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The double-stranded RNA-activated protein kinase R (PKR)
is an important component of antiviral defense. PKR partici-
pates in different signaling pathways in response to various
stimuli to regulate translation via phosphorylation of the
eukaryotic initiation factor 2�, and transcription via activating
NF-�B and IRF-1, to induce pro-inflammatory cytokines. Here
we show PKR regulates interleukin-10 induction in response to
double-stranded RNA, bacterial lipopolysaccaride, and Sendai
virus infection. Using chemical inhibitors, dominant negative
constructs, and genetic knockouts, we demonstrate that the
PKR-mediated interleukin-10 induction engages JNK and
NF-�B. Together, our data demonstrate the role of PKR in reg-
ulating an anti-inflammatory cytokine. The findings have signif-
icance in antiviral as well as broader innate immune responses.

Protein kinase R (PKR)3 is a ubiquitously expressed serine/
threonine protein kinase induced by type I interferons (IFNs)
and activated by double-stranded RNA (dsRNA), polyanionic
molecules, and protein activators (1). It is an important com-
ponent of the innate immune system to suppress viral infection.
The best-characterized cellular substrate of PKR is the eukary-
otic initiation factor 2�. Through this mechanism the kinase
inhibits translation and primes the cell for apoptosis (2, 3). PKR
also induces pro-inflammatory cytokines, including interleukin
(IL)-12 and IL-6, in response to dsRNA, tumor necrosis factor�
(TNF�), lipopolysaccaride (LPS), and IL-1 in part through acti-

vation of NF-�B (4–7). Recently, PKR was demonstrated to be
involved in mycobacterium-induced IL-10 in human mono-
cytes (8).
IL-10 is a class II �-helical cytokine, and the founding mem-

ber of a family of structurally related cytokines, including IL-19,
IL-20, IL-22, IL-24, and IL-26 (9). IL-10 is expressed by mono-
cytes, macrophages, T-cells, B-cells, as well as some tumor cells
(10–12). IL-10 inhibits production of various pro-inflamma-
tory cytokines including IL-1, IL-6, IL-12, and TNF� (13–17).
IL-10 also inhibits the T-cell activation capacity of monocytes
ormacrophages by down-regulating expression ofMHCclass II
antigen and several co-stimulatorymolecules such asCD86 and
CD80 (18, 19). Potent inducers of IL-10 include LPS, mycobac-
teria, microbial lipoproteins, a number of viruses, and cyto-
kines, such as TNF� (20–24). Several transcription factors
including Sp1, NF-�B, c-Maf, IRF-1, and c-Jun can regulate
IL-10 induction (25–29). The action of IL-10 is mediated by
binding to the IL-10 heterodimeric receptor that belongs to the
class II cytokine receptor family (16, 30). Receptor binding leads
to activation of Jak1 and Tyk2 kinase followed by activation of
STAT3. Although the mechanisms of IL-10 induction in
response to LPS or other cytokines have been explored, the
mechanism of IL-10 induction in response to viral infection has
not been elucidated. Here we identify a novel role for PKR in
IL-10 induction in response to dsRNA and viral infection. Fur-
thermore, we characterize themechanisms regulating PKR-de-
pendent IL-10 induction to show the kinase functions via both
NF-�B and JNK activation.

