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NF-�B is known to exert its antiviral innate immune response via
the IFN-�-induced Janus kinase�signal transducers and activators
of transcription pathway. However, our current studies have dem-
onstrated that activated NF-�B is capable of directly establishing an
antiviral state independent of IFN or secreted soluble factor(s)
against two highly pathogenic respiratory RNA viruses. Human
parainfluenza virus type 3, a mildly cytopathic virus that induced
NF-�B very early during infection was converted to a virulent virus
after NF-�B inhibition. In contrast, a highly cytopathic virus, human
respiratory syncytial virus that induced NF-�B late during infection,
was converted to a mildly cytopathic virus after NF-�B induction
before virus replication. This interconversion of cytopathic pheno-
types of viruses after NF-�B modulation was further shown to be
independent of IFN and soluble secreted factors(s). Moreover,
tumor necrosis factor � (TNF-�) and IL-1� elicited an antiviral
response, which was NF-�B-dependent. Thus, NF-�B induction
directly confers an essential innate antiviral response against
human parainfluenza virus type 3 and respiratory syncytial virus,
which is independent of IFN-inducible factor(s).

Innate immune response initiated by the infected host cells
constitutes the first line of defense against foreign pathogens

including viruses, before orchestrating a well organized adaptive
immune response. NF-�B, a family of evolutionarily conserved
transcription factors, represents an important modulator of
innate and adaptive immune function required for optimal host
defense (1–4). Viruses have evolved to activate NF-�B, either by
double-stranded RNA intermediate or activation of Toll-like
receptors (TLRs), leading to nuclear translocation of NF-�B
(5–7). In the nucleus, NF-�B binds to its cognate promoter sites
to activate an array of genes, including proinflammatory cyto-
kines, chemokines, and adhesion molecules (7). These molecules
are involved in initiating adaptive immunity process by recruiting
immune cells to the site of infection. Apart from the adaptive
immune responders, NF-�B’s innate immune function is medi-
ated by the activation of IFN-�, an important antiviral cytokine
(8, 9), through which paracrine action activates the Janus kinase
(JAK)�signal transducers and activators of transcription (STAT)
antiviral pathway (8, 9).

We have used two viruses, human parainfluenza virus type 3
(HPIV-3) and human respiratory syncytial virus (RSV), to study
the role of NF-�B activation in conferring essential innate
antiviral response in human epithelial cells. These cells facing the
luminal side (e.g., intestine, lung, and airway) have direct contact
with the exterior milieu and are, therefore, the initial target for
majority of pathogens, including viruses (10). Both HPIV-3 and
RSV, belonging to the paramyxoviridae family, are enveloped
single-stranded RNA containing viruses of negative polarity that
replicates in the cytoplasm (11). These viruses are important
human respiratory tract pathogens, causing high morbidity
among infants, children, and immunocompromised adults man-
ifesting disease states including, pneumonia, croup, and brochi-
olitis (11). To date, no effective vaccine or antiviral therapy
exists for either of these viruses. Therefore, elucidation of innate
immune antiviral response elicited by these viruses holds signif-

icant potential for development of effective antiviral therapies
against these viruses.

In this article, we report that NF-�B is capable of signaling an
innate antiviral response that is independent of IFN and the well
established JAK�STAT antiviral pathway. The importance of
NF-�B-mediated innate response was further borne out by our
observation that the temporal nature of NF-�B induction profile
exhibited by RSV and HPIV-3 had direct bearing on their
respective cytopathic phenotype and replication capability.
Moreover, proinf lammatory cytokines like tumor necrosis
factor-� (TNF-�) and IL-1� exerted a potent antiviral action,
which was directly dependent on the NF-�B innate antiviral
pathway. The antiviral role of NF-�B against these cytoplasmic
RNA viruses is discussed.

Materials and Methods
Cells and Viruses. A549, CV-1 cells, WT and IKK���� mouse
embryonic fibroblasts (MEFs), and human epithelial-like fibro-
sarcoma cells (WT and STAT-1��� cells) were cultured as
described (10, 12–15). HPIV-3, RSV, and vesicular stomatitis
virus (VSV) adenoviruses (Ads) were propagated in CV-1,
HepG2, BHK, and HEK cells, respectively, as described (10,
14–16).

