
The NS1 Protein of Influenza A Virus Blocks RIG-I-Mediated
Activation of the Noncanonical NF-�B Pathway and p52/RelB-
Dependent Gene Expression in Lung Epithelial Cells

Andrea Rückle,a Emanuel Haasbach,b Ilkka Julkunen,c Oliver Planz,b Christina Ehrhardt,a and Stephan Ludwiga

Institute of Molecular Virology (IMV), Centre for Molecular Biology of Inflammation (ZMBE), Westfälische-Wilhelms-University, Muenster, Germanya; Interfaculty Institute for
Cell Biology, Department of Immunology, University of Tuebingen, Tuebingen, Germanyb; and Virology Unit, National Institute for Health and Welfare (THL), Helsinki,
Finlandc

Influenza A virus (IAV) infection of epithelial cells activates NF-�B transcription factors via the canonical NF-�B signaling path-
way, which modulates both the antiviral immune response and viral replication. Since almost nothing is known so far about a
function of noncanonical NF-�B signaling after IAV infection, we tested infected cells for activation of p52 and RelB. We show
that the viral NS1 protein strongly inhibits RIG-I-mediated noncanonical NF-�B activation and expression of the noncanonical
target gene CCL19.

Influenza A viruses (IAV) primarily infect lung epithelial cells of
the upper and lower respiratory tract of humans. Activation of

NF-�B transcription factors was identified to be one of the major
regulators of the innate immune defense, as it participates in cy-
tokine and chemokine production and regulation of apoptotic
processes (24). NF-�B proteins are a family of dimeric transcrip-
tion factors composed of five members, including RelA (p65),
RelB, c-Rel, NF-�B1 (p50 and its precursor p105), and NF-�B2
(p52 and its precursor p100) (30), that are controlled by two dis-
tinct signaling pathways. The classical or canonical NF-�B path-
way proceeds via degradation of inhibitors of �B proteins (I�Bs)
and leads to the release of p65/p50 heterodimers, whereas the
alternative or noncanonical pathway regulates the proteolytic
processing of NF-�B2/p100 to form p52. Like I�Bs, p100 possesses
C-terminal ankyrin repeats, binding predominantly RelB in un-
stimulated cells. Upon activation, noncanonical signaling pro-
ceeds via activation of I�B kinase 1 (IKK1) by the NF-�B-inducing
kinase (NIK) (29, 35, 36). Recruitment of p100 to a complex of
NIK and IKK1 allows phosphorylation of p100 by IKK1, subse-
quent ubiquitinylation and partial C-terminal degradation of
p100 (35), and release of active p52/RelB dimers.

The important role of the canonical NF-�B signaling pathway
in the context of IAV infection has been the subject of intense
research. Findings from genome-wide gene expression array as-
says demonstrated a major role of NF-�B for cytokine responses
induced by the highly pathogenic IAV H5N1 (28). Expression of
the viral NS1 protein counteracts activation of NF-�B (31) and
NF-�B promoter activity (21). However, it has been shown that
IAV exploits the remaining NF-�B activity to ensure efficient rep-
lication (22). The unexpected viral dependency on the canonical
NF-�B pathway paved the path for novel antiviral approaches (16,
15). A first proof of concept that NF-�B inhibitors can serve as
anti-influenza agents was demonstrated using acetylsalicylic acid
which efficiently acted in an antiviral manner in vitro and in vivo
(37, 18). The beneficial function of canonical NF-�B activity was
shown to be at least in part due to NF-�B-dependent expression of
proapoptotic factors, such as tumor necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL) or FasL (33), which promoted
caspase activation that in turn resulted in enhanced release of viral
RNP complexes from the nucleus (34). Another recently de-

scribed virus supporting action of NF-�B is the counteraction of
the type I interferon (IFN)-stimulated gene (ISG) expression via
induction of the suppressor of cytokine signaling-3 (SOCS-3) (25)
and by suppression of ISG promoter regions (32). Furthermore, it
was suggested that NF-�B differentially regulates viral RNA syn-
thesis (12). So far, the noncanonical pathway has been linked
mainly to the regulation of adaptive immunity and development
of secondary lymphoid organs (reviewed in reference 4), but
nothing is known about its activation and function in IAV-in-
fected cells. Thus, in this study, we aimed to elucidate a possible
function of noncanonical NF-�B signaling in IAV-infected epi-
thelial A549 cells.

