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RIG-I-mediated Activation of p38 MAPK Is Essential for Viral
Induction of Interferon and Activation of Dendritic Cells

DEPENDENCE ON TRAF2 AND TAK1™
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The innate immune system provides an initial defense system
against microbial infections and contributes to the development
of adaptive immune response. Type I interferons play a pivotal
role for the first line of defense against virus infections, and
dendritic cells (DCs) are important sensors of pathogens re-
sponsible for priming of adaptive immune responses in lymph-
oid organs. Here we have investigated the role and mechanisms
of activation of the MAPK pathway in innate immune responses
induced by Sendai virus, a negative sense single-stranded RNA
virus. Both p38 and JNK were activated in fibroblasts and DCs
after infection with Sendai virus in a manner dependent on virus
replication and RIG-I. Virus replication was also required for
stimulation of interferon production in both cell types and
interleukin-12 production in DCs. Blocking of p38 MAPK acti-
vation by the specific inhibitor SB202190 abolished the expres-
sion of these cytokines. p38 MAPK exerted its function inde-
pendent of the MAPK-activated protein kinases MK2, MNK,
and MSK1/2. We also observed that TRAF2 and TAK1 were
essential for RIG-I-mediated activation of p38 MAPK. Interest-
ingly, the kinase activity of p38 MAPK was required for its own
phosphorylation, which was kinetically associated with TAB1
interaction. By contrast, the canonical p38 upstream kinase
MKKS3 was not involved in the p38-dependent response. Thus,
activation of p38 MAPK by RIG-I proceeds viaa TRAF2-TAK1-
dependent pathway, where the enzymatic activity of the kinase
plays an essential role. The p38 MAPK in turn stimulates impor-
tant processes in the innate antiviral response.
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Activation of immune responses against microbial patho-
gens depends on the recognition of pathogen-associated
molecular patterns (PAMPs)® by pattern recognition recep-
tors (PRRs), which trigger a first line of defense against the
infection and also promote development of antigen-specific
adaptive immune response. The type I interferon (IFN) system
forms the major component of innate immune responses
against viral infections (1-3), primarily by directly inhibiting
viral replication and activating cellular antiviral activities (4).
Dendritic cells (DCs) are sentinel cells of the immune system
having the capacity to initiate both innate and adaptive immune
responses (5). Upon pathogen recognition, DCs become acti-
vated and up-regulate expression of co-stimulatory molecules
(e.g. CD40 and CD86), secrete cytokines (such as interleukin
(IL)-12), and migrate to secondary lymphoid organs to initiate
maturation of the T cell response.

Cellular recognition of viruses and other microbial patho-
gens is mediated by germ line-encoded PRRs, which recognize
PAMPs and activate intracellular signal transduction pathways
that regulate the activation of host immune responses (4). The
Toll-like receptors represent a class of membrane-bound PRRs,
which recognize extracellular and intracellular PAMPs (4).
Toll-like receptors are expressed in a cell type-specific manner
and play an important role in DC maturation (6). Another class
of PRRs involved in activation of antiviral response is the
DEXD/H-box helicase family receptors, which includes three
members: RIG-I (retinoid acid-inducible gene I), MDAS5 (mel-
anoma differentiation-associated gene 5), and Lgp2 (Labora-
tory of Genetics and Physiology 2) (4, 7, 8). RIG-I recognizes
double-stranded RNA and uncapped 5'-triphosphate RNA
molecules, which are found in the viral genomes of many RNA
viruses or produced during viral replication (9 —12); MDAS5 rec-

> The abbreviations used are: PAMP, pathogen-associated molecular pat-
terns; PRR, pattern recognition receptor; IFN, interferon; DC, dendritic cell;
IL, interleukin; NF, nuclear factor; IRF, IFN regulatory factor; MAPK, mito-
gen-activated protein kinase; MK, MAPK-activated protein kinase; MNK,
MAPK-interacting kinases; MSK, mitogen- and stress-activated protein
kinase; MEF, mouse embryo fibroblast; BM, bone marrow; SeV, Sendai
virus; PE, phycoerythrin; ELISA, enzyme-linked immunosorbent assay; JNK,
c-Jun N-terminal kinase; ERK, extracellular signal-regulated kinase; RLR,
RIG-like receptor.
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ognizes double-stranded RNA (13, 14); and Lgp2 has been
shown to have both a negative and a positive role in RIG-1/
MDAS5 signaling (15-17). RIG-I and MDAS5 are expressed
in many cell types, including fibroblasts and conventional
CD11lc+ DCs (14, 18), and they play an essential role in ac-
tivation of the innate immune response against RNA viruses,
including the production of IFN-a/B and maturation of DCs
(14, 18).

