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The Journal of Immunology

IPS-1 Signaling Has a Nonredundant Role in Mediating

Antiviral Responses and the Clearance of Respiratory

Syncytial Virus

Tine Demoor,* Bryan C. Petersen,* Susan Morris,* Sumanta Mukherjee,*

Catherine Ptaschinski,* Denise E. De Almeida Nagata,* Taro Kawai,† Toshihiro Ito,‡

Shizuo Akira,† Steven L. Kunkel,* Matthew A. Schaller,* and Nicholas W. Lukacs*

The cytosolic RNA helicases melanoma differentiation–associated gene 5 and retinoic acid–inducible gene-I and their adaptor IFN-b

promoter stimulator (IPS-1) have been implicated in the recognition of viral RNA and the production of type I IFN. Complementing

the endosomal TLR, melanoma differentiation–associated gene 5, and retinoic acid–inducible gene-I provides alternative mechanisms

for viral detection in cells with reduced phagocytosis or autophagy. The infection route of respiratory syncytial virus (RSV)—via

fusion of virus particles with the cell membrane—points to IPS-1 signaling as the pathway of choice for downstream antiviral

responses. In the current study, viral clearance and inflammation resolution were indeed strongly affected by the absence of an initial

IPS-1–mediated IFN-b response. Despite the blunted inflammatory response in IPS-1–deficient alveolar epithelial cells, pulmonary

macrophages, and CD11b+ dendritic cells (DC), the lungs of RSV-infected IPS-1–knockout mice showed augmented recruitment

of inflammatory neutrophils, monocytes, and DC. Interestingly, pulmonary CD103+ DC could functionally compensate for IPS-1

deficiency with the upregulation of certain inflammatory cytokines and chemokines, possibly via TLR3 and TLR7 signaling. The

increased inflammation and reduced viral clearance in IPS-1–knockout mice was accompanied by increased T cell activation and IFN-

g production. Experiments with bone marrow chimeras indicated that RSV-induced lung pathology was most severe when IPS-1

expression was lacking in both immune and nonimmune cell populations. Similarly, viral clearance was rescued upon restored IPS-1

signaling in either the nonimmune or the immune compartment. These data support a nonredundant function for IPS-1 in controlling

RSV-induced inflammation and viral replication. The Journal of Immunology, 2012, 189: 5942–5953.

R
espiratory syncytial virus (RSV) causes severe respira-

tory tract infections in infants and immunocompromised

patients. RSV has furthermore been shown to significantly

contribute to the risk of asthma inception and exacerbation, yet the

development of a safe and effective RSV vaccine is still work in

progress. In addition to prophylactic intervention, therapeutic

treatment should be optimized to control the inflammatory response

against infection. It is therefore crucial to identify and characterize

the initial proinflammatory signaling pathways that lead to the

host’s antiviral response.

Upon virus entry and replication, viral components are first

recognized by pattern recognition receptors (PRRs), generating an

early defensive response: the production of type I IFNs. In the case of

RSV, single-strandedanddouble-strandedviralRNAcanbedetected

in theendosomal compartments byTLRs7and3, respectively.TLR3

interacts with adaptor protein TRIF and TLR7 uses MyD88. The

TLR3 and TLR7 pathway, respectively, activate the transcription

factors IRF3 and IRF7, which induce the expression of type I IFNs

IFN-b and IFN-a. Both pathways moreover activate the transcrip-

tion factor NF-kB, hereby initiating the transcription of proin-

flammatory genes. In addition, the early type I IFN response will go

on to generate the second phase of IFN transcription via autocrine

and paracrine signals, reinforcing the expression of inflammatory

cytokines/chemokines and allowing an adequate response against

RSV. Indeed, we have previously demonstrated the importance of

TLR3 and TLR7 expression in RSV-infected lungs. Deletion of

TLR3 aggravated RSV-induced pulmonary disease with enhanced

mucus production and the skewing of the Th response toward a Th2

cytokine profile (1), whereas a comparable mucogenic response in

TLR7-deficient mice appeared driven by a Th17 response (2). In-

terestingly, viral clearance remained intact in the absence of TLR3

and TLR7, suggesting the involvement of additional signaling

pathways in antiviral defense.

Notably, TLR activation in the endosomal compartment requires

endocytosis of viral RNA molecules, phagocytosis of apoptotic

infected cells or host cell autophagy. Because RSV particles enter

the cell via fusion with the cell membrane, depositing their nuclear

contents in the cytoplasm, the cytosolic PRRs nucleotide-binding

oligomerization domain 2 (Nod2) and RNA helicases such as

melanoma differentiation–associated gene 5 (MdA5) and retinoic
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acid–inducible gene-I (RIG-I) are the alternative detectors likely

to be engaged upon early infection. Accordingly, Nod2 expression

has been shown to increase upon RSVinfection and to mediate IFN-

b production as well as viral clearance via ssRNA recognition (3).

Moreover, RIG-I selectively recognizes dsRNA and 59-triphosphate

RNA (4, 5), characteristic for viral genomic RNA. Following viral

RNA detection, Nod2, MdA5, and RIG-I all interact with the same

adaptor, the IFN-b promoter stimulator (IPS-1) on the mitochon-

drial membrane (6). The resulting signal propagation will converge

with the TLR3 pathway for the activation of IRF3 and NF-kB (7).

In this study, we characterized the importance of IPS-1 for the

induction of antiviral responses using an established murine model

of RSV-induced disease (8). Our results elaborate on previous re-

ports, showing IPS-1–dependent type I IFN responses in RSV-

infected fibroblasts and bone marrow–derived APCs (9, 10) along

with IPS-1–mediated clearance of RSV (3, 10). In our experiments,

we determined the role of IPS-1 in local orchestrators of RSV-

induced lung inflammation: alveolar epithelial cells, alveolar and

interstitial macrophages (MF), and pulmonary CD11b+ dendritic

cells (DCs) all appeared highly dependent of IPS-1 for their ex-

pression of cytosolic RNA helicases (Mda5 and RIG-I) and endo-

somal TLRs (TLR3 and TLR7) upon RSV infection. IPS-1

deficiency furthermore strongly dampened antiviral responses in

these cell types, including the upregulation of type I IFNs and in-

flammatory cytokine/chemokines. Conversely, CD103+ DCs could

functionally compensate for the lack of IPS-1—potentially via

TLR3 and TLR7 signaling—and increased their expression of IL-

1b, CXCL1, and CCL2. Accordingly, absence of IPS-1 expression

in vivo completely abolished the systemic and local RSV-induced

IFN-b response and triggered exaggerated pulmonary inflamma-

tion, characterized by inflammatory monocytes, neutrophils, and

CD11b+Ly6C+ DCs. Unexpectedly, delayed viral clearance in IPS-

1–knockout (KO) mice was accompanied by increased T-cell acti-

vation and skewing toward a Th1 profile. Finally, bone marrow

chimeras revealed the importance of IPS-1 signaling in nonimmune

versus immune cells: a general lack of IPS-1 caused the most severe

inflammation; similarly, viral clearance was rescued by IPS-1 ex-

pression in either hematopoietic or structural cells.

