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Rabies virus (RV) of the Rhabdoviridae family grows in alpha/beta interferon (IFN)-competent cells, sug-
gesting the existence of viral mechanisms preventing IFN gene expression. We here identify the viral phos-
phoprotein P as the responsible IFN antagonist. The critical involvement of P was first suggested by the ob-
servation that an RV expressing an enhanced green fluorescent protein (eGFP)-P fusion protein (SAD eGFP-P)
(S. Finke, K. Brzózka, and K. K. Conzelmann, J. Virol. 78:12333–12343, 2004) was eliminated in IFN-com-
petent HEp-2 cell cultures, in contrast to wild-type (wt) RV or an RV replicon lacking the genes for matrix
protein and glycoprotein. SAD eGFP-P induced transcription of the IFN-� gene and expression of the IFN-
responsive MxA and STAT-1 genes. Similarly, an RV expressing low levels of P, which was generated by moving
the P gene to a promoter-distal gene position (SAD �PLP), lost the ability to prevent IFN induction. The
analysis of RV mutants lacking expression of truncated P proteins P2, P3, or P4, which are expressed from
internal AUG codons of the wt RV P open reading frame, further showed that full-length P is competent in
suppressing IFN-� gene expression. In contrast to wt RV, the IFN-inducing SAD �PLP caused S386 phos-
phorylation, dimerization, and transcriptional activity of IFN regulatory factor 3 (IRF-3). Phosphorylation of
IRF-3 by TANK-binding kinase-1 expressed from transfected plasmids was abolished in wt RV-infected cells
or by cotransfection of P-encoding plasmids. Thus, RV P is necessary and sufficient to prevent a critical IFN
response in virus-infected cells by targeting activation of IRF-3 by an upstream kinase.

The alpha/beta interferon (IFN) system, comprising IFN-�
and the IFN-� family, represents a crucial defense element of
higher organisms that activates both innate and adaptive im-
munity (for reviews, see references 2, 3, 26, and 35). IFN
expression is tightly controlled by latent transcription factors,
which are activated upon recognition of intruding viruses by
cytoplasmic receptors that sense viral double-stranded RNA
(dsRNA) such as retinoic acid-inducible gene I (RIG-I) (58) or
through Toll-like receptors sensing exogenous ligands (2). The
key factor for initiating an IFN response is interferon regula-
tory factor 3 (IRF-3), which is constitutively expressed in the
cytoplasm of most cell types. Latent IRF-3 is activated by
phosphorylation at C-terminal serine residues and then can
form dimers that are recruited to the IFN-� enhancer as part
of a protein complex that includes the transcription factors
ATF-2/c-Jun and NF-�B and coactivators p300/CBP (38, 57,
59). As shown recently, the critical IRF-3 phosphorylation step
is executed by kinases of the IKK family, i.e., TANK-binding
kinase 1 (TBK-1) which is constitutively expressed, and the
inducible IKK-i (22, 30, 41, 49).

Binding of the secreted early IFNs, predominantly IFN-�, to
the IFN-� receptor in an autocrine or paracrine fashion acti-
vates JAK/STAT-mediated signal transduction pathways that
culminate in the expression of a huge set of IFN-stimulated
genes (ISGs). Among these is IRF-7, which is activated like
IRF-3 and which allows transcription of the “late” IFN-�

genes. Several of the ISGs encode enzymes with antiviral func-
tion, such as Mx proteins, 2�-5� oligoadenylate synthetase,
PKR, or factors that inhibit cell growth and promote apoptosis,
thereby restricting viral spread. Moreover, IFN signaling stim-
ulates mechanisms of the adaptive immune response, including
expression of major histocompatibility complex, activation of
NK cells, maturation of dendritic cells, and promotion of the
T-helper cell response toward the Th1 type.

For members of most virus groups, including negative-strand
RNA viruses, specific antagonists of IFN have been identi-
fied during the past years. These may interfere with IFN gene
induction, IFN signaling, or the activity of ISGs (for recent
reviews, see references 3 and 24). Members of the Paramyxo-
virinae subfamily encode small nonessential proteins, such as V
and C, which are expressed from the phosphoprotein (P) gene
through alternative translation initiation and mRNA editing. V
and C proteins interfere with IFN JAK/STAT signaling, ren-
dering the viruses IFN resistant. IFN resistance of respiratory
syncytial virus (RSV) of the Pneumovirinae subfamily of para-
myxoviruses, genus Pneumovirus, is mediated by the concerted
action of two nonstructural proteins, NS1 and NS2. In this
case, however, IFN signaling and expression of IFN-stimulated
genes are not significantly affected (7, 47). Intriguingly, both
the NS proteins of RSV (8, 50) and the V proteins of Para-
myxovirinae (44) were recently also shown to be involved in
inhibiting IFN induction, but with different targets, since NS
proteins prevent activation of IRF-3 (8), whereas V proteins
affect activation of NF-�B and IRF-3 (44).

In contrast to paramyxoviruses, members of the Rhabdoviri-
dae such as rabies virus (RV) or vesicular stomatitis virus
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(VSV) are sensitive to exogenous IFN and therefore must
prevent IFN induction. For VSV, the lack of IFN induction
was correlated with the activity of the viral matrix (M) protein,
which causes a general shutoff of host-directed gene expression
(1, 18). Compared to VSV, RV is more slowly growing and
much less cytopathic, and a general cell shutoff is not observed,
allowing expression of host cell genes throughout infection.
We therefore reasoned that RV must encode specific mecha-
nisms for preventing IFN induction.

