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The replication and pathogenicity of influenza A virus (FLUAV) are controlled in part by the alpha/beta
interferon (IFN-o/f) system. This virus-host interplay is dependent on the production of IFN-a/3 and on the
capacity of the viral nonstructural protein NS1 to counteract the IFN system. Two different mechanisms have
been described for NS1, namely, blocking the activation of IFN regulatory factor 3 (IRF3) and blocking
posttranscriptional processing of cellular mRNAs. Here we directly compare the abilities of NS1 gene products
from three different human FLUAV (H1N1) strains to counteract the antiviral host response. We found that
A/PR/8/34 NS1 has a strong capacity to inhibit IRF3 and activation of the IFN-3 promoter but is unable to
suppress expression of other cellular genes. In contrast, the NS1 proteins of A/Tx/36/91 and of A/BM/1/18, the
virus that caused the Spanish influenza pandemic, caused suppression of additional cellular gene expression.
Thus, these NS1 proteins prevented the establishment of an IFN-induced antiviral state, allowing virus
replication even in the presence of IFN. Interestingly, the block in gene expression was dependent on a newly
described NS1 domain that is important for interaction with the cleavage and polyadenylation specificity factor
(CPSF) component of the cellular pre-mRNA processing machinery but is not functional in A/PR/8/34 NS1. We
identified the Phe-103 and Met-106 residues in NS1 as being critical for CPSF binding, together with the
previously described C-terminal binding domain. Our results demonstrate the capacity of FLUAV NS1 to
suppress the antiviral host defense at multiple levels and the existence of strain-specific differences that may

modulate virus pathogenicity.

The genome of influenza A virus (FLUAV) consists of eight
RNA segments that encode nine structural proteins and two
nonstructural proteins, called NS1 (41) and PB1-F2 (11). NS1
is a virulence factor of FLUAV by virtue of conferring resis-
tance to the antiviral effects of the host interferon (IFN) sys-
tem (21, 40, 63). Previous studies with recombinant FLUAV
carrying deletions in the NS1 gene (deINS1) showed a strong
attenuation in IFN-competent systems, whereas the NS1-de-
leted virus replicated to levels similar to those of wild-type
virus in cell culture and in mice with a defect in the IFN system
(16, 23, 39).

The expression of type I IFNs (IFN-o/B) is induced in re-
sponse to viral infection. Viral single-stranded and double-
stranded RNAs (dsRNAs) with phosphorylated 5’ ends are
among the viral products that induce IFN-a/B (32, 42, 55).
These viral RNA molecules activate a variety of cellular sig-
naling pathways, resulting in the activation of transcription
factors, such as the IFN regulatory factors (IRFs) and the
stress-induced transcription factors NF-kB and c-Jun/ATF2
(34, 60, 64). Upon activation, these latent transcription factors
move from the cytoplasm into the nucleus and initiate the
expression of type I IFNs. IFN-a/B subtypes bind to a common
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type I IFN receptor, thus activating the JAK-STAT signaling
pathway. This results in the expression of more than 300 IFN-
stimulated genes (13, 59), including some that encode antiviral
proteins. The best-studied IFN-stimulated genes with antiviral
activity against FLUAV replication are the Mx GTPases (28),
protein kinase R (PKR) (6, 30), and the 2'-5" oligoadenylate
synthetase/RNase L system (48). In order to replicate despite
this efficient antiviral program, many viruses evolved mecha-
nisms to escape the IFN system (22, 29), with the NS1 protein
of FLUAYV being the first and one of the best-studied examples
of a viral IFN antagonist among negative-stranded RNA vi-
ruses (21).

FLUAV NS1 is a multifunctional protein with regulatory
activities that affect a variety of host cell functions, as follows.
(i) It binds dsRNA (15, 71) and thus prevents activation of the
2'-5" oligoadenylate synthetase/RNase L system (48). In addi-
tion, sequestration of dsSRNA and/or interaction with the RNA
helicase RIG-I (26, 47, 55) is likely to prevent activation of the
transcription factors IRF3, IRF7, NF-kB, and c-Jun/ATF2 by
NSI1 (46, 66, 68, 73). (ii) NS1 suppresses the induction of RNA
interference, most likely by its capacity to sequestrate small
interfering RNAs (8, 44). (iii) It directly binds to PKR and
blocks PKR activation (43), leading to stimulation of host
protein synthesis in NS1-expressing cells (58). (iv) NS1 inhibits
host cell mRNA processing (45) and blocks nuclear export of
polyadenylated cellular transcripts (20, 57, 61). (v) In addition,
the NSI1 proteins of some virus strains have been shown to
suppress the antiviral function of IFNs and tumor necrosis
factor alpha (24, 31, 63). (vi) NS1 has a direct enhancing effect
on FLUAY replication by binding and activation of phospha-
tidylinositol 3-kinase (27). (vii) Finally, it forms a trimeric
complex consisting of the eukaryotic translation initiation fac-
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tor eIF4GI and poly(A)-binding protein I (PABI) to enhance
the translational initiation of viral mRNAs (10).

The NS1 protein can be divided into two major domains, the
N-terminal RNA-binding domain (amino acids 1 to 73) and the
C-terminal effector domain (amino acids 74 to 230) (see Fig.
2A) (40). The RNA-binding domain is sufficient to prevent
IFN induction provided that it is linked to a dimerization
domain that reconstitutes a functional RNA-binding site (72).
The effector domain binds to distinct cellular proteins and
affects their function. NS1 interacts with the 30-kDa subunit of
the cleavage and polyadenylation specificity factor (CPSF) (49,
51) and with PABII (12), leading to a block of cellular mRNA
processing in FLUAV-infected cells. A recent large sequence
analysis identified a potential PDZ domain binding motif con-
sisting of the last four C-terminal amino acids of NS1 that
might influence the activity of PDZ domain-containing pro-
teins, which are often involved in cellular signal transduction
pathways (52).

There is an ongoing debate about the contributions of the
different functional domains of NS1 to its anti-IFN effects.
Experimental data support the importance of the dsRNA-
binding property of NS1 to prevent the activation of IRF3 and
thereby the induction of IFN expression (21). However, work
by others showed a suppression of IFN production by a block
of pre-mRNA processing, in spite of fully activated IRF3. This
inhibitory effect was mediated by the NS1 effector domain and
its influence on the various cellular NS1-binding partners (40).
To investigate this discrepancy, we directly compared the ac-
tivities of NS1 gene products from three different human
FLUAV (HIN1) strains and found significant differences in
their functions. Based on our results, we speculate that strains
of FLUAY have evolved two fundamentally different strategies
to circumvent the establishment of the IFN-induced antiviral
host defense, namely, prevention of IFN induction by the amino-
terminal dsRNA-binding domain and suppression of cellu-
lar gene expression, most likely by a block of nuclear pre-
mRNA processing. These apparently redundant strategies are
likely to synergize to mediate efficient evasion of the IFN-a/B
response.