Materials and Methods
Animals

IPS-1 knockout mice were generated as previously described (11) and were
provided by Dr. S. Akira (Osaka University, Osaka, Japan) to start a breeding
colony at the University of Michigan animal facilities. Wild-type (WT)
C57BL/6 controls were purchased from Taconic Farms (Germantown, NY).
All animal work was approved by the University Committee on Use and
Care of Animals.

Respiratory syncytial virus

The Line 19 strain, originally isolated from a sick infant at the University
ofMichiganHospital, is propagated in our laboratory inHEp-2 cells (Ameri-
can Type Culture Collection). Line 19 elicits disease in mice comparable
to severe RSV infection in humans, including significant airway hyper-
responsiveness and mucus overproduction (12). Mice were anesthetized and
infected intratracheally with 1 3 105 PFU/animal.

Bronchoalveolar lavage

The bronchoalveolar spacewas lavaged via a tracheal cannula, instilling 33
300 ml, followed by 3 3 1 ml 1% BSA PBS, free of ionized calcium and
magnesium. The three small fractions were collectively centrifuged for
cytokine measurement in the supernatant. Subsequently, cell pellets from all
lavage fractions were pooled and resuspended in 1 ml 1% FCS PBS. A total
cell count was performed with a Z2 Beckman Coulter particle counter
(Beckman Coulter, Indianapolis, IN), and differential cell counts (on at least
400 cells) were performed on cytospins stained with Diff-Quick reagents
(Siemens, New York, NY). The rest of the BAL cells were analyzed with
flow cytometry.

Culture and stimulation of lymph node cells, alveolar epithelial

cells, DCs, and MF

Mediastinal lymph nodes were digested mechanically, by use of 18-gauge
needles and enzymatically, via incubation with 1 mg/ml collagenase A
(Roche, Indianapolis, IN) and DNase I (Sigma-Aldrich, St. Louis, MO) in
RPMI 1640 with 10% FCS. Following RBC lysis, cells were passed through
a 40-mm strainer and counted with a Z2 Beckman Coulter particle counter.
Suspensions of total lymph node cells were cultured in complete medium
and restimulated with RSV during 48 h for Th cytokine measurements in
the culture supernatant. The rest of the lymph node cells were analyzed
with flow cytometry.

Bone marrow was flushed from femur and tibia bones. Dendritic cells
were grown from bonemarrow progenitor cells in complete mediumwith 10
ng/ml GM-CSF (R&D Systems, Minneapolis, MN) with medium changes
on days 5 and 7. By day 10, 90–95% of the cell population is CD11chi

CD11bhiMHCII+, as determined by flow cytometry. To obtain MF, bone
marrow cells were cultured in L929 cell-conditioned medium, as described
previously. On day 7, flow cytometric analysis showed 85–90% of the cells
to be CD11c+CD11bhiF4/80+MHCIImedGr12 with high forward scatter. The
procedure to harvest the different APCs from the lung is illustrated in
Supplemental Fig. 1. First, airways from naive mice were lavaged as
described above to isolate alveolar MF. Next, the lungs were digested,
and CD11c+ cells were enriched from lung single-cell suspensions using
MACS MicroBeads (Miltenyi Biotec). Subsequently, pulmonary MF were
sorted as CD11chi cells with high autofluorescence, CD11b+ DCs as low
autofluorescent CD11chiMHCII+CD11bhiCD1032 cells, and CD103+ DCs
as low autofluorescent CD11chiMHCII+CD11bloCD103+ cells, using a
FACSAria II cell sorter (BD Biosciences).

Alveolar epithelial cellswere cultured according to a previously described
protocol (13). Subsequent steps involved the instillation of dispase and
agarose via a tracheal cannula, followed by thorough mincing of the lungs
and incubation with DNase I. Contaminating leukocytes were removed
using biotinylated anti-CD32 and anti-CD45 Abs (BD Pharmingen, San
Jose, CA) and streptavidin-coated magnetic beads. Cell viability was.97%
by trypan blue exclusion. Cell suspensions were incubated in petri dishes
overnight to remove residual adherent mesenchymal cells. Nonadherent
cells stained.99% positive for pro-surfactant protein C and were plated on
fibronectin-coated 24-well plates in DMEM (Life Technologies, Grand
Island, NY) supplemented with 10% FCS (53 105 cells/well). After 3 d of
culture, cells were found to be .95% vimentin negative.

Primary alveolar epithelial cell cultures, bone marrow–derived DCs
(BMDCs), and bone marrow–derived MF (BMMF) were infected with
RSV for 12 h before extraction of RNA or for 24 h to measure protein in
the culture supernatant.

mRNA extraction, reverse transcription, and RT-PCR

mRNA was isolated from ground up lung tissue and cell cultures using
TRIzol reagent (Invitrogen, Carlsbad, CA) or the RNeasy Mini kit (Qiagen,
Germantown, MD), according to the manufacturer’s instructions. Five
micrograms of RNA per sample was reverse transcribed using murine
leukemia virus RTase (Applied Biosystems, Foster City, CA). Expression
of MdA5, RIG-I, IPS-1, IL-1b, IL-4, IL-5, IL-6, IL-13, IL-17a, IFN-g,
CXCL1, CCL2, CCL3, CCL5, and CCL20 was analyzed with TaqMan
gene expression assays (Applied Biosystems) using an ABI Prism 7500
Sequence Detection System (Applied Biosystems). Primers for IFN-a,
IFN-b, TLR3 and TLR7, and RSV F, G, and N proteins were custom-
made. Gene expression was normalized to GAPDH and expressed as fold
change over the gene expression in control mice.