The RV genome comprises five genes, encoding nucleopro-
tein (N), phosphoprotein (P), matrix protein (M), glycoprotein
(G), and polymerase (L) in the order 3�-N-P-M-G-L-5�. The M
and G proteins are predominantly involved in formation of the
viral envelope. The N, P, and L proteins are components of the
viral ribonucleoprotein, and each of them is essential for ac-
complishing RNA synthesis (13). The P protein is phosphory-
lated by cellular kinases (27) and is present in homo-oligomers.
It associates both with the L protein to function as a noncata-
lytic cofactor for RNA polymerization and with the N protein
to support specific and proper RNA encapsidation in a chap-
erone-like way (11, 12, 33). In addition to full-length P (P1),
amino-terminally truncated products (P2, P3, and P4) which
are translated from internal in-frame AUG initiation codons
by a leaky scanning mechanism have been found in infected cells
and in purified RV (10). The RV P gene contains a second open
reading frame (ORF), termed C in analogy to similar ORFs in
VSV P genes. Whereas VSV C proteins have been shown to be
expressed (51), the existence of an RV C ORF product is unclear.

We here provide evidence that the P protein of RV, in addi-
tion to its above-described functions in RNA synthesis, is re-
sponsible for inhibition of IFN induction in RV-infected cells.
Replicating RV and full-length P1 expressed from transfected
plasmids interfered with phosphorylation of IRF-3 by the up-
stream kinase TBK-1 such that dimerization of IRF-3 and
transcriptional activity was prevented. Although P is crucially
required for viral RNA synthesis, it was possible to generate
replicating infectious RV that could not prevent IFN induction
and that therefore was not viable in IFN-competent cells and
tissues. This was achieved by reducing the expression of P to
levels sufficient for virus replication but insufficient for block-
ing IRF-3 activation. Such viruses are particularly interesting
for development of live vaccines and oncolytic virus vectors.

MATERIALS AND METHODS

Cells and viruses. Vero (African green monkey kidney) and HEp-2 (human
laryngeal epidermoid carcinoma) cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 5% fetal calf serum and antibiotics. HEK
293 (human embryonic kidney), 2fTGH, and U3A cells (40) were propagated in
Dulbecco’s modified Eagle’s medium with 10% fetal calf serum, L-glutamine, and
antibiotics. U3A cells were incubated in the presence of 250 �g/ml hygromycin.
The BSR T7/5 cell clone, which constitutively expresses bacteriophage T7 poly-
merase (9), was used for RV rescue from cDNA as described previously (20).

Recombinant RV SAD L16 (48), comprising the sequence of the attenuated
vaccine strain SAD B19 (14), was used as wild-type (wt) RV. SAD eGFP-P is a
recombinant virus encoding an eGFP-P fusion protein (enhanced green fluores-
cent protein [eGFP] fused to the N terminus of P) instead of the authentic P (19).
SAD VB GFP is a recombinant virus containing an extra eGFP gene between the
G and L genes. NPgrL virus is a recombinant RV in which the matrix (M)- and
glycoprotein (G)-encoding genes are replaced by reporter genes encoding eGFP
and DsRed (red fluorescent protein from Discosoma sp.) (21).

cDNA constructs. Mutations in the P protein-coding sequences were intro-
duced into the P expression plasmid pTIT-P (20) by using the Chameleon
mutagenesis kit (Stratagene) according to the suppliers instructions.

For replacement of the P ORF of the full-length cDNA clone pSAD L16 (48),
a pSAD�Psap subclone was generated, in which the coding region of the P gene
was replaced by a linker comprising restriction enzyme sites in the following
order: SapI-KpnI-NheI-KpnI-SapI. After SapI digestion, ATG and TAA over-
hangs at the stop and start codons of P allow insertion of SapI-digested PCR
products amplified from mutated P-encoding plasmids (primers SADPatg [5�-G
ACAGAGCTCTTCGATGAGCAAGATCTTTGTCAA-3�] and SADPtaa [5�-T
CTCTCGCTCTTCATTAGCAAGATGTATAGCGATCC-3�]) without causing
alterations outside the P ORF. In a second cloning step, the plasmids were cut
in the N and M genes, and a DNA fragment containing the modified P ORF was
inserted in the full-length pSAD L16.

A cDNA full-length clone encoding an additional copy of the RV P gene
downstream of the L gene (pSAD PLP; gene order, 3�-N-P-M-G-L-P-5�) was
generated by insertion of an N/P gene border copy downstream of the L ORF,
followed by a copy of the P-coding sequence. From pSAD PLP, the original P
ORF was deleted by replacement of a region spanning from the N to the L gene
with the corresponding DNA fragment from pSAD�Psap to generate SAD
�PLP (gene order, 3�-N-M-G-L-P-5�). The sequences of all constructs are avail-
able from the authors upon request. Vaccinia virus-free rescue of recombinant
RV from the cDNAs was performed as described previously (20) by transfection
of 10 �g of full-length cDNA and plasmids pTIT-N (5 �g), pTIT-P (2.5 �g), and
pTIT-L (2.5 �g) in 106 BSR T7/5 cells grown in 8-cm2 culture dishes.

To generate a cytomegalovirus (CMV) promoter-controlled P expression plas-
mid, pCR3-P, the P ORF was amplified from pTIT-P by PCR (primers P1Acc65I
[5�-TATAGGTACCATGAGCAAGATCTTT-3�] and P1NotI3 [5�-ATATGCG
GCCGCTTAGCAAGATGTATAGCGATTCAA-3�]) and was inserted in the
plasmid pCR3 (Invitrogen). The P gene of bovine respiratory syncytial virus
(BRSV) was excised from pTIT PRSV (9) and was also inserted in pCR3, result-
ing in pCR3-PRSV.

