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ABSTRACT

Respiratory syncytial virus (RSV) infection is a common cause of lower respiratory tract illness in infants and children. RSV is a
negative-sense, single-strand RNA (ssRNA) virus that mainly infects airway epithelial cells. Accumulating evidence indicates that
reactive oxygen species (ROS) production is a major factor for pulmonary inflammation and tissue damage of RSV disease. We
investigated immune-responsive gene-1 (IRG1) expression during RSV infection, since IRG1 has been shown to mediate innate
immune response to intracellular bacterial pathogens by modulating ROS and itaconic acid production. We found that RSV in-
fection induced IRG1 expression in human A549 cells and in the lung tissues of RSV-infected mice. RSV infection or IRG1 over-
expression promoted ROS production. Accordingly, knockdown of IRG1 induction blocked RSV-induced ROS production and
proinflammatory cytokine gene expression. Finally, we showed that suppression of IRG1 induction reduced immune cell infil-
tration and prevented lung injury in RSV-infected mice. These results therefore link IRG1 induction to ROS production and im-
mune lung injury after RSV infection.

IMPORTANCE

RSV infection is among the most common causes of childhood diseases. Recent studies identify ROS production as a factor con-
tributing to RSV disease. We investigated the cause of ROS production and identified IRG1 as a critical factor linking ROS pro-
duction to immune lung injury after RSV infection. We found that IRG1 was induced in A549 alveolar epithelial cells and in
mouse lungs after RSV infection. Importantly, suppression of IRG1 induction reduced inflammatory cell infiltration and lung
injury in mice. This study links IRG1 induction to oxidative damage and RSV disease. It also uncovers a potential therapeutic
target in reducing RSV-caused lung injury.

Human infection with respiratory syncytial virus (RSV) is a
major cause of childhood disease of lower respiratory tract

infection with common cold-like symptoms. The infection is fre-
quently associated with the development of bronchospasm and
bronchiolitis, particularly in children less than 1 year old. Glob-
ally, RSV is responsible for over 33 million new episodes of acute
lower respiratory tract infection in children, with at least 3.4 mil-
lion severe cases that require hospital admissions each year (1, 2).
A growing body of evidence shows that RSV infection has become
a significant burden in the elderly in industrialized countries (3–
6). In addition, RSV infection may contribute to the onset of de-
velopment of type 2 diabetes (7). Proinflammatory response in the
lung is thought to play a fundamental role in RSV disease, but the
mechanisms regulating RSV disease and long-term consequences
are incompletely defined (8–13).

RSV is a negative-sense, single-strand RNA virus of the family
Paramyxoviridae, which also includes common respiratory viruses
such as those causing measles and mumps. Human RSV infects
polarized epithelial cells in the airway and, to lesser degrees, mac-
rophages and dendritic cells (14, 15). RSV stimulates Toll-like
receptor 4 (TLR4), TLR2, and the intracellular sensors RIGI and
TLR3, and it orchestrates an antiviral milieu involving interferon
� and interferon-inducible genes (ISGs) (16, 17). The innate im-
mune response to the fusion protein of RSV is mediated by TLR4
and CD14, leading to the induction of proinflammatory genes (18,
19). TLR4 expression also sensitizes airway epithelial cells to en-

dotoxin and mediates RSV bronchiolitis (20, 21). Although pro-
inflammatory cytokine production and dysregulation of IFN pro-
duction have been identified as a primary cause of RSV disease (2,
9, 10, 14, 22), accumulating evidence suggests that reactive oxygen
species (ROS) have a critical role in RSV disease (23–25). RSV
infection induces rapid ROS production that leads to chemokine
induction and IRF pathway activation (26–29). Under physiolog-
ical conditions, ROS are produced as a normal process of cellular
metabolism. However, uncontrolled activation of ROS produc-
tion causes tissue damage, vascular barrier dysfunction, and acute
and chronic inflammation by the induction of proinflammatory
cytokines and chemokines (30, 31). This, in turn, promotes pro-
inflammatory cell infiltration that exacerbates lung inflammation
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and induces tissue damage (32, 33). Accordingly, antioxidant
treatment ameliorates RSV-induced pulmonary inflammation
and disease (23, 29). Reduced expression of antioxidant enzymes
has been detected at late stages of RSV infection (34). Lack of
antioxidant enzyme expression may contribute to increased pro-
duction of ROS. The factors contributing to ROS production dur-
ing RSV infection remain uninvestigated.