Protein measurement

Levels of Th cytokines, IL-4, IL-5, IL-13, IFN-g, and IL-17 were deter-
mined in culture supernatant using a Bio-Plex assay (Bio-Rad). IFN-a and
IFN-b protein were analyzed in serum, BAL fluid and culture supernatant
with the VeriKine mouse IFN-a and IFN-b ELISA kits (PBL IFNSource).

Flow cytometry

Following FcR blocking, single-cell suspensions of bronchoalveolar lavage
(BAL), lung, and lymph node cells were stained with anti-CD11c (N418),
anti-Ly6C (HK1.4), anti-Ly6G (1A8; BioLegend, San Diego, CA), anti-
CD11b (M1/70), anti-CD103 (2E7), anti-plasmacytoid dendritic cell Ag
1 (PDCA-1; eBioscience, San Diego, CA), and anti–MHC-II/IAb (AF6-
120.1; BD Biosciences, San Jose, CA). Inflammatory neutrophils were
gated as low autofluorescent, CD11cloCD11bhiLy6C+Ly6G+ with low for-
ward scatter. Inflammatory monocytes were analyzed as low autofluorescent,
CD11cloCD11bhiLy6C+Ly6G2 cells with low forward scatter. CD11b+ DCs

The Journal of Immunology 5943
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were defined as low-autofluorescent CD11chiMHCII+CD11bhiCD1032

cells; within this population, Ly6C+ cells were considered to be inflammatory
CD11b+ DCs. CD103+ DCs were defined as low-autofluorescent CD11chi

MHCII+CD11bloCD103+ cells. Plasmacytoid DCs (pDCs) were defined as
PDCA-1+ cells within the low-autofluorescent CD11cmed/MHCIImed/lo pop-
ulation, as described previously (14). CD86 expression was analyzed as
a marker for activation of conventional and pDCs using anti-CD86 (clone
GL-1) or isotype control rat IgG2a,k (both from BioLegend).

For intracellular cytokine staining, lymph node cell suspensions were
restimulated for 6 h in complete medium containing 0.5 ml/ml GolgiPlug,
0.5 ml/ml GolgiStop (BD Biosciences), 0.5 ng/ml PMA, and 500 ng/ml
ionomycin. Subsequently, lymph node cells were first stained for surface
markers with anti-CD3 (17A2), anti-CD4 (RM4-5) and anti-CD8 Abs (16-
10A1; BioLegend), and anti-CD69 Ab (H1.2F3; eBioscience). Cells were
then fixed with 4% formaldehyde and permeabilized (BD Biosciences Fix/
Perm Kit) for incubation with anti–IFN-g Ab (BD Pharmingen) or isotype
control rat IgG1,k (BD Pharmingen). T cells were defined as CD3-positive
cells with low forward and side scatter and subdivided into CD4 or CD8
single-positive subpopulations.

Histology

The left lung was perfused with 4% formaldehyde for fixation and em-
bedded in paraffin. Five-micrometer lung sections were stained with
periodic acid-Schiff and hematoxylin to detect mucus production and
inflammatory infiltrates. Photomicrographs were captured using a Zeiss
Axio Imager Z1 and AxioVision 4.8 software (Zeiss, Oberkochen, Ger-
many). Two independent blinded observers evaluated hematoxylin-stained
lung sections for inflammatory infiltration around the bronchovascular
bundles, using the following scoring system: 0, absent; 1, minimal; 2,
slight; 3, moderate; 4, strong; and 5, severe.

Plaque assay

For the immunoplaque assay, total lungs were homogenized, and serial
dilutions of the supernatant were incubated in a 24-well plate with Vero cell
monolayers in Eagle’s MEM and overlaid with methylcellulose, as de-
scribed previously (15). After 4 d, incubation was stopped, and viral pla-
ques were visualized using goat anti-RSV polyclonal Ab (Millipore,
Temecula, CA).

Bone marrow chimeras

For bone marrow chimera experiments, recipient WT C57BL/6 mice and
IPS-1 KO mice (6–8 wk old) were irradiated at 900 rad. Donor bone
marrow was isolated from femurs and tibias of WT and IPS-1 KO mice.
Via tail vein injection of 2 3 106 bone marrow cells in 100 ml RPMI 1640,
the following bone marrow chimeras were created (donor → host): WT →
WT, IPS-1 KO→WT, IPS-1 KO→ IPS-1 KO, and WT→ IPS-1 KO. 8 wk
after reconstitution, bone marrow chimeras were infected with RSV.

Statistical analysis

Reported values are expressed as mean 6 SEM. Statistical analysis was
performed with GraphPad Prism software for Mac OS X version 5.0d
(GraphPad Software, San Diego, CA) using nonparametric tests (Krus-
kall‑Wallis; Mann‑Whitney) or t tests in the case of Gaussian distribution.
A two-tailed p , 0.05 was considered significant.

Results
The cytosolic RNA helicases Mda5 and RIG-I and their

adaptor IPS-1 are increased following RSV infection; RSV

induces IFN-b in an IPS-1–dependent manner

Our previous observations on RSV-induced expression of viral RNA

detectors, including TLR3 and TLR7 (1, 2), motivated further in-

vestigation of theMda5/RIG-I detection system. Using a time course

of RSV infection in WT C57BL/6 mice, transcription of Mda5 was

rapidly and strongly induced in lungs of RSV-exposed animals,

starting at 1 d postinfection (dpi) and maintaining high plateau levels

for at least 12 dpi (Fig. 1A). The RSV-induced regulation of RIG-I

and IPS-1 showed a different pattern, with maximal induction at 4–6

dpi and normalization starting 8 dpi. Monitoring the expression of

the Mda5/RIG-I-IPS-1 system in primary cultures of alveolar epi-

thelial cells (AECs), BMDCs, and BMMF, we observed that all cell

types responded to RSV infection with the upregulation ofMda5 and

RIG-I, whereas only AECs showed a modest increase in IPS-1

FIGURE 1. The cytosolic RNA helicases MDA5 and RIG-I and their adaptor IPS-1 are increased following RSV infection, RSV induces IFN-b in an IPS-1–

dependent manner. mRNA expression of Mda5, RIG-I, and IPS-1 (A), mRNA expression of IFN-a and IFN-b (B) in total lung tissue of RSV-infected C57BL/6

mice at 1, 2, 4, 6, 8, and 12 dpi, determined by RT-PCR (expressed as fold increase over controls; mean 6 SEM; n = 4–5). *,x,‡p # 0.05. (C) RSV-induced

mRNA expression of Mda5, RIG-I, and IPS-1 in primary AEC cultures, , and BMMF of C57BL/6 mice, determined 12 h postinfection by RT-PCR (expressed

as fold increase over controls; mean 6 SEM; n = 4–5). RSV-induced IFN-a (D) and IFN-b (E) protein in serum and BAL fluid of WT and IPS-1 KO mice at

8 dpi and in primary cultures of AEC and sorted pulmonary MF at 1 dpi (expressed as picograms per milliliter; mean 6 SEM; n = 4–5). *p , 0.05.