MATERIALS AND METHODS

Cells and viruses. 293, 293T, A549, BSR-T7 (9), and Vero cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum. For infection studies, virus stocks were diluted in phosphate-buffered
saline supplemented with 0.3% bovine serum albumin. Stocks of Sendai virus
(SeV) strain Cantell (5) and Newcastle disease virus coding for green fluorescent
protein (NDV-GFP) (54) were grown in 10-day-old embryonated chicken eggs.

Recombinant FLUAV was generated on the basis of the rescue plasmids of
A/WSN/33, as described previously (19). For A/WSN/33 carrying the NS gene
segments of A/PR/8/34 (62) or A/Tx/36/91 (69), the respective cDNA constructs
were used. A recombinant mutant A/WSN/33 virus, WSN(Mut), carrying muta-
tions in the NS1 gene that lead to amino acid exchanges of lysine 38 and arginine
41 with alanines was described previously (15).

Plasmids. Expression constructs for NS1 under the control of the chicken
B-actin promoter (pCAGGS) have been described for A/PR/8/34 (68) and
A/BM/1/18 (4). cDNAs encoding the NS1 protein of A/Tx/36/91 (3) was cloned
into pPCAGGS by using the EcoRI and Xhol restriction sites, creating pCAGGS-
NS1(Tx/91). The NS1-encoding cDNAs contained silent mutations in the splice
acceptor site, resulting in splice acceptor mutants (SAM), to avoid splicing events
and expression of the NS2/NEP.

To generate N-terminally hemagglutinin (HA)-tagged full-length NS1 expres-
sion constructs of PR/34 and Tx/91, the open reading frames encoding
NS1(SAM) were amplified using appropriate primers. The PCR products were
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cloned into the pCAGGS-HA-NH2 expression plasmid downstream of the se-
quence encoding the HA tag, using Smal and Xhol restriction sites. pPCAGGS-
HA-NH2 is a modified version of the original vector pPCAGGS.MCS (50) that
contains an HA tag sequence followed by a multiple cloning site to make
N-terminally HA-tagged versions of the expressed cDNAs. All HA-tagged NS1
c¢DNAs were further subcloned into pcDNA3 by using EcoRI and Xhol restric-
tion sites. HA-tagged NS1 chimeras or C-terminal truncations of the NS1 protein
were constructed by using the unique Ncol restriction site or a PCR-based
approach (primer sequences are available upon request), and the cDNAs were
cloned into pPCAGGS-HA-NH2. Mutation of the CPSF interaction site (amino
acid positions 184 to 188) from GLEWN to RFLRY was performed as described
previously (51). Single amino acid exchanges (positions 103 and/or 106) were
introduced into PR NS1 and Tx NS1 by site-directed mutagenesis and PCR with
appropriate primer pairs. The plasmid encoding the V protein of simian virus 5
(SV5), pCAGGS-V(SV5), was kindly provided by Megan Shaw, Mount Sinai
School of Medicine, New York, NY. Plasmid pCAGGS-eGFP was generated by
cloning the enhanced GFP open reading frame (peGFP-C1; Clontech) into the
pCAGGS expression vector.

A reporter plasmid carrying the firefly luciferase (FF-Luc) gene under the
control of the Mx1 promoter was created by insertion of a 2,300-bp EcoRI/Smal
fragment of the mouse Mx1 promoter (33) into pGL3 (Promega, Mannheim,
Germany), creating pGL3-Mx1P-Luc (35). We also used reporter plasmids car-
rying the FF-Luc gene under the control of the IFN-f promoter (p125Luc; kindly
provided by Takashi Fujita [75]), the T7 RNA polymerase promoter (pTM1-FF-
Luc; kindly provided by Friedemann Weber [74]), an IRF1 promoter (pIRF-1-
Luc; kindly provided by Stephen Goodbourn [36]), and the NF-kB-responsive
element (pNF-«kB-Luc; Stratagene, Amsterdam, The Netherlands). For activa-
tion of the NF-kB-responsive element, the cells were cotransfected with p288.1-
LMP1, encoding the late membrane protein of Epstein-Barr virus (kindly pro-
vided by Wolfgang Hammerschmidt [2]). The reporter plasmid pRL-SV40,
carrying the Renilla luciferase gene (REN-Luc) under the control of the consti-
tutive SV40 promoter, was purchased from Promega.

Human CPSF was cloned by PCR, using a primer pair specific for the human
c¢DNA (GenBank accession no. NM_006693) (primers target nucleotide posi-
tions 37 to 57 and 843 to 823). The product was cloned into a modified pCAGGS
expression plasmid containing a C-terminal Flag tag by using the Sacl and Smal
restriction enzymes.

Reporter gene assays. For activation of the IFN-B promoter, 293T cells were
transfected with 1 ug of p125Luc and 4 pg of the indicated NS1 expression
plasmids, using the CaPO, method of a mammalian transfection kit (Stratagene).
After 16 h, the cells were infected with 1 PFU/cell of the SeV stock for 16 h. To
measure activation of the IRF1 promoter, 293T cells were transfected with
pIRF-1-Luc and treated with 100 U/ml of IFN-vy (a gift from Peter Staeheli) for
16 h. To detect the effect of NS1 on an NF-kB-driven promoter, the cells were
transfected with pNF-kB-Luc and p288.1-LMP1 for 24 h. To measure activation
of the Mx promoter, Vero cells were transfected with 1 pug of pGL3-Mx1P-Luc
and 2 pg of the indicated NS1 expression plasmids, using Lipofectamine 2000 as
described by the manufacturer (Invitrogen, Karlsruhe, Germany). At 16 h post-
transfection, cells were treated with 200 U/ml recombinant IFN-a2a (Roche,
Mannheim, Germany) for 16 h. At 32 h posttransfection, cells were harvested
and lysed in 200 wl of passive lysis buffer (Promega, Mannheim, Germany). To
measure gene expression under the control of the constitutive SV40 promoter,
Vero cells were transfected with 10 ng of pRL-SV40 and 2 pg of the indicated
NS1 constructs, using Lipofectamine 2000, for 24 h. An aliquot of 20 ul was used
to measure FF-Luc and REN-Luc activities as described by the manufacturer
(dual-luciferase reporter assay system; Promega). For T7-driven expression, 0.3
g of pTM1-FF-Luc together with 2 ug of the NS1 expression plasmids was
transfected into BSR-T7 cells, using FuGene (Roche). Expression of FF-Luc
activity was measured after 24 h. All experiments were repeated independently
and yielded similar results.