Viruses exploit cellular metabolism to provide the energy and
biosynthetic building blocks required for their replication. The
innate immune system activation and cell metabolic state are in-
tricately linked (35, 36). A recent study identified immune re-
sponse gene 1 (IRG1) as a critical player linking metabolism to
innate immunity in oxidative stress response (37). IRG1 was orig-
inally identified as a highly inducible gene in murine macrophages
following lipopolysaccharide stimulation (38) and is upregulated
by proinflammatory cytokines and by viral and bacterial infec-
tions (39–45). The IRG1 gene is highly conserved among different
species. Both human and mouse IRG1 have demonstrated activity
in catalyzing the conversion of cis-aconitate of the tricarboxylic
acid (TCA) cycle to itaconic acid, which was attributed to antibac-
terial immunity (46, 47). In addition, IRG1 functions within the
mitochondria of activated macrophage-lineage cells to enhance
the utilization of energetically efficient fatty acid �-oxidation.
IRG1-depleted macrophage-lineage cells are impaired in their
ability to utilize fatty acids as an energy substrate for oxidative
phosphorylation-derived mitochondrial ROS production, result-
ing in defective antibacterial response (37). The infection by some
viruses, including RSV, also promotes IRG1 expression (39, 42,
48, 49). RSV infection increases cellular bioenergetics, character-
ized by increased mitochondrial O2 consumption and ATP syn-
thesis that is necessary for viral replication (50). What role IRG1
plays during virus infection has not been reported. In this study,
we investigated IRG1 induction during RSV infection in mice and
of airway epithelial cells and found that IRG1 expression was re-
sponsible for ROS production.

MATERIALS AND METHODS
Cells, chemicals, and virus. Human A549 cells (ATCC CCL-185) and
HeLa cells (ATCC CCL-2) were purchased from the ATCC (Manassas,
VA, USA), and the Vero cell line (ATCC CCL-81; African green monkey
kidney epithelial cells) was purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum, nonessential amino acids,
GlutaMAX, and antibiotics (penicillin, streptomycin, and amphotericin
B) were purchased from Life Technologies (Carlsbad, CA, USA) and were
used to culture the cells. The cells were routinely screened for Mycoplasma
contamination. RSV was a type A strain and was propagated in A549 cells
as we previously described (51). It is known that ultracentrifugation tends
to result in significant loss of virus infectivity. We also used unpurified
virus for cell culture studies. The virus stocks were stored at �70°C.

Chemicals were purchased from Sigma-Aldrich (Shanghai, China) ex-
cept as otherwise stated. 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) ami-
no)-2-deoxyglucose (2-NBDG) (N13195) was purchased from Life Tech-
nologies. 2=,7=-Dichlorofluorescein diacetate (DCFH-DA) was purchased
from Beyotime Biotechnology (Haimen, China). pCMV6-FLAG-IRG1
for mammalian expression of murine IRG1 was purchased from Sino
Biological Inc. (Beijing). Lipofectamine 2000 (Life Technologies) was
used for transfection studies.

Mouse anti-RSV F0 and F1 proteins (clone 2F7; sc-101362) was pur-
chased from Santa Cruz Biotechnology, and rabbit anti-IRG1 (ab122624)
was from Abcam Shanghai. The antibody, generated using an immunogen
of 100 amino acid residues of human origin, recognizes both human and

mouse IRG1. Mouse anti-FLAG was purchased from ABmart (Shanghai,
China), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(MB001) was from Bioworld Technology (Minneapolis, MN). Horserad-
ish peroxidase (HRP)-conjugated and Alexa-labeled secondary antibod-
ies were purchased from Sigma-Aldrich and Life Technologies, respec-
tively.