5944 ROLE FOR IPS-1 SIGNALING IN RSV INFECTION
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mRNA (Fig. 1C). The RSV-induced expression of Mda5 and RIG-I,

both IFN-stimulated genes, indicated IRF3 activation and enhanced

host detection of RSV.

The local type I IFN response (IFN-a and IFN-b) in the lung

demonstrated a rapid induction of IFN-b in RSV-exposed animals as

early as 2 dpi (Fig. 1B). Local (in the BAL fluid) and systemic (in the

serum) protein levels of IFN-b in RSV-infected animals were highly

dependent of IPS-1 expression (Fig. 1E). To better understand the

nature of the reduced local and systemic levels, IFN-b production

was also examined in isolated cell populations. Whereas IFN-b

production was below detection limit in culture supernatant of

BMDCs and BMMF (data not shown), AECs and sorted pulmonary

(interstitial) MF (MF) were important sources of IPS-1–induced

IFN-b (Fig. 1E). In contrast, IFN-a expression was only moderately

upregulated (Fig. 1B). We could not detect any IFN-a protein in

either serum or BAL fluid of RSV-infected mice at 8 dpi. Whereas

cell-specific responses may be diluted in total lung tissue, AECs and

interstitial MF responded to RSV infection with IPS-1–dependent

IFN-a secretion (Fig. 1D). RSV did not alter IFN-a expression in the

lung-draining (mediastinal) lymph nodes, whereas mRNA levels of

IFN-b were increased by 12 dpi (Supplemental Fig. 2A). The in-

creased IFN-b response following RSV infection suggests selective

IRF3 activation by the IPS-1 signaling pathway.

Decreased inflammation resolution and viral clearance in

RSV-infected IPS-1 KO mice

The importance of the different intracellular viral detectors during

RSV infection has been demonstrated in previous studies, using

TLR-deficient mice. Knocking out TLR3 and TLR7 significantly

worsens RSV-induced lung pathology but leaves viral clearance

intact (1, 2). Because RSV enters the cell via membrane fusion,

cytosolic detection of the virus may be essential for early and

effective antiviral responses, prompting further exploration of IPS-

1 signaling upon RSV infection. For this purpose, we infected both

WT and IPS-1 KO mice with RSV and compared their inflam-

mation and antiviral defense at 8 dpi, because IFN-b expression

was maximally induced at this time point in the lungs (Fig. 1B).

Airway inflammation was evaluated via flow cytometric analysis

of the cell populations in the BAL fluid. Whereas the airway

compartment of naive WT and IPS-1 KO mice mainly contained

FIGURE 2. Decreased inflammation resolution and viral clearance in the absence of IPS-1. (A) Gating strategy for flow cytometric analysis of in-

flammatory neutrophils (CD11bhi with low forward scatter, low-autofluorescent CD11cloLy6C+Ly6Ghi, shown in the dashed quadrant). (B) Absolute

numbers of inflammatory neutrophils in the BAL fluid of naive and RSV-infected WT and IPS-1 KO mice, determined by flow cytometry at 8 dpi. (C) RSV-

induced mRNA expression of CXCL1, CCL3, and IL-17 in lungs of WT and IPS-1 KO mice, determined by RT-PCR at 8 dpi (expressed as fold increase

over controls). (D) mRNA expression of the RSV F protein, G protein, and N protein in lungs of RSV-infected WT and IPS-1 KO mice, as determined by

RT-PCR at 8 dpi (expressed as fold increase over RSV-infected WT). (E) RSV titers in lungs of WT versus IPS-1 KO mice, determined by plaque assay on

day 3 postinfection (expressed as plaque forming units/ml). Histopathology scores (F) and representative photomicrographs (G) of hematoxylin-stained lung

sections of WT and IPS-1 KO mice at 8 dpi. All data are expressed as mean 6 SEM, n = 5. *p , 0.05, ***p , 0.001.
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MF (data not shown), RSV infection increased the number of

inflammatory neutrophils (defined as low forward light scatter,

CD11bhi, low autofluorescent, CD11cloLy6C+Ly6Ghi; Fig. 2A).

Compared with WT mice, RSV-infected IPS-1 KO mice exhibited

significantly worse airway neutrophilia (Fig. 2B), accompanied by

higher pulmonary expression of the neutrophil chemo-attractants

CXCL1 and CCL3 (Fig. 2C).

In addition to the bronchoalveolar space, we analyzed lung tissue

to verify whether the observed airway inflammation in RSV-infected

IPS-1 KO mice could be associated with increased interstitial in-

flammation.Aspreviouslydescribed,RSV-induced inflammatorycell

infiltrates were rapidly cleared in WT C57BL/6 mice by 8 dpi (Fig.

2G). In IPS-1 KO mice, however, hematoxylin-stained lung sections

still showed significant peribronchiolar inflammation at 8 dpi. Ac-

cordingly, RSV-infected IPS-1 KO mice received a significantly

higher histopathology score (4.86 0.13; severe) compared with WT

mice (3.0 6 0.29; moderate) (Fig. 2F). As illustrated by photo-

micrographs and histopathology scores in Supplemental Fig. 3, the

degree of peribronchiolar inflammation is very similar between WT

and IPS-1 KO mice at earlier time points (2 and 6 dpi) and does not

differ in severity until 8 dpi, suggesting delayed resolution of RSV-

induced inflammation. Overall mucus production did not differ be-

tweenWTand IPS-1 KOmice (data not depicted). In agreement with

the histology, lungs of RSV-infected IPS-1 KO contained more

mRNA for the RSV F, G, and N proteins at 8 dpi (Fig. 2D), sug-

gesting increased viral replication and/or diminished clearance.

Therefore, we performed a plaque assay on day 3 postinfection and

found significantly more virus in IPS-1 KOmice compared with WT

mice (Fig. 2E). Thus, dysregulation of the early IFN-b response in

IPS-1 KOmice leads to more severe RSV-induced inflammation and

adversely affects virus elimination.