Transfection. For reporter gene assays with infected cells, 1 � 106 Vero cells
were seeded in 21-cm2 cell culture dishes. After 16 h, 8 �g of the reporter
plasmid p125luc, p55C1Bluc, p55A2luc (60) (kindly provided by Takashi Fujita,
Tokyo), or pAP1luc (Stratagene) was transfected using Lipofectamine 2000
transfection reagent (Invitrogen). As an internal control, 20 ng of pCMV-RL
(renilla luciferase) was cotransfected in all experiments. After 6 h the transfected
cells were split and infected with viruses at a multiplicity of infection (MOI) of
3 or stimulated with 5 � 103 units of tumor necrosis factor alpha (Sigma) when
indicated. After a further 48 h, cell extracts were prepared and subjected to the
reporter gene assay. For transfection of HEK293 cells, the calcium phosphate
precipitation method (mammalian transfection kit; Stratagene) was used. Cells
were seeded into 12-well plates at 4 � 105 cells/well and were transfected after
16 h with 1 �g of p125luc or p55C1Bluc, 2 �g of fl-TBK-1, 0.1 �g of pCMV-RL,
and 2 �g of pCR3 vector. For Western blot analyses, HEK293 cells were trans-
fected in six-well plates (1.2 � 106 cells/well) with 3 �g of fl-TBK-1, 6 �g of
pCR3-RVP, or empty vector as indicated. After 24 h, cell extracts were prepared
and were analyzed by nondenaturing polyacrylamide gel electrophoresis (PAGE)
or sodium dodecyl sulfate (SDS)-PAGE and Western blotting.

Luciferase assay. Cell lysates were prepared at the indicated time points and
subjected to reporter gene assay using the dual luciferase reporter system (Pro-
mega). Luciferase activity was measured in a luminometer (Berthold) according
to the supplier’s instructions.

Western blots and antibodies. For native PAGE, cell extracts from infected or
transfected cell cultures were prepared as described previously (31), and 1.5 �
106 cells were lysed in 100 �l lysis buffer. After centrifugation (14,000 rpm, 4°C,
10 min), 10 �l of the lysate was loaded on the gel. For SDS-PAGE, cells were
lysed in cell lysis buffer (62.5 mM Tris, 2% SDS, 10% glycerol, 6 M urea, 5%
�-mercaptoethanol, 0.01% bromophenol blue, 0.01% phenol red) at the indi-
cated time points and loaded onto an SDS-10% polyacrylamide gel. Proteins
were transferred to a nitrocellulose membrane (Schleicher & Schuell) with a
semidry transfer apparatus (OWL Scientific). After incubation with blocking
solution (2.5% dry milk and 0.05% Tween 20 in phosphate-buffered saline) at
room temperature for 1 h, membranes were incubated overnight with the re-
spective antibodies. The MxA antibody M134 (23) and the mouse polyclonal
anti-P serum were kindly provided by Otto Haller and Georg Kochs, Freiburg,
and Danielle Blondel, Gif-sur-Yvette, respectively. Primary antibodies to STAT-
1 (Cell Signaling), actin (Sigma), IRF-3 (Santa Cruz Biotechnology), IRF-3
Ser386 (phosphorylated) (IBL) were purchased. Secondary antibodies were con-
jugated with peroxidase, and Western Lightning chemiluminescence reagent
(Perkin-Elmer) was used for detection.

RNA analysis. Total RNA from infected cells was isolated with the RNeasy
minikit (QIAGEN) according to the manufacturer’s instructions. In RNA prep-
arations for reverse transcription-PCR (RT-PCR) analysis, an additional on
column DNase digestion was performed according to the supplier’s instructions.
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Northern blotting and hybridizations with [�-32P]dCTP-labeled cDNAs were
performed as described previously (15). Hybridization signals were quantitated
by phosphorimaging (Molecular Dynamics Storm). IFN-�-specific RT-PCR was
performed on 1 �g RNA isolated after 18 h postinfection (p.i.) with the primers
hIFN-�� (5�-CTCCTCCAAATTGCTCTCCTGTTGTG-3�) and hIFN-�	 (5�-
AAGATGTTCTGGAGCATCTCATAGATG-3�). As a control, �-actin-specific
RT-PCR was performed using the primers �actin� (5�-GGCATCGTGATGG
ACTCC-3�) and �actin2	 (5� CCGCCAGACAGCACTGTGTTGGCGTA-3�).

RESULTS

An RV expressing an eGFP-P fusion protein induces IFN.
Infection of interferon-competent cell lines such as HEp-2 with
the RV SAD L16 does not result in interferon induction. To
identify the responsible viral factors, we screened a series of
recombinant RV mutants derived from strain SAD L16 (48)
for their ability to suppress IFN induction in HEp-2 cells. Due
to the sensitivity of SAD L16 to IFN (47), a more severe
attenuation of growth in HEp-2 cells compared to IFN-incom-
petent BSR T7/5 cells served as a first criterion for the possi-
bility of IFN production. An RV in which eGFP was fused to
the N terminus of the P protein, SAD eGFP-P (19) (Fig. 1A),
fulfilled this criterion, whereas another RV mutant, expressing
eGFP from an extra gene inserted between G and L, did not.
In BSR cells, SAD eGFP-P reached titers of 106 focus-forming
units/ml after 3 days of infection at an MOI of 0,01, whereas
HEp-2 cells virtually did not support virus amplification. Mi-
croscopic examination revealed initial eGFP-P expression in
SAD eGFP-P-infected HEp-2 cells; however, accumulation of
viral N and eGFP-P proteins was observed only in BSR cell
cultures (Fig. 1B), suggesting induction of IFN by SAD eGFP-
P. Notably, infection of HEp-2 cells with an RV lacking both
the M and G genes, SAD NPgrL, (21) led to effective expression
of the viral N and P proteins (Fig. 1B), demonstrating that the
M protein is not required for virus replication in HEp-2 cells.