Plaque Assay. Plaque assay was performed as described (15). To
visualize the cytopathic effect, the same dilutions of medium
supernatants were similarly added to CV-1 cells, and the plaques
were viewed by phase contrast microscopy (�10 objective). The
plaque assay data shown in the figures represents the mean
number of plaque-forming units�ml from three independent
experiments with similar results.

Virus Infection. A549 cells pretreated with used pyrollidine di-
thiocarbamate (PDTC) (Calbiochem; 50 �M) for 4 h or infected
with the Ads [200 multiplicity of infection (mois)] for 16 h were
infected with HPIV-3 (0.1 moi) or RSV (0.1 moi), either in the
absence or presence of PDTC. After 36 h postinfection, the
medium supernatants were prepared for plaque assay (15).
The MEFs and fibrosarcoma cells were similarly infected with
HPIV-3 and RSV (0.1 moi).

Electrophoretic Mobility-Shift Assay (EMSA) and Luciferase Assay.
Nuclear extracts were prepared from HPIV-3 (3 mois), RSV (1
moi) -infected A549 cells as described (17). The nuclear extracts
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(8 �g of protein) were either incubated with 32P-labeled NF-�B
oligonucleotide probe in the presence of preimmune�normal
rabbit serum (NRS) or p65 antibody (Santa Cruz Biotech-
nology), or incubated with a 50� molar excess of unlabeled
specific WT or mutant NF-�B oligonucleotide probe, and ana-
lyzed as described (16, 17). For luciferase assay, A549 cells were
transiently transfected with plasmids containing the 2� NF-�B
promoter fused to the firefly luciferase gene (16) and Renilla
luciferase (for normalization of transfection efficiencies) by
using lipofectin (GIBCO�BRL) as described (16). Sixteen hours
posttransfection, cells were infected with either HPIV-3 or RSV
(1 moi) and 8 h (for HPIV-3) or 20 h (for RSV) postinfection,
the cell lysates were prepared and assayed for firefly lucifease
expression as described (16). The luciferase activity was nor-
malized to the Renilla luciferase activity (dual luciferase assay
from Promega). NF-�B-luciferase- (NF-�B-Luc) transfected
A549 cells were also infected with Ads [Ad-GFP, I�B super
repressor (Ad-I�B-SR), and Ad-expressing dominant negative
TLR adaptor protein MyD88 (Ad-DN-MyD88)] for 12 h, fol-
lowed by either mock infection or infection with RSV or HPIV-3
(1 moi) for 18 and 8 h, respectively. Similarly NF-�B-Luc-
transfected A549 cells were infected with either Ad-GFP or
Ad-I�B-SR for 12 h, followed by TNF-� or IL-1� treatment (20
ng�ml) for 2 h. The lysates from these cells were assayed for
luciferase activity as described above. The luciferase assay results
shown in the figures represent the average of three independent
experiments and the standard deviations are shown as error bars.

Treatment of HPIV-3-Infected A549 Cells with NG-monomethyl-L-argi-
nine (L-NMMA), Conditioned Medium (CM), or IFN-�. A549 cells
pretreated with 5 mm or 25 mM L-NMMA (Oxis International,
Portland, OR) for 4 h were infected with HPIV-3 (0.1 moi) for
36 h in the absence or presence of L-NMMA. To prepare the CM,
A549 cells were either mock infected or infected with HPIV-3
(0.1 or 1 moi) for 24 h. The resulting medium supernatants were
added to Centricon units (Centricon Plus-20, 300,000-kDa cut-
off; Millipore) and centrifuged per manufacturer’s direction.
After centrifugation, the membrane flow-through supernatants
were checked for the absence of virus by infecting fresh A549
cells. Once the absence of virus was confirmed, the mock or the
HPIV-3 CMs were added to Ad-infected cells simultaneously
during adsorption (2 h at 37°C) of HPIV-3 (0.1 moi). The CM
was present during the course of the infection (36 h). IFN-�
(2,000 units�ml) (PBL) was similarly added to Ad-infected cells
simultaneously during adsorption (2 h at 37°C) of HPIV-3 (0.1
moi), and it was present during the course of the infection (36
h). The medium supernatants from L-NMMA-, CM-, or IFN-
�-treated A549 cells infected with HPIV-3 were processed for
plaque assay analysis.