Increased numbers and activation of inflammatory-type

CD11b+ DCs in lungs of RSV-infected IPS-1 KO mice

Via flow cytometric analysis, we also compared DC numbers and

activation (evaluated by CD86 expression) between controls and

RSV-infected animals of both genotypes at 8 dpi (Fig. 3). We

discriminated between the two main populations of conventional

DCs in the lung (CD11b+ versus CD103+ DCs), using the gating

strategy shown in Supplemental Fig. 1. 8 dpi with RSV, CD11b+

DCs remained significantly increased in lungs of both WT and

IPS-1 KO mice (Fig. 3A). Interestingly, only IPS-1 KO CD11b+

DCs exhibited a remarkable CD86 expression compared with their

WT counterparts. Whereas RSV infection did not significantly

affect CD103+ DC numbers, this population was still moderately

activated at 8 dpi in both WT and IPS-1 KO mice (Fig. 3B).

pDCs reportedly generate their IFN-a response against single-

stranded RNA viruses via TLR7 and MyD88 signaling and not via

the RIG-I system (16–18). Moreover, IFN-a is not greatly induced

upon infection with RSV strain Line 19 (Fig. 1B, 1D; Supplemental

Fig. 2). Nonetheless, we determined pDC numbers in lungs and

mediastinal lymph nodes of both WTand IPS-1 KOmice following

RSV infection (Supplemental Fig. 4). As previously described (14),

pDCs were defined as PDCA-1+ cells within the low-autofluorescent

CD11cmed/MHCIImed/lo population (Supplemental Fig. 4A). At 8 dpi,

the percentage and absolute number of pDCs were significantly

increased in lungs of WT mice but not in IPS-1 KO mice (Supple-

mental Fig. 4B), whereas pDC numbers were increased in the lung-

draining lymph nodes of mice of both genotypes (Supplemental Fig.

4C). Regardless of IPS-1 expression or RSV infection, pulmonary

pDCs hardly expressed any CD86 (Supplemental Fig. 4B). Con-

versely, CD86 expression was detected on pDCs in lymph nodes of

naive WTand IPS-1 KO controls (Supplemental Fig. 4C). Following

RSV infection, the average CD86 expression on pDCs is significantly

downregulated in the lymph nodes of both WT and IPS-1 KO mice.

FIGURE 3. Increased numbers and activation of inflammatory-type CD11b+DCs in lungs of RSV-infected IPS-1 KO mice. (A) Flow cytometric analysis

of percentage and absolute numbers of pulmonary CD11b+DCs (CD11chiMHCII+CD11bhiCD1032 cells with low autofluorescence) at 8 dpi; relative mean

fluorescent intensities (MFI) for CD86 expression on CD11b+DCs (MFI Ab corrected for MFI isotype control), and representative histograms for naive and

RSV-infected WT and IPS-1 KO mice at 8 dpi. (B) Percentage and absolute numbers of pulmonary CD103+DCs (CD11chiMHCII+CD11bloCD103+ cells

with low autofluorescence) at 8 dpi; MFI for CD86 expression on CD103+DCs (MFI Ab corrected for MFI isotype control) and representative histograms.

All data are expressed as mean 6 SEM, n = 4–5. *p , 0.05, **p , 0.01.
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RSV-infected IPS-1 KO mice have increased numbers and

activation of T-cells with a predominant Th1 profile

Next, weverifiedwhether the severe inflammation and hampered virus

clearance in IPS-1 KO mice could be explained by altered antiviral

T cell responses in the lungs and draining lymph nodes (Fig. 4). The

proportion of activated (CD69+) CD4+ and CD8+ T cells was signifi-

cantly higher in lungs of IPS-1 KOmice compared withWTmice at 8

dpi (Fig. 4B, 4C). Moreover, significant IFN-g protein levels could

only be detected in theBALfluid ofRSV-infected IPS-1KOmice (Fig.

4A). Upon RSV infection, total lymph node cell numbers gradually

increased in both WT and IPS-1 KO mice (Fig. 4D). In accordance

with the lung data, flow cytometric analysis of lymph node CD4+ and

CD8+ T cells showed both populations to be increased in number and

state of activation in IPS-1 KOmice compared withWTmice (Fig. 4F,

4G; absolute numbers can be found in Supplemental Fig. 2B‑E).When

cultured and restimulated with virus, IPS-1–deficient lymph node cells

exhibited a Th1 phenotype: cell culture supernatants of IPS-1KOmice

contained more IFN-g protein, but lower levels of Th2 cytokines—IL-

4 and IL-5—and decreased Th17 cytokine IL-17 (Fig. 4E). We addi-

tionally confirmed the IFN-g response in IPS-1 KO mice via flow

cytometric analysis of the lymph node T cells: intracellular staining

for IFN-g revealed that both CD8+IFNg+ and CD4+IFNg+ T cells

were increased in number in IPS-1–deficient lymph nodes upon RSV

infection, as illustrated by representative histograms (Fig. 4F, 4G).

IPS-1 signaling mediates RSV-induced expression of cytokines,

chemokines, and PRRs in the APCs of the lung

Despite the blunted IFN-b response, RSV-induced inflammation

in IPS-1 KO mice was characterized by exaggerated recruitment,

FIGURE 4. RSV-infected IPS-1 KO mice have increased numbers and activation of T cells with a predominant Th1 profile. (A) Protein levels of IFN-g in

BAL fluid of WT and IPS-1 KO mice, in a naive state and at day 8 post-RSV infection, measured by ELISA (expressed as picograms per milliliter).

Numbers of total and activated (CD69+) CD4+ (B) and CD8+ T cells (C) in lungs of RSV-infected WTand IPS-1 KO mice at 8 dpi. (D) Total cell numbers in

mediastinal lymph nodes of WT and IPS-1 KO mice at 2, 4, and 8 dpi. (E) Th cytokine protein levels in lymph node culture supernatants after 48 h

restimulation with RSV, as measured with a Bio-Plex assay (expressed as picograms per milliliter). (F) Overview of the CD4+ T cell responses in lymph

nodes of RSV-infected WT versus IPS-1 KO mice, including total CD4+ T cell numbers, activated CD4+CD69+ T cell numbers, representative histograms

illustrating positive IFN-g signal within the CD4+ T cell population and the number of IFNg+CD4+ T cells, determined by flow cytometry. (G) Overview of

the CD8+ T-cell responses. All data are expressed as mean 6 SEM; n = 5. *p , 0.05, **p , 0.01.
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accumulation, and activation of inflammatory cells. Therefore, we