EXPERIMENTAL PROCEDURES

Reagents and Plasmids—The chemical inhibitors SP600125,
PD98059, SB203580, and BAY-11-7085 were purchased from
Calbiochem. The effective concentration of each chemical
inhibitor was deduced empirically for each cell line (supple-
mental Fig. S1,A and B) and was used within the concentration
range commonly reported in the literature. LPS (from Esche-
richia coli serotype 0111:B4), pIC, and 2-aminopurine were
purchased from Sigma. The neutralizing antibody for IL-10
(JES5–2A5), and flow cytometry antibodies were from BD
Pharmingen. The neutralizing antibody for mouse IFN�
(RMMB-1) was from PBL Interferon Source, and the control
IgG antibody (sc-2026) from Santa Cruz Biotechnology. PKR
(D-20) and JNK1 antibodies were purchased from Santa Cruz
Biotechnology, and phospho-JNK antibody was purchased
fromCell Signaling. The pCMVeGFP-blast and pCMVeI�B-SR
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constructs were kindly given by Dr. J. Didonato (Cleveland
Clinic Foundation). Dr. Ze’ev Ronai (The Ruttenberg Cancer
Center) provided the PEF61/DN-ATF2 plasmid. The pGL2-
IL-10 luc �1538/�65-IL-10 promoter construct was obtained
from Dr. David Mosser (University of Maryland) and subse-
quently cloned into the XhoI and HindIII sites of pGL3 basic
vector (Promega). Two NF-�B binding sites in the IL-10 pro-
moter were mutated by site-directed mutagenesis using the
QuikChange� kit (Stratagene). Mutant primer pairs were 5�-
CTGAGGTAGTAGGAGAAGTAAATACTGAAGGGAAG-
GTCCAGAC-3�with 5�-GTCTGGACCTTCCCTTCAGTAT-
TTACTTCTCCTACTACCTCAG-3� for the NF-�B site at
�861/�851, and 5�-ACCTTTGCCAGGAAGGCAAAACTG-
AGCCTTCAGTATAAAAG-3� with 5�-CTTTTATACTGA-
AGGCTCAGTTTTGCCTTCCTGGCAAAGGT-3� for the
NF-�B site at�59/�39. Dominant negative c-Junwas obtained
by PCR amplification of human c-Jun (nucleotides 123–331)
and insertion into the HindIII and BamHI sites of pCMV-10
(Sigma). Oligonucleotide containing NF-�B consensus
sequence was purchased from Santa Cruz Biotechnology (sc-
2505). An RNA interference (RNAi) construct targeting PKR
was prepared using a previously validated small interfering
RNA sequence cloned into pcDNA6.2-GW/EmGFP-miR
(Invitrogen). A control vector pcDNA6.2-GW/EmGFP-miR-
neg (Invitrogen) expressing amicroRNA against LacZwas used
as a control in RNAi experiments. C57Bl6 wild-type (wt) mice
were obtained from Jackson Laboratory.
Cell Culture—Cells were isolated fromwt and pkr knock-out

(pkr-ko) (31) isogenic C57Bl6 mice, then subsequently immor-
talized by transformation with oncogenic retrovirus (express-
ing ras and myc) as described previously (32). The derived cell
lines were adherent and appear flattened without processes
(supplemental Fig. S2). The cells did not express the granulo-
cyte marker Gr-1 (data not shown), but did express the macro-
phage lineage markers Mac-1 and F4/80 as determined by
FACS analysis. Additional FACS analysis showed the cells
phagocytosed propidium iodide (PI)-labeled Staphylococcus
aureus (Pansorbin, Calbiochem) (Fig. 4A). Based on the cell
morphology, expression of archetypal surface markers, and the
functional assay, the cell lines were characterized as macro-
phages and designated as spleen-derived macrophages (SMs).
SM cells weremaintained inDulbecco’smodified Eagle’smedium
in the presence of 10% fetal bovine serum. SMcells stably express-
ing the I�B super-repressor (I�B-SR) or, as a control, GFP were
generated by infectionwith lentivirus constructs (pCMVeI�B-SR-
blast or pCMVeGFP-blast, respectively), and were maintained in
the presence of 10 �g/ml blastocidin (Invitrogen). SM cells (1 �
105) were transiently transfected for RNAi experiments with 0.5
�gofplasmidDNAusingNucleofector solutionLand theNucleo-
fector II device set at X-001 (Amaxa).
Bone marrow-derived macrophages (BMM) were prepared

from the femurs of a C57Bl6 wt or pkr-ko mice. Bone marrow
cells were differentiated in culture for 7–10 days in Dulbecco’s
modified Eagle’s medium supplemented with 15% fetal bovine
serum, 20% L-cell conditioned medium (as the source of
murine macrophage colony-stimulating factor), with penicillin
and streptomycin (10 units and 10 �g/ml, respectively) to pro-
duce macrophages.

Cell Lysis and Immunoblotting—Prior to lysis, cells were
washed twice in cold phosphate-buffered saline (PBS). Cell
extracts were prepared by lysing the cells with lysis buffer (50
mMTris-HCl, pH 7.4, 150mMNaCl, 50mMNaF, 10mM �-glyc-
erophosphate, 0.1 mM EDTA, 10% glycerol, 1% Triton X-100)
supplemented with protease/phosphatase inhibitors (1 mM
phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 2
�g/ml each of leupeptin, aprotinin, and pepstatin) followed by
incubation on ice for 20 min. Lysates were subjected to centrif-
ugation at 14,000 � g for 20 min, and the supernatant collected
and protein quantified by Bradford assays. 30 �g of cell lysates
were fractionated onto a 10% SDS-PAGE gel, and subsequently
transferred to a polyvinylidene difluoridemembrane (0.45�m),
and probed with their respective antibodies according to the
manufacturer’s recommendations.
ELISA—IL-10 secretion by stimulated macrophages was

measured using the mouse IL-10 ELISA set (BD Pharmingen)
according to the manufacturer’s protocol. Cells (3 � 105) were
seeded per well of a 12-well plate. The following day, cells were
subjected to treatment as indicated.
Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays

were conducted using the EZ-ChIP Assay kit (Upstate Biotech-
nology) following the manufacturer’s protocol. Cells were
washed twice with ice-cold PBS andwere scraped off the plates.
The cells were recovered by centrifugation at 700 � g at 4 °C
and lysed with 1 ml of SDS lysis buffer containing protease
inhibitors. Chromatin was sheared by sonication using the
sonic dismembrator 500 from Fisher Scientific. The power out-
put was set at the microtip level (4.5) at 15% cycle efficiency for
20 cycles of 10-s pulses to generate sheared chromatin size
between 1 kb and 200 bp. Sheared chromatin (100 �l, equiva-
lent to 2 � 106 cells) was used for each immunoprecipitation
with respective antibodies. The antibodies used were p50 (SC-
7178X) and p65 (SC-109X) from Santa Cruz Biotechnology,
and the primers used to amplify the IL-10 promoter surround-
ing the �861/�851 site were: Fwd: 5�-AATGAAAGGCAAT-
AGGGGACTC-3� and Rev: 5�-TGTTGAAGGATGGAGAT-
GTTAG-3�. Primers to amplify the IL-10 promoter region
surrounding the �59/�39 site were: Fwd: 5�-GACCAGT-
TCTTTAGCGCTTACAAT-3� and Rev: 5�-GTCTCTAAAT-
GTAGACCTCCTGTTC-3�. Control primers to amplify the
promoter region of �-amylase were: Fwd: 5�-TCAGTTGTA-
ATTCTCCTTGTACGG-3� and Rev: 5�-CATTCCTTG-
GCAATATCAACC-3�. PCR conditions were: 94 °C for 3 min,
94 °C for 30 s, 58 °C for 30 s, 72 °C for 40 s, for 35 cycles. The
PCR products were resolved through a 1.5% agarose gel to con-
firm the specificity of amplification.
FACS Analysis—Cells (106/sample) were incubated with an

antibody to block Fc receptors (clone 2.4G2, BD Pharmingen)
before addition of antibodies against Mac-1 and Gr-1 (clones
M1/70 and RB6–8C5, respectively) conjugated to fluorescein
isothiocyanate or phycoerythrin diluted in FACS buffer (PBS�
2% FCS � 10 mM NaN3). Cells were washed with FACS buffer
before overnight fixation in FACS buffer containing 1%
paraformaldehyde. Following resuspension in FACS buffer,
flow cytometric analysis was conducted on a FACScan flow
cytometer (Becton Dickinson) and data analyzed using FlowJo
software (TreeStar Inc).
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Phagocytosis assays were conducted by incubating SM cells
(1 � 106), suspended in 100 �l of PBS with 2% FCS, 10 �l of
Pansorbin (5% w/v)(Calbiochem), and 10 �l of PI-labeled Pan-
sorbin (5%w/v) at 37 °C, or as a control on ice, for 40min in the
dark. The reaction was stopped by adding 1 ml of cold PBS and
100 �l of trypan blue, then rinsed three times with cold PBS
with 2% FCS, and centrifugation at 1000 � g for 5 min. Cells
taking up the PI label were discriminated by FACS analysis.
Gene Expression Analysis—Total RNA was extracted using

Trizol (Invitrogen) and 1 �g of total RNA was reverse-tran-
scribed using oligo(dT) primer and Superscript II reverse tran-
scriptase (Invitrogen). Reverse-transcripted samples were
diluted 3-fold, and 2�l of sample were used for real-time quan-
titative PCR with SYBR green (Applied Biosystems); the PCR
was run on an i-Cycler iQ (Bio-Rad) machine. IL-10 mRNA
expression level was normalized relative to GAPDH mRNA.
The primers used for IL-10 were: Fwd: 5�-GGTTGCCAAGC-
CTTATCGGA-3� and Rev: 5�-ACCTGCTCCACTGCCTT-
GCT-3� (33). The primers for GAPDH were: Fwd: 5�-TTCAC-
CACCATGGAGAAGGC-3� and Rev: 5�-GGCATGGACT-
GTGGTCATGA-3�.
EMSA—Following treatment with TNF-�, IL-1� (R &D Sys-

tems), or pIC, cells were harvested in ice-cold PBS and pelleted
at 1,000 � g at room temperature for 2 min. The cell pellet was
resuspended on ice in whole-cell extract lysis buffer composed
of 25 mM HEPES (pH 7.7); 0.3 M NaCl; 1.5 mM MgCl2; 0.2 mM
EDTA; 0.5% Triton X-100 (v/v), 3 mM dithiothreitol; the phos-
phatase inhibitors 30 mM �-glycerophosphate, 50 mM NaF, 1
mM sodium orthovanadate (Na3VO4), and 20 mM p-nitrophe-
nyl phosphate (Calbiochem); and the protease inhibitors apro-
tinin, leupeptin, bestatin, and pepstatin (all at 10 mg/ml), 100
mM N-tosyl-L-phenylalanine chloromethyl ketone, and 1 mM
phenylmethylsulfonyl fluoride (Sigma). Lysates were rotated in
the cold for 45 min and centrifuged at 13,000 � g for 15 min.
Whole cell extract (10 �g) was incubated with 5 �g of polyoli-
gonucleotides (dI-dC) and 20,000 cpm (0.2 ng) of the labeled
oligonucleotide probe corresponding to the NF-�B-binding
site. After incubation for 30 min on ice, the bound and free
DNAs were fractionated on 5% native polyacrylamide gels.
Transfection—RAW264.7 cells were transiently transfected