PAMP-PRR interaction triggers several intracellular signal-
ing pathways leading to activation of host cell cytokine gene
expression and enhancement of other cellular functions. The
pathway leading to activation of nuclear factor (NF)-«B is acti-
vated by most if not all PRRs. NF-«B plays a central role in
driving the expression of proinflammatory mediators (4, 19). In
addition, a subset of PRRs activate members of the IFN regula-
tory factor (IRF) family (4), which are essential for triggering the
type I and type III IFN responses and providing efficient antivi-
ral response (20, 21). A third important PRR-activated signaling
pathway is the mitogen-activated protein kinase (MAPK) path-
way, which have multiple functions, including cell cycle con-
trol, cell survival, and regulation of transcription, mRNA stabil-
ity, and translation (22). These functions are mediated via the
activation of MAPKs (p38, JNK, and ERK), which act by phos-
phorylating specific target proteins directly or via the activation
of downstream MAPK-activated protein kinases (MKs) such as
MAPK-interacting kinases (MNKs), mitogen- and stress-acti-
vated protein kinases (MSKs), MK2, and MK3 (22-25).

The RIG-I signaling pathway is dependent on the adaptor
protein MAVS/IPS-1/CARDIF/VISA (26 —29), which is located
in the outer mitochondrial membrane (26), where the intracel-
lular signaling is initiated (28). To induce type I IFN response,
MAVS signals to IRF-3, through a pathway regulated by TRAF3
(30, 31). RIG-I also stimulates the NF-kB pathway, and recent
work has shown that RIG-I signaling shares significant similar-
ity with the signaling pathway downstream of the TNF recep-
tor. For instance, both receptors rely on TRADD, RIP1, and
FADD to activate NF-«B (27, 32-34). However, many of the
details in the regulation of signaling by TNF-a and RIG-I to
NF-kB need to be clarified. Similarly, the mechanism of how
RIG-I activates the p38 MAPK is not well characterized.

In the present work, we show that the activation of the RIG-I
pathway leads to activation of p38 MAPK, via a process that is
dependent on TRAF2, TAK1, and p38 kinase activity. The
activity of p38 in turn is essential for viral induction of type I
IFNs as well as activation of conventional DCs.

EXPERIMENTAL PROCEDURES

Cells and Virus—Mouse embryonic fibroblasts (MEFs)
derived from C57BL/6, Rig-I"'~, Rig-I '~ (S. Akira, Osaka
Japan), Traf2 '~, Traf6"'~, Traf6 '~ (T. Mak, Toronto, Can-
ada), and Takl~'~ mice (14, 18, 35, 36) were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 15%
fetal calf serum, 200 IU/ml penicillin, and 100 wg/ml strepto-
mycin. For experiments, cells were plated in 96-well tissue cul-
ture plates in a concentration of 0.8 X 10° cells/well. The plates
were left overnight in 5% CO, at 37 °C to allow the cells to
attach before further experiments were carried out. For isola-
tion of total cellular RNA and Luminex experiments, cells were
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plated in 6-well tissue culture plates in a concentration of 5 X
10° cells/well in 2 ml of medium.

The murine dendritic cell line BC-1 was maintained in
Iscove’s modified Dulbecco’s medium containing 10% fetal calf
serum, 200 IU/ml penicillin, 100 ug/ml streptomycin, 600
mg/ml L-glutamine, 50 um 2-mercaptoethanol, 30% NIH/3T3
conditioned medium, and 10 ng/ml recombinant murine gran-
ulocyte-macrophage colony-stimulating factor (R&D Systems).
For experiments, cells were plated in 96-well tissue culture
plates in a concentration of 1 X 10° cells/well. The plates were
left overnight in 5% CO, at 37 °C to allow the cells to attach
before the experiments. For isolation of total cellular RNA and
Luminex experiments, cells were plated in 6-well tissue culture
plates in a concentration of 3 X 10° cells/well in 2 ml of
medium.

Bone marrow (BM)-derived DCs were prepared as described
elsewhere (37). Briefly, C57BL/6, MK2/~, MSK1/2™/",
and MKK3 ™/~ mice were sacrificed by cervical dislocation, and
femur and tibia were removed. Bone marrow cells were flushed
from the bone shafts with PBS, pipetted to break up cell aggre-
gates, centrifuged, washed, counted, and put into culture in
Petri dishes (Falcon; BD Biosciences). The cells were cultured at
2 X 10° cells/ml in culture medium containing 40 ng/ml recom-
binant murine granulocyte-macrophage colony-stimulating
factor (R&D systems) in 5% CO,, at 37 °C. Fresh medium con-
taining 40 ng/ml granulocyte-macrophage colony-stimulating
factor was added after 3 days, and on day 5, half of the medium
was replaced with fresh medium. After 7 days of culture, non-
adherent cells were harvested for flow cytometry or infection
with infectious or UV-inactivated Sendai virus (SeV). The cells
were 80% CD11c-positive, as determined by flow cytometry
(data not shown). For isolation of cell culture supernatant, cells
were seeded at a density of 1 X 10° cells/well in a 96-well tissue
culture plate and left overnight in an atmosphere of 5% CO, at
37 °C to allow the cells to settle, after which they were infected
with virus and/or chemical inhibitors/activators as indicated.
For total RNA isolation and Luminex experiments, cells were
plated on 6-well tissue culture plates in a concentration of 3 X
10° cells/well. The plates were left for 2 h in 37 °C in a humidi-
fied atmosphere with 5% CO, before further treatment.