Detection of IFN-f induction by reverse transcription-PCR (RT-PCR). A549
cells were infected with 0.5 PFU/cell for 10 h, and total RNA was isolated and
reverse transcribed. PCRs (30 cycles) were performed using primer pairs specific
for the cDNAs of human IFN-B (GenBank accession no. V00534) (primers
target nucleotide positions 580 to 599 and 876 to 855), NP of A/PR/8/34 (acces-
sion no. NC_004522) (primers target positions 580 to 600 and 1120 to 1104), and
human y-actin (accession no. BC021036) (primers target positions 1652 to 1672
and 2057 to 2036).

NS1/CPSF coimmunoprecipitation. To monitor the interaction of the different
NS1 constructs with Flag-CPSF, HA-tagged NS1 ¢cDNAs in pcDNA3 were ex-
pressed using a TNT transcription/translation kit (Promega) in the presence of
35S-labeled methionine. The ¢cDNA coding for Flag-CPSF was expressed by
transfection into 293T cells. At 48 h posttransfection, cells were lysed in 50 mM
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Tris (pH 7.5), 200 mM NaCl, 0.5% NP-40, 0.2 mM EDTA, and 10% glycerol.
The cleared cell lysates were incubated with the radiolabeled NS1 proteins in the
presence of 1 pg of a monoclonal anti-Flag antibody (Sigma) and 25 wl of protein
A-Sepharose beads (Amersham) for 2 h at 4°C. The beads were then washed
three times in lysis buffer and incubated in sodium dodecyl sulfate (SDS) sample
buffer for 5 min at 95°C. The proteins were subjected to 12% SDS-polyacryl-
amide gel electrophoresis (12% SDS-PAGE) and transferred to membranes by
Western blotting. The **S-labeled proteins were detected by autoradiography,
and the precipitated Flag-CPSF was detected using a polyclonal Flag-specific
rabbit antiserum (Sigma).

NS1/RIG-I coimmunoprecipitation. To investigate binding of NS1 to RIG-I,
293T cells were transfected with pCAGGS-Flag-RIG-I, encoding human RIG-I
N-terminally fused to a Flag tag. At 48 h posttransfection, the cells were infected
with 2 PFU/cell of the recombinant viruses for an additional 8 h. The lysates were
then prepared as described previously (47) and were used for immunoprecipi-
tation of Flag-RIG-I, using a monoclonal anti-Flag antibody and protein A-
Sepharose beads. The precipitated proteins were analyzed by Western blotting
using a polyclonal rabbit anti-NS1 antibody (67) and a polyclonal Flag-specific
rabbit antiserum (Sigma).

Immunofluorescence and Western blot analysis. For immunofluorescence of
the recombinant NS1 proteins, MDCK cells were transfected in suspension with
2 pg of the NS1 expression plasmids, using Lipofectamine 2000, fixed in 3%
paraformaldehyde after 48 h, and permeabilized with 0.5% Triton X-100. Cells
were stained using a polyclonal rabbit antiserum directed against the HA tag
(sc-805; Santa Cruz) and a fluorophore (Cy2)-conjugated secondary donkey
anti-mouse antibody (Dianova, Hamburg, Germany). To detect the expression
levels of the NS1 and NP proteins, transfected or infected cells were lysed in
passive lysis buffer in the presence of protease inhibitors (Complete; Roche), and
the proteins were subjected to 12% SDS-PAGE followed by Western blotting.
NP and NS1 proteins were detected using rabbit polyclonal antisera directed
against NP and NS1 (67). The HA-tagged proteins were detected using a poly-
clonal rabbit antiserum directed against the HA tag (sc-805; Santa Cruz). To
detect the production of endogenous MxA, A549 cells were treated with 400
U/ml of IFN-a2a for 20 h. The cells were then lysed, and MxA expression was
analyzed by Western blotting using mouse monoclonal antibody M143 directed
against human MxA (18). The intensities of the bands were quantified using
Quantify One software (Bio-Rad). The “relative intensity” of the PR NS1 pro-
tein was set to 100.

IRF3 dimerization. To detect IRF3 dimerization, 293 cells were infected with
1 PFU/cell of the recombinant viruses for 12 h and then superinfected with 1
PFU/cell of SeV stock for an additional 6 h. The cells were then lysed, and IRF3
monomers and dimers were separated by 7.5% nondenaturing PAGE in the
presence of 1% deoxycholate as described previously (34). IRF3 was detected by
Western blotting using polyclonal rabbit antiserum FL-425 (Santa Cruz).

NDV-GFP complementation assay. The NDV-GFP complementation assay
was performed similarly to a previously described method (65). A549 or Vero
cells were transfected with 2 wg of the NS1 expression plasmids, using 2 ul of
Lipofectamine 2000. At 16 h posttransfection, the cells were treated with 150
U/ml of IFN-a2a for 12 h and then infected with 1 PFU per cell of NDV-GFP.
The replication of the virus was analyzed after 24 h by the expression of GFP,
using a fluorescence microscope. To determine the efficiency of transfection, we
used in parallel a pCAGGS expression plasmid encoding GFP (pCAGGS-eGFP)
and determined the percentage of green fluorescence-positive cells at 16 h
posttransfection.