using the Lipofectamine transfection and PLUS reagents
(Invitrogen). For transfectionwith luciferase reporter plasmids,
1.6–2 � 105 RAW264.7 cells were plated per well of a 12-well
plate. The following day, cells were washed with PBS and trans-
fected with 0.4 �g of reporter plasmid, 0.5 �g of co-transfected
plasmid, and 0.1 �g of pRL-null vector (Promega) per well, per
the manufacturers instructions. After 24 h, cells were either
treated with pIC (50 �g) or left untreated for 16 h. Luciferase
assays were performed using the dual luciferase reporter assay
system as described by the manufacturer (Promega). All firefly
luciferase values were normalized to Renilla luciferase levels.

RESULTS

IL-10 Is Induced in Response to dsRNA—Anumber of viruses
have been found to be potent inducers of IL-10 (20–24). To
explore this phenomenon, spleen-derived macrophage cells
(SMs) were treated with pIC to simulate dsRNA intermediates
of viral replication. RNA from pIC-treated cells was used for

FIGURE 1. IL-10 is induced by dsRNA. Levels of IL-10 were measured in SM
cells treated with the dsRNA mimic pIC (50 �g/ml) for the indicated time
periods. A, total RNA was extracted and analyzed by real-time quantitative
PCR to measure the induction of the IL-10 transcript. B, the cell supernatants
were analyzed by ELISA to measure induction of IL-10 protein. C, SM cells were
treated with LPS (10 ng/ml) for the indicated time periods, and the cell super-
natants were analyzed by ELISA for IL-10 levels.
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real-time quantitative PCR. IL-10 mRNA was found to be
highly induced (Fig. 1A). Appropriately, IL-10 protein was also
induced in cells, with levels in the culture medium peaking at
8 h (Fig. 1B). As LPS has previously been shown to induce IL-10,
this treatment was used to confirm that the SM cell line
responds appropriately (Fig. 1C). The data show the reported
induction of IL-10 by viral infection is, at least in part, via a
dsRNA response.
JNK and NF-�B Regulate IL-10 Induction—To identify the

essential factors that mediate IL-10 induction, signaling path-
ways regulated by dsRNAwere explored.Members of theMAP
kinase family with NF-�B have been reported to regulate IL-10
induction in macrophages in response to LPS (8, 26, 34). To
assess a role for these proteins in the dsRNA-mediated induc-
tion of IL-10, SM cells were treated with the chemical inhibi-
tors, SP600125, PD98059, SB203580, or BAY-11-7085, to gauge
the involvement of JNK, Erk1/2, p38, and NF-�B (respectively).
Induction of both IL-10 mRNA and protein was significantly
blocked in response to pIC only in the presence of the JNK and
IKK inhibitor (Fig. 2, A and B).
The role of NF-�B and JNK in pIC-regulated IL-10 induction

was further examined by promoter reporter assay. Dominant
negative JNK1 or the I�B� super-repressor (I�B�-SR) was
transfected into the murine macrophage cell line, RAW 264.7,
expressing the murine IL-10 promoter (�1538/�65) as a lucif-
erase reporter construct, and then treated with pIC. As was
shown for the endogenous IL-10 mRNA and protein, the IL-10
promoterwas inducedmore than 3-fold in response to pIC (Fig.
2C). The promoter induction was significantly reduced by
dominant negative JNK1 and I�B�-SR constructs. In contrast,
the dominant negative c-Jun and ATF2 constructs did not alter
the activation of the IL-10 promoter.
NF-�B Regulates the IL-10 Promoter via a Novel Distal Bind-

ing Site—The involvement of NF-�B in dsRNA-mediated IL-10
induction was verified using an electrophoretic mobility shift
assay with lysates of SM cells expressing the I�B�-SR. Treat-
ment of SM cells with pIC showed significant NF-�B DNA
binding activity (Fig. 3A). Control treatments compared TNF�
and IL-1� treatments. Appropriately, NF-�B DNA binding
activity was significantly reduced in cells expressing I�B�-SR.
Accordingly, the induction of IL-10 was reduced 3-fold in
response to pIC in cells expressing I�B�-SR compared with
control GFP-expressing cells (Fig. 3B).
To verify the binding of NF-�B specifically to the IL-10 pro-