Western blot analysis was used to assess activation of the non-
canonical signaling pathway via detection of the 100-kDa precur-
sor protein p100 and the smaller 52-kDa processed form p52.
A549 cells were infected with the human H1N1 strain influenza
A/Puerto-Rico/8/34 (PR8) or a mutant PR8 virus lacking the viral
NS1 protein (delNS1) (10) for different time periods at a multi-
plicity of infection (MOI) of 1. Subsequently, p52 protein accu-
mulation in whole-cell extracts (WCE) was determined. As a
control, cells were stimulated for 8 h with 100 ng/ml lymphotoxin-
�1-�2 (LT�), a strong activator of the noncanonical signaling
pathway (17, 20). As shown in Fig. 1A, LT� treatment readily
resulted in increased generation of p52. In response to PR8 infec-
tion, no marked increase in p52 amounts was observed. In con-
trast, delNS1 induced a modest formation of p52 at later time
points of infection visible at 16 h postinfection (hpi). Due to the
attenuated phenotype of NS1-deficient viruses in interferon-com-
petent systems, viral protein expression was strongly reduced in
delNS1-infected cells compared to wild-type (wt)-infected cells, as
indicated by reduced M1 protein accumulation. Thus, although
the delNS1 mutant replicates less effectively than the wt virus, it is
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still capable of inducing p52 generation. We next aimed to eluci-
date whether IAV-induced processing of p100 would also lead to
nuclear translocation of the noncanonical factors p52 and RelB.
Therefore, cells were infected as described previously and nuclear

extracts (NE) were prepared and subjected to Western blots. In
accordance with the poor induction of p100 processing by PR8,
both p52 and RelB were hardly detected in the nuclei of infected
cells (Fig. 1B). In contrast, delNS1 infection induced a time-de-
pendent increase of nuclear p52 as well as RelB accumulation al-
ready detectable at 8 hpi. Nuclear extracts contained no cytoplas-
mic contaminations, as p100, which resides in the cytosol, was
completely absent in those samples. Together, these data indicate
that, in IAV-infected cells, noncanonical NF-�B signaling is effi-
ciently suppressed due to the action of the viral NS1 protein. This
is evident in the absence of NS1, where processing of p100 and
nuclear translocation of p52- and RelB-containing dimers readily
occurs. Processing of NF-�B2/p100 was described as a cotransla-
tional event that requires de novo protein synthesis of NF-�B2/
p100 (20). For this reason, mRNA expression of the precursor
protein was investigated at 8, 12, 16, 20, and 24 hpi by quantitative
real-time PCR (qRT-PCR) (Fig. 1C). Indeed, a time-dependent
increase in NF-�B2/p100 mRNA up to 9-fold at 24 hpi was pro-
voked by delNS1. PR8 infection, however, did not lead to signifi-
cant upregulation of NF-�B2/p100 expression. In summary, we
showed that the processing of the precursor protein NF-�B2/
p100, its de novo synthesis, and the nuclear translocation of p52
and RelB are induced late during IAV infection in the absence of
NS1. These findings are in agreement with previous reports that
define the noncanonical pathway to be activated with rather slow
kinetics, in part due to the requirement of de novo protein synthe-
sis of NF-�B2/p100 (2, 20).

In the context of delNS1 infection, parameters other than the
absence of NS1 may influence noncanonical NF-�B activation,
and thus we examined whether engineered expression of NS1 is
sufficient to abrogate delNS1 virus-induced nuclear accumulation
of p52. In contrast to infected control cells, no increase of p52
levels was observed in NS1-expressing cells (Fig. 2A), demonstrat-
ing that NS1 actively suppresses noncanonical NF-�B activation.