RSV and VSV Infection of A549 or Human Fibrosarcoma Cells Pre-
treated with Either TNF-� or IL-1� in the Presence of Either Ad-GFP or
Ad-I�B-SR. A549 or human fibrosarcoma cells were pretreated
with TNF-� or IL-1� (20 ng�ml) (R & D Systems) for either 8
or 16 h. After pretreatment, the cells were infected with RSV,
HPIV-3, or VSV (0.1 moi) for 36 h in the absence of these
cytokines. A549 cells were also infected with Ads (Ad-GFP or
Ad-I�B-SR) for 12 h, followed by TNF-� or IL-1� pretreatment
(20 ng�ml) for 16 h. These cells were then infected with either
RSV or VSV (0.1 moi) for 36 h in the absence of these cytokines.
The medium supernatants from these cells were then subjected
to plaque assay analysis on CV-1 cells.

RSV and VSV Infection of A549 or Human Fibrosarcoma Cells Pre-
treated with Either TNF-� or IL-1� CM in the Presence of Anti-TNF-�
or Anti-IL-1� Neutralizing Antibodies, Respectively. CM obtained
from untreated and TNF-�- or IL-1�-treated (20 ng�ml) A549
(8, 16, or 24 h) or human fibrosarcoma (24 h) cells were

incubated with either control or respective cytokine-neutralizing
antibodies (300 ng�ml; R & D Systems) overnight at 4°C. After
incubation, the medium was added to fresh A549 or human
fibrosarcoma cells for 16 h pretreatment before adding RSV or
VSV (0.1 moi). The medium supernatants obtained from these
cells after 36 h virus infection were subjected to plaque assay
analysis on CV-1 cells

Results
Temporal Activation of NF-�B by HPIV-3 and RSV in Human Lung
Epithelial Cells. Human lung epithelial A549 cells were initially
tested for susceptibility to HPIV-3 and RSV infections. We
observed that HPIV-3 is significantly less cytopathic than RSV
in these cells; the cells that are the primary target of these viruses
during productive infection (ref. 11 and Fig. 1 A and B). A
single-step growth kinetics of these viruses (0.1 moi) at 12, 24,
and 48 h postinfection revealed that HPIV-3 titer was signifi-
cantly lower (two logs) compared with RSV (Fig. 1 A). These
differences can also be directly visualized by their ability to form
syncytia; cytopathic effect analysis (Fig. 1B) of these viruses at
the same dilution of medium supernatants showed few plaques
for HPIV-3, whereas RSV completely disseminated the cells.
These results demonstrated that HPIV-3 replicated poorly in
A549 cells, whereas RSV was highly cytopathic.

We next investigated whether these viruses possessing widely
different cytopathic phenotype also differ in their induction of
NF-�B, which is an important innate immune responder (1–4).
EMSA (Fig. 1C) performed with nuclear extracts obtained from
RSV- or HPIV-3-infected A549 cells, revealed rapid NF-�B
DNA-binding activity very early after HPIV-3 infection (30 min
postinfection) before initiating its full replicative cycle (12–16 h
postinfection; refs. 18 and 19). In contrast, RSV-induced NF-�B
DNA-binding activity was observed considerably later (16 h)
after the onset of replication (10–12 h postinfection; ref. 20),
similar to that reported (21, 22). Specificity of the HPIV-3-
induced NF-�B complex formation was demonstrated by super-

Fig. 1. Replication kinetics and NF-�B-induction profile of HPIV-3 and RSV in
human lung epithelial A549 cells. (A) A single-step growth kinetics of HPIV-3
and RSV (0.1 moi) in A549 cells was determined by plaque assay analysis. (B)
Cytopathic effect analysis (48 h postinfection) of HPIV-3 and RSV (0.1 moi)
from infected A549 cells was determined after addition of same dilution of
A549 medium supernatants to CV-1 cells for plaque assay analysis. (C) NF-�B
EMSA using nuclear extracts from uninfected (�) and RSV-infected (1, 2, 6, and
16 h postinfection) A549 cells, and HPIV-3-infected (0.5–24 h postinfection)
A549 cells in the absence or presence of NF-�B p65 antibody (Ab), preimmune
serum, specific NF-�B unlabeled probe, or mutant NF-�B unlabeled probe (NS)
as indicated.
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shift analysis with p65 antibody and competition with unlabeled
WT, but not mutant oligonucleotide probe (Fig. 1C).