To confirm that growth restriction of SAD eGFP-P in
HEp-2 cells is correlated to production of IFN, we checked the
presence of IFN-� mRNAs by RT-PCR and the biological
effects of IFN by demonstrating expression of ISGs. IFN-�
RNA was detectable in SAD eGFP-P-infected cells but not in
SAD L16-infected cells at 24 h p.i. (Fig. 1C). In accordance
with this finding, expression of the IFN-inducible MxA protein
and an up-regulation of STAT-1 levels were observed only in
SAD eGFP-infected HEp-2 cell cultures and not in cultures
infected with wt RV or NPgrL (Fig. 1C). From these results it
appeared that RV P gene products are important in preventing
IFN production in RV-infected cells, whereas the viral M pro-
tein is not required.

Induction of IFN by an RV expressing low levels of P. To
further support the notion that RV P is critical in preventing
IFN production in virus-infected cells, a recombinant RV was
engineered to express low levels of P. To this end, we took
advantage of the typical stop-start mechanism of nonseg-
mented negative-strand RNA viruses yielding a transcription
gradient. In SAD �PLP, the viral genome organization was
changed such that the P gene was moved from the second to
the most promoter-distal fifth position (genome organization
NMGLP) (Fig. 2A). As a control, SAD PLP (gene order,
NPMGLP) was generated, retaining the P gene in its original
position but containing an extra P copy downstream of L like
in SAD �PLP. Viable virus was rescued from both cDNA
constructs. As revealed by Northern hybridization, much less P

mRNA was transcribed in SAD �PLP-infected cells than in
SAD L16- or SAD PLP-infected cells. In contrast, the amounts
of N mRNAs were more similar for all viruses (Fig. 2B). Also,
the amount of P protein was greatly lower in SAD �PLP-
infected cells than in cells infected with the control viruses, as
shown by Western blot analyses (Fig. 2B). A decelerated ac-
cumulation of other virus proteins such as N, M, and G and of
viral RNAs further indicated that the reduced levels of P pro-
tein were limiting RNA synthesis of SAD �PLP.

Concordantly, growth of SAD �PLP in BSR cell cultures
lagged behind that of SAD L16 and SAD PLP; however, final
infectious titers of 107 focus-forming units/ml at 3 days p.i.
were only 10-fold lower than those of wt RV (Fig. 2D). Com-
pared to SAD eGFP-P, however, SAD �PLP yielded 10-fold-
higher titers, indicating an RNA synthesis more severely af-
fected by the eGFP-P fusion protein.

To investigate the effect of reduced P levels on the produc-
tion of IFN, HEp-2 cells were infected in parallel with SAD
L16, SAD PLP, SAD �PLP, and SAD eGFP-P as a positive
control for IFN induction. Whereas SAD L16 and SAD PLP
rapidly amplified to titers of greater than 106 after 3 days of
infection, SAD �PLP and SAD eGFP-P were not able to
productively grow in HEp-2 cells (Fig. 2E). RT-PCR and

FIG. 1. SAD eGFP-P induces IFN-� gene expression. (A) Genome
organization of wt SAD L16; SAD eGFP-P, expressing a P protein with
an N-terminal eGFP-moiety; NPgrL virus, with M and G genes re-
placed with eGFP and DsRed genes; and SAD VB eGFP, containing
an extra eGFP gene. (B) Whole-cell extracts of BSR T7/5 and HEp-2
cells were harvested at 48 h p.i. (MOI of 1) and analyzed by Western
blotting for expression of the viral N, P, and M proteins. In contrast to
infection of BSR cells (right panel), SAD eGFP-P produced low levels
of N and eGFP-P protein in HEp-2 cells (left panel). (C) SAD eGFP-
P infection of HEp-2 cells induces transcription of IFN-� mRNA as
shown by RT-PCR (right panel). and up-regulation of MxA and
STAT1 proteins as shown by Western blotting (left panel).
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Western blot analyses of ISGs confirmed that this failure was
correlated with the presence of IFN-� mRNAs (Fig. 3A) and
with stimulation of MxA and STAT-1 expression. In contrast to
those of SAD L16, proteins of SAD �PLP were hardly detect-
able in HEp-2 cells at 48 h p.i. (Fig. 3B). The inability of SAD
�PLP to inhibit IFN expression is therefore correlated to a
reduction of P levels below a critical threshold. To further
demonstrate that the IFN-induced establishment of an antivi-
ral state is responsible for the observed growth restriction of
SAD �PLP, 2fTGH cells and a mutant of 2fTGH, U3A, which
lack STAT-1 and therefore do not respond to IFN (40), were
infected in parallel. Whereas SAD L16 replicated effectively in
both cell lines, accumulation of SAD �PLP proteins was ob-
served only in the nonresponding U3A cells (Fig. 3C).