moter, a ChIP assay was performed. SM cells were stimulated
with pIC for 6 h and ChIP performed using anti-p65 and p50
antibodies. Analysis of the murine IL-10 promoter sequence
(using TESS software) identified a putative NF-�B binding site
between the nucleotides �861/�851 (relative to the transcrip-
tion start site). This site, with a second previously reported site
at �59/�39 within the IL-10 promoter (26), was interrogated.
Fig. 3C confirms that NF-�B associates with the murine IL-10
promoter and identifies the distal, �861/�851, region as the
pertinent regulatory motif mediating the response to pIC.
Increased binding to the distal NF-�B site in the IL-10 pro-
moter was confirmed by quantitative PCR (Fig. 3D). Although
the relevance of either NF-�B site can only be accurately
assessed in context of the cellular chromatin, we confirmed the

FIGURE 2. dsRNA-mediated IL-10 induction requires JNK and NF-�B.
A, identity of signal transduction proteins that regulate the induction of IL-10
was investigated by a 1-h pretreatment of SM cells with the inhibitors
SP600125 (SP; 10 �M), PD98059 (PD; 20 �M), SB203580 (SB; 4 �M), or BAY-11-
7085 (BAY-11; 5 �M), or as a control the solvent (DMSO), or untreated (NT),
prior to stimulation with pIC (50 �g/ml) for 16 h. IL-10 levels were then meas-
ured by ELISA. B, IL-10 mRNA levels were measured by real-time quantitative
PCR after 1 h of pretreatment of SM cells with SP600125 (10 �M) and BAY-11-
7085 (5 �M) followed by stimulation with pIC (50 �g/ml) for 3 and 6 h.
C, dsRNA-mediated induction of IL-10 was assessed using a firefly luciferase
reporter construct directed by the murine IL-10 promoter fragment �1538 to
�65 (pGL3B-IL-10-LUC). The reporter construct was transiently cotransfected
into RAW264.7 cells with constructs expressing; GFP (eGFP), dominant nega-
tive (dn) JNK1, c-Jun, and ATF2, or the I�B� super-repressor (dn JNK, I�B�SR,
dn cJUN, dn ATF2, respectively). Following transfection, untreated controls
(NT) were compared with cells treated with pIC (50 �g/ml) for 16 h. IL-10
promoter activity was measured by luciferase assay. The experiment was
done in triplicate.
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functionality of the distal site in an exogenous promoter con-
text using an IL-10 promoter (�1538/�65) reporter assay in
which the proximal and distal sites were mutated, separately
and together, to prevent NF-�B binding (Fig. 3E). The data
demonstrate that JNK and NF-�B are key regulators of the
dsRNA-mediated induction of IL-10 in SM and RAW 264.7
cells.
dsRNA-mediated IL-10 Induction Is PKR-dependent—As

PKR is implicated in signaling pathways triggered by dsRNA, as
well as LPS inmacrophage cells, and is reported to activate both
JNK and NF-�B (4, 35), a role in IL-10 induction was investi-
gated. The response to pIC was compared between wt and
pkr-ko SM cells (characterized in Fig. 4A and supplemental Fig.
S2) bymeasuring IL-10 levels in the culture supernatantwith an
ELISA. Remarkably, pIC-mediated IL-10 induction was
entirely lost in the pkr-ko cells (Fig. 4B). Treatment of wt SMs
with a chemical inhibitor of PKR, 2-aminopurine, or RNAi tar-
geting PKR and then treatment with LPS (10 ng/ml) verified
that the difference observed between the wt and pkr-ko cell
lineswas entirely due to the genetic deletion of pkr (supplemen-
tal Fig. S3).
PKR dependence of the dsRNA-mediated IL-10 induction

was also measured in primary BMM isolated from wt or pkr-
null mice. Supporting the observation using SMs, the induction
of IL-10 mRNA was found to be 4-fold higher in the wt BMM
comparedwith the pkr-ko BMMafter 4 h of pIC treatment (Fig.
4C). Interestingly, this defect was largely rectified in the BMM
at later time points (data not shown).
To confirm the importance of PKR in the IL-10 response in

a biologically relevant stress response, wt and pkr-ko SM
cells were infected with Sendai virus, and the levels of IL-10
in cell supernatants were measured by ELISA. As shown for
pIC, IL-10 was highly induced by Sendai virus only in the wt
SM cells (Fig. 4D).
The preceding data predict that PKRmediates the induction