Inhibition of NF-�B Activation Results in Increased Replication and
Cytopathogenicity of HPIV-3 Independent of IFN. The differential
kinetics of NF-�B induction displayed by RSV and HPIV-3
raised the possibility that these viruses may have evolved to
regulate the activation of NF-�B to strategically manipulate the
antiviral defense mechanism exerted by the host for efficient
replication, leading to higher cytopathic phenotype. To examine
this possibility, we monitored the replication capability of
HPIV-3 and RSV in cells where NF-�B was inactivated. By using
PDTC, a general NF-�B inhibitor (ref. 23 and Fig. 2A), during
infection resulted in a significant (30-fold) increase in HPIV-3
titer. In contrast, PDTC had no effect on RSV titer (Fig. 2 A).
These results were further confirmed by expressing the Ad-
I�B-SR (32A�36A) (16, 24) in HPIV-3-infected cells. As shown
in Fig. 2B, I�B-SR expression lead to dramatic increase (100-
fold) in HPIV-3 titer, whereas RSV titer remained unchanged.
The Ad-I�B-SR used in these studies was functional, because
Ad-I�B-SR, but not control Ad-GFP, inhibited NF-�B-Luc
induction by HPIV-3 and RSV in A549 cells (Fig. 2C). Finally,
virus obtained from infected WT and IKK���� MEFs (12)
demonstrated dramatic augmentation (100-fold) of HPIV-3, but
not RSV replication in IKK���� cells (Fig. 2D). The significant
increase in HPIV-3 cytopathogenicity and viral titer could be
clearly visualized by increased syncytia formation after NF-�B
inactivation (Fig. 2 E and F). The observed conversion of mildly
cytopathic HPIV-3 into a virulent form, similar to RSV, after
inhibition of NF-�B, suggested an important role of NF-�B in
antiviral defense. These results indicate that rapid activation of
NF-�B before HPIV-3 replication constitutes an essential anti-
viral host defense in human lung epithelial cells, as well as in
mouse fibroblasts.

We next examined whether the conversion of a mildly cyto-

pathic virus, HPIV-3, to a virulent one on NF-�B inhibition was
due to the lack of IFN-� [a gene which is stimulated in
HPIV-3-infected epithelial cells (25, 26)] or soluble antiviral
secreted factor(s) production. As shown in Fig. 2G, addition of
exogenous IFN-� (2,000 units�ml) to the NF-�B-inactivated
cells at the time of HPIV-3 infection failed to inhibit the
increased infectivity and cytopathogenicity of HPIV-3. Similar
results were obtained after addition of IFN-� (data not shown).
The potential involvement of putative secretory antiviral soluble
factor(s) were also eliminated, because CM supernatant ob-
tained from HPIV-3-infected A549 cells (cleared free of virus)
or mock-infected cells added to Ad-I�B-SR- and HPIV-3-
infected cells at the time of HPIV-3 infection, failed to repress
the increased virus infectivity (Fig. 2G). Thus, it seems that
NF-�B-mediated anti-HPIV-3 activity is conferred by establish-
ing an intracellular antiviral state independent of IFN and�or
soluble factor(s).

Inhibition of RSV Replication After Specific Induction of NF-�B by
TNF-� or IL-1�. If indeed NF-�B is an essential innate antiviral
mediator as shown above, we hypothesized that RSV may have
maintained its highly cytopathic phenotype as a result of de-
regulating NF-�B activation by inducing it late in the replication
cycle. If such induction constitutes the mechanism used by RSV
to evade host’s NF-�B-dependent antiviral response for preser-
vation of its high virulence, activation of NF-�B before the
replication of RSV may confer an antiviral state. To examine this
possibility, we pretreated A549 cells with TNF-� (27) or IL-1�
(28), which are potent inducers of NF-�B, before RSV infection.
Pretreatment of cells with TNF-� or IL-1� (Fig. 3A) severely
restricted RSV replication with a decrease in virus titer by
1,000-fold. However, treatment of A549 cells with TNF-� or
IL-1� 10–12 h postinfection (after replication initiation) failed
to restrict RSV replication (data not shown). It is important to
note that in these studies, TNF-� and IL-1� were present only