IFN-antagonistic activity of full-length P (P1). In addition to
full-length P encoded by the P ORF (P1), N-terminally trun-

cated forms of the P protein can be expressed from the RV P
gene, due to ribosomal leaky scanning and internal translation
initiation (10). Since the IFN-inducing phenotype of SAD
eGFP-P could be due to the lack of truncated P products from
the eGFP-P fusion gene, it was important to show IFN-antag-
onistic activity of the full-length P1. To generate an RV en-
coding only full-length P1, SAD P1xxx, the first three internal
methionine codons of the SAD P ORF (codons 20, 53, and 83),
which could serve for translation of P2, P3, and P4, respec-
tively, were changed to isoleucine codons by site-directed mu-
tagenesis. In addition, constructs expressing P1 along with one
of the truncated P products (SAD P12xx, P1x3x, and P1xx4)
were generated. In another construct, SAD P�C, the methio-
nine initiation codon of the internal C ORF of the SAD P gene
was destroyed by a T384C base pair exchange, leaving the P
protein sequence unchanged (Fig. 4A).

All mutant cDNAs could be rescued into viable virus dis-
playing the predicted protein expression pattern. Only full-
length P1 was detectable in cells infected with SAD P1xxx, and
P1 along with P2 was detectable in SAD P12xx-infected cells. A
slightly increased expression of P3 and P4 was observed for
SAD P1x3x and SAD P1xx4, respectively, consistent with in-
creased translation initiation at downstream methionine co-
dons when upstream initiation codons are missing (Fig. 4B).
The growth kinetics of the mutants in BSR cells, including
SAD P�C, did not greatly differ from that of SAD L16, al-
though the triple mutant SAD P1xxx tended to lag behind at

FIG. 2. The level of P protein is crucial for growth of RV in IFN-
competent cells. (A) Genome organization of recombinant RV. SAD
PLP carries an extra copy of the P gene downstream of L (gene order,
3�-N-P-M-G-L-P-5�). In SAD �PLP, the P gene downstream of N in
SAD PLP was deleted, resulting in a virus with a single P gene copy
downstream of L (gene order, 3�-N-M-G-L-P-5�). (B) Northern blot
hybridization with N and P gene-specific cDNA of RNA from BSR
T7/5 cells infected for 24 h at an MOI of 1 with the indicated viruses.
SAD �PLP virus produces lower levels of P mRNA than SAD L16.
(C) Expression of RV N, P, M, and G proteins was analyzed in
Western blots of cell extracts from BSR T7/5 at 24 h p.i. at an MOI of
1. (D and E) Single-step growth curves were performed on BSR T7/5
cells (D) and on HEp-2 cells (E) after infection with the indicated
viruses at an MOI of 0.01. ffu, focus-forming units.

FIG. 3. The level of P protein is crucial for IFN-� gene expression.
(A) SAD �PLP effectively induces transcription of IFN-� mRNA in
HEp-2 cells as shown by RT-PCR. Mock-infected cells were stimulated
by poly(I · C) transfection. RNA was isolated 20 h after infection at an
MOI of 1. For RT-PCR, primers specific for IFN-� or �-actin (as a
loading control) were used. (B) SAD �PLP infection induces an an-
tiviral response and up-regulates expression of MxA and STAT1 as
shown by Western blotting at 48 h p.i. Only in wt SAD L16-infected
cells were abundant amounts of RV N and P proteins detected.(C) In-
fection (MOI of 1) with SAD �PLP of U3A cells lacking STAT-1 leads
to accumulation of viral proteins, in contrast to the case for the pa-
rental STAT-1-containing 2fTGH cells.
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early time points of infection. This indicates some attenuating
effect of the mutations introduced into P. However, the virus
reached comparable infectious titers at 3 days p.i. (Fig. 4C).
Most importantly, all mutants were able to grow productively
in the IFN-competent HEp-2 cells. Some lag phase was ob-
served again for SAD P1xxx; however, the virus caught up and
was amplified to titers similar to those of other P mutants.
Thus, the full-length P1 expressed from SAD P1xxx is active in
preventing IFN induction to an extent that is sufficient to
permit virus growth in HEp-2 cells.

RV prevents phosphorylation of IRF-3 by TBK-1. Induction
of the IFN-� promoter is known to require the binding of
transcription factors NF-�B, IRF-3, and AP-1 (dimers of
ATF-2 or heterodimers of ATF-2/c-Jun), which are activated
in response to virus infection. To address the mechanisms
utilized by RV to prevent IFN induction, we first made use
of reporter gene assays in which a plasmid-encoded luciferase
gene is controlled by the entire IFN-� promoter (p125luc) or
by individual regulatory elements responsive to AP-1 (pAP1luc),
NF-�B (p55A2luc), or IRF-3 (p55C1Bluc). Infection of Vero
cells with SAD L16 had very little effect on luciferase expression
from p125luc- and p55C1Bluc-driven reporter plasmids, contain-
ing the native IFN-� promoter and the IRF-3-responsive ele-

ment, respectively, compared to mock infection of cells. However,
infection with SAD �PLP resulted in 25- and 5-fold increases of
luciferase activity from p125luc and p55C1Bluc, respectively. This
indicated that RV P is able to inhibit transcriptional activity of
IRF-3. In contrast, an inhibition of NF-�B or AP-1 was not
apparent. Whereas SAD L16 caused similar three- to fourfold
increases of luciferase activity from p55A2luc and pAP1luc, an
even less effective stimulation was observed in SAD �PLP-in-
fected cells (Fig. 5A).

