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Recognition of pathogens by the innate immune system is mediated by pattern recognition receptors (PRRs),
which recognize specific molecular structures of the infectious agents and subsequently trigger expression of
genes involved in host defense. Toll-like receptors (TLRs) represent a well-characterized class of membrane-
bound PRRs, and the RNA helicase retinoic acid inducible gene I (RIG-I) has recently been described as a
novel cytoplasmic PRR recognizing double-stranded RNA (dsRNA). Here we show that activation of signal
transduction and induction of cytokine expression by the paramyxovirus Sendai virus is dependent on virus
replication and involves PRRs in a cell-type-dependent manner. While nonimmune cells relied entirely on
recognition of dsRNA through RIG-I for activation of an antiviral response, myeloid cells utilized both the
single-stranded RNA sensing TLR7 and TLR8 and dsRNA-dependent mechanisms independent of RIG-I,
TLR3, and dsRNA-activated protein kinase R to trigger this response. Therefore, there appears to be a large
degree of cell-type specificity in the mechanisms used by the host to recognize infecting viruses.

Innate defense against infections is activated by pattern rec-
ognition receptors (PRRs), which recognize molecular struc-
tures conserved on larger groups of pathogens, or so-called
pathogen-associated molecules (PAMs) (16). Toll-like recep-
tors (TLRs) constitute a class of membrane-bound PRRs re-
siding extracellularly or in endosomic compartments (1, 8).
TLRs are expressed in cell-type-specific patterns, with the most
abundant expression levels found on dendritic cells (DCs),
monocytes, and macrophages (15). Ligand engagement of
TLRs activates signal transduction to nuclear factor (NF)-�B,
mitogen-activated protein kinases, and for some TLRs also to
interferon (IFN) regulatory factor (IRF) (1). This leads to
induction of cytokine expression and maturation of DCs (15).
For viruses, PAMs known to be recognized by TLRs include
glycoproteins from different viruses (TLR2 and TLR4), dou-
ble-stranded RNA (dsRNA) (TLR3), single-stranded RNA
(ssRNA) (TLR7 and TLR8), and unmethylated viral CpG
DNA (TLR9) (5, 26, 27).

The intracellular location of virus replication, together with
a number of recent studies from this and other laboratories
(14, 20, 24), has raised the question of whether TLRs are the
sole class of PRRs responsible for recognition of viruses and
activation of the antiviral response. One such intracellular
PRR has recently been reported by the identification of the
RNA helicase retinoic acid inducible gene I (RIG-I), which
binds synthetic and viral dsRNA and activates NF-�B and
IRF-3 (39). In addition, the IFN-induced dsRNA-activated

protein kinase (PKR) has also long been known to stimulate
inflammatory signal transduction upon dsRNA binding (40)
and, hence, also represents an attractive candidate for an in-
tracellular sensor of viral replication (10).

In this work, we have examined the employment of cellular
PRRs in activation of the antiviral response during infection
with the paramyxovirus Sendai virus (SeV) in different cell
types. Our results show that nonimmune cells primarily re-
spond to intracellular accumulation of viral dsRNA via RIG-I,
while myeloid cells are capable of sensing SeV both through
the ssRNA receptors TLR7 and TLR8 and through a dsRNA-
dependent mechanism independent of RIG-I, PKR, and
TLR3. These results thus illustrate that cell-type-specific
mechanisms are employed in the process of pathogen recog-
nition during viral infections.

MATERIALS AND METHODS

Cells, virus, and reagents. The parental cell lines used in this study were U937
(human and myeloid), A549 (human and epithelial), HEK293 (human and ep-
ithelial), RAW 264.7 (murine and myeloid), and NIH 3T3 (murine and fibro-
blast). U937 cells were grown in RPMI 1640 medium with 2 mM L-glutamine, 10
mM HEPES, and 10% fetal calf serum (FCS), while A549, HEK293, RAW
264.7, and NIH 3T3 cells were grown in Dulbecco’s modified Eagle’s medium
with 5% FCS. All media were supplemented with penicillin, 200 IU/ml, and
streptomycin, 200 �g/ml.

Stable cell lines derived from the parental cell lines were either generously
donated by colleagues (K. A. Fitzgerald provided HEK293-TLR2, HEK293-
TLR3, HEK293-TLR4/MD2, and HEK293-TLR9 [17], and J. A. Corbett pro-
vided RAW-pBK and RAW-PKR-M7 [23]), obtained from commercial sources
(HEK293-TLR7 and HEK293-TLR8 [InvivoGen]), or generated in the labora-
tory (RAW 264.7-pcDNA3, RAW 264.7-dnMyD88, RAW 264.7-dnTRIF, RAW
264.7-dnMal, RAW 264.7-dnRIG-I, and RAW 264.7-NS1) following the proto-
col previously described (24). The transfected cells were grown under the same
conditions as the parental cell lines, plus additional selection (for HEK293, 500
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�g/ml G418 [Roche] or 10 �g/ml blasticidin [InvivoGen], and for RAW 264.7,
350 to 400 �g/ml G418).