RT-PCR and real-time PCR study. A549 cells in 6-well plates were
uninfected (mock treated) or infected with RSV as indicated. Total RNA
was extracted from those samples using TRIzol reagent (Life Technolo-
gies). RNA (1 �g) was reverse transcribed into cDNA using reverse trans-
criptase Moloney murine leukemia virus (RNase H-free; 2641A; TaKaRa)
and used for PCR amplification or real-time PCR quantitation (qPCR).
The qPCR was carried out using SYBR green master mix (Q141-02/03;
Vazyme, Nanjing, China) on a 7300 real-time PCR system (Applied Bio-
systems). The data were analyzed using the 2���CT method (52). We first
normalized IRG1 values to GAPDH (housekeeping) values and then nor-
malized those in infected cells to mock-treated cells to determine fold
changes. The ratios in mock-treated samples were assigned arbitrarily as 1.
The primers for human genes were the following (forward and reverse):
IRG1, 5=-CTACCCACTGGGTGGCA and 5=-TCCTCCTGGCTCAG
TGG; interleukin-6 (IL-6), 5=-AGACAGCCACTCACCTCTTC and 5=-
CTGGCATTTGTGGTTGGGT; IL-1�, 5=-CCAGCTACGAATCTCCG
ACC and 5=-TATCCTGTCCCTGGAGGTGG; tumor necrosis factor al-
pha (TNF-�), 5=-TCTCCTTCCTGATCGTGGCA and 5=-GGGTTTGCT
ACAACATGGGC; GAPDH, 5=-ACAGTCAGCCGCATCTTCTT and 5=-
ACGACCAAATCCGTTGACTC.

Western blotting. Total cell lysates were prepared using a lysis buffer
containing 150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 1% NP-40, and a
cocktail of protease inhibitors (Roche). The proteins were separated by
SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) mem-
brane (Millipore) for immunoblot analysis using an enhanced chemilu-
minescence (ECL) reagent kit. The images were captured using a Chemi-
Scope imaging system (Shanghai, China).

siRNA knockdown. The short interfering RNA (siRNA) or scrambled
control siRNA (scRNA) was transfected into A549 cells using Lipo-
fectamine 2000. The cells were harvested for analysis of knockdown effect
by Western blotting. The siRNAs against human IRG1 were synthesized
by GenePharma (Shanghai, China), and the sequences were the following
(sense and antisense strands): IRG1 #1, 5=-GAGGAUGAUUCUAGACA
CUTT-3= and 5=-AGUGUCUAGAAUCAUCCUCTT-3=; IRG1 #2, 5=-CC
AACUGACUACAUUAAGATT-3= and 5=-UCUUAAUGUAGUCAGUU
GGTT-3=; IRG1 #3, 5=-CUGGCUUUCAAUGUUGGUATT-3= and 5=-U
ACCAACAUUGAAAGCCAGTT-3=; scRNA, 5=-UUCUCCGAACGUGU
CACGUTT-3= and 5=-ACGUGACACGUUCGGAGAATT-3=.

Glucose uptake assay. We used a fluorescent probe to measure glu-
cose uptake (53). Briefly, mock-treated or RSV-infected A549 cells (mul-
tiplicity of infection [MOI] of 1 for 24 h) were switched to DMEM (no
glucose; Life Technologies) for 2 h, and then 2-NBDG at a final concen-
tration of 30 �M was added. The cells were collected after another 45 min,
and 2-NBDG uptake was analyzed by flow cytometry (FACS Aria; BD
Biosciences) using 488 nm for excitation and 540 nm for detection.
FlowJo software (version 7.6.1; TreeStar, Ashland, OR) was used for data
analysis and measurement of fluorescence-positive cells (M2) and the
geometric mean of fluorescence intensity (GMFI).

Metabolite extraction, derivatization, and conditions for GC-MS
analysis. For gas chromatography-mass spectrometry (GC-MS) analysis
of organic compounds in mock-treated or RSV-infected samples (MOI of
1 for 36 h), the samples were prepared essentially as reported previously
(47). Briefly, A549 cells grown in 10-cm dishes were rinsed with ice-cold
phosphate-buffered saline (PBS). The cells were collected into 0.7 ml ice-
cold water with a cell scraper. After transferring to 1.5-ml Eppendorf
tubes, the lipids were removed by extraction with 0.6 ml methanol-chlo-
roform (1:1). The aqueous phase was collected into specific GC glass vials
and evaporated under vacuum using a refrigerated SpeedVac concentra-
tor. The dried metabolites were dissolved in pyrimidine containing 2%
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methoxyamine hydrochloride and trimethylsilylized by reacting with tri-
methylsilyl chloride.