To further address the failure of IRF-3-dependent transcrip-
tion in RV-infected cells, we analyzed the activation status of
IRF-3. C-terminal phosphorylation of IRF-3 by TBK-1 or the
inducible IKK-i is a prerequisite for IRF-3 dimerization, nu-
clear import, association with CBP/p300 coactivators, and ac-
tivation of IFN-� gene transcription. The IRF-3 status in ex-
tracts from virus-infected HEp-2 cells was analyzed by native
PAGE. In contrast to mock- and SAD L16-infected cells, in
which only monomeric IRF-3 was detectable, a prominent band
of IRF-3 dimers appeared in cells infected with SAD �PLP (Fig.
5B). Western blotting with a serum specific for S386-phospho-
IRF-3 confirmed that only the IRF-3 dimers were phosphory-
lated at S386, which is known as a target residue for TBK-1
phosphorylation (42). Thus, RV has the ability to selectively
block the IRF-3 phosphorylation whereas SAD �PLP does
not, because of insufficient expression of P protein.

To verify that RV P is able to directly inhibit TBK-1-
mediated IRF-3 phosphorylation, we expressed the authen-
tic P gene and P1xxx from transfected plasmids and investi-
gated the effect on TBK-1-stimulated expression of luciferase
from the IFN-� promoter in p125luc. As a control for the
specificity of inhibition, a plasmid encoding the P protein of
BRSV was used. Transfection of a TBK-1-encoding plasmid
into cells transfected in addition with vector lacking an insert,
or with the BRSV P-encoding plasmid, stimulated luciferase
activity 40- to 50-fold. Cotransfection of pRV-P and pRV-
P1xxx, however, abolished luciferase activity from p125 almost
completely (Fig. 6A, left panel). Similarly, transfection of P
abolished TBK-1-mediated expression of luciferase from
p55C1Bluc containing only the IRF-3-responsive elements.
This occurred in a dose-dependent manner, as evidenced by
cotransfection of TBK-1 with decreasing amounts of P-encod-
ing plasmids (Fig. 6A, right panel). The inability of TBK-1 to
stimulate luciferase expression from p125luc and p55C1Bluc in
the presence of RV P was correlated with the lack of IRF-3
phosphorylation, as visualized in Western blot experiments
with cell extracts from transfected 293 cells (Fig. 6B). Whereas
expression of TBK-1 resulted in appearance of S386-phosphor-
ylated IRF-3 dimers, phosphorylation and dimerization of
IRF-3 were not detectable in cells cotransfected with TBK-1-
and P-encoding plasmids. In summary, these data show that
RV P prevents IFN induction in virus-infected cells by ob-
structing phosphorylation of IRF-3 through its kinase, TBK-1.

DISCUSSION

In this study we present evidence that the phosphoprotein P
of RV is an IFN antagonist preventing transcription of IFN-�
in virus-infected cells. Viruses with reduced P expression such
as SAD �PLP cannot sufficiently interfere with IFN-� tran-
scription in HEp-2 cells. A critical IFN response is therefore

FIG. 4. Mutation of internal AUG start codons does not abrogate
IFN-antagonistic activity of P. (A) Schematic representation of muta-
tions introduced into the P protein. Solid vertical bars represent au-
thentic methionine codons. Lack of the bar indicates substitution with
isoleucine codons. Dotted vertical bars represent the AUG codon of
the hypothetical C of P ORF � 1. In SAD P�C, the AUG codon was
mutated to ACG. (B) Protein synthesis of RV encoding mutated P
proteins. BSR T7/5 cells were infected with the indicated viruses at an
MOI of 1. Cell extracts were analyzed by Western blotting at 24 h p.i.
P and N proteins were detected by mouse polyclonal anti-P serum and
rabbit polyclonal serum S50, respectively. (C) Single-step growth
curves of RVs lacking short forms of P protein on BSR T7/5 and
HEp-2 cells infected at an MOI of 0.01. RV SAD P1xxx, lacking P2, P3,
and P4, grew productively in HEp-2 cells.
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activated, which prohibits productive virus replication. A sub-
stantial contribution of the M protein to IFN escape of RV, as
observed for VSV (1), could be excluded, since RV replicons
encoding N, P, and L did not induce an IFN response. IFN
induction by SAD �PLP was correlated with the activation of
the critical transcription factor IRF-3, whereas the activities of
NF-�B and AP-1 were unchanged, demonstrating that the IRF-3
activation pathway is specifically blocked in RV-infected cells.

Activation of IRF-3 in virus-infected cells depends on the
recognition of viruses by cytosolic receptors and on signal
transduction pathways leading from recognition to activation
of IRF-3. Recently, the RNA helicase RIG-I was identified as
key in sensing viral dsRNA of Newcastle disease virus and in
subsequent activation of IRF-3 and NF-�B (58). Downstream
signaling by RIG-I required an active helicase function and
caspase recruitment domains (58), suggesting the involvement
of caspase recruitment domain-containing adapter proteins
that relay signals to the IRF-3 kinase TBK-1 or IKK-i.

To circumvent IFN, viruses must either avoid their recogni-
tion and eliciting of an alert or target steps of the excited
signaling pathways. Recognition of influenza A virus RNA and
thus activation of IRF-3 are prevented by the viral NS1 pro-
tein, which has a pronounced dsRNA binding activity and
thereby makes the critical virus pattern inaccessible to dsRNA
receptors (16, 53). Although no direct RNA binding activity
has been reported for RV P, it is an important structural
component of the RV RNP and serves as a chaperone for
proper encapsidation of RNA into N protein. Accordingly, it

could be speculated that a critical level of RV P may be im-
portant for proper masking of viral RNAs in the RNA com-
plex. Although it is formally not excluded that P may improve
such camouflage, the fact that P is active at a downstream step
of the IRF-3 activation pathway (see below) argues in favor of
recognition of cytoplasmic RV RNPs by sensing molecules
such as RIG-I, activation of the pathway, and a downstream
inhibition at the step of IRF-3 phosphorylation. Indeed, acti-
vation of IRF-3 by replicating RNP complexes of VSV has
been demonstrated recently (54).