Fig. 2. Inhibition of NF-�B activation increases HPIV-3, but not RSV, replication and cytopathogenicity in an IFN- and�or soluble factor(s)-independent manner.
Plaque assay analysis using medium supernatants from A549 cells mock infected or infected with either HPIV-3 or RSV in the absence or presence of PDTC (50
�M) (A), or A549 cells infected with HPIV-3 or RSV in the absence or presence of prior infection with Ads encoding the I�B-SR or GFP(B). (C) Expression of
transfected NF-�B-Luc in A549 cells infected with HPIV-3 or RSV in the presence of I�B-SR or control GFP. (D) Plaque assay analysis using medium supernatants
from IKK���� or WT MEFs infected with either HPIV-3 or RSV. Phase contrast microscopic picture of CV-1 cells incubated with same dilutions of medium
supernatants obtained from A549 cells infected with HPIV-3 and Ad-GFP or Ad-I�B-SR (E) and HPIV-3-infected WT or IKK���� MEFs (F). (G) Plaque assay analysis
using medium supernatants from A549 cells infected with HPIV-3 and Ad-GFP or Ad-I�B-SR and treated with IFN-� (2,000 units�ml). Similar analysis was performed
with medium supernatants from A549 cells infected with HPIV-3 and Ad-GFP or Ad-I�B-SR in the presence or absence of either mock CM or HPIV-3 CM (cleared
free of virus).
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during the pretreatment period, but not during virus infection.
These results strongly suggest that establishment of NF-�B-
dependent antiviral state before infection was sufficient to
restrict the replication of RSV.

Because TNF-� and IL-1� induces additional signaling path-
ways (e.g., c-Jun N-terminal kinase and extracellular signal-
regulated kinase) apart from NF-�B (29, 30), we investigated
whether the antiviral action of TNF-� and IL-1� is specifically
mediated by activated NF-�B. Inhibition of NF-�B activation
after expression of I�B-SR significantly reverted the antiviral
action of TNF-� and IL-1� (Fig. 3B) toward RSV. In control
experiments, TNF-� or IL-1� treatment of A549 cells trans-
fected with NF-�B-Luc led to significant induction of NF-�B
activity, which was inhibited when the cells were infected with
Ad-I�B-SR (Fig. 3C). These results demonstrated the potent
antiviral action of TNF-� and IL-1� is indeed mediated specif-
ically via the NF-�B signaling pathway, and the latter pathway
plays an important innate antiviral role in host cells, only when
it is activated before virus replication. Interestingly, TNF-� or
IL-1� (Fig. 3D) pretreatment failed to exert an anti-HPIV-3
activity. Presumably, HPIV-3-mediated induction of NF-�B
during the normal course of infection represents the optimal
threshold value for its antiviral activity, which is not augmented
further by TNF-� or IL-1� treatment.

NF-�B-Dependent Antiviral Response by TNF-� and IL-1� Is Mediated
Independent of IFN and Soluble Secreted Factor(s). Next, we inves-
tigated whether IFN and�or soluble factor(s) are involved in
eliciting the NF-�B-dependent antiviral mechanism of TNF-�
and IL-� against RSV. As shown in Fig. 4 A and B, the medium

supernatant obtained from TNF-�- (Fig. 4A) or IL-1�- (Fig. 4B)
treated A549 cells (cytokine CM) when treated with anti-TNF-�
or anti-IL-1� neutralizing antibodies, respectively, and added to
fresh A549 cells for pretreatment before virus infection, failed to
inhibit RSV replication. The specificity of these cytokine-
neutralizing antibodies was borne out by the observation that
they failed to inhibit the antiviral action of IFN and the TNF-�
and IL-1� CM retained its antiviral property even in the
presence of anti-IFN neutralizing antibody (data not shown).