GC-MS studies were performed using an Agilent 6890 GC equipped
with a 30-m DB-35 MS capillary column and MS operated under electron
impact ionization at 70 eV. The MS source was held at 230°C and the
quadrupole at 150°C. The detector was operated in scan mode, and 1 �l of
derivatized sample was injected in splitless mode. Helium was used as a
carrier gas at a flow rate of 1 ml/min. The GC oven temperature was held
at 80°C for 6 min and then increased at 6°C/min to 300°C and maintained
at that temperature for another 10 min, followed by an increase at 10°C/
min to 325°C and holding for 4 min. The run time of one sample was
59 min.

ROS production assay. ROS production was assayed at 24 h after RSV
infection (MOI of 1) using DCFH-DA by following a protocol provided
by the manufacturer (Beyotime). The mock-treated or RSV-infected cells
were rinsed with serum-free medium (SFM) 3 times and then were fed
with DCFH-DA fluorescent probe (at 5 �M) in fresh SFM for another
hour. At the end of incubation, the cells were washed 3 times with PBS and
collected by trypsin-EDTA treatment. ROS production was measured by

flow cytometry with an excitation wavelength of 488 nm and emission
wavelength of 525 nm. FlowJo software was used to determine fluores-
cence-positive cells (M2) and the GMFI.

Pulmonary infection in mouse model. Animal studies were approved
by the Medical School of Nanjing University for Animal Use and Care
Committee in accordance with the guidelines of the U.S. NIH. Female
BALB/c mice, 4 to 6 weeks old, were obtained from the Model Animal
Research Center of Nanjing University. The animals were kept in a spe-
cific-pathogen-free environment and fed food and water ad libitum. For
intranasal instillation, the animals were sedated with ketamine at 100
mg/kg of body weight intraperitoneally.

To conduct RNA interference (RNAi) studies in mice, we first per-
formed in vitro screening studies to identify an siRNA that blocks lipo-
polysaccharide (LPS)-induced IRG1 expression using Raw264.7 cells. The
siRNA that significantly blocked LPS-induced IRG1 expression (sequence
1) was then used in animal studies. Lightly sedated mice (5 per group)
were given 5 nmol siRNA or a scrambled control siRNA in Opti-MEM-
Lipofectamine 2000 (7:1; total volume, 100 �l) via nasal instillation as
reported previously (54). Forty-eight h post-siRNA administration, RSV

FIG 1 Induction of IRG1 in RSV-infected A549 cells. (A and B) Dose response and time course of IRG1 induction. A549 cells were mock treated or infected with
RSV at the MOIs indicated for 24 h or at an MOI of 3 for the times indicated. IRG1 induction was determined by RT-PCR (upper) and qPCR (lower). Data in
the bar graphs are means � SE from duplicate samples. Ctrl, control; rel. exp, relative expression. (C) Immunoblot detection of IRG1 induction. A549 cells were
infected with RSV under the conditions indicated. IRG1 expression was detected by Western blotting. RSV F0 protein expression was blotted as a control for
infection, and GAPDH was used as a loading control. The numbers under the blots indicate relative levels of IRG1 expression. (D) IRG1 induction depends on
RSV infection. A549 cells were infected with RSV in the absence or presence of ribavirin (Rib) at various concentrations or treated in parallel with UV-irradiated
(UV) or heat-inactivated (HK) RSV. IRG1 expression was detected by Western blotting. GAPDH and F0 expression were determined as controls for sample
loading and infection, respectively. All experiments were performed at least 2 times independently.
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(5 � 106 PFU/100 �l/mouse) was delivered via nasal instillation. The
animals were monitored daily and were killed at 48 h postinfection (pi).
The lungs were removed and weighed, and the right lung was used for
titration of infectious virus by plaque-forming assay and for RNA extrac-
tion. The left lung was used for flow cytometry analysis of T lymphocyte
and macrophage infiltration or for hematoxylin and eosin (H&E) staining
by first flushing with ice-cold sterile PBS and then with 10% formalin. The
samples were then submerged in formalin for fixation and subsequent
histological sections.