The viruses used were SeV (strain Cantell) and encephalomyocarditis virus
(EMCV) (strain EMC), which were propagated in embryonated hen eggs as
described previously (31) and Vero cells, respectively. UV inactivation of SeV
was performed by exposing the virus to UV light for 10 min. The uninfected hen
egg allantoic fluid did not stimulate proinflammatory cytokine expression in
human macrophages and DCs, and the virus preparation did not contain lipo-
polysaccharide (LPS) (data not shown).

The nonviral stimuli and inhibitors used were tumor necrosis factor alpha
(TNF-�) (Genzyme), LPS (Sigma), ODN2006, ODN1826, polyIC, Pam3CSK4,
and R848 (all InvivoGen), and chloroquine (Sigma-Aldrich).

The DNA plasmids used for transfection experiments were pEGFP-RIG-I
helicase, pcDNA3-HA-PKR�E7 (19), pCAGGS-NS1 (35), pcDNA3-MyD88
(TIR) (28), pCMV-Myc-TRIF�N�C (38), pDC304-Mal-P/H125 (11), �B lucif-
erase reporter gene (12), and pGL2-IP-10(�243) (29). For generation of the
pEGFP-DN-RIG-I construct, cDNA from human A549 cells was PCR amplified
with primers 5�-GACA AAGCTTCG GAATGCCAGAATCTTAGTGAGAAT
TCATGT-3� and 5�-GACA GGTACC TCATTTGGACATTTCTGCTGGATC
AAA-3�. The resulting PCR fragment encompasses the helicase domain of
RIG-I encoded by nucleotides 652 to 2778 (39), flanked by HindIII and KpnI
restriction sites which were provided by the PCR primers. The PCR fragment
was cloned in frame into the enhanced green fluorescent protein expression
vector pEGFP-C1 (Clontech) by using the HindIII and KpnI sites of both insert
and vector.

Transient transfections and reporter gene assay. HEK293 cells were seeded at
a density of 2.0 � 104 cells per well in 96-well plates. Transfections were per-
formed the following day with Lipofectamine 2000 (Invitrogen) by following the
manufacturer’s instructions. Briefly, DNA and Lipofectamine 2000, each diluted
in Dulbecco’s modified Eagle’s medium and left for 2 to 3 min, were mixed and
incubated for 20 min. Twenty microliters of the DNA-Lipofectamine 2000 solu-
tion were added to each well. We used 80 ng/well of NF-�B reporter plasmid and
40 ng/well of IP-10 reporter plasmid. In some experiments, the cells were also
transfected with the indicated amounts of plasmid DNA encoding NS1 or dom-
inant negative (DN) mutants of RIG-I or PKR. The total amount of transfected
DNA was kept constant by using pcDNA3 as irrelevant DNA. The ratio of
Lipofectamine 2000 (�l) to DNA (�g) was kept at 2.5. Twenty-four hours
posttransfection, the cells were stimulated as described for the specific experi-
ment and left for 20 h before wash, cell lysis, and measurement of luciferase
activity by the Luciferase 1000 assay system (Promega). To normalize the data,
we cotransfected with Renilla in select experiments and measured luciferase and
Renilla using Dual-Glo luciferase (Promega). We observed that SeV infection
reduced Renilla activity by 10 to 20% but found no significant interwell variation
(less that 15%) between wells receiving the same treatment. The data presented
in this paper are shown as unnormalized luciferase activities.