SeV (strain Cantell) was grown in 11-day-old embryonated
hen eggs, as previously described (38). The infectivity titer of
the virus in DCs was 4 X 10° plaque-forming units/ml (39). UV
inactivation of the virus was performed by exposing the virus to
UV light for 5 min unless otherwise indicated. The uninfected
hen egg allantoic fluid did not stimulate proinflammatory cyto-
kine expression in DCs, and the virus preparation did not con-
tain lipopolysaccharide (data not shown).

Reagents—For inhibition of specific molecules in the MAPK
pathways, the following compounds were used: SB202190 (p38
inhibitor) (Sigma), PD169316 (p38 inhibitor) (Sigma), BIRB 796
(p38 inhibitor) (Axon Medchem), Sp600125 (JNK inhibitor)
(Sigma), and U0126 (MEK-1 inhibitor) (Sigma). CGP057380
(MNK inhibitor) was kindly provided by Dr. Hermann Gram
(Novartis Pharma AG, Basel, Switzerland).

Flow Cytometry—Cells were counted and resuspended in
RPMI 1640 supplemented with 10% fetal calf serum at a con-
centration of 1 X 107 cells/ml. Cells were incubated in a 96-well
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plate on ice in the dark for 40 min with combinations of the
fluorescein isothiocyanate- and PE-conjugated antibodies at a
concentration of 0.5 mg/ml. Antibodies used (all from BD
Pharmingen) were as follows: fluorescein isothiocyanate-con-
jugated hamster anti-mouse monoclonal CD11c, fluorescein
isothiocyanate-conjugated CD11b, PE-conjugated anti-mouse
monoclonal CD8« (Ly-2), PE-conjugated anti-mouse CD86
and CD40, PE-conjugated anti-mouse I-A (major histocompat-
ibility complex I), and PE-conjugated anti-mouse H-2K (major
histocompatibility complex II). As isotype control antibodies,
we used fluorescein isothiocyanate-conjugated hamster IgGl1,
A1, PE-conjugated monoclonal rat IgG,,, and PE-conjugated
monoclonal mouse IgG,,. The labeled cells were fixed in 1%
paraformaldehyde diluted in PBS for 15 min, and fixed cells
were kept in PBS at 4 °C until they were analyzed. Acquisition
and analysis were performed with a flow cytometer (Coulter
FS500). The data were stored in list mode files. A total of 30,000
cells were analyzed in each experiment by using a single laser
system with a wavelength of 488 nm. Compensation was deter-
mined before the acquisition of data.

Cytokine Determinations—To measure cytokine production,
culture supernatants were harvested after 12—-24 h of infection.
Cytokine levels in the supernatants were determined by ELISA.
96-well tissue culture plates were coated overnight at 4 °C with
100 ul of anti-IL-12 p40 (6 wg/ml; Pharmingen) capture anti-
bodies diluted in coating buffer (15 mm NaHCO;, 35 mm
Na,CO3, 0.2% sodium azide, pH 9.6). The cells were washed
three times with washing buffer (PBS plus 0.05% Tween),
blocked for 3 h with blocking buffer (PBS, 5% sucrose, 0.05%
sodium azide, 1% bovine serum albumin), after which 100 ul of
serial dilutions of IL-12 (rmIL12-p40; Pharmingen) standard or
cell supernatants were added in duplicates or triplicates. The
plates were left overnight at 4 °C. The plates were washed three
times with washing buffer, and 100 ul of anti-IL-12 p40/p70
(Pharmingen) detection antibodies diluted in a reagent diluent
(TBS, 0.05% Tween, 0.1% bovine serum albumin) was added
and left to incubate for 2—3 h at room temperature. The plates
were washed three times, incubated for 20 min with Streptavi-
din-horseradish peroxidase (R&D Systems) at room tempera-
ture, washed again three times, and developed with 100 ul of
substrate reagent (Substrate Reagent Pack; R&D Systems) at
room temperature for 2—5 min followed by the addition of 2 N
H,SO, to stop the reaction. Cytokine concentration was meas-
ured by an automated ELISA reader.

For measurement of IL-12p70 and CXCL10, we used Lumi-
nex kits purchased from Bio-Rad and BIOSOURCE, respec-
tively. Briefly, the filter plate was washed with assay buffer, and
50 ul of freshly vortexed antibody-conjugated beads was added
to each well. The plate was washed with assay buffer, and sam-
ples and standards were added. After a brief shake (30 s at 1,100
rpm), the plate was incubated at room temperature in the dark
for 2 h with light shaking (300 rpm). After one wash step, 25 ul
of the detection antibody was added to each well, and the plate
was shaken and incubated as above. Subsequently, the plate was
washed and incubated for 30 min with 50 ul of a streptavi-
din-PE solution with shaking (30 s at 1,100 rpm, 10 min at 300
rpm). Finally, the plate was washed, and 125 ul of assay buffer
was added to each well, and the plate was shaken for 10 s at
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1,100 rpm. Measurement was carried out immediately on the
Bio-Plex reader.