RESULTS

NS1 is a potent suppressor of IFN-3 induction and IRF3
activation. Two general models of the IFN-antagonistic func-
tion of NS1 have been proposed. NS1 mainly works by pre-
venting activation of IRF3, a transcription factor involved in
IFN-B induction. Alternatively, NS1 blocks the expression of
cellular genes at the posttranscriptional level and, thereby, IFN
gene expression. To compare these two activities of NS1, we
generated recombinant viruses on the basis of A/WSN/33 that
carried the NS genomic segments from two different (HIN1)
FLUAV isolates, namely, A/PR/8/34 and A/Tx/36/91. Further-
more, we cloned NS1 cDNA expression constructs of A/PR/
8/34 and A/Tx/36/91 under the control of the chicken B-actin
promoter. Using these tools, we first studied the influence
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of NS1 on IFN-B induction by the recombinant viruses, i.e.,
WSN(PR) and WSN(Tx), respectively. Human lung epithelial
A549 cells were infected with 0.5 PFU/cell for 10 h. A recom-
binant virus with inactivating mutations in NS1 (R38A/K41A),
called WSN(Mut), which was shown to be a strong IFN inducer
(15), was used as a positive control. WSN(Mut) strongly in-
duced IFN-B expression, whereas infection with the viruses
carrying the functional NS gene segments, i.e., WSN(PR) and
WSN(Tx), showed only weak induction, as assessed by RT-
PCR analysis (Fig. 1A). Analysis of the NS gene segments of
A/PR/8/34 and A/Tx/36/91 showed specific differences in the
amino acid sequences of the NS1 and NS2/NEP gene products.
However, the viruses carrying the respective NS segments in-
fected the cells with comparable efficiencies, as detected by
RT-PCR analysis of viral NP transcripts (Fig. 1A), indicating
that the differences in the NS2/NEP protein do not influence
the replication of the recombinant viruses. These results indi-
cate that the two NS1 proteins both have the potency to control
IFN induction, leading to an inefficient production of IFN-@ in
infected cells.

To further analyze the effect of NS1 on IFN induction, we
monitored IRF3 activation in infected cells. Upon activation,
IRF3 forms homodimers that are necessary for transcriptional
activation (34). To test the effects of the two NS1 proteins, 293
cells were infected with a recombinant virus carrying the
NS genomic segment of A/PR/8/34 or A/Tx/36/91 or with
WSN(Mut). To ensure full activation of IRF3, the cells were
superinfected with SeV 12 h after FLUAV infection for an
additional 6 h. The cell lysates were then analyzed for the
accumulation of IRF3 dimers by native gel electrophoresis. As
expected, untreated SeV-infected cells showed the formation
of IRF3 dimers, whereas expression of PR NS1 completely
prevented IRF3 dimerization (Fig. 1B, panel a). In contrast,
cells infected with the virus encoding Tx NS1 showed partial
dimerization of IRF3. However, compared with the stronger
activation of IRF3 in WSN(Mut)-infected cells, Tx NSI
showed a significant suppression of IRF3 dimerization (Fig.
1B, panel a). The detection of viral NP suggests comparable
infection rates by the three viruses (Fig. 1B, panels b to d).
Furthermore, we studied the binding of the NS1 proteins to
RIG-I, an interaction that was recently reported using NS1 of
A/PR/8/34 (47, 55). Using Flag-RIG-I-transfected cells that
were infected with the recombinant viruses, we tested the two
NS1 proteins for coprecipitation with RIG-I. Consistent with
their ability to inhibit IRF3 dimerization, both PR NS1 and Tx
NS1 were found to bind to RIG-I in virus-infected cells (Fig.
1C). These results demonstrate that both NS1 variants are able
to strongly suppress IFN-B induction by virus infection, inter-
fere with IRF3 activation, and associate with RIG-1. Although
in later assays PR NS1 appeared to be more effective than Tx
NS1, this might have been due to the slightly lower expression
levels of Tx NS1 (Fig. 1B, panel c, and C).

Using HA-tagged NS1 expression constructs, we examined
the IFN-antagonistic activity independent of the virus context.
To this end, we cotransfected FF-Luc cDNA under the control
of the IFN-B promoter, together with the different NS1 expres-
sion plasmids, into 293T cells. To stimulate the IFN- pro-
moter, cells were infected with SeV. The infection strongly
induced reporter gene expression compared to that in the
uninfected control (Fig. 2B). Coexpression of PR NS1 and Tx
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FIG. 1. Control of IFN-B induction and IRF3 activation by NS1.
(A) Induction of IFN-B by recombinant A/WSN/33 carrying the NS
gene segment of A/PR/8/34 or A/Tx/36/91 or an inactive NS1 mutant.
A549 cells were infected with 0.5 PFU/cell of the recombinant viruses
or were left uninfected (ctrl). At 10 h postinfection, total RNA was
isolated, and transcripts for IFN-, viral NP, and B-actin were detected
by RT-PCR. (B) IRF3 dimerization assay. 293 cells were infected with
the recombinant viruses (1 PFU/cell) or were left uninfected (ctrl).
After 12 h, the cells were superinfected with 1 PFU/cell of SeV for an
additional 6 h. The cells were then lysed and analyzed for the presence
of IRF3 monomers and dimers by nondenaturing gel electrophoresis
followed by Western blotting using an IRF3-specific antibody (a). In
parallel, the lysates were analyzed by denaturing gel electrophoresis
and Western blotting for the accumulation of viral NP (b), NS1 (c),
and B-actin (d) as an internal standard. The lanes were cut out from
the same gel. The numbers in panel c indicate the relative intensities
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NS1 suppressed the induction of SeV-induced reporter gene
expression (Fig. 2B). When we analyzed the expression levels
of the HA-tagged cDNA constructs used in the reporter assays,
we found a positive Western blot signal for PR NS1 but no
detectable signal for Tx NS1 (Fig. 2E). To follow up on this
profound difference between the levels of expression of the two
NS1 proteins, we tested their effects on the levels of expression
of other reporter constructs. We analyzed reporter gene ex-
pression under the control of the IFN-induced Mx1 promoter
or the constitutively active SV40 promoter. Cells were cotrans-
fected with the luciferase reporter plasmids together with the
NS1 expression constructs. After treatment with 200 U/ml of
IFN-a2a, Mx1 promoter-controlled reporter gene expression
was stimulated sixfold (Fig. 2C). Cotransfection of PR NS1
slightly increased reporter gene expression, whereas cotrans-
fection of Tx NSI strongly suppressed the effect of IFN (Fig.
2C). Analysis of SV40 promoter-controlled gene expression
showed a similar but weaker effect (Fig. 2D), indicating that Tx
NS1 but not PR NS leads to the suppression of reporter gene
expression. This block in gene expression by Tx NS1 is most
likely also responsible for the reduction of its own gene ex-
pression in transfected cells, explaining the lack of detectable
Tx NS1 protein in the Western blot analysis (Fig. 2E).