To gain more insight into how the noncanonical NF-�B path-
way is activated and how NS1 inhibits its activation, we aimed to
identify the viral stimulus and the cellular sensor that mediates
activation. The cytoplasmic RNA helicase retinoic acid-inducible
gene-I (RIG-I) was shown to be the major cellular sensor detecting
viral RNA intermediates produced during IAV replication. Fur-
ther, NS1 efficiently inhibits RIG-I-mediated interferon induction
and canonical NF-�B activation (19, 31). Recently, NS1 was
shown to interfere with RIG-I activation by the binding of the
ubiquitin ligase TRIM25, which is crucial for full RIG-I activation
(9). Previous studies showed that NIK, which acts upstream of
IKK1 in the noncanonical NF-�B pathway, associates with RIG-I
and its downstream adaptor MAVS. MAVS was also identified to
directly interact with IKK1 after respiratory syncytial virus (RSV)
infection (13). Hence, we hypothesized that noncanonical path-
way activation in response to IAV infection is induced by accumu-
lating viral RNA species via activation of RIG-I and its down-
stream signaling. Transfection of epithelial cells with viral RNA
isolated from PR8-infected A549 cells (5 MOI, 5 h) led to the
activation of the noncanonical NF-�B pathway, as measured by
the detection of p100 processing and p52 formation in the West-
ern blot analysis (data not shown). In addition, in vitro-synthe-
sized RNA bearing 5=-triphosphate groups (pppRNA) provoked
strong accumulation of p52 in nuclear extracts of transfected cells
(Fig. 2B). pppRNA-induced p52 activation could be suppressed
by overexpression of NS1 proteins from different virus strains,

FIG 1 IAV-induced p100 processing and p52/RelB nuclear translocation in A549
cells. (A) Western immunoblots of WCE prepared from A549 cells infected with 1
MOI of either PR8 or delNS1 at the indicated times are shown. As a control for
noncanonical pathway activation, cells were treated with 100 ng/ml LT� for 8 h.
Protein levels of p100 and p52 as well as viral proteins NS1 and M1 were detected
with specific antibodies. NS1 and M1 were detected on separate nitrocellulose
membranes due to their similar molecular weights. ERK2 was probed as a loading
control. (B) Time course of IAV-induced nuclear translocation of p52 and RelB.
A549 cells were infected with PR8 or delNS1 (MOI � 1) at the indicated times, and
nuclear extracts were subjected to Western blot analysis. Blots were probed with
anti-p100/p52, anti-RelB, anti-PB1, or anti-NS1, and �-actin was probed as a
loading control. (C) Virus-induced expression of NF-�B2/p100 was analyzed by
qRT-PCR. A549 cells were infected with PR8 or delNS1 (MOI � 1) for 8, 12, 16,
20, or 24 h. mRNA levels of NF-�B2/p100 were determined using the threshold
cycle (2���CT) method (14) and the housekeeping gene GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) as an internal standard. Mean values � the standard
deviations (SD) relative to uninfected control samples from one representative
experiment of two independent experiments are shown.
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such as PR8 or the avian isolate A/FPV/Rostock/34 (H7N1) (NS1/
FPV). This clearly demonstrates that NS1 proteins from different
IAV strains display similar activities concerning the blocking of
noncanonical NF-�B activation. To further test the hypothesis of
RIG-I being the cellular sensor mediating activation of nonca-
nonical signaling, we interfered with RIG-I signaling by small in-
terfering RNA (siRNA) approaches. Cells transfected with scram-
bled control siRNA or RIG-I-, MAVS-, or TRIM25-specific siRNA
were infected with delNS1 for 20 h, and p52 processing from p100
was analyzed by Western blotting of WCE. Accumulation of p52
and RelB in the nucleus was analyzed in NE of infected cells. As
expected in control siRNA-transfected cells, RIG-I expression was
strongly upregulated 20 h after delNS1 infection, but RIG-I was