IFN-o/B Bioassay—IFN-a/ 3 bioactivity was measured by an
1929 cell-based bioassay. 1.929 cells (2 X 10* cells/well in 100
wl) grown in minimum Eagle’s medium supplemented with 5%
fetal calf serum and antibiotics were incubated overnight at
37 °C in successive 2-fold dilutions of samples or murine IFN-
a/B as a standard. Subsequently, vesicular stomatitis virus
(VSV/V10) was added to the wells, and the cells were incubated
for 2—3 days. The dilution giving 50% protection was defined as
1 unit/ml of IEN-a/B. To ensure that the bioassay was useful for
measurement of IFN activity in samples containing p38 MAPK
inhibitors, we performed control experiments, where samples
spiked with IFN in the presence or absence of the inhibitors
were subjected to IFN measurement by bioassay. We found that
the concentrations of p38 MAPK inhibitor used in this study
did not affect the result of the bioassay (data not shown).

Quantitative Reverse Transcription-PCR—Total RNA was
extracted with the High Pure RNA isolation kit (Roche Applied
Science) according to the recommendations of the manufac-
turer. For cDNA generation, RNA was subjected to reverse
transcription with oligo(dT) as primer and Expand reverse
transcriptase (both from Roche Applied Science). The cDNA
was amplified by PCR using the following primers: IFN-83, 5'-
CACTGGGTGGAATGAGACTAT-3' (forward) and 5'-GAC-
ATCTCCCACGTCAATC-3' (reverse); ISG56, 5'-GCCAGG-
AGGTTGTGCATC-3' (forward) and 5'-ACCATGGGAGAG-
AATGCTGAT-3' (reverse); IL12-p40, 5'-ACGTGAACCGT-
CCGGAGTAA-3' (forward) and 5'-CCACAAAGGAGGCG-
AGACTCT-3' (reverse); B-actin, 5'-TAGCACCATGAAGA-
TCAAGAT-3' (forward) and 5'-CCGATCCACACAGAGTA-
CTT-3' (reverse). The products were measured by the use of
SYBR Green I (from Qiagen). All primers were obtained from
DNA Technology (Aarhus, Denmark).

Detection of Phosphoproteins—For detection of the phospho-
rylation status of IkBa, p38, and JNK, we used Luminex tech-
nology. Briefly, the filter plate was washed with assay buffer, and
50 wl of freshly vortexed antibody-conjugated beads were
added to each well. The plate was washed with assay buffer, and
samples and standards were added. After a brief shake (30 s at
1,100 rpm), the plate was incubated at 4 °C overnight in the dark
with light shaking (300 rpm). After one wash step, 25 ul of the
detection antibody was added to each well, and the plate was
shaken and incubated as above. Subsequently, the plate was
washed and incubated for 30 min with 50 ul of a streptavi-
din-PE solution with shaking (30 s at 1,100 rpm, 10 min at 300
rpm). Finally, the plate was washed, 125 ul of assay buffer was
added to each well, and the plate was shaken for 10 s at 1,100
rpm and read immediately on the Bio-Plex machine.

Immunoprecipitation and Western Blotting—For co-immu-
noprecipitations, cells were washed twice in phosphate-buff-
ered saline and lysed in 850 ul of lysis buffer (50 mm HEPES, pH
7.5, 100 mm NaCl, 1 mm EDTA, 10% (v/v) glycerol, 0.5% (v/v)
Nonidet P-40 containing 1 mm phenylmethylsulfonyl fluoride,
0.01% (v/v) aprotinin, and 1 mm sodium orthovanadate). For
immunoprecipitation, rabbit polyclonal anti-p38a (Abcam,
Cambridge, UK) was precoupled to protein A-Sepharose beads
overnight at 4 °C. The beads were then washed twice in lysis
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in parallel with BM-DCs. BC-1 cells

resemble myeloid DCs, as assessed
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by their high expression of CD11b
and CD11c and low expression of
CD8« (Fig. S1). The cells express
low levels of CD40 and major histo-
compatibility complex class I and II
and intermediary levels of CD86,
thus displaying a semimature phe-
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activation in response to SeV infec-
tion in BC-1 cells, we observed the
same pattern of activation as in
MEFs, although the kinetics of acti-
vation was somewhat faster in DCs
(Fig. 1, Cand D).