Characterization of domains responsible for blocking IFN
action. The NS1 protein consists of an N-terminal RNA-bind-
ing domain (positions 1 to 73) and a C-terminal effector do-
main (positions 74 to 230) (Fig. 2A). To analyze the contribu-
tions of these two domains to the differential PR NS1 and Tx
NS1 effects, we used a unique Ncol restriction site present at
position 241 of the NS1 ¢cDNA that divided the NSI1 open
reading frame into an N-terminal domain from amino acids 1
to 80 and a C-terminal domain from amino acids 81 to 230.
Using this strategy, we generated HA-tagged chimeras encod-
ing the N-terminal domain of PR NS1 fused to the C terminus
of Tx NS1 [PR(1-80)Tx(81-230)] and vice versa [Tx(1-
80)PR(81-230)]. Expression of the chimeric ¢cDNAs sup-
pressed SeV-induced IFN-B promoter-controlled gene expres-
sion as efficiently as did that of the wild-type constructs (Fig.
2B). However, luciferase gene expression from the IFN-stim-
ulated Mx1 promoter or the SV40 promoter was reduced by
PR(1-80)Tx(80-239) but not by Tx(1-80)PR(81-230) (Fig. 2C
and D), indicating that the C-terminal region of Tx NS1, but
not that of PR NSI, leads to a block in gene expression.
Western blot analysis indicated the same effect. Only Tx(1-
80)PR(81-230)-NS1 could be detected by the HA antibody
(Fig. 2E), suggesting that the C terminus of Tx NSI strongly
suppresses its own expression in transfected cells.

Several functional motifs have been identified in the C-

of the NS1 protein bands normalized to the expression of NP and
actin, with PR NS1 activity defined as 100. (C) NSI association with
RIG-I. 293T cells were transfected with a Flag-RIG-I expression con-
struct or empty vector and were infected with the recombinant viruses
(2 PFU/cell) 48 h later. At 8 h postinfection, lysates of the cells were
subjected to immunoprecipitation (co-IP) using an anti-Flag antibody.
The precipitated proteins were analyzed by Western blotting using
polyclonal antibodies directed against NS1 and the Flag peptide. In-
fection of the cells was monitored by the accumulation of viral NP and
NS1 in the cell lysates (input). B-Actin was used as a loading control.
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FIG. 2. NS1 of A/Tx/36/91 mediates a general inhibition of gene
expression. (A) Schematic representation of functional domains in the
NS1 protein, showing the RNA-binding domain (positions 1 to 73)
(40), the elF4G-binding domain (positions 81 to 113) (1), the CPSF
interaction domain (around position 184) (51), and the PABII-binding
domain (positions 223 to 230) (12). Numbers indicate amino acid
positions. 293T (B, E, F, and I) and Vero (C, D, G, and H) cells were
cotransfected with reporter plasmids carrying the FF-Luc gene under
the control of the IFN-B promoter (B and F) or the Mx1 promoter (C
and G) and REN-Luc under the control of the constitutive SV40
promoter (D and H), together with expression plasmids encoding
HA-tagged versions of NS1, an NS1 chimera of A/PR/8/34 and A/Tx/
36/91, or C-terminally truncated Tx NS1 constructs or with an empty
plasmid (ctrl). At 16 h posttransfection, the cells were infected with
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terminal effector domain of NS1. A CPSF interaction site
was mapped around the glutamic acid at position 186 (51), a
PABII-binding site has been reported for amino acids 223 to 237
of NS1 of A/Ud/72 (12), and a putative PDZ interaction motif
consisting of amino acids 227 to 230 (52) has been described
(Fig. 2A). To test the contributions of these functional motifs
to the effects of NS1 in our reporter assay systems, we trans-
fected cells with two Tx NS1 constructs that were deleted in the
last 8 and 11 C-terminal amino acids, namely, Tx(1-222) and
Tx(1-219), respectively, and with a Tx NS1 construct that was
mutated in the CPSF-binding motif as described previously
(51) [Tx(CPSFmut)]. All four expression constructs showed
comparable suppressive effects on IFN-B promoter activation
by SeV (Fig. 2F). However, the expression of reporter genes
under the control of the Mx1 promoter or SV40 promoter was
impaired only by wild-type Tx NS1 and the C-terminally trun-
cated constructs, whereas Tx NS1 with the inactivating muta-
tion in the CPSF interaction site lost its suppressive activity
(Fig. 2G and H). The Western blot analysis confirmed this
result, with apparently suppressed expression of the Tx NS1
and truncated fragments but a clear signal for Tx(CPSFmut)
(Fig. 2I), indicating a minor role of the PABII and PDZ in-
teractions but a dominant function of CPSF interaction for the
suppressing activity of Tx NS1 on gene expression.

Dissection of the functional domains of FLUAV NS1. Sur-
prisingly, screening of the amino acid sequences of PR NS1
and Tx NS1 did not show profound sequence differences
around the CPSF-binding motif. Because the middle region
between amino acids 81 and 113 was also identified as critical
for some of the functions associated with NS1 (1) (Fig. 2A), we
constructed a chimera consisting of the first 113 amino acids of
PR NS1 fused to the C terminus of Tx NS1 [PR(1-113)Tx(114-
230)]. We compared the activity of this construct with those of
wild-type Tx NSI1 and PR(1-80)Tx(81-230) in the Mx1 and
SV40 promoter-driven reporter assays and found a reversal of
the inhibitory activity, very similar to the effect of Tx(CPSFmut)
(Fig. 3A and data not shown). This reversion of the inhibitory
effect of Tx NS1 on gene expression also correlated with the
detection of the chimeric NS1 proteins by Western blot anal-
ysis (Fig. 3B). To investigate whether differences in subcellular
distribution may account for the differential effects of the NS1
proteins, a subset of wild-type, chimeric, and mutated con-
structs were also analyzed for their subcellular localization.
Although the detection of the NS1 proteins by Western blot
analysis differed significantly, we were able to detect accumu-
lations of the recombinant NS1 proteins by immunofluores-
cence analysis. All NS1 proteins showed a mainly nuclear lo-
calization (Fig. 3C), consistent with the presence of intact
nuclear localization signals.