Sequences of siRNA used to knock down mouse IRG1 (mIRG1) ex-
pression are the following (siRNA #1 was selected and used for the in vivo
studies with the above-mentioned scrambled control oligonucleotides
as a control): mIRG1 #1, 5=-CAAGCUUCGACACGCUAUATT-3= and
5=-UAUAGCGUGUCGAAGCUUGTT-3=; mIRG1 #2, 5=-CACCUUGU
GACACCAGAAATT-3= and 5=-UUUCUGGUGUCACAAGGUGTT-3=;
mIRG1 #3, 5=-GGACGAUUAAUGCACUUCUTT-3= and 5=-AGAAGUG
CAUUAAUCGUCCTT-3=. The following primer pairs were used for
murine gene detection by PCR (forward and reverse): IL-6, 5=-CCACTT
CACAAGTCGGAGGC and 5=-TGCAAGTGCATCATCGTTGTTC; IL-8,
5=-CGGCAATGAAGCTTCTGTAT and 5=-CCTTGAAACTCTTTGCC
TCA; monocyte chemoattractant protein 1 (MCP-1), 5=-ACAGCACCAA
GGTCCATTCC and 5=-TCCTGCCTGAGAATGCTTGG; TNF-�, 5=-AT
CCGCGACGTGGAACTGGC and 5=-CCATGCCGTTGGCCAGGAGG;
GAPDH, 5=-ATCTCCGCCCCTTCTGCCGA and 5=-CCACAGCCTTGG
CAGCACCA.

FIG 2 Overexpression of IRG1 on RSV infection and cytokine gene expres-
sion. (A) HEK 293T cells were transfected with pCMV-FLAG-IRG1 (pIRG1)
or p3x-FLAG-CMV (vector control). The cells were then infected with RSV at
an MOI of 0.3 or 1.0, respectively. Virus production and F0 production were
determined, and viral titers are reported as means � standard deviations (SD)
from triplicate samples. The experiments were performed 3 times indepen-
dently. (B) A549 cells were transfected with p3x-FLAG-CMV (Vec; at 1 �g/
well) or with pCMV-IRG1 (IGR1) at 0.3 and 1.0 �g/well. The cells were left
uninfected or were infected with RSV (at an MOI of 3) for 24 h. Proinflamma-
tory cytokine gene expression was determined by RT-PCR. The experiment
was performed 2 times independently.

FIG 3 RSV infection on glucose uptake and itaconic production. (A) RSV
infection promotes production of intermediates of the TCA cycle but not
itaconic acid production. Water-soluble metabolites from mock or RSV
infection (MOI of 1 for 36 h) were separated by organic aqueous extraction.
The metabolites were analyzed by GC-MS as trimethylsilyl derivatives. The
identities of citric acid, cis-aconitic acid, isocitric acid, and itaconic acid
were determined by comparison to the database and by an itaconic acid
standard purchased from Sigma. The signal strength (area) of correspond-
ing peaks in the control (S ctrl) and infected samples (S RSV) was used for
comparison of abundance of those compounds. RT, retention time in min-
utes; ND, not detected; CoA, coenzyme A. (B) RSV infection promotes
glucose uptake. A549 cells were left uninfected or were infected with vari-
ous amounts of RSV (MOI of 1, 3, and 10) for 24 h and tested for glucose
uptake by feeding with 2-NBDG, a fluorescent probe for glucose uptake.
The percentage of fluorescence-positive cells (M2) and the geometric mean
fluorescence intensity (GMFI) for each sample are presented. The experi-
ments were performed 3 times independently.
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Flow cytometry analysis for macrophage and T lymphocyte infiltra-
tion. Single-cell suspensions were prepared from lungs by being cut
into small fragments and were digested at 37°C with type I collagenase
(3 mg/ml) and DNase I (30 �g/ml) in RPMI 1640 medium for 45 min.
Digested lungs were mechanically disrupted by passage through a ster-
ile 100-�m strainer (Falcon; BD Biosciences) using the flat portion of
a plunger from a 3-ml syringe followed by passage through an addi-

tional 40-�m strainer (Falcon; BD Biosciences). Red blood cells were
lysed with 150 mM NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA. After
washing with ice-cold PBS, the cells were collected, resuspended in
PBS, and stained with allophycocyanin (APC)-labeled anti-F4/80 and
fluorescein isothiocyanate (FITC)-labeled anti-CD11b, APC-labeled
anti-CD3 and phycoerythrin (PE)-labeled anti-CD8, or APC-labeled
anti-CD3 and FITC-labeled anti-CD4 (eBioscience, San Diego, CA).