of IL-10 via activation of JNK and NF-�B. To confirm this, we
examined the activation status of JNK and NF-�B in wt and
pkr-ko SM cells. Consistent with the previous observations,
JNK activation was decreased in pkr-ko SM cells, as measured
by the levels of the phosphorylated protein detected byWestern
analysis (Fig. 4E). Similarly, NF-�B activity was severely
impaired in the pkr-ko compared with the wt cells treated with
pIC, measured by EMSA (Fig. 4F). The data show that PKR is
critical in the dsRNA signaling pathway leading to IL-10 pro-
duction in SM cells, and is upstream to JNK and NF-�B.
Activation of STAT3 in Response to dsRNA Is PKR-depen-

dent—A consequence of IL-10 induction is the subsequent
activation of STAT3 (36). Tomeasure the downstream effect of
IL-10 induction following pIC treatment, and to corroborate a
role for PKR in this pathway, we examined the activation of
STAT3 in response to pIC in wt and pkr-ko SM cells. Remark-
ably, STAT3 activation, measured by phosphorylation of the
tyrosine residue at position 705, was exclusively observed in the
wt and not in the pkr-ko SM cells on pIC treatment (Fig. 5A).
Appropriately, a neutralizing antibody to IL-10 ablated STAT3
activation (Fig. 5B). As predicted from our previous results,
JNK and NF-�B inhibitors (SP600125 and BAY-11-7085) sig-
nificantly decreased pIC-mediated STAT3 activation (Fig. 5C).

FIGURE 3. dsRNA-mediated NF-�B-dependent regulation of IL-10 at a
novel distal site on the gene promoter. A, direct activation of NF-�B was
measured by EMSA in whole cell lysates (20 �g) from SM cells stably express-
ing I�B�-SR or GFP. Cells were untreated (C), or stimulated with pIC (50
�g/ml), and as controls TNF� (25 ng/ml), or IL-1� (5 ng/ml) for 30 min. B, role
of NF-�B in dsRNA induction of IL-10 was verified by comparing IL-10 protein
levels in supernatants from SM cells either stably expressing the I�B�-super-
repressor (I�B�-SR) or, as a control, GFP (eGFP), either untreated or treated
with pIC (50 �g/ml) for 16 h. C, binding of NF-�B to specific elements within
the IL-10 promoter was measured by ChIP analysis. Protein complexes were
immunoprecipitated with anti-p65, or anti-p50 antibodies from SM cell
lysates either untreated or stimulated with pIC (50 �g/ml) for 6 h. Two regions
of the IL-10 promoter, surrounding regions �59/�39 and �861/�851, were
amplified from DNA obtained from the ChIP. As a positive control amplifica-
tion of regions surrounding the �-amylase promoter is shown using input
DNA before ChIP (Input). The specificity of the ChIP assay was tested using
rabbit IgG. D, the difference in NF-�B binding to the proximal (�59/�39) or
distal (�861/�851) sites in the IL-10 promoter was measured by quantitative
PCR. Measures were normalized to the zero time point for each site. E, the
functionality of each NF-�B binding site within the murine IL-10 promoter
was tested by transient transfection of RAW264.7 cells with pGL3B-IL-10-LUC
that were either wild-type (IL-10), mutated at the distal site (�B �861), or
proximal site (�B �59), and at both sites (�B �861/�59).
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Furthermore, STAT3 phosphorylation was unaffected by
inhibitors of Erk1/2 and p38 MAP kinases.
LPS-mediated induction of IL-10 has been reported to be

dependent upon induction of IFN� (37). PKR has been shown

to regulate induction of IFN�, via
NF-�B and IRF1 in mouse embry-
onic fibroblasts (38). More recent
reports, however, have emphasized
the role of TLR3 and RIG-I in pro-
duction of type I IFNs in response to
viral infection (39, 40).We sought to
estimate the contribution of PKR by
monitoring induction of p56, a well-
established IFN-inducible gene
product, using wt and pkr-ko SM
cells. Induction of p56wasmarkedly
reduced in the absence of PKR (Fig.
5D), implying PKR is required for
full induction of IFN. To gauge the
requirement of IFNs in the dsRNA-
mediated induction of IL-10, SM
cells were treated with a neutraliz-
ing antibody to IFN� or, as a con-
trol, IgG antibody, prior to pIC. This
treatment did not markedly reduce
the production of IL-10 (data not
shown) and did not affect STAT3
phosphorylation (Fig. 5E). Appro-
priately, the IFN-dependent ampli-
fication of p56 was blocked. Thus
PKR-mediated IL-10 induction and
STAT3 activation are largely inde-
pendent of IFN� production in SM
cells.