To study whether virus-induced
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FIGURE 1. SeV-mediated activation of p38 MAPK is dependent on viral replication and RIG-I. MEFs (A and
B) or BC-1 DCs (C and D) were infected with live or UV-inactivated SeV at an MOI of 1. At the indicated time
points after infection, cells were collected, cell extracts were prepared, and the phosphorylation levels of p38
and JNK were measured using Luminex technology. For comparison, p38 samples were also analyzed by
Western blotting (C, inset). Eand F, Rig-I"/~ and Rig-I~/~ MEFs were infected with SeV for 5 h, at which point cell
extracts were prepared. Phosphorylation levels of p38 and IkBa were measured using Luminex technology.
The data are shown as means of duplicate cultures = S.D. UT, untreated cells.

buffer and incubated with 1.5 mg of cell lysate/sample over-
night at 4 °C. The immune complexes were washed three times
in lysis buffer, boiled, and analyzed by standard SDS-PAGE and
Western blotting techniques using rabbit polyclonal anti-p38c
(as above) and rabbit polyclonal anti-TAB1 antibodies (Cell
Signaling Technology, Danvers, MA) for blotting.

RESULTS

SeV Replication Stimulates Activation of MAPKs in a RIG-I-
dependent Manner—To examine the ability of SeV to stimulate
activation of MAPKs, we first studied MEFs, in which we
observed that the virus strongly activated p38 and to a lesser
extent also JNK (Fig. 1, A and B). For both kinases, the activa-
tion was dependent on the ability of the virus to replicate, since
UV-irradiated virus was not able to activate these kinases. The
MAPKs ERK1/2 were not activated by SeV (data not shown).

To study the mechanism of DC activation during viral infec-
tion, we used a murine DC cell line, BC-1 (40), which was grown

AV EN

APRIL 17, 2009+VOLUME 284 -NUMBER 16

3

Time post infection (h)

activation of MAPKs was depend-
ent on RIG-I, we compared the abil-
ity of Rig-I"'~ and Rig-I'~ MEFsto

4 5

activate p38 MAPK during SeV
infection. As shown in Fig. 1E, SeV-
mediated activation of p38 was fully
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dependent on RIG-I, hence resem-
bling the activation of the NF-kB
pathway (Fig. 1F). In BC-1 cells, the
cellular response to SeV infection
was not inhibited by chloroquine,
which was capable of inhibiting
TLR9 (Toll-like receptor 9) signal-
ing (Fig. S2), thus showing that the
response was independent of endo-
somal Toll-like receptors and hence
indicating that the RIG-I pathway
was responsible for activation of
this cell type in response to SeV
infection.

SeV Replication and p38 MAPK
Activation Are Essential for Stimu-
lation of Type I IFN Production and
Activation of DCs—To examine whether the secretion of cyto-
kines in response to virus infection required viral replication
and was dependent on MAPKSs, we stimulated MEFs, BC-1, and
BM-DCs with infectious or UV-inactivated virus for subse-
quent examination of cytokine production. As shown in Fig. 24,
MEFs responded to SeV infection with a robust type I IFN
response, which was fully dependent on viral replication. In
DCs (BM-DCs or BC-1 cells), the production of IL-12p40 was
also observed to be dependent on the replication of the virus
(Fig. 2, B and C). Similar findings were made when examining
expression of the bioactive IL-12 p70 heterodimer (Fig. 2D). In
BC-1 cells, the type I IEN response was also abolished in cells
stimulated with UV-inactivated virus (Fig. 2E).

To investigate the involvement of the different MAPK path-
ways in induction of IFN production and maturation of DCs, we
treated the cells with SB202190, SP600125, or U0126, which
inhibit p38, JNK, and the ERK activators MEK1/2, respectively,
and subsequently infected them with SeV. Supernatants were

JOURNAL OF BIOLOGICAL CHEMISTRY 10777


http://www.jbc.org/cgi/content/full/M807272200/DC1
http://www.jbc.org/cgi/content/full/M807272200/DC1

RIG-1Signaling to p38 MAPK

harvested for measurement of relevant cytokines. As seen in
Fig. 3, A-C, treatment of MEF, BC-1 DC, and BM-DC cells with
S$B202190 inhibited virus-induced production of IFN-«/fB and
IL-12. By contrast, inhibition of the JNK and ERK pathways did
not affect SeV-induced IL-12 production in BC-1 cells (Fig. S3).
Importantly, SeV-induced expression of CXCL10, which is reg-
ulated through an IFN-stimulated response element and two
NE-«B sites (41), was not affected by treatment with SB202190
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FIGURE 2. Viral replication is required for induction of type | IFN produc-
tion in fibroblasts and full activation of dendritic cells. MEFs (A), BM-DCs
(B), and BC-1 DCs (C-E) were infected with live or UV-inactivated SeV at MOI 1.
Cell culture supernatants were collected 18 h after infection, and cytokine
levels were determined. In C, the cells received infectious virus (MOI 1) or a
similar dose of virus that had been UV-treated for the indicated times (1-7
min). The data are shown as means of triplicates = S.D. UT, untreated cells.

(Fig. 3A). Given the well known nonspecific effects of all inhib-
itors, we wanted to corroborate the above findings by using
other p38 inhibitors working through different mechanisms.
We found that both PD169316 and BIRB 796 were able to
inhibit SeV-induced IL-12 production in the BC-1 DCs and
BM-DCs in a manner comparable with SB202190 (Fig. 3, A and
C). Thus, RIG-I-mediated activation of p38 MAPK in response
to SeV infection is important for stimulation of both type I IFN
response and activation of DCs.