Signaling pathways triggered by recognition of cytosolic vi-
rus and of dsRNA and lipopolysaccharide by Toll-like recep-
tors 3 and 4, respectively, lead to activation of IRF-3 by two
IKK-related kinases, TBK-1 and IKK-i (22, 30, 41, 49). The
constitutively expressed TBK-1 may be the more important
kinase for IRF-3 activation, since the IFN response of TBK-1
knockout mice is severely affected (30, 41). Activation of cy-
toplasmic IRF-3 involves phosphorylation of multiple serine
residues at the C terminus of the protein which allow dimer-
ization of IRF-3, accumulation in the nucleus, and binding of
DNA in a complex including transcription factors ATF-2/c-Jun
(AP-1) and NF-�B and coactivators CBP/p300 (38, 39, 45, 52,
57, 59). Evidence is accumulating that the phosphorylation
status of the Ser386 residue critically determines the transcrip-
tional activity of IRF-3, since TBK-1 can phosphorylate Ser386
and IRF-3 phosphorylated at Ser386 is observed exclusively
within dimers. Moreover, mutation at Ser386 abolishes the
dimerization potential of IRF-3 (42). In RV-infected cells,

FIG. 5. Rabies virus targets the IRF-3 activation pathway. (A) Vero cells were transfected with reporter plasmid p125luc, p55C1Bluc,
p55A2luc, or pAP1luc and infected at an MOI of 3 with SAD L16 or SAD �PLP. Cell lysates were analyzed using the dual luciferase reporter
system (Promega) for luciferase activity at 48 h p.i. In contrast to SAD �PLP, SAD L16 is able to prevent expression of firefly luciferase from
plasmids containing the IFN-� promoter (p125luc) and the IRF-3 binding site (p55C1Bluc). In contrast to IRF-3, the activities of NF-�B and AP-1
are not further stimulated in SAD �PLP-infected cells compared to SAD L16-infected cells. Incubation of cells with tumor necrosis factor alpha
was used as a positive control. Error bars indicate standard deviations. (B) Dimerization and Ser386 phosphorylation of IRF-3 in SAD
�PLP-infected cells. HEp-2 cells were infected at an MOI of 1 and cell extracts were analyzed at 24 h p.i. by native PAGE and Western blotting.
In contrast to SAD �PLP, wt SAD L16 prevents IRF-3 dimerization and phosphorylation on Ser386. The same cell lysates were analyzed by
SDS-PAGE for expression of viral N and P proteins.
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IRF-3 is not activated, as demonstrated by reporter gene
analyses using plasmids controlled by the IFN-� promoter
(p125luc) or the IRF-3 binding part of the IFN-� promoter
(p55C1Bluc). The lack of transcriptional activity correlates
with the absence of Ser386-phosphorylated IRF-3 and of
IRF-3 dimers. In contrast, in SAD �PLP-infected cells, IRF-
3-dependent expression of reporter genes was possible, and
Ser386-phosphorylated IRF-3 was readily detectable (Fig. 5).
As predicted, S386 phosphorylation was observed only in
IRF-3 dimers and not in monomers.

How the activity of TBK-1 by TRIF or by putative adapters
of the cytosolic IFN-inducing pathway is regulated is not
known. However, overexpression of TBK-1 in cells is sufficient
for IRF-3 activation (22). We have utilized this feature to
demonstrate that the IFN-inhibitory activity of RV involves a
downstream target of the IRF-3 activation pathway. In addi-
tion, this assay revealed that RV P alone is sufficient for in-
hibiting IRF-3 activation. As a control, the phosphoprotein P
of BRSV was used, which has comparable functions in RNA
synthesis and encapsidation of viral RNA. As we have shown
previously, the BRSV nonstructural proteins NS1 and NS2 are
critical for preventing IRF-3 activation (8), and therefore a
corresponding activity of the RSV P protein appeared unlikely.
In contrast to BRSV P, or empty vector, transfection of ex-
pression plasmids comprising the SAD L16 P ORF led to a
drastic reduction of TBK-1-mediated transcriptional activity.
The same effect was observed after expression of pP1xxx, in
which the initiation codons of P2, P3, and P4 were deleted,
confirming activity of full-length P. Further evidence that P

alone is responsible for the phenotype observed in RV-in-
fected cells was obtained by investigating the IRF-3 phosphor-
ylation and dimerization status after overexpression of TBK-1
in the presence of P. These experiments confirmed that P
precludes the critical S386 phosphorylation of IRF-3 by TBK-1
such that dimerization and transcriptional activity are pre-
vented. Further experiments are needed to reveal the molec-
ular mechanisms involved in blocking IRF-3 phosphorylation.
From preliminary experiments it appears that a direct and
strong interaction of P with either TBK-1 or IRF-3 is unlikely,
since coimmunoprecipitations have been unsuccessful so far.
Distinct colocalization of P and TBK-1 or IRF-3 in virus-
infected cells has also not been observed, suggesting indirect
mechanisms.

