated in response to RSV
infection, cotton rats were pretreated with saline or parecoxib,
infected with RSV, then treated with saline or parecoxib after
infection or paracoxib was administered after RSV infection
only. Both groups of parecoxib-treated, RSV-infected cotton
rats exhibited significantly increased expression of 5-LO
mRNA (Figure 4e). Collectively, these data indicate that
increased COX-2 inhibits both 5-LO induction and AA-Mf
differentiation, underlying increased pathology in RSV-
infected mice and cotton rats.

DISCUSSION

RSV, the most serious lower respiratory tract infection in
infants and young children,1 results in up to 125,000
hospitalizations20 and B500 deaths yearly in the United

States of America.21 RSV-specific immunity has been impli-
cated in both protection and the immunopathological
mechanism(s) that lead to severe lower respiratory tract disease
and long-term changes in the immunological environment of
the lung, i.e., RSV infection in early infancy has been correlated
with development of allergic and asthmatic symptoms later in
life.22 The idea that the immune response has an adverse role in
RSV-induced disease is based largely on the outcome of a failed
clinical trial in the 1960s in which vaccination of infants with
formalin-inactivated RSV (FI-RSV) resulted in enhanced lower
respiratory tract involvement upon subsequent RSV infection,
including two deaths. Graham et al.23 first reported that
formalin-inactivated RSV-induced enhanced disease was asso-
ciatedwith a ‘Th2 type’ response. BALB/cmice immunizedwith
formalin-inactivated RSV then challenged with RSV exhibited a
pattern of cytokine mRNA expression characterized by an
increased ratio of IL-4/interferon-g and eosinophilia, whereas

Figure 4 Blocking cyclooxygenase (COX) activity enhances alternatively activated macrophages (AA-Mf) and 5-lipoxygenase (LO) mRNA. (a) Wild-
type (WT) C57BL/6J macrophages were treated with medium alone or infected with Respiratory Syncytial Virus (RSV; multiplicity of infection¼ 2) in the
absence or presence of indomethacin (100 nM; Indo) for 48 h. Gene expression for mRNAwasmeasured by quantitative real-time PCR. Data represents
means±s.e.m. from two experiments (*Po0.05). (b–d) WT and 5-LO� /� mice were mock or RSV infected. Starting at day 2 post infection, mice were
either treated with saline or Indo (0.3mg kg�1) for five consecutive days. Mice were killed 6 days post infection, and (b) arginase-1 and COX-2 mRNA
measured in lungs by quantitative real-time reverse transcription PCR (qRT-PCR). (c) Lung pathology was scored as described in ‘‘Methods’’ (b, c: * is
WT vs.WT comparison,Po0.05; # is 5-LO� /� vs. 5-LO� /� comparison,Po0.05; **WT vs. 5-LO� /� comparison,Po0.05). (d) Lung sections derived
from 5-LO� /� mice that were RSV infected and treated with either saline or Indo. Lungs were harvested 6 days post infection. Images were taken at
� 100magnification and the bars shownare 500 mM. (e) Cotton ratswere treateddaily with vehicle (saline) or parecoxib (50mg kg�1) in 200 ml volume i.p.
starting 2 days before infection for prophylactic group and starting on the day of infection (day 0) for therapeutic group. Animals were infected intranasal
with RSVA/Long (1� 106 p.f.u. per 100 ml per animal) intranasal on day 0. Treatment on day 0was doneB4 h post infection. Animals were killed on day 6
p.i. and 5-LO mRNA expression was analyzed by qRT-PCR. Uninfected and non-treated animals were used as controls.
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unvaccinated animals showed a ‘Th1 type’ response to RSV
infection, with undetectable levels of IL-4.23 This led to the long-
held idea that the Th2 response to RSV is pathologic.