FIG 4 IRG1 promotes ROS production. ROS production in mock-treated or RSV-infected A549 cells was detected by FACS analysis using DCFH-DA as a probe.
(A) Dose response of ROS production to RSV infection. ROS production was detected at 24 h pi. The percentage of fluorescence-positive cells (M2) and the
geometric mean fluorescence intensity (GMFI) for each sample are presented. (B) Time course of ROS production during RSV infection. The cells were infected
with RSV at an MOI of 3 for the times indicated. M2 values relative to the mock-treated control were plotted as an indicator of increased ROS production. The
data are presented as means � SE from duplicate samples. (C) Transient expression of IRG1 promotes ROS production. A549 cells in 12-well plates were
transfected with various amounts of pCMV-FLAG-IRG1 (IRG1). p3x-FLAG-CMV was included as a vector control. ROS production was detected at 24 h
posttransfection. (D) Suppression of IRG1 by siRNA reduces ROS production. A549 cells were untreated or were transfected with scRNA or with siRNA #1 for
human IRG1. The cells were mock treated or RSV infected (MOIs of 1 and 3) at 24 h after transfection. ROS production was determined 24 h later. The M2 values
relative to the noninfected controls were plotted. The inset shows the knockdown effect of 3 different siRNAs targeting IRG1. The relative levels of IRG1
expression are presented as numbers beneath the blots. (E) Knockdown of IRG1 expression suppresses cytokine gene induction. A549 cells were transfected with
scRNA or siIRG1#1 for 24 h. The cells then were infected with RSV (MOI of 3) for another 24 h. Gene expression was detected by RT-PCR. All experiments were
performed at least 2 times independently.
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The samples were analyzed on a FACSCalibur. FlowJo software was
used for data analysis.

RESULTS
RSV infection upregulates IRG1 expression in A549 cells. IRG1
is a highly inducible gene by viral and bacterial infections. To
investigate whether IRG1 played a role in RSV infection, we first
examined IRG1 expression during RSV infection of A549 cells, a
type II alveolar epithelial cell of human origin. IRG1 expression
was relatively low in A549 cells. RSV infection induced increased
expression of IRG1, which was first detected by RT-PCR and
quantified by real-time PCR (qPCR). As shown in Fig. 1A and B,
RSV infection dose- and time-dependently induced IRG1 expres-
sion as early as 30 min pi. The induction was verified by immuno-
blotting studies (Fig. 1C). IRG1 induction was noticeable at ap-
proximately 2 h pi and became more significant at approximately
9 to 12 h pi. The induction was dependent on RSV infection, since
inclusion of ribavirin during infection or deactivation of RSV by
UV irradiation or heat treatment significantly suppressed or ab-
lated IRG1 expression (Fig. 1D).

Transient expression of IRG1 has no effect on RSV infection.
IRG1 was identified as one of three interferon-inducible genes
determining the susceptibility to viral infections in the brain (48).
We therefore tested whether IRG1 expression inhibited RSV in-
fection. To this end, we chose to transfect HEK293T cells with a
plasmid for mouse IRG1 expression, since the cells are more read-
ily transfected than A549 cells, and tested whether overexpression
of IRG1 had an effect on RSV infection. IRG1 expression showed
little effect on RSV production or RSV F0 protein expression (Fig.
2A), indicating that preexisting IRG1 had no effect on RSV infec-
tion. IRG1 was reported to function as a suppressor of proinflam-
matory cytokine expression (55). We found that transient expres-
sion of IRG1 in A549 cells did not promote proinflammatory
cytokine expression, as was determined by RT-PCR. The protein
seemed to potentiate IL-1� and IL-6 expression in RSV-infected
samples (Fig. 2B, right lanes).