DISCUSSION

Previous reports have indicated a
role for PKR in the induction of pro-
inflammatory cytokines, including
TNF�, IL-6, and IL-12 p40, in
response to different mitogenic or
stress stimuli (4, 7, 41, 42). Recently,
PKR was implicated in the up-regu-
lation of the anti-inflammatory
cytokine IL-10, likely by NF-�B and
Erk1/2, in response to mycobacte-
rial infection (8). Here we have
shown for the first time that IL-10 is
expressed in response to dsRNA
(Fig. 1, A–C), and that this induc-
tion is mediated by PKR (Fig. 4, B
and C). Moreover, induction of
IL-10 in response to Sendai virus
infection was also PKR-dependent
(Fig. 4D). Using different inhibitors
we demonstrated that the PKR-me-
diated induction of IL-10 in
response to pIC involves activation

of JNK1 and NF-�B (Fig. 2, A–C). JNK1 has been accredited
with regulating the expression of pro-inflammatory cytokines
and chemokines. This role as a positive regulator of IL-10
induction in response to dsRNA is a novel function for theMAP

FIGURE 4. The induction of IL-10 by dsRNA is PKR-dependent. A, characterization of wt and pkr-ko SM cells,
by Western blot analysis with an antibody to PKR (upper panel), flow cytometric analysis with antibodies
detecting macrophage markers (F4/80 and MAC-1), and phagocytic assay measuring uptake of PI (lower panel).
Only the wt SM control cell line is shown in each graph, as the pkr-ko control was equivalent. The control (C) in
each graph was either without antibody or incubated at low temperature to inhibit phagocytosis. B, induction
of IL-10 by dsRNA was measured in wt and pkr-ko SM cells treated with pIC (50 �g/ml) for the indicated time
periods and assessed by ELISA for IL-10 protein levels. C, to assess the requirement for PKR in an alternative cell
system, wt and pkr-ko primary BMM were treated with pIC (50 �g/ml) for indicated times, total RNA was
extracted, and IL-10 mRNA was measured by real-time quantitative PCR. D, to validate the dsRNA response with
a biologically pertinent stimulus, wt and pkr-ko SM cells were infected with Sendai virus (SeV) at a concentra-
tion of 80 HAU for 24 h and the level of IL-10 protein in the cell supernatants measured by ELISA. The experi-
ment was done in triplicate. In keeping with the previous data showing a role for JNK and NF-�B in dsRNA-
mediated IL-10 induction: E, PKR-dependent activation of JNK was measured in wt and pkr-ko SM cells treated
with pIC (50 �g/ml) for indicated times, by Western blot using the phospho-JNK (p-JNK) antibody. Total JNK
level was measured to verify equal loading. F, PKR-dependent activation of NF-�B was measured by EMSA in
cell lysates from wt and pkr-ko SM cells, either untreated (C), treated with pIC (50 �g/ml), or as a control TNF�
(25 ng/ml) for 30 min.
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kinase. NF-�B has previously been demonstrated to induce
IL-10, with a recent report showing binding of the p50 subunit
to the �59/�39 region of the mouse IL-10 promoter in
response to LPS (26).However, we did not detect binding to this
region in response to pIC. Instead, we identified a novel NF-�B
binding site at the �861/�851 region of the IL-10 promoter
(Fig. 3, C–E). Intriguingly, this distal NF-�B binding site
appears to be conserved in the human IL-10 promoter sequence
(supplemental Fig. S4). Consequently, the same transcription
factor may engage the IL-10 promoter at different sites with
different stimuli. Our data also suggest different transcription

factors are recruited to the IL-10 promoter under different
stimuli. Contrary to the proposed mechanisms in mycobacte-
rial infected humanmonocytes, Erk1/2 inhibitors did not affect
pIC-mediated IL-10 induction (Fig. 2, A and C). Similarly,
although c-Jun has been shown to induce IL-10 in Th2 cells in
response to PMA and to bind to the human IL-10 promoter, in
our assays the presence of dominant negative c-Jun or its het-
erodimeric partner ATF2 had no effect upon IL-10 induction in
response to pIC (Fig. 2C) (29). In keeping with a PKR-depend-
ent role for IL-10 induction in response to dsRNA, ensuing
protein responseswere shown to be impaired. IL-10-dependent
STAT3 phosphorylation was lost in the PKR-null SM (Fig. 5, A
and B). PKR had previously been described to activate STAT3
in response to platelet-derived growth factor (43). Our data
identify a mechanism by which PKR might affect STAT3 acti-
vation, whereby PKR-mediated activation of JNK and NF-�B
induces IL-10, which then binds to its receptor to activate Jak1
and Tyk2, with the resultant binding and phosphorylation of
STAT3. Following its activation, STAT3 forms homo- or het-
erodimerswith other STATmembers to regulate transcription.
Hence, it would be interesting to look at the downstream tar-
gets of STAT3 upon dsRNA treatment.
In this study we do not unequivocally identify the primary