ELISA. Human interleukin-8 (IL-8) and IP-10 and murine RANTES/CCL5
and IL-6 were detected by enzyme-linked immunosorbent assay (ELISA). Maxi-
sorp plates were coated overnight at room temperature with 100 �l of antibody
(Ab) (anti-IL-8, 4 �g/ml; anti-IP-10, 2 �g/ml; anti-RANTES, 2 �g/ml; or anti-
IL-6, 2 �g/ml [all from R&D Systems]) in coating buffer (15 mM Na2CO3, 35
mM NaHCO3, 0.02% NaN3 [pH 9.6]). After blocking for at least 1 h at room
temperature with 300 �l of 1% bovine serum albumin (BSA) in blocking buffer
(phosphate-buffered saline with 5% sucrose and 0.05% NaN3 [pH 7.4]), succes-
sive culture supernatants or recombinant murine IL-8, IP-10, RANTES (all from
R&D Systems), or IL-6 (Genzyme) was added to the wells (100 �l each) and
incubated overnight at 4°C. Subsequently, wells were incubated at room temper-
ature for 2 h with 100 �l biotinylated, anti-human detection Ab (IL-8, 20 ng/ml,
or IP-10, 100 ng/ml [both from R&D Systems]) or anti-murine detection Ab
(RANTES, 100 ng/ml, or IL-6, 200 ng/ml [both from R&D Systems]) in a 0.1%
suspension of BSA in Tris-buffered saline (TBS) (20 mM tromethamine
[Trizma], 150 mM NaCl, and 0.05% Tween 20 [pH 7.3]). Streptavidin-horserad-
ish peroxidase (R&D Systems) diluted at 1:200 in TBS with 0.1% BSA was
added, and the mixture was incubated for 20 min. For color development, we
added H2O2 and tetramethylbenzidine (R&D Systems) and plates were incu-
bated in the dark for an appropriate amount of time. The color reaction was
stopped with 50 �l 5% H2SO4, and the absorbance was measured at 450 nm with
570 nm as a reference. Between each step, the plates were washed three times
with phosphate-buffered saline–0.05% Tween 20, pH 7.4.

IFN-�/� bioassay. IFN-�/	 bioactivity was measured by an L929-cell-based
bioassay. L929 cells (2 � 104 cells/well in 100 �l) in modified Eagle’s medium
with 5% FCS were incubated overnight at 37°C in successive twofold dilutions of
samples or murine IFN-�/	 as the standard. Subsequently, vesicular stomatitis

virus (VSV/V10) was added to the wells and the cells were incubated for 2 to 3
days. The dilution mediating 50% protection was defined as 1 U/ml of IFN-�/	.

Isolation of RNA and RT-PCR. To isolate RNA, cells were lysed in Trizol
(Invitrogen) and phase separated by addition of chloroform and centrifugation at
12,000 � g for 12 min (4°C). The aqueous phase was isolated, and RNA was
precipitated with isopropanol and pelleted by centrifugation for 12 min at 15,300
� g (4°C). Finally, the RNA pellet was washed with ethanol and redissolved in
RNase-free water. Two micrograms of RNA was subjected to reverse transcrip-
tion (RT) with oligo(dN)6 (Roche) as primer and Expand reverse transcriptase
(Roche). The cDNA was amplified by PCR with the following primers: for SeV,
5�-TCT GTT GAA GGC TGT CAT GC-3� (sense) and 5�-GAA TGG GTT ATC
CGG GAG TT-3� (antisense), and for human 	-actin, 5�-AAA AGC CAC CCC
ACT TCT CT-3� (sense) and 5�-CTC AAG TTG GGG GAC AAA AA-3�
(antisense). The products for SeV and human 	-actin spanned 174 and 201 bp,
respectively.

Oligonucleotide DNA precipitation. A549, U937, and HEK293 cells were
stimulated with live SeV or UV-treated SeV as indicated. At the appropriate
times postinfection, the cells were harvested, washed, and lysed in a buffer
containing 10 mM HEPES, 400 mM KCl, 10% glycerol, 2 mM EDTA, 1 mM
EGTA, 0.01% Triton X-100, 0.5 mM dithiothreitol, 1 mM NaVO4, and protease
inhibitors (Complete; Roche). Cleared cell lysates were incubated with strepta-
vidin-agarose beads (Neutravidin; Pierce) coupled to 5�-biotinylated 5� 6-bp
extended oligonucleotides (DNA Technology). The oligonucleotides used were
as follows: IFN	 PRDI-III (5�-GGA TCC GAA AAC TGA AAG GGA GAA
GTG AAA GTG-3� and 5�-GGA TCC CAC TTT CAC TTC TCC CTT CTT
TCA GTT TTC-3�) for IRF-3 precipitation, and IFN	 PRDII (5�-GG ATC
CGG AAT TTC CCG GAA TTT CCC-3� and 5�-GGA TCC GGG AAA TTC
CGG GAA ATT CC-3�) for NF-�B p65 precipitation. The binding reactions
were performed for 2 h at 4°C in binding buffer containing 10 mM HEPES, 133
mM KCl, 10% glycerol, 2 mM EDTA, 1 mM EGTA, 0.01% Triton X-100, 0.5
mM dithiothreitol, 1 mM NaVO4, and protease inhibitors. After being washed,
the oligonucleotide-bound proteins were released in sodium dodecyl sulfate
sample buffer, separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and transferred onto membranes (Bio-Rad). Membranes were
blocked with 5% skim milk in TBS containing 0.05% Tween 20. Rabbit-anti-
IRF3 antibody or goat anti-p65 antibody (both from Santa Cruz Biotechnology),
diluted 1:2,000 in TBS containing 0.05% Tween 20, were allowed to bind over-
night at 4°C. Peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG)
(1:2,000 dilution) or anti-goat (both from DAKO) was allowed to bind for 1 h at
room temperature. The proteins were visualized on Fuji Super RX film by the
enhanced chemiluminescence system (Pierce).