The noninvolvement of soluble secreted factor(s), including
IFN, in exerting the NF-�B-dependent antiviral state was further
shown by using WT 2fTGH- and IFN-insensitive STAT-1 null
(STAT-1���) U3A human epithelial-like fibrosarcoma cells
(31). The lack of JAK�STAT signaling pathway was shown to
have no effect on NF-�B signaling cascade induced by TNF-�
treatment (32). Similar to A549 cells, TNF-� (Fig. 4C) or IL-1�
(data not shown) pretreatment established an antiviral state for
RSV in both WT and STAT-1��� cells. Moreover, additional
soluble secreted factor(s) were not involved during establish-
ment of the antiviral state in WT or STAT-1��� cells, as tested
by performing similar experiments described in Fig. 4 A and B
(data not shown). These results suggested that IFN and�or
soluble secreted factor(s) are not involved in exerting a NF-�B-
dependent antiviral state.

Use of MyD88 by HPIV-3 for NF-�B Induction. Because our results
have suggested that a critical time frame of NF-�B activation in
infected cells dictates the antiviral function of NF-�B, we
investigated the mechanism(s) that may be involved in confer-
ring the difference in postinfection NF-�B induction profile
exhibited by HPIV-3 (rapid induction) and RSV (late induction).
Recently TLRs have been shown to be used by RNA cytoplasmic
viruses for rapid activation of NF-�B in infected cells (5, 6, 8).
Because MyD88 is an essential TLR adaptor protein required for
optimal TLR-dependent NF-�B activation (33, 34), we investi-
gated the requirement of MyD88 in transducing RSV- and
HPIV-3-mediated NF-�B activation signal.

Whereas infection of A549 cells with Ad-DN-MyD88 abro-
gated NF-�B-Luc activation by HPIV-3, Ad-DN-MyD88 failed
to inhibit NF-�B induction by RSV (Fig. 5A). Moreover, the
requirement of MyD88 in HPIV-3-mediated induction of NF-�B
was borne out by the observation that expression of DN-MyD88
resulted in drastic increase in HPIV-3 replication and cytopatho-
genicity (Fig. 5 B and C), which was similar to that observed after
expression of I�B-SR (Fig. 2 B and E). These results indicate that
in human lung epithelial cells, HPIV-3 and RSV uses two

Fig. 3. Effect of TNF-� and IL-1� pretreatment on NF-�B-dependent restric-
tion of RSV replication and cytopathogenicity. (A) Plaque assay analysis of
medium supernatants from A549 cells pretreated with 20 ng�ml TNF-� or IL-1�

for 8–16 h before RSV infection. (B) Plaque assay analysis of culture superna-
tants from I�B-SR or GFP expressing A549 cells, pretreated with either TNF-�
or IL-1� for 16 h before RSV infection. (C) Expression of transfected NF-�B-Luc
in A549 cells treated with either TNF-� or IL-1� (20 ng�ml for 2 h) in the
presence of I�B-SR or control GFP. (D) Plaque assay analysis of medium
supernatants from A549 cells pretreated with 20 ng�ml TNF-� or IL-1� for 24 h
before HPIV-3 infection.

Fig. 4. The noninvolvement of IFN and�or soluble secretory factor(s) in
mediating the NF-�B-dependent antiviral response elicited by TNF-� and IL-1�.
Plaque assay analysis of medium supernatants from A549 cells infected with
RSV after a 16-h pretreatment of A549 cells with medium obtained from
TNF-�- (A) or IL-1�- (B) treated (8 or 16 h) A549 cells in the presence of control
antibody or anti-TNF-� (A) or anti-IL-1� (B) neutralizing antibodies. (C) Plaque
assay analysis using medium supernatants from WT or STAT-1��� cells un-
treated or pretreated with TNF-� (20 ng�ml for 16 h) before infection with
RSV. The percent infection indicated was calculated based on a ratio of
number of plaques obtained in the presence of TNF-� over the number
obtained from untreated cells.
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alternative mechanisms, MyD88-dependent and -independent
pathways, respectively, to induce NF-�B. Moreover, MyD88-
dependent and -independent pathways adopted by these two
viruses to either induce NF-�B rapidly (HPIV-3) or late after
replication initiation (RSV), respectively, may have a direct
bearing on their respective cytopathogenic phenotype.