RSV infection promotes bioenergetics but not increased pro-
duction of itaconic acid. We next measured whether there was
increased itaconic acid production during RSV infection, since
both mouse and, to a lesser degree, human IRG1 have recently
been shown to catalyze cis-aconitate conversion to itaconic acid
(46, 47). The metabolites from control and RSV-infected A549
cells were extracted and analyzed as trimethylsilyl derivatives by
GC-MS. There was significant accumulation of citrate, isocitrate,
and cis-aconitate, intermediates of the tricarboxylic acid (TCA)
cycle, from RSV-infected samples (Fig. 3A). This suggests that
there was increased bioenergetics during RSV infection, consis-
tent with results from glucose uptake assays (Fig. 3B). However,

no significant production of itaconic acid was detected from RSV-
infected samples, suggesting that IRG1 did not interpose the TCA
cycle during RSV infection.

RSV infection promotes ROS production through IRG1 in-
duction. IRG1 expression has been linked to ROS production. We
therefore questioned whether IRG1 induction correlated with
ROS production, since RSV infection promotes ROS production.
To determine ROS production, mock-treated or RSV-infected
A549 cells were fed with DCFH-DA, a nonfluorescent probe that
can be converted to the fluorescent DCF after ROS oxidation.
DCF intensity was quantitatively measured by fluorescence-acti-
vated cell sorter (FACS) analysis. Consistent with previous re-
ports, RSV infection promoted ROS production dose dependently
(Fig. 4A). ROS production was detected at early stages and per-
sisted during RSV infection (Fig. 4B). The effect of IRG1 on ROS
production was confirmed by transient expression. As shown in
Fig. 4C, expression of IRG1 by transient transfection dose-
dependently increased ROS production. Accordingly, knock-
down of IRG1 expression by RNAi markedly reduced ROS
production (Fig. 4D), indicating that RSV promotes ROS pro-
duction through IRG1 expression. We found that suppression
of IRG1 induction also blocked RSV-induced proinflammatory
gene induction (Fig. 4E).

Suppression of IRG1 expression in mice prevents lung injury
by RSV infection. ROS production has recently been identified as
a factor contributing to RSV disease. We performed animal stud-
ies to determine whether suppression of IRG1 induction had an
impact on RSV disease. To this end, we first selected an siRNA
(siRNA #1) that showed significant effect in knocking down IRG1
induction in LPS-treated Raw264.7 cells (by approximately 70%).
siRNA #1 or a scrambled control siRNA (scRNA) was then admin-
istered to BALB/c mice via intranasal instillation. The animals
were then infected with RSV at 48 h after siRNA treatment. The
animals were examined 5 days later for signs of inflammation and
viral production. RSV infection caused body weight drop initially
that started to recover on the 2nd day postinfection (Fig. 5A).
When examined for IRG1 expression in mouse lungs, we found
that RSV infection caused profound induction of IRG1, which was
significantly suppressed by siIRG1 treatment (Fig. 5B). We next
examined histological changes of H&E-stained samples to address
whether siIRG1 treatment had an impact on the diseases. As
shown in Fig. 5C, RSV infection recapitulated previously reported
abnormal histology of lung sections. H&E staining showed alveo-
lar walls and alveolar spaces filled with moderate to severe inflam-
matory infiltrates of neutrophils, macrophages, and lymphocytes
in the mock-treated or scRNA-treated group (Fig. 5C, RSV,
scRNA	RSV). Samples from the IRG1 knockdown group had

FIG 5 Effect of IRG1 knockdown on lung injury by RSV infection. Mice were left untreated or were treated with a control siRNA (scRNA) or with siRNA
targeting mouse IRG1 (siIRG1) for 48 h. The animals were left uninfected or were infected with RSV (5 � 106 PFU in 100 �l PBS). (A) Body weight changes. Body
weight prior to siRNA treatment (day �2) was used as the baseline (100%) for comparison. Data are presented as means � SD (for clarity in plotting). (B) IRG1
expression in untreated or RSV-challenged animals. Lung tissues were homogenized and the lysates were analyzed for IRG1 expression. Three mice from each
group were used. (C) Lung sections of RSV-challenged mice. Images show representative H&E-stained sections from uninfected (control), infected (RSV), and
treated and infected animals (scRNA	RSV and siRNA	RSV). The bar represents 100 �m. (D) Gene expression of proinflammatory cytokines and chemokines
in lung tissues determined by qPCR. Cytokine expression in lung tissues of three individual mice was determined by qPCR. Data are normalized to uninfected
controls and are represented as means � SD. (E) Viral load determination. Lung tissues of 3 mice were homogenized and viral titers were determined by
plaque-forming assay. Data are presented as means � SD for 3 mice from duplicate measurements. A Student t test was performed for statistical analysis. (F)
FACS analysis of T lymphocytes and macrophages in lung tissues. Representative results are shown. The panel of bar graphs summarizes quantitative measure-
ment of CD3	 CD4	, CD3	 CD8	, or F4/80	 CD11b	 cell populations in those samples. The data are means � SD from 3 to 5 mice. All experiments were
performed 2 times independently, except the FACS study, which was performed once using 2 mice per group independently.