RSV infection leads to an early ‘cytokine storm’ and
production of prostaglandins.4,24 Prostaglandins have an
important role in the pathophysiology following RSV infection.
There is a strong upregulation of COX-2 in bronchiolar
epithelial cells and macrophages after RSV.24 COX-2 has been
reported to mediate lung pathology in both RSV and influenza
infections.4,25 Later during infection, RSV-infected macro-
phages differentiate into theAA-Mf phenotype that repairs the
damage from inflammation.7 This is seen in both BALB/c and
C57BL/6 mice with peak induction at 48 h post infection
in vitro in both strains.7 Chen et al. showed that infection with
influenza in mice can also lead to the development of AA-Mf
that were proposed to facilitate secondary bacterial infections
such as Streptococcus pneumoniae.26 A recent study by von
Moltke et al. showed macrophage-induced inflammation
occurred through inflammasome-dependent production of
eicosanoids, such as prostaglandins and leukotrienes, that
occurred within minutes of treating cells with either anthrax
lethal toxin or flagella and had pathological effects.27 Tam et al.
recently showed a lipidomic profile during influenza infection
in both mouse and human that supports the LO pathway for
resolution of infection-induced inflammation.28 Although
prostaglandins and leukotrienes are well-known as inflam-
matory mediators, lipoxins and resolvins require the LO
pathway for their synthesis and stimulate the resolution of
inflammation in multiple diseases.8 The data presented herein
extend these observations by showing that RSV-infected
5-LO� /� mice fail to develop AA-Mf and exhibit increased
lung pathology because of elevated COX-2, suggesting the
essentiality of the LO pathway for RSV-induced AA-Mf and
resolution of lung injury. Blocking COX-2 leads to increased
5-LO and 15-LO mRNA, as well as enhanced arginase-1 and
mannose receptor mRNA.7 That RSV induces both COX-2 and
LOs, and both compete for the same substrate, arachidonic
acid, supports the concept of an ‘eicosanoid storm,’ as recently
proposed by von Moltke et al.,27 that contributes to both the
pathology by COX-2, as well as the amelioration of the initial
inflammatory damage by AA-Mf. However, if the anti-
inflammatory responses are not well controlled, then this
pathway may result in a predisposition to subsequent airway
hyperreactivity. In fact, asthma often develops in children
following severe RSV and other respiratory viral infections such
as rhinovirus and influenza early in life.29 Overall, our data (i)
indicate that targeting COX-2/5-LO pathways therapeutically
may provide benefit in the context of severe RSV infection, and
(ii) provide a novelmechanism for the control and regulation of
AA-Mf that may have broader implications in the context of
other intracellular pathogens.

METHODS

Virus and reagents for in vitro and in vivo studies. RSV Long strain
(group A) was obtained from American Type Culture Collection
(Manassas, VA), and propagated as described.4 Parecoxib was

obtained from Exim-Pharm International (Mumbai, India). Indo-
methacin was purchased from Sigma-Aldrich (St Louis, MO). AA-861
and PD-1746, 5-LO- and 15-LO-specific inhibitors, respectively, were
purchased from Biomol International (Farmingdale, NY).30,31 LTD4,
LY25583, and zileuton were purchased from Cayman Chemicals
(Ann Arbor, MI).32,33

Animals and macrophage cell cultures. Six- to eight-week-old WT
C57BL/6J and Alox5� /� (5-LO� /� ) mice were purchased (Jackson
Laboratory, Bar Harbor, ME). Alox15� /� (15-LO� /� ) mice were
bred at Cincinnati Children’s Hospital. Four- to six-week-old inbred
cotton rats (Sigmodon hispidus) were bred at Sigmovir Biosystems, Inc.
(Rockville, MD). All animal experiments were conducted with
institutional approval.
Highly purified (497%)murine or cotton rat thioglycollate-elicited

peritoneal macrophages, andmurine BALmacrophages (498%) were
enriched as previously described (Shirey et al.7). Peritoneal macro-
phages were plated in 6-well (4� 106 cells/well) or 12-well (2� 106

cells per well), and BALmacrophages were plated in 24-well (2.5� 105

cells per well) tissue culture plates. Macrophages were stimulated with
medium alone, or murine or cotton rat rIL-4 (40 ngml� 1; R&D
Systems, Minneapolis, MN), or infected with RSV (multiplicity of
infection¼ 2) and incubated at 37 1C for the indicated times.
For in vivo studies, WT C57BL/6J and 5-LO� /� mice and cotton

rats were inoculated with sterile phosphate-buffered saline or infected
withRSV (1� 106 p.f.u. per animal) intranasal Lungswere harvested 1,
4, or 6 days later for RNA and histopathology.

Quantitative real-time reverse transcription PCR. Total RNA iso-
lation and real-time PCR were performed as previously described.7,34

Levels of mRNA for specific genes are reported as relative gene
expression normalized tomedium-treated samples. Cotton rat primers
for 5-LO: forward 50-TCAAGCAGCACAGGCGTAAAG-30; reverse
50-GTCCACGATGAAAATGTTCCCTTC.