Discussion
In this article, we have established that two medically important
human respiratory tract pathogens, HPIV-3 and RSV, respond
differentially to innate response elicited by NF-�B. The mildly
cytopathic virus, HPIV-3 (which induces NF-�B early during
infection), was converted to a virulent virus as a result of
increased replication after inhibition of rapid NF-�B induction
by HPIV-3. In contrast, the replication of RSV (which induces
NF-�B late in infection) was not altered in NF-�B-inhibited cells.
However, specific induction of NF-�B by TNF-� or IL-1� before
virus replication rendered an antiviral state against RSV, con-
verting this highly cytopathic virus to a less virulent virus. Similar
results with drastic inhibition of viral replication after induction
of NF-�B before virus infection were obtained when another
highly cytopathic RNA cytoplasmic virus, VSV, which possesses
similar high titer like RSV in A549 cells (data not shown), and
fails to induce NF-�B in these cells (21) was allowed to infect
TNF-�- and IL-1�-pretreated cells (see Fig. 7, which is published
as supporting information on the PNAS web site, www.pnas.org).
Moreover, similar to RSV, anti-VSV activity of TNF-� and
IL-1� was elicited specifically by NF-�B, which is independent of
IFN and soluble secreted factors (see Fig. 8, which is published
as supporting information on the PNAS web site). These results
demonstrated that NF-�B is also capable of conferring an
essential IFN-independent antiviral activity against a virus that
does not induce its activity during natural infection.

It is interesting to note that although the antiviral potential of
TNF-� has been reported earlier (35, 36), the mechanism(s)
involved in conferring the antiviral response was not known. In
our current study, we have demonstrated that the antiviral
activity of TNF-� is mediated directly by NF-�B, which is
independent of IFN. In addition, we have demonstrated the
ability of IL-1� to act as a potent antiviral cytokine, which exerts

its IFN-independent antiviral activity by inducing NF-�B. The
ability of two NF-�B-inducing cytokines to severely restrict virus
replication similar to IFN demonstrated the importance of
NF-�B in antiviral defense. Moreover, the noninvolvement of
IFN in exerting a NF-�B-dependent antiviral response was borne
out by previous reports that infection of STAT-1��� cells yielded
similar HPIV-3 titer compared with the WT cells (13), and RSV
is insensitive to the antiviral action of IFN-��� in A549 cells (37).
Our results demonstrating that TNF-� and IL-1� exert their
NF-�B-dependent antiviral action independent of IFN were
recently validated, because microarray analysis did not reveal
induction of IFN-��� genes after treatment of cells with either
TNF-� or IL-1� (38). In addition, nitric oxide (NO) production
after inducible nitric oxide synthase (iNOS) induction through
NF-�B (39) was not the antiviral factor, because A549 cells
treated with the iNOS-competitive inhibitor L-NMMA during
HPIV-3 infection resulted in no significant differences in
HPIV-3 virus titer (data not shown). Moreover, the NF-�B-
dependent antiviral action is not mediated by IFN-�, because the
nonimmune cells used in our studies are incapable of inducing
IFN-� gene.

Because NF-�B-mediated antiviral response critically relies on
the time frame of its activation after virus infection, we further
demonstrated that at least for RSV and HPIV-3, the temporal
nature of NF-�B induction appears to depend on the use of
MyD88. (33, 34). HPIV-3 used the MyD88-dependent pathway
to rapidly induce NF-�B, probably after interaction of HPIV-3
envelope protein(s) with cell-surface TLRs during virus entry. In
support of rapid activation of NF-�B by HPIV-3, a previous
study (26) has reported the induction of MHC-I (a gene whose
expression is regulated by transactivating function of NF-�B) by
UV-irradiated (replication incompetent) HPIV-3 and UV-
inactivated HPIV-3-induced NF-�B in A549 cells (data not
shown). Further studies will be needed to identify the specific
TLRs involved in NF-�B activation by HPIV-3. In contrast to
HPIV-3, RSV induced NF-�B late after replication initiation via
the MyD88-independent pathway. In that context, previous
studies have shown that in contrast to alveolar macrophages or
monocytes, RSV activated NF-�B late during infection in lung