IRG1 Regulates ROS Production during RSV Infection

August 2016 Volume 90 Number 16 jvi.asm.org 7319Journal of Virology

http://jvi.asm.org


significant reduction of interstitial mononuclear cell infiltration
and improvement in the overall structure of the alveolar spaces
(Fig. 5C, siRNA), indicating suppression of IRG1 induction ame-
liorated inflammatory conditions. In agreement with results from
the HE staining study, we noticed that tissue samples from the
siIRG1-treated group also had reduced expression of IL-6, IL-8,
and MCP-1 (Fig. 5D). In addition, the viral titers were lowered by
approximately 0.8 log in siIRG1-treated samples compared to that
in the mock-treated control group (Fig. 5E).

Finally, we performed FACS analysis to determine T lympho-
cyte and macrophage infiltration. There were significantly in-
creased populations of CD8	 and CD4	 T lymphocytes and
CD11b- and F4/80-positive cells in the lung tissues of RSV-in-
fected mice (Fig. 5F). Suppression of IRG1 induction resulted in
significant reduction of those cells.

Together, these results demonstrated that suppression of IRG1
induction ameliorates the adverse effect of RSV infection on lung
injury.

DISCUSSION

RSV infection is the primary cause of childhood disease of infants
and young children. The infection is exquisitely restricted to the
mucosa of the respiratory tract, since the virus does not normally
replicate outside the bronchopulmonary tree. Although inflam-
matory mediators play a major role in the pathogenesis of RSV
disease, glucocorticoids, anti-inflammatory in nature, have been
shown to be ineffective in the treatment of RSV-induced bronchi-
olitis and wheezing (56–58). Several groups have recently shown
ROS may be important regulators of RSV-induced cellular signal-
ing and may play a fundamental role in the pathogenesis of RSV-
associated lung injury due to oxidative stress and the production
of inflammation mediators (23). We studied IRG1 induction dur-
ing RSV infection of human airway epithelial cells and in a mouse
model. We found that IRG1 induction regulates ROS production.
Casola and colleagues showed that antioxidants ameliorate pul-
monary inflammation in RSV disease (23, 29). Consistent with
their findings, our data show that suppression of IRG1 induction
improves RSV-caused lung injury, underlining the importance of
ROS production to RSV disease.

Virus infection promotes bioenergetics for energy metabolism
and production of building blocks for viral assembly. Michelucci
and colleagues recently identified IRG1 as a cis-aconitate decar-
boxylase that catalyzes the conversion of cis-aconitate to itaconic
acid, an inhibitor of isocitrate lyase. Some bacteria, when grown
under a carbon source limitation, synthesize isocitrate lyase for
energy metabolism through the glyoxylate shunt, effectively link-
ing metabolism to antibacterial immunity (47). Cho et al. re-
ported that IRG1 was among three upregulated ISGs with antiviral
effects against different neurotropic viruses (48). Although RSV
infection promotes IRG1 expression, our data show that overex-
pression of IRG1 had no effect on RSV infection in 293T or A549
cells. Whether an unknown host factor(s) contributes to the ob-
servations is unknown, since epigenetic state and microRNAs
have been implicated in ISG antiviral activity specific to granule
cell neurons (48). Different from those reports, our work shows
that IRG1 regulates ROS production during RSV infection. Im-
portantly, suppression of IRG1 induction resulted in reduction in
lung injury after RSV infection, uncovering a novel target for ther-
apeutically reducing lung injury by RSV infection.
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