P38 MAPK Activates Innate Antiviral Immunity at the Posttran-
scriptional Level Independent of MNKI, MK2, and MSK1/2—
In order to examine the level at which p38 MAPK was affecting
SeV-induced gene expression, we compared the ability of
SB202190 to inhibit IL-12p40 accumulation at the protein
versus mRNA levels. Interestingly, the potent inhibition of
IL-12p40 at the protein level (Fig. 44), was not observed at the
level of IL-12 p40 mRNA (Fig. 4B), suggesting that p38 MAPK
acts through a mechanism affecting cytokine expression at the
posttranscriptional level.

The p38 MAPK exerts its activities through phosphorylation
of downstream target molecules, including protein kinases,
transcription factors, and other regulatory proteins (22). To
examine the role of MKs in virus-stimulated innate immune
response, we first treated BC-1 cells with the MNK]1 inhibitor
CGP57380, infected the cells with SeV, and analyzed the
expression of IL-12p40. As shown in Fig. 4C, CGP57380 treat-
ment had no affect on the expression of IL12p40, although it did
inhibit the production of CXCLS8 in response to anisomycin in
HelLa cells (Fig. S4). Next we examined whether BM-DCs from
MK2~/~ and MSK1/2~/~ mice showed impaired cytokine pro-
duction in response to infection with live SeV. We found that
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FIGURE 3. MAPK p38 activity is essential for viral induction of type | IFNs in fibroblasts and full activation of dendritic cells. BC-1 DCs (A), MEFs (B), and
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FIGURE 4. SeV-induced DC activation through p38 is exerted at the post-
transcriptional level and is independent of MNK1, MK2, and MSK1/2.
A and B, BC-1 DCs were pretreated with SB202190 (30 um) 30 min prior to
infection with SeV (MOI 1). Supernatants and total RNA were harvested 12
and 5 h, after infection, respectively, and analyzed for the presence of
IL-12p40 protein (A) and IL-12p40 mRNA (B). C, BC-1 DCs were seeded and
pretreated with the MNK?1 inhibitor CGP57380 30 min before infection with
SeVat MOI 1. Cell culture supernatants were collected 12 h after infection, and
IL-12p40 levels were determined by ELISA. D and E, BM-DCs were generated
from C57BL/6, MK2™/~, and MSK1/2~/~ mice and plated for 2 h in tissue
culture plates before treatment as described above. At 12 h after SeV infec-
tion, cell culture supernatants were collected, and IL-12p40 protein produc-
tion was determined by ELISA. The data are shown as means of triplicates *+
S.D. UT, untreated cells.

MK2~/~ and MSK1/2~/~ DCs displayed unimpaired ability to
produce IL-12p40 in response to SeV infection (Fig. 4, D and E).
Similar findings were obtained when type I IEN production was
measured (data not shown). Thus, p38 MAPK stimulates virus-
specific innate immune responses through a posttranscriptional
mechanism, which is independent of MNK1, MK2, and MSK1/2.

RIG-I-mediated Activation of p38 and NF-kB Is Dependent
on TAKI and TRAF2—The signaling pathway downstream of
RIG-I has been reported to share similarities with TNF-« sig-
naling (32), and we were interested in studying the potential
role of TRAF2 or TAK1 in RIG-I signaling, both of which are
essential for TNF-a-induced NF-«B activation (35, 36). MEFs
from C57BL/6, TRAF2™ /", and TAK1 ™/~ mice were infected
with SeV, and cell lysates were harvested at 5 h postchallenge,
followed by an examination of the phosphorylation status of
p38 and IkBa. Although the virus potently stimulated phos-
phorylation of both p38 and IkBe in wild type cells, lack of
either TAK1 or TRAF2 abolished the activation of MAPK and
NEF-kB pathways as well as the downstream IFN-f response
(Fig. 5, A=F). The impaired responsiveness of the TRAF2 /'~
and TAK1 /= MEFs to SeV was not due to a general defect in
the cells, since they responded to TNF-« as reported in the
literature (35, 36, 42) and mounted a normal STAT?2 response
after stimulation with IFN-a (Fig. S5). We also found that
TRAF2 and TAK1 were not involved in viral activation of IRF-3
and expression of ISG56 (data not shown) (Fig. 5, H and I).
Finally, we observed that TRAF6 ™/~ cells were fully capable of
stimulating expression of IFN- and ISG56 (Fig. 5, G and j).
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FIGURE 5. RIG-I-mediated activation of the MAPK and NF-«B pathways is
dependent on TRAF2 and TAK1, which are essential for virus-induced
type | IFN expression. Wild type, Tak1~/~, Traf2~'~, Traf6™'~, and Traf6 '~
MEFs were seeded in triplicates and infected with SeV at MOI 1.5 (A-D) and 6
(E-J) h postchallenge, cell extracts and total RNA, respectively, were har-
vested for measurement of the phosphorylation status of p38 (A and B) and
IkBa (Cand D) as well as mMRNA expression of IFN-S (E-G) and ISG56 (H-J). The
data are shown as means of duplicate cultures = S.D. ND, not done. UT,
untreated cells.