absent in RIG-I siRNA-transfected cells (Fig. 2C). Importantly,
both the basal and the delNS1-induced p52 accumulation were
decreased in RIG-I-silenced cells. Consistent with that finding,
delNS1 infection provoked nuclear translocation of p52 and RelB
in control siRNA-transfected cells, whereas levels of p52 were
strongly reduced in RIG-I-silenced cells. Although less pro-
nounced, the nuclear abundance of RelB was also decreased in
cells transfected with RIG-I siRNA. Furthermore, similar to RIG-I
depletion, downregulation of MAVS or TRIM25 by siRNA also
reduced basal p52 amounts and nuclear translocation of p52 and
RelB was reduced compared to control cells (Fig. 2D). In order to
further verify that NS1 inhibits RIG-dependent noncanonical
NF-�B activation, NS1 was expressed together with RIG-I as a
nonviral stimulus. In accordance with our observations from the
siRNA approach, expression of RIG-I provoked enhanced p52
protein accumulation in vector-transfected cells, whereas NS1 in-
hibits nuclear accumulation of p52 in cotransfected cells (Fig. 2E).
Taken together, these results verified that RIG-I/MAVS signaling
mediates IAV-induced noncanonical NF-�B signaling and that
NS1 counteracts this activation. Furthermore, the observed re-
quirement of TRIM25 for full induction of the noncanonical
pathway might also be a direct link to the inhibiting function of
NS1 on its activation.

Previous studies identified a subset of chemokine genes, in-
cluding CCL19, CCL21, CXCL13, and CXCL12, to be dependent
on IKK1 and contain an NF-�B binding site that is preferentially
recognized by p52/RelB dimers (1). These chemokines are nor-
mally expressed in secondary lymphoid organs, where they direct
the steady-state recruitment and placement of lymphocytes and
dendritic cells (3). Via the use of mice deficient in p52 (NF-�B/
p52�/� mice), it was demonstrated that the noncanonical NF-�B
pathway is required for the T-cell-mediated immune response
against lymphocytic choriomeningitis virus (LCMV) and vesicu-
lar stomatitis virus (VSV) (6). These mice failed to initiate an
adequate immune response and clearance of LCMV infection due
to a disturbed splenic microarchitecture which is associated
with low expression of the T-cell chemoattractant CCL21 (6,
8). Apart from their function in secondary lymphoid tissues,
CCL19, CCL21, and CXCL13 were also shown to be inducibly
expressed after IAV infection in nonlymphoid tissues such as the
lung and may recruit responsive immune cells to the site of infec-
tion (7, 27). Here, we focused on CCL19 gene expression in A549
epithelial cells to investigate the impact of noncanonical NF-�B
activation on virus-induced gene expression. A549 cells were in-
fected with PR8 or delNS1 virus for 8, 12, 16, 20, or 24 h. Subse-
quently, total RNA was isolated and reverse transcribed. When
performing qRT-PCR with CCL19-specific primers, a strong up-
regulation of CCL19 mRNA starting at 12 hpi with delNS1 virus
was observed (Fig. 3A). In contrast, PR8 infection only weakly
induced the expression of CCL19. To evaluate the contribution of
noncanonical NF-�B factors to CCL19 mRNA expression, we
used two different approaches. First, we transfected A549 cells
with scrambled control siRNA and NF-�B2- or RelB-specific
siRNA for 48 h and infected cells with PR8 or delNS1 for 20 h.
Efficient knockdown of NF-�B2 and RelB in siRNA-transfected
cells was verified by Western blotting (Fig. 3B). As demonstrated
in Fig. 1A, delNS1 provokes a stronger induction of p100 process-
ing than the wt virus. We also observed that NF-�B2 knockdown
affects virus-induced expression of RelB and that formation of p52
was reduced in RelB-depleted cells, illustrating that these tran-