Statistics. The data are presented as means 
 standard errors of the means
(SEM). Statistical significance was estimated with Student’s t test for unpaired
observations. P values of �0.05 were considered significant.

RESULTS

SeV induces cytokine expression in human and murine my-
eloid and nonimmune cells through a mechanism dependent
on viral replication. Previous studies have shown that SeV is a
very potent inducer of cytokine and chemokine expression in
many different cell types (25, 30). To examine if this property
of SeV was carried by the viral particle or was dependent on
viral replication, we inactivated SeV by UV treatment for 10
min and treated human and murine myeloid and nonimmune
cells with infectious and UV-inactivated virus. At subsequent
time points, supernatants were harvested and the levels of
different cytokines and chemokines were measured. For all cell
lines tested and all cytokines and chemokines measured, we
found that the ability of SeV to activate gene expression was
inhibited if the virus had been inactivated by UV light prior to
addition to the cells (Fig. 1A to H).

To correlate the cytokine data with accumulation of viral
genetic material, we harvested RNA from A549 and RAW
264.7 cells at different time points postinfection and assessed
the levels of SeV RNA by RT-PCR. As seen in Fig. 1I, viral
RNA was detectable at all time points examined in both cell
lines from 1 to 22 h postinfection. In addition, UV inactivation

VOL. 79, 2005 ACTIVATION OF ANTIVIRAL DEFENSE BY RIG-I, TLR7, TLR8 12945



of the virus strongly inhibited accumulation of viral RNA dur-
ing infection (Fig. 1J). However, close examination of the gel
revealed a faint band in the lane with UV-inactivated SeV.
This might be due to incomplete UV inactivation or, alterna-
tively, detection of the incoming viral RNA.

Collectively, these data show that SeV RNA accumulates in
cells during infection with this virus and that induction of
cytokine expression in both myeloid and nonimmune cells oc-
curs through mechanisms dependent on viral replication.

SeV infection leads to activation of IRF-3 and NF-�B in both
myeloid and nonimmune cells. To correlate cytokine expres-
sion with activation of transcription factors, we treated
HEK293, A549, and U937 cells with live and UV-inactivated
SeV. Five hours later, the cells were lysed and DNA binding
activities of IRF-3 and NF-�B were measured by oligoprecipi-
tation assay. As seen in Fig. 2A to C, both transcription factors
were activated by the replicating virus, but not by the inacti-
vated virus, in all cell types tested. To further support this, we
transfected HEK293 cells with two luciferase reporter gene
plasmids controlled by NF-�B- or IRF-dependent promoters
(the IP-10 promoter requires a functional IFN-stimulated re-
sponse element for SeV-dependent activation [7]) and treated
with infectious and inactivated SeV. Again we observed that
UV treatment of SeV abrogated the ability of this virus to
activate NF-�B and IRFs (Fig. 2D and E). Thus, SeV triggers
activation of inflammatory signal transduction in both myeloid

FIG. 1. Induction of cytokine expression by SeV. U937 (A and B),
A549 (C), HEK293 (D), RAW 264.7 (E to G), and NIH 3T3 (H) cells
were seeded in 96-well plates and left overnight to settle. The cells
were left untreated (UT) or treated with infectious (SeV) or UV-
inactivated [SeV (UV)] SeV at a multiplicity of infection (MOI) of 1.
Supernatants were harvested 16 to 24 h later, and cytokine levels were
measured by ELISA or bioassay. The results are shown as means of
triplicate cultures 
 SEM. Essentially similar results were observed for
two to five independent experiments. (I and J) A549 and RAW 264.7
cells were seeded and left overnight to settle prior to treatment with
infectious and UV-inactivated SeV at an MOI of 1. After the indicated
times of infection, total RNA was harvested and accumulation of viral
RNA and cellular 	-actin was assessed by RT-PCR. Similar results
were obtained for two independent experiments.