Thus, in our system, TRAF2 and TAK1 are selectively involved
in RIG-I-induced NF-kB and MAPK activation.

SeV-induced p38 Activation Is Dependent on p38 Kinase
Activity and Correlated with p38-TABI Interaction—It has
been reported that p38a can be activated via autophosphoryl-
ation by a mechanism that is dependent on association of p38
with TAB1 (44), and this mechanism has been suggested to be
involved in the cellular response to intracellular pathogens (45).
Therefore, we examined the effect of inhibition of p38 MAPK
on its own phosphorylation. Interestingly, the kinase activity of
p38 was required for phosphorylation of p38, whereas phos-
phorylation of IkBa was still taking place when p38 was inhib-
ited by SB202190 (Fig. 6, A and B). Activation of p38 through
autophosphorylation is independent of the canonical p38
upstream kinase MKK3 (45). To examine this phenomenon in
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4 h later, cells were collected, cell extracts were prepared, and the amounts of
phosphorylated p38 and |kBa were determined by Luminex. C, BM-DCs were
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ture plates before treatment as described above. At 12 h after SeV infection,
cell culture supernatants were collected, and IL-12p40 protein production
was determined by ELISA. D, BC-1 DCs were infected with SeV (MOI 1) for the
indicated time intervals, and cell extracts were prepared and subjected to
immunoprecipitation with anti-p38«a antibodies. The immunoprecipitates
(IP) were separated on SDS-PAGE and immunoblotted (WB) with anti-TAB1
antibodies. UT, untreated cells.

more detail, we stimulated wild type and MKK3~/~ BM-DCs
with SeV and analyzed for virus-induced expression of
IL-12p40, which is dependent on p38 MAPK (Fig. 3, B and C).
Virus infection induced a strong production of IL-12p40 from
wild type cells, and this response was even weakly enhanced in
MKK3 ™/~ cells (Fig. 6C).

To investigate the potential interaction between p38a
MAPK and TABI1, we infected BC-1 cells for the indicated
times, collected cells, and prepared whole cell extracts. The
p38a MAPK was immunoprecipitated, and possible association
with TAB1 was detected by Western blotting. We observed that
SeV infection lead to an increased interaction between p38«a
and TAB1 at the 3 and 4 h time points (Fig. 6D), thus coinciding
with the enhanced phosphorylation of p38 (Fig. 6A4). In sum-
mary, activation of p38 MAPK in response to SeV infection in
DCs is dependent on the kinase activity of p38 and correlates
with the kinetics of p38-TABI association.