determined the role of IPS-1 in different pulmonary cell pop-

ulations, known to be targeted by RSV and to produce inflam-

matory cytokines and chemokines (Fig. 5). We established

primary cultures of isolated AECs, alveolar and interstitial MF

and CD11b+ and CD103+ DCs. Following RSV infection, we

analyzed the type I IFN response, along with the induction of

inflammatory cytokines and chemokines in cells derived from

WT versus IPS-1 KO lungs. Furthermore, we quantified the RSV-

induced expression of the cytosolic RNA helicases MdA5 and

RIG-I versus the endosomal RNA detectors TLR3 and TLR7 in

these different cell types. As illustrated in Fig. 5A, the IPS-1

pathway is crucial for the upregulation of IFN-b and inflamma-

tory cyto/chemokines in the alveolar epithelium. IFN-b, IL-1b,

IL-6, CXCL1, and CCL2 were all strongly increased upon RSV

infection in WT cells but not in IPS-1 KO cells. The same was true

for both alveolar and interstitial MF (Fig. 5B, 5C). Looking at

more specialized APCs in the lung, pulmonary CD11b+ DCs also

depended on IPS-1 signaling for their RSV-induced expression of

IFN-b, IL-6, CXCL1, and CCL2 (Fig. 5D). Alveolar MF, inter-

stitial MF, and CD11b+ DCs all responded to the virus with strong

IFN-a expression in an IPS-1–mediated fashion. In contrast,

IFN-a mRNA was modestly induced in virus-infected AECs and

CD103+ DCs but in an IPS-1–independent manner. Considering

the predominant IFN-b response in RSV-infected lungs (Fig. 1B),

the more abundant AECs appear to determine the local type I IFN

profile.

In accordance with the IPS-1–dependent expression of cyto-

kines and chemokines in RSV-infected AECs, pulmonary MF, and

CD11b+ DCs, the rapid induction of PRRs Mda5, RIG-I, TLR3,

and TLR7 upon RSV infection of these cell types was also ham-

pered in the absence of IPS-1 (Fig. 5F). Reportedly, TLR3 in-

duction in RSV-infected airway epithelial cells indeed depends on

IPS-1–mediated IFN-b secretion (19), and Mda5 and RIG-I have

FIGURE 5. IPS-1 signaling mediates RSV-

induced expression of cytokines, chemokines,

and PRRs in the APCs of the lung. mRNA ex-

pression of IFN-a, IFN-b, IL-1b, IL-6, CXCL1,

and CCL2 in primary cultures of AECs (A),

alveolar MF (B), interstitial MF (C), pulmonary

CD11b+ (D), and CD103+ DCs (E) isolated from

WT versus IPS-1 KO lungs. (F) Overview of

Mda5, RIG-I, TLR3, and TLR7 expression in

different cell types of IPS-1 KO lungs, expressed

as percentage of the mRNA levels observed in

WT cells. All expression data are determined by

RT-PCR 12 h postinfection with RSV (expressed

as fold increase over controls; mean 6 SEM;

n = 4–5).

5948 ROLE FOR IPS-1 SIGNALING IN RSV INFECTION

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


been identified as IFN-stimulated genes (20, 21). Interestingly,

RSV-induced expression of IFN-a in CD103+ DCs did not require

IPS-1 signaling, and IL-1b, CXCL1, and CCL2 expression was

enhanced in IPS-1 KO cells (Fig. 5E). Furthermore, IPS-1 KO

CD103+ DCs were able to upregulate TLR3 and TLR7 expression

upon RSV infection (Fig. 5F). This observation suggests that

CD103+ DCs can functionally compensate for IPS-1 deficiency

through detection of viral RNA via TLR3 and TLR7. In addition,

the IPS-1–independent IFN-a induction in RSV-infected AECs

may be driven by TLR7.

Differential regulation of inflammation and viral clearance by

IPS-1 expression in immune and nonimmune cell populations

Given the different antiviral responses between AECs, structural

cells, CD103+ DCs, and hematopoietic cells, we next created

bone marrow chimeras. This allowed us to address the question

of whether IPS-1 signaling in either compartment, immune ver-

sus nonimmune, is crucial to control RSV-induced inflammation

and viral clearance. Whereas RSV-induced inflammation was

mostly cleared in WT→WT chimeras, peribronchiolar infiltrates

could still be observed by day 8 post-RSV infection in mice with

either IPS-1–deficient structural or hematopoietic cells (Fig. 6A).

Moreover, inflammation appeared most persistent in syngeneic

IPS-1 KO bone marrow chimeras, suggesting delayed resolution

of RSV infection in these animals and recapitulation of the in-

fection of nonchimerized KO animals. Accordingly, lung sec-

tions of KO → KO chimeras received the highest histopathology

scores (4.0 6 0.32; strong), which were significantly different

from the scores for RSV-infected WT → WT chimeras (1.8 6

0.37; slight) (Fig. 6B). In the case of allogeneic chimeras (KO→

WT and WT → KO), the increase in pathology compared with

WT → WT chimeras did not reach significance, supporting

a partial rescue of the inflammation resolution in these animals.

Looking at IFN-b mRNA levels in total lung, KO → KO chi-

meras had deficient IFN-b expression at 8 dpi, which is indeed

rescued in KO → WT and WT → KO chimeras. We combined

these results in a graph together with the histopathology scores

(Fig. 6B), hereby illustrating that the dampened pulmonary IFN-

b response is associated with greater inflammatory burden. In

confirmation of the severe histopathology, high expression of the

mRNAs coding for RSV F, G, and N proteins was still detected at

8 dpi in lungs of KO→ KO chimeras, compared with WT→WT

chimeras (Fig. 6C), whereas efficient elimination of RSV was

observed in KO→WT or WT → KO chimeras. Thus, the overall

response of deficient viral clearance with the most severe in-

flammation is only observed when both the immune and non-

immune compartments are deficient for IPS-1.