FIG 2 NS1 suppresses RIG-I/MAVS-mediated noncanonical NF-�B activa-
tion. (A) A549 cells were transfected with 0.5 �g pcDNA3-NS1/PR8 or 0.5 �g
empty vector. After 24 h, cells were infected with delNS1 (MOI � 1) for 16 h.
(B) A549 cells were transfected with 0.5 �g of expression plasmids encoding
NS1 of either PR8 or FPV. Twenty-four hours posttransfection, cells were
stimulated by transfection of in vitro-synthesized RNA bearing 5= triphos-
phates for 8 h. (C and D) A549 cells were transfected with 50 pmol siRNA
specific for RIG-I, MAVS, or TRIM25. Nonspecific control siRNA served as
the control. Forty-eight hours (C) or 72 h (D) after transfection, cells were
infected with delNS1 (MOI � 1) for another 20 h. (E) A549 cells were cotrans-
fected with 0.5 �g pCAGGS-RIG-I expression plasmids, together with 0.5 �g
pcDNA3 NS1/PR8 or 0.5 �g of pcDNA3 empty vector for 24 h. Cells were lysed
and whole-cell lysates (WCE) and/or nuclear extracts (NE) were analyzed by
Western blotting. Specific antibodies verified knockdown or overexpression of
RIG-I, MAVS, TRIM25, and NS1. Nuclear accumulation of p52 and RelB was
analyzed using anti-p100/p52 or anti-RelB antibody. �-Actin was probed as a
loading control. The results shown here are representative of at least two in-
dependent experiments.
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scription factors influence their own expression. Interestingly,
phosphorylation of the canonical NF-�B subunit p65 at serine 536
was not inhibited but rather slightly enhanced in NF-�B2 siRNA-
transfected cells. This shows that canonical NF-�B signaling is still
intact in cells in which noncanonical signaling is inhibited via
NF-�B2 knockdown. Expression of viral proteins was equal in
control and NF-�B2 or RelB siRNA-transfected cells (Fig. 3B),
and viral replication was not altered by knockdown of either NF-
�B2 or RelB, as determined by a standard plaque assay (data not
shown). In the same experiment, we analyzed virus-induced ex-
pression of CCL19 by qRT-PCR. Levels of CCL19 mRNA were
increased in IAV-infected cells compared to uninfected cells at 20
hpi, and delNS1 virus provoked a significantly higher induction of
CCL19 expression than PR8, as seen in Fig. 3C. Most important,
depletion of either NF-�B2 or RelB resulted in a significant reduc-

tion of CCL19 mRNA transcription. Thus, activation of the non-
canonical NF-�B pathway resulting in nuclear abundance of tran-
scriptionally active p52- and RelB-containing dimers is crucial for
CCL19 gene expression in response to IAV infection.

To verify our findings, in an independent approach, we gener-
ated A549 cells that overexpress a dominant negative form of
IKK1 (IKK1KD) via retroviral transduction. Consequently, acti-
vation of the noncanonical NF-�B pathway is disrupted in these
cells due to the loss of the ATP binding ability of the mutant
IKK1KD. The A549 cells constitutively expressing IKK1KD were
infected with PR8 and delNS1 for 20 h, NF-�B2 proteins were
analyzed in WCE by Western blotting (Fig. 3D), and mRNA ex-
pression of CCL19 was evaluated by qRT-PCR (Fig. 3E). As seen in
Fig. 3D, overexpression of IKK1KD was detectable with an IKK1-
specific antibody. Interestingly, basal p100 and p52 protein