receptor regulating the response to pIC. PKR could directly
mediate this response, as activation of PKR by dsRNA and viral
infection is well established. Alternatively, another dsRNA
receptor may be engaged that subsequently signals via PKR.
Toll-like receptor 3 (TLR3), for instance, could be the primary
receptor. In accord with this, PKR has been shown to be
involved in TLR3 signaling (5). It is worth noting, however, that
earlier reports have shown that TLR3 is dispensable in Sendai
virus-induced gene expression (44). Conversely, the data here
show that PKR is required for the induction of IL-10 by this
virus (Fig. 4D). It has been proposed that the TLR3-independ-
ent response to Sendai virus is principally mediated by another
key dsRNA receptor, RIG-I (45). However, RIG-I has not been
ascribed an important role inmyeloid cells, as used in this study
(40, 46–49). This is sustained by data here showing the RIG-I
responsive protein p56 was not induced in the SM cells in
response to pIC (Fig. 5D). A recent report identified a critical
role for IFN in the induction of IL-10 in BMM in response to
LPS (37). PKR has previously been shown to regulate the pro-
duction of IFN� in mouse embryonic fibroblasts (31, 38, 50).
The data here identify an impairment of the IFN-inducedp56 in
pkr-ko SM (Fig. 5D), implying PKR also regulates IFN� produc-
tion in macrophages. However, in contrast to the signaling
events triggered by LPS in BMMs, experiments here with neu-
tralizing antibodies to IFN� showed pIC-mediated IL-10
induction is independent of IFN (Fig. 5E). This may reflect a
different regulation mechanism in the response to pIC as
opposed to LPS. Correspondingly, Toshchakov et al. (51)
showed that TLR2, unlike TLR4 agonists, induce pro-inflam-
matory genes independent of IFN� induction. Consequently,
PKRmay participate differently in signaling pathways triggered
by TLR4 versus TLR3 or other dsRNA receptors (52). Alterna-
tively, PKR could be responding directly to pIC to induce IL-10.
Another possibility is that the independence from IFN signaling
shown here may reflect the cell lines being investigated. Previ-

FIGURE 5. PKR activates STAT3 via production of IL-10 independent of
IFN. A, STAT3 activation in wt and pkr-ko SM cells treated with pIC was meas-
ured by Western blot analysis using a phospho-Y705-STAT3 antibody. Total
STAT3 level was measured to verify equal loading. B, STAT3 activation was
attenuated in wt SM incubated with an IL-10 neutralizing antibody (IL-10 Ab,
20 �g/ml) for 1 h prior to stimulation with pIC for 6 h. C, role for JNK and NF-�B
in dsRNA-mediated, IL-10 induction and ensuing STAT3 activation was cor-
roborated by pretreating wt SM cells with DMSO, or the inhibitors; SP600125
(SP; 10 �M), PD98059 (PD; 20 �M), SB203580 (SB; 4 �M), and BAY-11-7085 (BAY;
5 �M) for 1 h prior to stimulation with pIC (50 �g/ml) for 6 h, followed by
Western blot analysis using a phospho-Y705-STAT3 and total STAT3 antibod-
ies. D, induction of the IFN-inducible protein p56 was measured by Western
blot of lysates from wt and pkr-ko SM cells treated with pIC (50 �g/ml) for
indicated times. �-Actin levels were measured to verify equal loading. E, the
role of the IFN response in IL-10 signaling was assessed by incubating wt SM
cells with control IgG or an IFN� neutralizing antibody (12.5 �g) for 1 h before
stimulation with pIC for 6 and 8 h. Cell lysates were probed by Western blot to
measure STAT3 activation using the phospho-Y705 STAT3 and total STAT3
antibodies. Suppression of the IFN response was gauged by probing for levels
of p56.
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ous data have shownmacrophages and myeloid dendritic cells,
but not the key IFN-producing plasmacytoid dendritic cells,
producing high levels of IL-10 in response to TLR9 signaling
(53). Furthermore, IL-10 suppresses proinflammatory cyto-
kines produced by plasmacytoid dendritic cells in trans. Con-
sequently, uncoupling of IL-10 production from the IFN
response, as shown here, is likely to be pivotal in the regulation
of the inflammatory response.
Macrophage activation in response to different pathogens

needs to be tightly regulated to prevent overproduction of pro-
inflammatory cytokines that can result in tissue damage or
autoimmune disorders. Earlier reports have described a role for
PKR in the production of pro-inflammatory cytokines. Our
findings demonstrate a novel role for PKR in the regulation of
the anti-inflammatory cytokine IL-10. This response is demon-
strated to be mediated through activation of JNK and NF-�B.
Therefore, PKR may act as a regulator of innate immunity by
maintaining the balance between pro- and anti-inflammatory
cytokines in response to viral infection.
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