Next, we tested the chimeric constructs for interaction with
CPSF in a coimmunoprecipitation assay. The HA-NS1 con-

SeV (B and F) or treated with 200 U/ml of IFN-«a2a (C and G) for 16 h
and then analyzed for reporter gene expression. (E and I) Lysates of
293T cells were analyzed for NS1 protein expression by Western blot-
ting using an HA-specific antiserum. The numbers indicate the relative
intensities of the NS1 protein bands, with PR NS1 activity defined as
100. The data from one representative experiment are shown.
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FIG. 3. Identification of NS1 domains responsible for inhibition of
gene expression and CPSF binding. (A) Vero cells were cotransfected
with reporter plasmids carrying the FF-Luc gene under the control of
the Mx1 promoter and the REN-Luc gene under the control of the
SV40 promoter, together with expression plasmids encoding HA-
tagged versions of NS1 of A/PR/8/34 and A/Tx/36/91 or with empty
plasmid (ctrl). At 16 h posttransfection, the cells were treated with 200
U/ml of IFN-a2a for 16 h and then analyzed for reporter gene expres-
sion. (B) Lysates of transfected cells were analyzed for NS1 protein
expression by Western blotting using an HA-specific antiserum. The
numbers indicate the relative intensities of the NS1 protein bands, with
PR NSI1 activity defined as 100. (C) Analysis of subcellular accumula-
tion of NS1 proteins. MDCK cells were transfected with the NS1
expression plasmids for 48 h. The cells were then fixed and analyzed by
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structs were expressed in the presence of [>>S]methionine by in
vitro transcription and translation. The labeled NS1 proteins
were mixed with Flag-tagged CPSF and subjected to immuno-
precipitation using a Flag-specific antibody. We found almost
no CPSF binding for PR NS1 but a strong association of Tx
NS1 that was abolished by mutation of the CPSF-binding site
in Tx NS1 [Tx(CPSFmut)] (Fig. 3D). Analysis of the chimeric
constructs demonstrated the importance of the domain of Tx
NS1 from amino acids 81 to 113 for interaction with CPSF
(Fig. 3D).

In the middle domain, the PR NS1 sequence differs at only
two amino acids from most other NS1 sequences, including
that of Tx NS1. Therefore, we exchanged these two positions in
PR NS1 with the sequence of Tx NS1 [PR(S103F/I106M)] and
vice versa [Tx(F103S/M106I)]. Exchange of only these two
amino acids converted PR NS1 into a CPSF-interacting pro-
tein, whereas CPSF binding of the Tx NS1 mutant was abol-
ished (Fig. 3D). The two mutants were tested for effects on
Mx1 and SV40 promoter-driven reporter gene expression. The
PR NS1 mutant blocked reporter gene expression in both test
systems, whereas mutation of Tx NS1 reverted the inhibitory
effect significantly (Fig. 3A and data not shown), indicating
that the middle domain of NSI1 (at least the critical phenyl-
alanine 103 and methionine 106) is involved in CPSF interaction,
in addition to the classical CPSF-binding region around posi-
tion 186. The same interactions between CPSF and the PRS
and TxNS1 mutants were found using a glutathione S-trans-
ferase fusion construct of the F2/F3 domain of CPSF (data not
shown).

FLUAV NS1 blocks IFN action. The reporter assays using
transfected expression plasmids suggested that Tx NS1 has the
capacity to suppress not only IFN production but also IFN-
induced gene expression. We thought to test this assumption in
a natural situation, i.e., with a recombinant virus and an en-
dogenous IFN-stimulated gene, such as the human MxA gene.
A549 cells were infected with recombinant A/WSN/33 viruses
carrying segment 8 of A/PR/8/34 or A/Tx/36/91 and were ad-
ditionally treated with 400 U/ml of human IFN-« to induce
MxA synthesis. The expression of MxA was determined by
Western blot analysis, which showed a strong induction in
IFN-treated cells but not in untreated cells (Fig. 4a). However,
the accumulation of MxA was completely absent in cells in-
fected with WSN(Tx), whereas infection with WSN(PR) had
only a minor effect on MxA induction. The detection of the
viral nucleoprotein, the NS1 protein, and B-tubulin suggested
comparable infections with the recombinant viruses and load-

immunofluorescence, using a polyclonal antibody directed against the
HA tag. (D) Analysis of CPSF binding. The HA-tagged NS1 constructs
were expressed by in vitro translation in the presence of [**S]methi-
onine (input). Flag-tagged CPSF was expressed in transfected 293T
cells. The cell lysate was mixed with the *°S-labeled NS1 proteins and
subjected to coimmunoprecipitation (IP) using a monoclonal anti-Flag
antibody coupled to protein A-Sepharose. The beads were washed
three times, and the precipitated proteins were analyzed for the pres-
ence of *S-labeled NS1 by autoradiography and for Flag-CPSF by
Western blot analysis using a Flag-specific rabbit antiserum. The num-
bers indicate the relative intensities of the protein bands, with the
strongest signal defined as 100.
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FIG. 4. NS1 of A/Tx/36/91, but not that of A/PR/8/34, blocks IFN
action. A549 cells were infected with recombinant viruses (1 PFU/cell)
encoding NS gene segments of A/PR/8/34 and A/Tx/36/91 or were left
uninfected (ctrl). The cells were then treated with 400 U/ml of IFN-
a2a for 20 h or were left untreated (ctrl-IFN). Cell lysates were ana-
lyzed for the induction of MxA (a) and the accumulation of viral NP
(b), NS1 (c), and B-tubulin (d) by Western blot analysis. The numbers
indicate the relative intensities of the protein bands, with the strongest
signal defined as 100.

ing of comparable amounts of cell lysates (Fig. 4b to d). Thus,
recombinant FLUAYV encoding Tx NS1 but not the virus cod-
ing for PR NS1 is able to prevent the induction of IFN-stim-
ulated genes in infected cells.