FIG 3 Activation of the noncanonical NF-�B pathway regulates expression of CCL19. (A) Induction of CCL19 mRNA expression by IAV infection. A549 cells
were infected with PR8 or delNS1 (MOI � 1) for 8, 12, 16, 20, or 24 h. mRNA levels of CCL19 were determined using the 2���CT method (14), normalized to
the GAPDH internal control, and plotted as means � the SD relative to uninfected control samples. Results from one representative of two independent
experiments are shown. (B) A549 cells were transfected with 50 pmol of NF-�B2- or RelB-specific siRNA or 50 pmol of nonsilencing control siRNA. After
incubation for 48 h, cells were infected with PR8 or delNS1 (MOI � 1) or left uninfected for 20 h. Whole-cell lysates were prepared, and efficient downregulation
of NF-�B2 and RelB protein was verified by Western blotting. Phosphorylated p65 (S536), PB1, and NS1 were detected using specific antibodies. (C) A549 cells
were treated as described for panel B, and total RNA was isolated to perform qRT-PCR. The influence of NF-�B2 and RelB knockdown on CCL19 expression was
analyzed using CCL19-specific primers. mRNA levels of CCL19 were determined using the 2���CT method (14), normalized to the GAPDH internal control, and
plotted as means � the SD relative to uninfected control samples. Results from one representative experiment of three independent experiments are shown. (D)
IAV-induced p100 processing requires IKK1 activity. A549 cells that overexpress a dominant negative form of IKK1 (IKK1KD) were generated by retroviral
transduction. Empty vector-transduced A549 cells served as a control. Control and IKK1KD cells were infected with PR8 or delNS1 (MOI � 1) for 20 h, and WCE
were prepared. Overexpression of IKK1 and protein amounts of p100/p52 were detected by Western blotting using specific antibodies. (E) Control and IKK1KD
cells were infected, and qRT-PCR was performed as described for panel C. A representative of three independent experiments is shown.
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amounts were reduced in IKK1KD cells compared to those in
control cells, demonstrating the importance of noncanonical sig-
naling for NF-�B2/p100 expression. As IKK1 is also part of the
kinase complex mediating canonical NF-�B activation, we also
investigated phosphorylation of the canonical NF-�B factor p65
in IKK1KD cells. In accordance with the data obtained from NF-
�B2 knockdown cells (Fig. 3B), phosphorylation of p65 at serine
536 was also not impaired in IKK1KD cells but rather slightly
enhanced. Determination of viral titers by plaque assay revealed
that viral replication of PR8 and delNS1 was similar in control and
IKK1KD cells (data not shown). As determined by qRT-PCR,
delNS1-induced CCL19 expression was strongly reduced in
IKK1KD cells, whereas delNS1 provoked an upregulation of
CCL19 mRNA in control cells. These findings support our previ-
ous data using NF-�B2- and RelB-specific siRNAs and clearly
demonstrate that activation of noncanonical NF-�B signaling by
delNS1 IAV, resulting in nuclear translocation of p52, is crucial
for induction of CCL19 chemokine expression. To further con-
firm our observation that NS1 blocks RIG-I/MAVS-mediated ac-
tivation of noncanonical signaling and expression of CCL19, we

conducted expression-based reporter analysis in epithelial Vero
and A549 cells. Expression of single components of the RIG-I
pathway was previously shown to activate the IFN-� promoter
which is efficiently suppressed by the coexpressed NS1 protein
(11, 23). Thus, cells were transfected with an IFN-� or CCL19
reporter plasmid (26), together with expression vectors encoding
RIG-I or NS1, and luciferase activities were assessed. In addition,
Western blot analysis was performed to confirm noncanonical
NF-�B activation in RIG-I-expressing cells (Fig. 4A, lower panel).
Both reporter genes were activated in cells that were transfected
with RIG-I compared to empty control vector-transfected cells
(Fig. 4A, upper panel). In contrast, NS1 inhibited activation of the
IFN-� and CCL19 promoters by coexpressed RIG-I. Induction of
p100 processing was detected in RIG-I-expressing cells; however,
activation of the noncanonical NF-�B pathway was reduced upon
expression of NS1. Moreover, we examined the stimulation of
IFN-� and CCL19 reporter gene activities by transfection of a
MAVS expression plasmid or by transfection of pppRNA in the
absence or presence of the viral NS1 (Fig. 4B and C). While both
stimuli raised the level of reporter activation, NS1 impaired IFN-�

FIG 4 The NS1 proteins inhibit CCL19 promoter activation by the RIG-I pathway. (A and B) Vero cells were cotransfected with 50 ng IFN-� or CCL19 reporter plasmid
and 0.5 �g of either pCAGGS-RIG-I or pcDNA3-MAVS, respectively, together with the indicated amounts of pcDNA3-NS1/PR8 given in nanograms. The amounts of
transfected DNA were kept equal by using empty vector. After 24 h, luciferase activities were measured. The reporter values for transfected cells expressing only RIG-I or
MAVS were arbitrarily set to 100% and compared with reporter activation in cells that had received the indicated amounts of the NS1 expression plasmid. p100
processing induced by RIG-I expression was demonstrated by Western blot analysis of the same cell lysates, and expression of RIG-I, MAVS, or NS1 was detected by
specific antibodies. �-Actin was probed as a loading control. (C) A549 cells were transfected with IFN-� or CCL19 reporter plasmid and indicated amounts of
pcDNA3-NS1/PR8 or empty vector given in nanograms. Twenty-four hours later, cells were transfected with in vitro-synthesized RNA bearing triphosphates at their 5=
end (pppRNA) (0.5 �g per 12 wells) for 8 h. Reporter activation was analyzed by luciferase assay. The reporter values for cells transfected with pppRNA were set to 100%
and compared with reporter activation in NS1-expressing cells. Expression of NS1 was detected by Western blotting. (D) A549 cells were cotransfected with 50 ng CCL19
reporter plasmid and 600 ng of expression vectors encoding NS1/PR8, NS1/FPV, NS1/WSN, NS1/WSN/R38A K41A, or empty vector for 24 h. Cells were stimulated by
transfection with 0.5 �g pppRNA and lysed 8 h after transfection. Luciferase activities were assessed and analyzed as described for panel C. Data shown are representative
of at least two experiments, with transfections performed in triplicate.
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and CCL19 promoter activation in a dose-dependent manner.
Taken together, these experiments support the data obtained by
RNA interference (RNAi) and suggest that RIG-I and MAVS me-
diate CCL19 induction at least in part via activation of the nonca-
nonical NF-�B pathway. Next, we analyzed the interference of
different NS1 proteins, including NS1 of PR8, FPV, and influenza
A/WSN/33 (H1N1), in pppRNA-induced CCL19 promoter acti-
vation. In order to gain some insight into how NS1 blocks the
noncanonical pathway and CCL19 expression, cells were also
transfected with NS1/WSN R38A K41A, an NS1 mutant unable to
bind RNA which exhibits defects in the counteraction of the IFN
response. Expression of both NS1 proteins from H1N1 strains
PR8 and WSN displayed a similar inhibitory effect on CCL19 pro-
moter activation, while NS1/FPV showed a slightly enhanced in-
hibition of luciferase expression driven by the CCL19 promoter
(Fig. 4D). While NS1/WSN R38A K41A was previously shown to
be less effective in the inhibition of IFN-� reporter gene activation
(5), the mutation of the RNA binding domain does not seem to
have an impact on the regulation of the CCL19 promoter.

In conclusion, our data provide evidence that the noncanoni-
cal NF-�B signaling pathway is activated by influenza viral RNA
via a RIG-I/IKK1-dependent mechanism in respiratory epithelial
cells, leading to p100 processing and expression of p52/RelB-reg-
ulated genes. Unlike the canonical pathway, which is only partially
suppressed by NS1, the noncanonical pathway does not seem to
influence cell intrinsic processes that would affect viral replica-
tion. Therefore, it is reasonable that in IAV-infected cells, NS1
strongly antagonizes RNA-induced activation of the noncanoni-
cal pathway and thereby prevents expression of genes such as
CCL19. Thus, our findings further suggest a role for virus-induced
noncanonical NF-�B signaling in chemokine release from epithe-
lial cells. Expression of CCL19 from infected epithelial cells might
affect recruitment of immune cells, thereby contributing to the onset
of an effective immune response to infection. Since this may hamper
efficient influenza virus spread, the virus may have evolved efficient
countermeasures to prevent expression of CCL19 and other p52/
RelB-dependent genes.
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