Ferrous oxidation-xylenol orange assay for LO activity. LO
enzymatic activity was measured using the ferrous oxidation-xylenol
orange assay.35,36 Treated macrophages were washed with cold 1�
phosphate-buffered saline two times, then lysed with 50ml Cell Lysis
Buffer (0.1% Triton X-100 containing 5mg pepstatin, 5 mg aprotinin,
and 5mg antipain) by gentle shaking for 30min at room temperature.
The lysates were diluted 1:1 by adding 50ml of 50mM Tris-HCl, pH 7.4,
and heated at 55 1C for 10min and cooled for 5min at 4 1C. Cell lysis
was incubated at 4 1C for 5min and50ml of cell lysatewas transferred to
a second 1.5-ml microcentrifuge tube where 50ml of arachidonic acid
was added to a final concentration 70mM. Themixture was incubated at
37 1C for 10min with a ferrous II sulfate andmethanol solution to stop
the reaction.Aliquot 100ml cell lysis solution to a 96-well plate triplicate
in each condition with standard curve, read at 630nm.

Reconstitution assay. 5-LO� /� macrophages were treated with
either LXA4 (1mgml� 1; all reagents kindly provided by Christopher L
Karp) overnight or LTB4 (1 mgml� 1), LTD4 (1 mgml� 1), or RvE1
(1 mgml� 1) for 1 h under a nitrogen blanket. Macrophages were then
treated with medium alone or infected with RSV (multiplicity of
infection¼ 2) for 48 h before total RNA was isolated and gene
expression analyzed by quantitative real-time PCR.

Inhibitor assays. For inhibition of 5-LO or 15-LO, WT C57BL/6J
thioglycollate-elicited macrophages were treated with either AA-861
(1mgml� 1) and/or PD-146176 (1mgml� 1), 5-LO and 15-LO inhi-
bitors, respectively, for 2 h. For inhibition of LTB4 or LTD4,WTC57BL/
6J thioglycollate-elicited macrophages were treated with either
LY25583 (100ng/ml) or zileuton (1mM) for 1 h.Macrophageswere then
treated with medium alone, rIL-4 (40 ng/ml), or infected with RVS
(multiplicity of infection¼ 2) for 48 h.TotalRNAwas isolated andgene
expression for arginase-1 and COX-2 was analyzed by real-time PCR.
To assess the effect of inhibiting COX induction, WT C57BL/6J

thioglycollate-elicited macrophages were treated with medium alone
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or infected with RVS (multiplicity of infection¼ 2) in the presence or
absence of indomethacin (100 nM) for 48 h. Total RNA was isolated
and arginase-1 gene expression was analyzed by real-time PCR.
For the in vivo therapeutic treatment of mice with indomethacin,

WT C57BL/6J and 5-LO� /� mice were inoculated with sterile
phosphate-buffered saline or infected with RSV (1� 106 p.f.u. per
animal) intranasal Starting at day 2 post infection mice were either
injected with saline or indomethacin (0.3mg kg� 1 in 100 ml)
intraperitoneal (i.p.) for five consecutive days. Lungs were harvested
on day 6 for RNA and histopathology.
For the prophylactic and therapeutic treatment of RSV infections

with the COX-2-specific inhibitor, parecoxib, cotton rats were treated
daily with vehicle (saline) or parecoxib (50mg kg� 1) in 200ml volume
i.p. starting 2 days before infection for prophylactic group and starting
on the day of infection (day 0) for therapeutic group. Animals were
infected with RSV A/Long (106 p.f.u. per 100ml per animal) intranasal
on day 0. Treatment on day 0 was doneB4 h post infection. Animals
were killed on day 6 p.i. and 5-LO mRNA expression was analyzed by
quantitative real-time PCR. Uninfected and non-treated animals were
used as a control.

Histopathology. Fixed sections (10 mm) of paraffin-embedded lungs
were stained with hematoxylin and eosin. Four inflammatory
parameters were scored independently from 0 to 4 for each section as
previously describedPrince LI 99: peribronchiolitis (inflammatory cells,
primarily lymphocytes, surrounding a bronchiole), perivasculitis
(inflammatory cells, primarily lymphocytes, surrounding a blood
vessel), alveolitis (inflammatory cells within alveolar spaces), and
interstitial pneumonitis (increased thickness of alveolar walls asso-
ciated with inflammatory cells). Slides were randomized, read blindly,
and scored for each.

Statistics. Statistical differences between two groups were determined
using an unpaired, two-tailed Student’s t-test with significance set at
Po0.05. For comparisons between three or more groups, analysis was
carried out by one-way analysis of variance, followed by Tukey’s
multiple comparison test with significance determined at Po0.05.
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