NS1 of A/BM/1/18 blocks the activity of IFN. Recently, the
NSI1 gene of the pandemic FLUAV A/BM/1/18 was cloned (4)
and showed an efficient suppression of IFN-stimulated gene
expression in cDNA microarray analysis (24, 37). We included
the NS1 ¢cDNA of A/BM/1/18 in our study and compared its
activity with those of PR NS1 and Tx NS1. Using the Mx1 and
SV40 promoter constructs, we found a strong suppression of
reporter gene expression by BM NSI, similar to that by Tx
NS1, whereas cotransfection of PR NS1 had an enhancing
effect (Fig. 5B and E). In addition, BM NS1 and Tx NS1 were
able to suppress reporter gene expression induced by IFN-y or
NF-«B (Fig. 5C and D). Independent of these differences, all
three NS1 constructs efficiently suppressed reporter gene ex-
pression under the control of the IFN-B promoter (Fig. SA).
To test whether this is a more general effect on gene expression
or specific for transcripts produced by cellular RNA polymer-
ase II, we used reporter gene expression under the control of
the bacteriophage T7 RNA polymerase promoter. For this
purpose, BSR-T7 cells that constitutively express the T7 RNA
polymerase (9) were cotransfected with the NS1-encoding ex-
pression plasmids and a T7-driven reporter construct. Under
these conditions, the NS1 constructs showed no effect on re-
porter gene expression (Fig. 5F), indicating that only nuclear
transcripts produced by the cellular RNA polymerase II were
targets of the NS1 inhibitory effect. Our results indicate that
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FIG. 5. NS1 of A/BM/1/18 inhibits RNA polymerase II-driven gene
expression. 293T (A, C, and D), Vero (B and E), and BSR-T7 (F) cells
were cotransfected with a reporter plasmid carrying the Luc gene
under the control of the IFN-B promoter (A), the Mx1 promoter (B),
the IRF1 promoter (C), an NF-kB-driven promoter (D), the constitu-
tive SV40 promoter (E), or the T7 promoter (F) together with expres-
sion plasmids encoding NS1 proteins or with empty plasmid (ctrl). At
16 h posttransfection, the cells were infected with SeV (A) or were
treated with 200 U/ml of IFN-a2a (B) or 100 U/ml of IFN-y (C) for
16 h and then analyzed for reporter gene expression. Two independent
experiments yielded similar results. The data from one experiment are
shown.

BM NSI1 and Tx NSI1 follow the same strategy, which differs
from that of PR NS1, by suppressing the action of type I IFNs.

NS1 proteins of A/BM/1/18 and A/Tx/36/91 prevent IFN-
induced antiviral action. To show a potential effect of NS1 on
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FIG. 6. NS1 proteins of A/Tx/36/91 and A/BM/1/18 suppress the

antiviral effect of IFN-a. A549 cells were transfected with empty vector

(a and b), with an expression plasmid encoding the V protein of SV5

(c), or with NS1 expression plasmids (d to f). After 16 h, the cells were

treated with 150 U/ml of IFN-a2a (b to f) for 12 h or were left

untreated (a) and then infected with 1 PFU/cell of NDV-GFP. At 24 h

postinfection, GFP expression was analyzed by fluorescence micros-

copy. (g) The numbers of GFP-positive cells for a given area were
determined for three independent experiments.

the antiviral activity of type I IFNs, we used an NDV-GFP
complementation assay (65). This assay is based on the high
sensitivity of recombinant NDV-GFP to the antiviral activity of
IFN-a. A549 cells were transfected with the NS1 expression
plasmids. The cells were treated with 150 U/ml of IFN-a and
then infected with NDV-GFP. In untreated cells, NDV was
able to replicate, resulting in the expression of GFP in the
infected cells, whereas pretreatment of the cells with IFN-«
prevented virus-encoded GFP expression (Fig. 6a and b).
When a viral IFN antagonist like the V protein of SV5, which

J. VIROL.

is known to interfere with IFN signaling (14), was expressed in
the cells, the replication of NDV was rescued, as evidenced by
GFP expression in the cells despite the pretreatment with
IFN-a (Fig. 6¢). Transfection of PR NS1 did not influence the
inhibitory effect of IFN-a (Fig. 6d), whereas transfection of Tx
NS1 and BM NSI1 rescued NDV-GFP expression with efficien-
cies similar to that of SV5 V (Fig. 6e and f). A quantitative
analysis of this experiment demonstrated that the efficiencies
of Tx NS1 and BM NS1 at reconstituting NDV replication are
in a comparable range to that of SV5 V (Fig. 6g). The same
effects of the different NS1 ¢cDNAs were observed in IFN-
treated Vero cells (not shown). These results are in line with
the reporter assay results and suggest that the NS1 proteins of
A/BM/1/18 and A/Tx/36/91 suppress the antiviral action of
IFN-a by a block of IFN-stimulated gene expression.

DISCUSSION

The viral NS1 gene product of FLUAV mediates resistance
to the IFN system so that the virus is able to replicate even in
the presence of a functional IFN system. In the present study,
we compared the capacities of NS1 proteins of various
FLUAV strains to confer an IFN-suppressive property and
found remarkable differences. Whereas the NS1 protein of
A/PR/8/34 most strongly blocked induction of IFN by suppres-
sion of IRF3 activation via its N-terminal RNA-binding do-
main, the NS1 proteins of A/BM/1/18 and A/Tx/36/91 induced
a shutoff of host gene expression via the C-terminal effector
domain, allowing virus growth even in IFN-treated cells. This
activity that was absent in PR NS1 was found to be dependent
on the association of Tx NS1 with the CPSF component of the
cellular pre-mRNA processing system. Mutational analysis of
Tx NS1 identified a new, as yet undescribed domain contrib-
uting to CPSF interaction located in the middle region of NS1,
which proved to be responsible for the block of gene expres-
sion and seems to be required together with the previously
described C-terminal CPSF interaction site (51). Therefore,
our data indicate that the multifunctional NS1 protein of
FLUAV evolved with at least two strategies to prevent the
induction of the IFN-induced antiviral host defense. These
results have potential implications on the virulence and patho-
genicity associated with specific strains of FLUAV.

We used cDNA constructs carrying segment 8 of three dif-
ferent FLUAV HINI strains. The NS1 cDNA from A/BM/1/18
was derived from frozen tissue samples from a patient with a
fatal case of the 1918 FLUAYV “Spanish influenza” pandemic
(4). A/PR/8/34 is a mouse-adapted strain of one of the first
human FLUAY isolates considered to be descendants of the
1918 pandemic FLUAV strain that circulated in the human
population until 1957 (53). A/Tx/36/91 was introduced in this
study as the prototype of a recently isolated human H1N1 virus
(3). A comparison of the predicted amino acid sequences of
the three NS1 gene products did not show great differences.
The NS1 protein of A/PR/8/34 is very similar (95%) to that of
A/BM/1/18, from which it originated. The NS1 protein of A/Tx/
36/91 shows around 90% amino acid identity to those of the
two other HINT strains.