DISCUSSION

The innate immune response against microbial pathogens is
activated through host recognition of PAMPs through PRRs,
which in turn trigger intracellular signaling pathways leading to
stimulation of gene expression (4, 6). PRR-stimulated gene
expression induces both immediate host defense and also ini-
tiates development of adaptive immunity, mainly through acti-
vation of DCs (6). During viral infections, IFNs are expressed
and constitute perhaps the most important line of innate anti-
viral defense (1-3). In the present work, we demonstrate that
innate recognition of a negative strand RNA paramyxovirus
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SeV, which is mediated by the cytoplasmic PRR RIG-, leads to
activation of the p38 MAPK pathway, through a pathway
dependent on TRAF2, TAKI, and the kinase activity of p38
MAPK. We further show that the activation of p38 MAPK is
essential for virus-induced expression of type I IFNs in fibro-
blasts and IL-12 in DCs. Thus, the activation of the p38 MAPK
pathway is important both for triggering the first line of antivi-
ral defense and to achieve full activation of DCs.
RIG-I-mediated signaling proceeds through the adaptor
MAVS (26-29), which is located in the outer mitochondrial
membrane (28). The signaling to IRF-3 has been reported to
proceed through TRADD, TRAF3, TANK, NAP1, NEMO,
TBK1, and IKKe (30-32, 46 —48), and the pathway to NF-«B
involves TRADD, TRAF2/6, RIP1, FADD, caspase-8/10,
NEMO, and IKKa/B (27, 29, 32—34, 48). However, the signaling
pathway from RIG-I to the MAPK pathway is not well
described. We observed that SeV stimulated the activation of
p38 MAPK in a manner that was dependent on RIG-I and viral
replication and that this process involved TRAF2, TAK1, and
the kinase activity of p38. The potential activation of p38
MAPK by autophosphorylation is discussed in detail below. For
comparison, we also investigated the involvement of TRAF2,
TRAF6, and TAK1 in RIG-I-mediated activation of IRF-3 and
NF-«B and found that stimulation of the NF-kB pathway was
dependent on TRAF2 and TAK1. However, IRF-3 was found to
be activated independently of these signaling proteins. Thus,
the RIG-I-activated signalosome leading to IRF-3 activation is
clearly distinct from the signalosome activating NF-«B, which
seems to include most of the components of the signaling path-
way leading to the activation of MAPKs. Our data suggest that
RIG-I activates NF-«kB and p38 MAPK through a common
upstream pathway, which diverges only downstream of TAK1.
MAVS/IPS-1 contains consensus TRAF2 and TRAF6 bind-
ing motifs and is reported to interact with both proteins (29). In
our system, only TRAF2 was essential for phosphorylation of
IkBa and p38 and expression of IFN-stimulated genes. This is
in contrast to arecent report by Yoshida et al. (49) showing that
TRAF6 and MEKK1 play important roles in RLR signaling to
NF-«B and MAPKs. In the same paper, it was also concluded
that TAK1 is not involved in the RLR antiviral pathway. At the
present stage, it is difficult to explain the different findings of
the two studies, since MEFs and conventional DCs were used in
both studies. In our work, we used SeV as activator of RIG-],
whereas Yoshida et al. (49) used VSV. It is possible that the
viruses used differentially interfere with TRAF2/6 signaling,
thus revealing stimulus-dependent roles for TRAF2/6 in RLR
signaling. Alternatively, the requirement for TRAF2 versus 6
may be partly cell type-dependent. This idea is supported by the
fact that Yoshida et al. (49) demonstrated a complete loss of
responsiveness to VSV in TRAF6~ '~ conventional DCs but
only a minor reduction in the response in TRAF6 '~ MEFs.
Therefore, it is possible that both a TRAF2-TAK1 and a
TRAF6-MEKKI1 signaling cassette can be activated down-
stream of MAVS/IPS-1, and the relative importance of these
signaling systems in activation of NF-«B and MAPKs by RLRs
depends on the cell type and the activating stimuli.
SeV-induced p38 MAPK activation peaked at 3—4 h postin-
fection and was dependent on viral replication. The signaling
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pathway to p38 MAPK is well described and proceeds through
stimulus-specific activation of MAPK kinase kinases, which
activate the p38 MAPK phosphorylating MAPK kinases, MKK3
and MKKS®6 (50). However, on some occasions, p38 MAPK can
be activated via an alternative mechanism where p38a MAPK
associates with TAB1 and undergoes autophosphorylation (44).
We observed that p38 MAPK associated with TAB1 at early
times of infection, and this association preceded or occurred at
the same time as p38 MAPK phosphorylation. In addition, we
found that the phosphorylation of p38 MAPK was strongly
reduced after inhibiting the kinase activity of p38 MAPK by
SB202190. Finally, our data showed that DCs from MKK3™/~
mice displayed unimpaired activation after viral infection. Col-
lectively, the data suggest that autophosphorylation of p38 MAPK
is involved in p38 MAPK activation downstream of RIG-I,
although it also remains possible that the physical association
between the inhibitor compound and p38 may block the access of
other kinases. It has recently been shown that p38 MAPK auto-
phosphorylation drives IL-12 production during infection with the
intracellular protozoan Toxoplasma gondii (45). This finding,
together with our observations in the present work, support the
concept that intracellular pathogens activate a common pathway
leading to the activation of p38 MAPK in select cell types through
the mechanism of autophosphorylation and that this is a key event
in the regulation of cytokine gene expression.

Concerning the mechanism through which p38 MAPK
exerts its activity on RIG-I-dependent gene expression, we
found that this was mainly occurring through a posttranscrip-
tional mechanism, since inhibition of p38 MAPK reduced
virus-induced expression of IL-12p40 at the protein but not
mRNA level. The activities of p38 MAPK are mediated through
direct phosphorylation of effector molecules, including tran-
scription factors, or through activation of downstream signal-
ing molecules (51). MKs represent an important class of p38
downstream target molecules affecting diverse functions,
including transcription, mRNA stability, and translation (22—
25). However, we did not observe any effect of MK2 deficiency
or MNK1 inhibition on virus-induced IL-12 expression. Simi-
larly, MSK1/2 deficiency did not lead to reduced cytokine pro-
duction; rather, we observed an increase in SeV-induced IL-12
response in cells with this genotype. This is in line with a recent
publication identifying MSK1/2 as a negative regulator of the
MAPK pathway (43). Therefore, p38 MAPK stimulates RIG-
I-dependent gene expression through a posttranscriptional
mechanism independent of MNK1, MK2, and MSK1/2.

In conclusion, we show that SeV infection of fibroblasts and
myeloid DCs stimulates RIG-I-mediated activation of p38 MAPK
and that this proceeds through a pathway dependent on TRAF2,
TAK]1, and the kinase activity of p38 MAPK. The activation of p38
MAPK in turn promotes virus-induced expression of type I I[FNs
and IL-12. Thus, p38 MAPK is important for mounting the first
line of defense against viral infections and also takes part in initia-
tion of the development of adaptive immunity.
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