In the bone marrow chimera studies, we further characterized

the inflammatory cell types infiltrating the lung during the anti-

viral response. Flow cytometric analysis indicated that airway

infiltration with inflammatory neutrophils was increased in KO→

KO chimeras and in WT → KO chimeras, albeit at a lower level

(Fig. 7A, 7B), which may be explained the higher pulmonary

expression of CCL3 and IL-17 in these chimeras (Fig. 7C). The

airway neutrophilia was accompanied by elevated IFN-g pro-

duction in the mediastinal lymph nodes. IPS-1 deficiency in ei-

ther hematopoietic or structural cells resulted in higher RSV-

induced mRNA and protein levels of IFN-g in restimulated

lymph node cultures (Fig. 7D). Thus, IPS-1 deficiency in either

the immune or nonimmune compartment sufficiently increased

FIGURE 6. Most severe lung pathology in total

absence of IPS-1 signaling, viral clearance rescued

by IPS-1 expression in either immune or nonim-

mune cells. (A) Representative photomicrographs

of hematoxylin-stained lung sections of WT →

WT, KO → WT, KO → KO, and WT → KO chi-

meras at day 8 post-RSV infection. (B) Histopa-

thology scores and mRNA expression of IFN-b

(expressed as fold increase over WT → WT chi-

meras, mean 6 SEM, n = 5). (C) mRNA expres-

sion of the RSV F, G, and N proteins in lungs of

RSV-infected chimeras, as determined by RT-PCR

on day 8 postinfection (expressed as fold increase

over RSV-infected WT → WT chimeras, mean 6

SEM, n = 5). *p , 0.05, **p , 0.01, xp = 0.06.
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the lymph nodes responses, whereas a general IPS-1 defect was

required for severe airway neutrophilia.

In addition to inflammatory neutrophils, we characterized the

mononuclear cell populations accumulating in the lung upon RSV

infection, using flow cytometry (Fig. 8A). In accordance with the

airway neutrophilia, CD11bhi DCs accumulated in the airways and

lungs of RSV-infected KO → KO and WT → KO chimeras (Fig.

8C, 8D). However, the proportion of newly recruited inflammatory

(Ly6C+) CD11bhi DCs was only increased when IPS-1 was absent

in all cell types. Accordingly, RSV infection induced higher

numbers of inflammatory monocytes, precursors for inflammatory

CD11bhi DCs, only in lungs of syngeneic IPS-1 KO chimeras (Fig.

8B). In contrast, CD103+CD11blo DCs did not accumulate in

lungs when IPS-1 signaling was hampered (data not shown).

These infiltrating cells represent local cytokine/chemokine sources

and RSV-targeted host cells, thus possibly adding to the delayed

resolution of inflammation and RSV.

Discussion
This study highlights the importance of IPS-1 in generating the

early IFN-b response upon RSV infection, as well as its nonre-

dundant role in viral clearance. In lungs of IPS-1 KO mice, both

structural and hematopoietic cells are hampered in their expres-

sion of RSV-induced inflammatory cytokines and chemokines.

Nonetheless, IPS-1–deficient animals exhibit exaggerated bron-

choalveolar and peribronchial inflammation, characterized by in-

flammatory Ly6C+ neutrophils, Ly6C+ monocytes, and CD11bhi

Ly6C+ DCs. Paradoxically, lymph node responses in RSV-infected

IPS-1 KO mice are shifted toward a preferred Th1 cytokine pro-

file, with Th1 and Tc cells exhibiting significant activation and

FIGURE 7. Most severe airway neutrophilia in total absence of IPS-1 signaling, IPS-1 deficiency in either structural or hematopoietic cells promotes an

IFN-g response in the lymph nodes. (A) Representative dot plots showing inflammatory neutrophils in the dashed quadrants (Ly6C+Ly6Ghi, gated on

CD11clo-low autofluorescent-CD11bhi population with low forward scatter) in the BAL fluid of naive WT → WT chimeras and RSV-infected WT → WT,

KO→WT, KO→ KO, and WT→ KO chimeras. (B) Absolute numbers of BAL inflammatory neutrophils. (C) RSV-induced mRNA expression of CXCL1,

CCL3, and IL-17 in lungs, determined by RT-PCR at 8 dpi (expressed as fold increase over WT → WT controls). (D) mRNA (expressed as fold increase

over WT→WT controls) and protein (expressed as picograms per milliliter) levels of IFN-g in restimulated cultures of mediastinal lymph nodes. All data

are expressed as mean 6 SEM, n = 5. *p , 0.05, **p , 0.01, ***p , 0.001.
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IFN-g production. In bone marrow chimeras, IPS-1 deficiency in

nonimmune cells sufficiently increases cell infiltration into RSV-

infected lungs, but the proinflammatory effect is maximal when

IPS-1 signaling is absent in both structural and immune cells. In

accordance, IPS-1 expression in either the nonimmune or the

immune compartment adequately rescues viral clearance.

The blunted cytokine and chemokine response in IPS-1 KO

AECs, pulmonary MF, and CD11b+ DCs in vitro contrasts with

the increased inflammation in RSV-infected IPS-1 KO mice

in vivo. Even though the initial antiviral response may require

IPS-1 activation, functional compensation likely occurs, consid-

ering the different pathways whereby the RSV genome can be

detected. The preferred pathway for intracellular detection of viral

RNA—endosomal via TLR3 and TLR7 versus cytoplasmic via

RIG-I and Mda5—likely depends on the cell’s ability to phago-

cytose and/or have a productive infection. In vitro studies previ-

ously demonstrated IPS-1–dependent induction of type I IFN by

RSV in structural cells such as fibroblasts or in APCs including

BMMF and BMDCs (9, 10). During the course of infection,

TLR3 and TLR7 signaling will likely gain importance as apo-

ptotic cells are phagocytized or when autophagy occurs within an

infected host cell. Our in vitro data (Fig. 5D) as well as in vivo

studies by others (10) strongly implicate IPS-1 signaling in the

early RSV-induced activation (12–24 h postinfection) of CD11b+

DCs. However, by 8 dpi, IPS-1 KO CD11b+ DCs are both more

abundant and more activated in infected lungs, suggesting a role

for these cells in perpetuating the inflammatory response. More-

over, certain cell types in the lungs of IPS-1 KO mice may be

initially skewed toward the generation of antiviral responses via

the TLR3/TLR7 system. For instance, in our in vitro studies,

pulmonary IPS-1–deficient CD103+ DCs responded to RSV with

the induction of TLR3 and TLR7, along with proinflammatory

cytokines/chemokines, and thus emerged as potential orchestrators

of inflammation. CD103+ DC-derived CXCL1 and CCL2 may be

responsible for the airway neutrophilia and monocytic infiltration

in infected IPS-1 KO mice. This CD103+ DC subset may also

represent a previously described pulmonary DC subpopulation,

which is activated in RSV-infected IPS-1 KO mice at 1 dpi (10).