FIG. 2. Activation of IFN-3 and NF-�B by SeV in myeloid and
nonimmune cells. (A to C) HEK293 (A), A549 (B), and U937 (C) cells
were seeded and left overnight to settle before treatment with SeV or
UV-inactivated SeV [Sev (UV)] as indicated at an MOI of 1. Five
hours posttreatment, the cells were lysed and activation of IRF-3 and
NF-�B was assayed by DNA oligoprecipitation assays. ND, not done.
(D and E) HEK293 cells were transfected with the indicated luciferase
reporter constructs and left untreated (UT) or treated with either live
or UV-inactivated SeV (MOI of 1) or TNF-� (100 U/ml). Sixteen
hours posttreatment, the cells were lysed and luciferase activity was
measured. Similar results were obtained for two to four independent
experiments. RLU, relative luciferase units.
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and nonimmune cells through a mechanism dependent on viral
replication.

Role for TLRs in SeV-induced cytokine expression in my-
eloid cells but not in nonimmune cells. SeV is an ssRNA virus,
and we speculated that ssRNA or dsRNA produced during
replication could potentially serve as ligands for TLR7 and
TLR8 (9, 13, 22) or for TLR3 (2), respectively, to trigger
antiviral defense. Therefore, we stably transfected the murine
myeloid cell line RAW 264.7 with DN mutants of the TLR
adaptor proteins MyD88, TRIF, and Mal and infected the cells
with SeV as well as a positive control known to use the adaptor
protein targeted in the specific cell lines. The cells expressing
DN-MyD88 displayed about a 40% reduced response to SeV
(Fig. 3A), whereas the DN-TRIF and DN-Mal cell lines were
unaltered in the response to SeV (Fig. 3B and C). These data
hence indicated a minor but significant role for TLRs in SeV-
induced cytokine expression in myeloid cells. In support of this,

we also found that the vaccinia virus-encoded TLR antagonist
proteins A46R and A52R (6) partially inhibited SeV-induced
RANTES expression in RAW 264.7 cells but totally prevented
LPS from triggering expression of this chemokine (data not
shown).

For comparison, we also examined how the DN mutants
affected SeV-induced cytokine expression in HEK293 cells.
With these cells, however, we observed no effect of disruption
of TLR signaling on SeV-induced IL-8 expression (Fig. 3D to
F). As a control, transfection of HEK293-TLR9, HEK293-
TLR3, and HEK293-TLR2 cells with DN-MyD88, DN-TRIF,
and DN-Mal, respectively, showed that the DN mutants did
work under the experimental conditions used (Fig. 3G to I).

TLR7 and TLR8 enhance responsiveness to SeV infection.
In order to identify which TLR(s) was responsible for the
MyD88-dependent response in myeloid cells, HEK293 cells
stably transfected with each of the human TLRs were infected
with SeV or stimulated with known agonists for the different
TLRs. As seen in Fig. 4A and B, and confirming the data from
Fig. 1D and Fig. 3D to F, SeV infection triggered expression of
IL-8 and IP-10 in HEK293 cells. Although this was not affected
by expression of TLR2, -3, -4, or -9, cells expressing TLR7 or
TLR8 displayed a significant elevation in the levels of virus-
induced cytokine expression. In corroboration with this,
HEK293-TLR8 cells also activated the NF-�B reporter gene
twice as potently as did HEK293-pcDNA3 cells after SeV
infection (data not shown). In order to examine if the myeloid
cells used in this study did express functional TLR7 and TLR8,
we stimulated RAW 264.7 and U937 cells with R848, which is
a synthetic ligand for TLR7 and TLR8, and looked for expres-
sion of cytokines. As seen in Fig. 4C and D, both of these
myeloid cell lines responded very potently to this treatment.
Similar findings have been done with primary human macro-
phages (J. Melchjorsen, unpublished data; 33), hence demon-
strating the authenticity of myeloid cells as potent responders
to ligands for TLR7 and TLR8. To further examine a potential
role of TLR7 and TLR8 in the response of myeloid cells to
SeV, we treated U937 cells with chloroquine, which inhibits
TLR7 and TLR8 by preventing acidification of endosomes
(22), and infected with SeV or stimulated with R848 or LPS.
Supernatants were harvested, and expression of IL-8 was ex-
amined. All three treatments led to induction of IL-8 expres-
sion (Fig. 4E), but they displayed different degrees of inhibi-
tion by chloroquine. IL-8 expressions induced by R848 and
SeV were strongly and partially inhibited, respectively, whereas
the response to LPS was not affected by chloroquine. Collec-
tively, TLR7 and TLR8 are capable of sensing SeV infection
and are expressed on myeloid cells, which display a reduced
response to SeV infection in the presence of chloroquine.