Fig. 6. A model depicting NF-�B-mediated innate antiviral response inde-
pendent of IFN. Rapid activation of NF-�B by viruses like HPIV-3 via the MyD88
pathway early during infection in a replication-independent manner confers
an intracellular antiviral state in the infected cells (Left). Similarly, viruses like
RSV that induce NF-�B late after infection in a replication-dependent manner,
produce TNF-� and�or IL-1�, which, by means of the paracrine mechanism,
may prime uninfected cells (Right) after binding to its cognate receptors to
establish an NF-�B-dependent antiviral state. In addition, exogenously added
TNF-� or IL-1�, and the production of these cytokines after secondary adaptive
response by immune cells, could prime uninfected cells to activate NF-�B-
mediated antiviral response against viruses like VSV that do not induce NF-�B.
TNFR, TNF-� receptor; IL-1�R, IL-1� receptor.

Fig. 5. Differential requirement of MyD88 for NF-�B induction by HPIV-3 and
RSV. (A) Expression of transfected NF-�B-Luc in A549 cells infected with HPIV-3
or RSV in the presence of DN-MyD88 or control GFP. (B) The indicated medium
supernatants from A549 cells infected with HPIV-3 or RSV in the absence or
presence of prior infection with Ads encoding the DN-MyD88 or GFP were
subjected to plaque assay analysis. (C) Phase contrast microscopic picture of
CV-1 cells incubated with same dilutions of medium supernatants obtained
from A549 cells infected with HPIV-3 and Ad-GFP or Ad-DN-MyD88.
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epithelial cells (21, 22). Moreover, the NF-�B activation by RSV
in these cells were replication dependent, because UV-
inactivated RSV (data not shown and ref. 40), and virus repli-
cation inhibitors (22) failed to activate RSV-dependent NF-�B
induction in A549 cells. Similar to our observation, a recent study
(41) has also reported TLR4-independent and replication-
dependent activation of NF-�B by RSV in lung epithelial cells.
In addition to MyD88, we observed a differential requirement of
phosphatidylinositol 3-kinase (PI3K) (42) for induction of
NF-�B by HPIV-3 and RSV. Whereas RSV failed to induce
NF-�B in A549 cells after inhibition of PI3K activity (ref. 43 and
data not shown), such inhibition had no effect on HPIV-3-
mediated NF-�B activation (data not shown).

Based on our results, we propose a model for the direct
establishment of an IFN-independent innate antiviral state after
NF-�B activation (Fig. 6). Infection of human epithelial cells
with HPIV-3 rapidly induces (replication independent) NF-�B
via the MyD88-dependent IKK�I�B pathway, leading to the
establishment of an antiviral state. HPIV-3, a mildly cytopathic,
TNF-�-nonproducing virus (25, 26), thus induces the NF-�B
antiviral pathway rapidly to restrict its own replication in infected
cells. In contrast, NF-�B failed to exert its antiviral function
against viruses, like RSV, which activated NF-�B via a MyD88-
independent and replication-dependent pathway. Although
RSV and VSV circumvents the antiviral activity of NF-�B in
infected cells, activation of NF-�B by TNF-� and IL-1� (proin-
flammatory cytokines whose gene is regulated by transactivating
function of NF-�B) before virus replication established an
intracellular antiviral state. Thus, in the absence of IFN sensi-

tivity (37) and evasion of NF-�B-dependent antiviral response,
TNF-� and�or IL-1� produced by RSV-infected cells (44) may
prime uninfected cells by means of binding to their cognate
receptors, to restrict the spread of RSV by activating NF-�B.
Moreover, TNF-� and�or IL-1� produced after secondary adap-
tive response by immune cells (45, 46), could prime uninfected
cells to create an NF-�B-dependent antiviral state against vi-
ruses such as VSV, that do not induce NF-�B (21), and fail to
produce IFN from infected cells (47).

In conclusion, we report an innate antiviral immune response
that is independent of the well established IFN-induced JAK�
STAT pathway, and demonstrate that this innate antiviral re-
sponse is directly mediated by NF-�B after its activation, either
by a virus or by proinflammatory cytokines like TNF-� and
IL-1�. Thus, NF-�B acts as an essential host antivirulence factor
to restrict the systemic spread of pathogens by not only producing
IFN-� but also by being capable of directly establishing an
IFN-independent intracellular antiviral state against several
RNA cytoplasmic viruses by an alternative pathway.
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