Similarly, CD8+ DCs, the functional equivalent of CD103+ DCs in

lymphoid organs, have reduced expression of Mda5 and RIG-I in

favor of TLR3, compared with other conventional DC populations

in the spleen (22). Moreover, the RSV-induced TLR3 expression

in migratory CD103+ DCs may be advantageous for the generation

of antiviral cytotoxic T cells in the lung-draining lymph nodes

(23). It is also noteworthy that, despite several reports on ham-

pered maturation of IPS-1 KO conventional DCs, IPS-1 KO

BMMF and BMDCs can still secrete IL-12 upon RSV infection,

albeit in lower levels compared with WT APCs (T. Demoor, un-

published observations).

In the absence of an initial systemic (in serum) and local (in BAL

fluid) IFN-b response, we still observed increased T cell activation

and IFN-g production in IPS-1–deficient lungs locally, as well as

in the mediastinal lymph nodes, complementing a previous report

on increased IFN-g levels in BAL fluid of RSV-infected IPS-1 KO

FIGURE 8. IPS-1 deficiency in structural cells

induces CD11b+ DC accumulation, inflamma-

tory CD11b+Ly6C+ DCs and their monocytic

precursors only infiltrate when all cells are IPS-1

deficient. (A) Pulmonary CD11b+ DCs were de-

fined as CD11chiMHCII+CD11bhiCD1032 cells

with low autofluorescence, inflammatory CD11b+

DCs additionally expressed Ly6C. (B) Absolute

numbers of pulmonary inflammatory monocytes

(Ly6C+Ly6G2, gated on CD11clo-low auto-

fluorescent-CD11bhi population with low for-

ward scatter). Numbers of total CD11b+ DCs and

inflammatory CD11b+ DCs in lung tissue (C) and

BAL fluid (D) of naive WT→WT chimeras and

RSV-infected WT → WT, KO → WT, KO →

KO, and WT→ KO chimeras. All cell populations

are analyzed by flow cytometry and expressed as

mean 6 SEM, n = 5. *p , 0.05.

The Journal of Immunology 5951

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


mice (10). Previous studies have shown that IPS-1 signaling

dominantly controls the antiviral type I IFN response in non-

hematopoietic cells (24). Interestingly, the lymph node IFN-g re-

sponse is most pronounced in a situation where the structural cells

are IPS-1–competent but IPS-1–deficient hematopoietic cells are

forced to compensate via TLR3/TLR7 signaling, demonstrated by

our results in KO→WT chimeras. In addition to Th1 and Tc cells,

the abundant neutrophils in RSV-infected IPS-1 KO are potential

local sources for the IFN-g levels observed in airways and lung

tissue (25, 26). Moreover, aberrant immunosuppressive signals in

IPS-1 KO mice may provide an additional explanation. RSV-

infected IL-10 KO mice exhibit a comparable pattern of airway

neutrophilia and inflammatory cytokines/chemokines in the pres-

ence of increased T cell-derived IFN-g (27). Similarly, increased

T cell numbers and IFN-g expression upon infection of IPS-1 KO

mice with West Nile virus were associated with uncontrolled in-

flammation and deficient regulatory T cell numbers (28).

The increased TH1 and TC cell response in the lymph nodes of

IPS-1 KO animals is accompanied by deficient virus elimination.

Whereas the TLR3 and TLR7 axis can maintain the cyto/

chemokine response against RSV in certain cell types, the IFN

stimulated genes Mda5 and RIG-I are reportedly essential to

contain viral replication (29). In the absence of IPS-1 signaling,

none of the pulmonary cell types we investigated in vitro could

induce Mda5 or RIG-I upon RSV infection and accordingly, IPS-

1–deficient animals showed defective viral clearance. Even though

pDCs are vital to antiviral defense (30), using TLR7 for RSV

detection (31), our findings in different pulmonary cell types of

IPS-1 KO mice stress the importance of the alternative RIG-I–like

detection system for efficient downstream immunity against RSV.

Indeed, RSV-mediated TLR7 activation in pDCs is not determin-

ing for virus-induced type I IFN in our experiments: RSV appears

as a poor inducer of IFN-a, and the local and systemic levels of

IFN-b depend on IPS-1 signaling. However, pDC numbers were

significantly increased in lungs of RSV-infected WT but not IPS-1

KO mice (Supplemental Fig. 4B). Also, splenic pDCs have been

described to express both Mda5 and RIG-I (22), motivating a re-

visit of viral recognition in pulmonary pDCs. In addition, both

structural AECs as well as pulmonary MF are likely to generate

the early type I IFN response and effective antiviral responses in an

IPS-1–dependent fashion. Accordingly, IPS-1 expression in either

nonimmune or immune cells rescues both the inflammatory phe-

notype and the viral clearance for the greater part.

The adaptive immune cells in IPS-1–deficient animals are pos-

sibly overwhelmed by the excessive influx of innate cells, repre-

senting additional host cells for RSV infection. Persisting in-

flammation and viral replication could maintain each other but

may be affected by a third process, apoptosis. Apoptosis may

contribute to an efficient antiviral defense: first, when cellular sui-

cide stops viral replication; second, when infiltrated inflammatory

cells undergo apoptosis and are engulfed during the resolution

phase. The nonstructural RSV proteins (NS1 and NS2) for instance

have been shown to delay apoptosis, thus promoting viral growth

(32). NS1 andNS2 reportedly target RIG-I to inhibit its downstream

interaction with IPS-1 (33, 34). The mitochondrial localization of

IPS-1 together with its caspase activation and recruitment domain

suggests a role for IPS-1 in mitochondrion-dependent apoptotic

pathways. Accordingly, IPS-1 is required for apoptosis of mouse

embryonic fibroblasts infected with Sendai virus (35, 36). Altered

apoptosis in the absence of IPS-1 may explain the exaggerated

inflammation and the contradicting observation of increased Th1

and TC activation yet reduced viral clearance. In previous reports on

normal RSV-specific Tc cells in IPS-1 KO mice (10), these cells

may thus be hampered in their cytolytic elimination of RSV-

infected cells. In addition to being a stimulator of early IFN-b in-

duction, the potential regulation of apoptosis by IPS-1 adds com-

plexity to its role in antiviral responses.

In conclusion, our data support a nonredundant role for IPS-1 in

controlling RSV-induced inflammation and viral replication. Our

findings regarding the targeting of RIG-like helicases versus TLRs

by RSV, respectively, in the nonimmune and immune cells of the

lung provide crucial information for the ongoing development of

a vaccine against RSV.
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