TLR-independent activation of myeloid and nonimmune
cells by SeV. Since the entire SeV-induced response in nonim-
mune cells and the majority of the response in myeloid cells
were independent of TLRs, we also wanted to identify which
other PRRs could be involved. Accumulation of dsRNA is a
hallmark of viral infections, and cells are in possession of
several mechanisms to sense dsRNA (27). To address the po-
tential involvement of dsRNA and dsRNA-recognizing PRRs
in the response to SeV infection, RAW 264.7 and HEK293
cells were transfected with constructs encoding DN mutants of
RIG-I and PKR as well as the influenza A virus NS1 protein,

FIG. 3. Role of TLR adaptor molecules in cytokine expression
induced by SeV. (A to C) RAW 264.7 cells were stably transfected with
empty vector (pcDNA3) or plasmids encoding dnMyD88 (A), dnTRIF
(B), or dnMal (C). The cells were seeded in 96-well plates and left
overnight to settle. The cells were treated with SeV at an MOI of 1 or
LPS (100 ng/ml), CpG (ODN1826, 1 �M), or polyIC (pIC) (25 �g/ml).
Supernatants were harvested 20 h later, and RANTES was measured
by ELISA. (D to I) HEK293, HEK293-TLR2, HEK293-TLR3, and
HEK293-TLR9 cells were transiently transfected with empty vector
(pcDNA3) or plasmids encoding dnMyD88 (D and G), dnTRIF (E
and H), or dnMal (F and I) as indicated. The cells were seeded in
96-well plates and left overnight to settle before treatment with SeV at
an MOI of 1 or LPS (100 ng/ml), CpG (ODN2006, 1 �M), or polyIC
(25 �g/ml) for 20 h. Supernatants were harvested for measurements of
IL-8 done by ELISA. The results are shown as means of triplicate
cultures 
 SEM. Essentially similar results were observed for two to
three independent experiments. UT, untreated.
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which binds and sequesters dsRNA (35). Expression of the DN
mutants of RIG-I or PKR did not affect the ability of SeV to
stimulate expression of RANTES, IL-6, TNF-�, or IFN-�/	 in
RAW 264.7 cells at a wide range of virus concentrations (Fig.
5A to B and D to E; also data not shown), although induction
of RANTES expression by EMCV and polyIC was strongly
inhibited in the RAW-dnRNG-I and RAW-dnPKR cells, re-
spectively (Fig. 5C and 5F), thus demonstrating the integrity of
the cell lines used. When we examined the ability of SeV to
induce IFN-�/	 in RAW 264.7 cells expressing NS1, we ob-
served a significant reduction after 12 h of infection, which was
not apparent after 24 h (Fig. 5G). Expression of IFN-�/	 in
response to EMCV infection, on the other hand, was totally
abrogated in cells expressing NS1 (Fig. 5H).

In HEK293 cells, expression of DN-RIG-I totally abrogated
activation of NF-�B in response to SeV infection (Fig. 6A),
whereas no effect was observed when the cells expressed DN-
PKR (Fig. 6B). Finally, expression of the NS1 protein nearly
led to a total block of SeV-induced NF-�B activation in
HEK293 cells (Fig. 6C).

Thus, accumulation of dsRNA during SeV infection contrib-
utes to activation of myeloid cells through a mechanism inde-
pendent of both PKR and RIG-I, whereas in nonimmune cells,
the response is totally dependent on RIG-I and the presence of
dsRNA.

DISCUSSION

Cellular recognition of infectious agents allows the organism
to mount a host-defense response against the infecting patho-
gen. The cellular receptors (PRRs) responsible for sensing
infections recognize specific PAMs and trigger signal transduc-
tion leading to cytokine expression and maturation of DCs. In
this work, we have examined the cellular usage of PRRs for
activation of the inflammatory response against the paramyxo-
virus SeV in both myeloid and nonimmune cells, and we show
the following results. (i) SeV induced activation of NF-�B and
IRF-3 as well as expression of a range of cytokines and che-
mokines in both myeloid cells and nonimmune cells. This was
inhibited by UV treatment of the virus. (ii) Expression of a DN
mutant of the TLR adaptor protein MyD88 partially inhibited
SeV-induced cytokine expression in RAW 264.7 cells (myeloid
cells) but had no effect in HEK293 cells (nonimmune cells).
(iii) Myeloid cells expressed TLR7 and TLR8, overexpression
of which elevated the response to SeV infection in HEK293
cells, and chloroquine treatment reduced the inflammatory
response to SeV in myeloid cells. (iv) Expression of the dsRNA
binding protein NS1 of influenza A virus and a DN mutant of
RIG-I totally abrogated the cellular response of HEK293 cells
to SeV infection. By contrast, in RAW 264.7 cells, expression
of NS1 led to a partial inhibition of the SeV-induced response,
whereas expression of DN-RIG-I did not affect the response.