Both PR NS1 and Tx NS1, in the context of the same back-
ground (recombinant A/WSN/33 virus) or expressed from
cDNA plasmids, showed efficient suppression of endogenous
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IFN-B gene expression and activation of the IFN-B promoter.
When we further analyzed the effects of these two NS1 variants
on IRF3 activation, both reduced IRF3 dimerization com-
pared to that of the control, consistent with earlier observa-
tions for PR NS1 (68). NS1 chimeric constructs, C-terminal
deletion constructs, and point mutations had a predominantly
nuclear localization and were active in blocking virus-induced
IFN-B promoter activation, indicating that this effect is highly
conserved and is performed by the N-terminal RNA-binding
domain, as also described in recent studies (15, 26, 31). More-
over, it has been shown that fusion of only the N-terminal
region of NS1 to a heterologous dimerization domain could
functionally replace the C-terminal effector domain, empha-
sizing the importance of the N-terminal RNA-binding domain
for suppression of IFN induction (72).

In addition to the block of IFN-B induction, we found that
the NS1 proteins of A/Tx/36/91 and A/BM/1/18, but not NS1 of
A/PR/8/34, strongly suppressed (i) IFN-induced gene expres-
sion of endogenous MxA, (ii) reporter gene expression under
the control of a variety of promoters, and (iii) establishment of
an antiviral state in the cells. These activities are due to an
inhibition of cellular pre-mRNA polyadenylation and splicing
by NS1 based on complex formation of NS1 with the 30-kDa
subunit of CPSF (49) and with PABII (12). FLUAV mRNAs
escape this inhibition because they do not require CPSF for
polyadenylation, which is achieved by stuttering of the viral
polymerase (56, 76). In addition, NS1 was recently docu-
mented to interact with components of the nuclear pore ma-
chinery, resulting in a general inhibition of cellular mRNA
export (61). By using C-terminally truncated constructs and
mutational analysis of the published CPSF interaction motif in
Tx NS1, we found that interaction of NS1 with CPSF but not
with PABII is critical for the general block of gene expression
observed in our study. In addition, the analysis did not show an
effect by the putative C-terminal PDZ interaction motif (52) or
the PABII-binding motif. Therefore, we would exclude an im-
portance of the potential PABII and PDZ interaction domains
for the anti-IFN effects measured in our study, which is in
agreement with recently published data by others (25, 31).

The amino acid sequences of PR NS1 and Tx NS1 do not
differ significantly around the CPSF interaction site (glutamic
acid at position 186). However, the two proteins differ mark-
edly in their potencies in interacting with CPSF or with the
F2F3 zinc finger region of CPSF that was characterized as the
NS1-binding site (70). Surprisingly, our analysis identified a
second domain in the middle region of NS1 (amino acids 81 to
113) that is important for CPSF binding and that has previ-
ously been characterized as an interaction site for the cellular
translational activator eIF4GI (1). By coprecipitation experi-
ments combined with mutational analysis, we found that this
site, especially amino acids 103 and 106, is critical for CPSF
interaction in combination with the C-terminal CPSF interac-
tion site around position 186. Single amino acid exchanges in
the middle region could convert PR NSI into a CPSF-associ-
ated molecule that gained the ability to suppress IFN-induced
Mx1 promoter activation and gene expression under the con-
trol of the constitutive SV40 promoter, indicating the critical
importance of this region for NS1 function. A BLAST search
analysis of different NS1 sequences revealed conservation of
the Phe-103 and Met-106 residues that are present in the NS1
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proteins of A/Tx/36/91 and A/BM/1/18 and in most other NS1
sequences. The corresponding amino acid residues in the mid-
dle region of A/PR/8/34 NS1 are found in some few other
FLUAV isolates, indicating an alternative evolution of A/PR/
8/34, at least in its NS1-based strategy to suppress the innate
immune response. In addition, we also found that the NS1
protein from the swine virus A/sw/Tx/4199-2/98, like PR NS1,
is unable to inhibit general gene expression (A. Sélorzano and
A. Garcia-Sastre, unpublished observation). The three-dimen-
sional structure of the NSI effector domain (7) reveals that
Glu-186 is located in the same area of the monomeric molecule
as the amino acid residues at positions 103 and 106, supporting
our assumption that both regions are cooperatively involved in
direct interaction of NS1 with CPSF.

A recent publication proved the importance of this middle
region of NS1 for suppression of an IFN-a-, IFN-v-, and tumor
necrosis factor alpha-induced antiviral state in porcine lung
epithelial cells (63). This function could be transferred to a
A/PR/8/34-based recombinant virus by introducing the eighth
segment of A/HK/156/97 or by a single amino acid exchange
from aspartic acid to glutamic acid at position 92 of PR NS1
(63). However, all virus strains used in the present study lacked
a glutamic acid at position 92, indicating an additional strategy
of avian influenza viruses to limit the antiviral potency of the
host.

In conclusion, our direct functional comparison of three
different NS1 molecules demonstrates two major anti-IFN
strategies. A/PR/8/34 NS1 might serve as a prototype for a viral
IFN antagonist that specifically blocks IFN induction and ac-
tivation of PKR and 2'-5'" oligoadenylate synthetase via its
N-terminal RNA-binding domain. The anti-IFN capacity of
A/Tx/36/91 NS1 is, in addition, based on a more general block
of host pre-mRNA processing mediated by two distinct do-
mains in the C-terminal effector domain, namely, the well-
characterized region around amino acid 186 (70) and the newly
identified middle region around positions 103 and 106 (this
study). These regions are required for binding to the host
factor CPSF, resulting in an inhibition of cellular mRNA pro-
cessing. Recently, it was also shown that NS1 can inhibit host
gene expression by interacting with components of the nuclear
pore and blocking mRNA export (61). Future experiments are
required to investigate whether the same NSI1 region is also
involved in this activity. Inhibition of host gene expression is a
strategy also adopted by the NS1 protein of A/BM/1/18 and
might account for the suppression of IFN-stimulated gene ex-
pression (24; this study) and, at least partially, for the highly
virulent phenotype of this pandemic virus (38, 69). In addition,
it seems conceivable that the existence of two different mech-
anisms to inhibit the IFN response by the NS1 protein might
increase the capacity of the virus to adapt to new environments
and hosts, a hallmark of FLUAV evolution that is shaped by
the ability of specific viral strains and/or genes to occasionally
jump from birds to mammals and humans. It will also be
interesting to investigate whether the multifunctional activities
of NS1 might account for its recently described ability to inhibit
dendritic cell function (17). Finally, the presented results hope-
fully help to clarify the long-lasting discussion about the mo-
lecular action of the FLUAV NS1 IFN antagonist.
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