We found that the capacity of SeV to elicit an antiviral
cellular response in all cell lines tested was entirely dependent
on the ability of the virus to replicate. This strongly indicates
that a viral replication product is responsible for viral trigger-
ing of the cellular response. Expression of the influenza virus-
derived dsRNA binding protein NS1 totally abrogated the re-
sponse to SeV in HEK293 cells and partially inhibited the
response in the myeloid cell line RAW 264.7. Thus, the data

FIG. 4. Identification of TLRs responsible for cytokine expression
induced by SeV infection. (A and B) HEK293 cells stably transfected
with empty vector (pcDNA3) or plasmids encoding human TLR2, -3,
-4, -7, -8, or -9 were seeded in 96-well plates and left overnight to settle
before infection with SeV at an MOI of 1 or treatment with well-
described TLR ligands: for HEK293-TLR2, Pam3CSK4 (300 ng/ml);
for HEK293-TLR3, polyIC (25 �g/ml); for HEK293-TLR4, LPS (100
ng/ml); for HEK293-TLR7 and HEK293-TLR8, R848 (1 �g/ml); and
for HEK293-TLR9, CpG (ODN2006, 5 �M). Supernatants were har-
vested 18 h posttreatment, and the levels of IP-10 and IL-8 were
measured by ELISA. The results are shown as means of triplicate
cultures 
 SEM. Essentially similar results were observed for two
independent experiments. (C and D) RAW 264.7 and U937 cells were
seeded and left overnight to settle before treatment with 1 �g/ml of
R848. Twenty hours later, supernatants were harvested and levels of
RANTES (C) and IL-8 (D) were measured by ELISA. The results are
shown as means of triplicate cultures 
 SEM. Essentially similar re-
sults were observed for three independent experiments. UT, untreated.
(E) U937 cells were treated with 10 �M of chloroquine (Cq) 15 min
prior to infection with SeV (MOI of 1) or treatment with 1 �g/ml of
R848 or 100 ng/ml of LPS. Twenty hours later, supernatants were har-
vested and IL-8 levels were measured by ELISA. The results are shown as
means of triplicate cultures 
 SEM. Essentially similar results were ob-
served for two independent experiments. *, P value of �0.05.
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support the conclusion that UV treatment inhibits viral pro-
duction of dsRNA, which is sensed by the cells to induce
antiviral gene expression. A recent study has shown that mat-
uration of DCs in response to SeV infection is also sensitive to
UV treatment of the virus (20), thus demonstrating that this
phenomenon is seen in a broad range of cell types.

In our study, we used UV treatment of the virus to distin-
guish between events induced by replicating virus and the virus
particle per se. However, we cannot formally exclude that
events in the infection process, which may be affected by UV
treatment, also contribute to our findings, and hence it remains
a possibility that parts of the replication cycle other than viral
gene expression contribute to triggering the response ob-
served. For instance, it has been reported by others that strong
UV treatment of the Newcastle disease paramyxovirus de-
stroys the hemadsorption and cell binding activity of the virus
(41). However, we inactivated the virus by using only low loses
of light; furthermore, our finding that the dsRNA binding
protein NS1 prevented the inflammatory response completely
in nonimmune cells and partially in myeloid cells also points to
a central role of viral gene expression in induction of cytokine
expression by invoked SeV infection.

As to the cellular PRR responsible for triggering the
dsRNA-dependent response to SeV infection, recent work has
shown that this effect is independent of TLRs or PKR in both

conventional and plasmacytoid DCs (14, 20). We found that
expression of a DN mutant of the RNA helicase RIG-I totally
abrogated the cellular response to SeV in HEK293 cells but
had no effect in RAW 264.7 cells. These data suggest that
dsRNA is sensed by RIG-I or a related RNA helicase in
HEK293 cells, triggering activation of signal transduction path-
ways, which stimulate expression of antiviral and inflammatory
genes. It has recently been reported that activation of NF-�B
and IRF-3 by Newcastle disease paramyxovirus is also sup-
pressed by expression of DN-RIG-I (39) and that the V protein
of a number of paramyxoviruses binds and inhibits the RNA
helicase MDA-5 (3). Therefore, RNA helicases represent a
major cellular sensor of replicating paramyxovirus and proba-
bly also other virus infections associated with accumulation of
dsRNA (34).

In myeloid cells, a dsRNA-dependent TLR3-, PKR-, and
RIG-I-independent mechanism was found to contribute to
stimulation of the antiviral response. This mechanism, which
remains to be identified, may constitute a novel cellular system
to sense viral dsRNA. Recently, an evolutionarily conserved
mechanism of dsRNA-dependent signaling to IRF-3 via Fas-
associated death domain protein and receptor interacting pro-
tein 1 was reported (4), and it will be interesting to learn the
role of this pathway in myeloid cells and also which PRRs act
upstream of this signal transduction cascade. It is also possible

FIG. 5. Role of dsRNA, PKR, and RIG-I in induction of the antiviral response in myeloid cells. (A to C) RAW 264.7 cells stably transfected
with DN-RIG-I or a control plasmid were seeded and left overnight to settle before infection with SeV (A, MOI of 1; B, MOI of 0.01 to 1) or
EMCV (C, MOI of 1). After 12 h (A and B) or 24 h (A and C) of infection, supernatants were harvested and RANTES was measured by ELISA.
(D to F) RAW 264.7 cells stably transfected with DN-PKR or a control plasmid were seeded and left overnight to settle before infection with SeV
(D, MOI of 1; E, MOI of 0.01 to 1) or treatment with polyIC (pIC) (F, MOI of 1). After 12 h (D and E) or 24 h (D and F), supernatants were
harvested and RANTES was measured by ELISA. (G and H) RAW 264.7 cells stably transfected with NS1 or a control plasmid were seeded and
left overnight to settle before infection with SeV (G) or EMCV (H), both at an MOI of 1. After the indicated periods of incubation, supernatants
were harvested and IFN-�/	 was measured by bioassay. Essentially similar results were observed for three to four independent experiments. UT,
untreated.
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that the dsRNA-dependent mechanism seen in myeloid cells
works in concert with the viral nucleoprotein to trigger the
SeV-induced response. It has been reported that the ribo-
nuclear protein of vesicular stomatitis virus (37) and the nu-
cleocapsid of the measles paramyxovirus induce IRF-3 activa-
tion (36), and others have shown that the latter associates with
RNA when expressed recombinantly (32). Answers to these
questions require further investigations.

Our finding that expression of NS1 only partially inhibited
the response to SeV infection in myeloid cells, together with
the observation that DN-MyD88 also reduced the response in
these cells, suggested the existence of a dsRNA-independent
and TLR-dependent response in myeloid cells. Accordingly,
ectopic expression of TLR7 and TLR8 (but not TLR2, -3, -4,
or -9) in HEK293 cells elevated SeV-induced activation of
NF-�B and expression of IL-8 and IP-10. Moreover, a synthetic
ligand for TLR7 and TLR8 potently activated gene expression
in both murine RAW 264.7 cells and human U937 cells, hence
showing that myeloid cells do indeed express TLR7 and TLR8.
Finally, inhibition of TLR7 and TLR8 by chloroquine signifi-

cantly reduced the response of U937 cells to SeV. Murine
TLR7 and human TLR8 have recently been reported to rec-
ognize ssRNA (9, 13, 22), and since SeV is an ssRNA virus, this
is likely to be the viral trigger of the TLR-dependent response
in myeloid cells. However, human TLR7 does not respond to
ssRNA yet did elevate the response to SeV infection. The data
presented here thus show that virus infections are associated
with activation of human TLR7 via ligands that remain to be
identified (18).

It is of note that although we showed a contribution from
TLR7 and TLR8 to induction of gene expression in myeloid
cells, this induction was still sensitive to inactivation of the
virus, which is in contrast to what has been reported for viral
activation of plasmacytoid DCs via TLR7 and TLR9 (9, 21).
However, we have recently shown that herpes simplex virus
activates macrophages via a mechanism dependent on both
TLR9 and a UV-sensitive signal (24). This indicates that in
myeloid cells, either it is not the incoming viral genomic ma-
terial that activates TLR7, -8, and -9 but rather de novo-
synthesized RNA/DNA or, alternatively, a second signal which
is UV sensitive cooperates with the TLRs to amplify the signal.

Altogether, in this work we have investigated the mecha-
nisms through which cells recognize SeV infection and trigger
induction of antiviral gene expression. The data presented
suggest that while nonimmune cells are armed only with a
system to sense cytoplasmic accumulation of SeV dsRNA via
the RNA helicasae RIG-I, myeloid cells can recognize both
ssRNA and dsRNA of SeV through TLR7 and TLR8 and
through a novel unidentified mechanism, respectively.
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