Activation of IRF-3 is a key step in initiating an antiviral
innate and adaptive immune response and is apparently non-
redundant in most tissues. The identification of proteins from
negative-strand RNA viruses that interfere with IRF-3 activa-
tion is therefore not surprising. In most cases, small accessory
proteins which are not strictly required for virus replication
and which have “luxury functions” (34) are active as IFN an-
tagonists. As first shown for influenza A virus, the NS1 protein
hides viral dsRNA that could serve as a trigger for IRF-3
activation and IFN induction (53). However, RNA binding-
deficient mutants still have some IRF-3-inhibiting capacity,
suggesting additional activities (16). For the influenza B virus
NS1 C terminus, an activity independent of RNA binding has
been demonstrated, supporting the idea that influenza virus
NS1 holoproteins combine multiple activities in inhibiting

FIG. 6. Expression of P is sufficient to prevent TBK-1-mediated IFN-� induction. (A) HEK 293 cells were transfected with expression plasmids
encoding the indicated genes and reporter plasmids harboring the firefly luciferase gene under control of the IFN-� promoter and renilla luciferase
controlled by the CMV promoter. Luciferase activities were determined at 48 h posttransfection. Cotransfection of P or of P1xxx with TBK-1
inhibited activation of the IFN-� promoter almost completely. The P protein of BRSV (RSV P) was used as a control that is not able to inhibit
TBK-1-mediated activation of the p125luc reporter plasmid (left panel). The inhibition of TBK-1-mediated activation of IRF-3 by RV P is dose
dependent as revealed by luciferase expression from p55C1Bluc (right panel). Error bars indicate standard deviations. (B) Expression of RV P
inhibits TBK-1-mediated dimerization of endogenous IRF-3 and phosphorylation of IRF-3 at Ser386. Cell extracts were harvested at 24 h
posttransfection of TBK-1 or TBK-1 and P-encoding plasmids and were analyzed by native PAGE and Western blotting. Expression of Flag-tagged
TBK-1 (fl-TBK1), RV P, and �-actin was confirmed by SDS-PAGE and Western blot analysis of the same lysates.
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IRF-3 (17). Pneumovirus NS1 and NS2 proteins, which are
encoded by two extra genes, and Paramyxovirinae V and C
proteins, which are encoded on P genes, are active in prevent-
ing both IFN response (reviewed in reference 24) and IFN
induction (29, 36, 44). Whereas the RSV NS proteins are
involved in targeting the IRF-3 pathway (8), V and C proteins
appear to prevent activation of both IRF-3 and NF-�B (29, 36,
44), suggesting that they target different steps of the pathway.

The present work identifies an essential rhabdovirus protein
as a specific IFN antagonist blocking activation of IRF-3. In-
terestingly, the Ebola virus VP35, which corresponds to the P
protein of other Mononegavirales with respect to RNA synthesis
and RNA encapsidation, has previously been shown to inter-
fere with IFN induction and IRF-3 activation when expressed
from transfected plasmids (4, 5, 28). This suggests that Filo-
viridae target a similar or more upstream target of the pathway.

Our data further indicate that the full-length RV P is active
in preventing IFN induction. A recombinant virus expressing a
P gene in which three internal methionine codons that in the
wt P serve for internal translation initiation were exchanged for
isoleucine codons (SAD P1xxx) was viable in BSR cells. There-
fore, the N-terminally truncated P products are not essential
for virus replication, as indicated previously by the viability of
SAD eGFP-P (19). A slower growth of SAD P1xxx compared
to wt RV may indicate that the functions of the P1xxx protein
in RNA synthesis and assembly are somehow affected by the
three Met-Ile mutations. Importantly, SAD P1xxx was able to
grow in HEp-2 cells, showing that expression of P1xxx is suf-
ficient to counteract IFN in virus-infected cells. On the other
hand, this does not mean that the truncated P products may
not aid P in blocking IRF-3 activation. The major difference
from full-length P is that they do not possess the N-terminal L
binding site (12), but oligomerization and binding to N should
be possible (11). In addition, the binding domains for dynein
light chain-1 (LC-8) (32, 43, 46) and the IFN-induced promy-
elocytic leukemia protein are retained (6). Expression experi-
ments are under way to determine the activity of curtailed P
proteins fragments to identify the minimal domains of P able
to counteract IRF-3 activation.

A more demanding task will be the dissociation of P func-
tions and the identification of mutations that eliminate the
IFN-antagonistic function of P without significantly impairing
its essential roles in virus RNA synthesis and assembly. The
IFN-inducing SAD �PLP virus still expresses the authentic P
gene, although at much lower levels. The low levels of P do not
greatly limit gene expression, replication, and growth in BSR
cells (Fig. 2D), but they are not sufficient to inhibit induction of
an IFN response. In case of SAD eGFP-P, both reduced levels
of the P fusion protein (Fig. 1B) and the impediment of P
functions by the N-terminal eGFP moiety may be responsible
for the limited growth and the inability to prevent IFN induc-
tion. Indeed, from previous experiments involving complemen-
tation of P-deficient RV, it appears that the eGFP-P fusion
protein has severe defects in mRNA synthesis, while virus
formation is well supported. In contrast, a protein in which
eGFP was fused to the C terminus of P, P-eGFP, supported
transcription well but had defects in virus assembly (19).

The possibility of generating recombinant RVs that are not
able to prevent an IFN response in infected hosts, such as SAD
�PLP, holds promise for the development of safe, attenuated

live vaccines. Since alpha/beta IFN is able to foster the devel-
opment of an adaptive immune response (for a review, see
reference 55), such viruses should induce a potent adaptive
immune response. Indeed, a potent adjuvant function of virus-
induced early IFN in vivo is suggested by the high immunoge-
nicity of viruses lacking critical IFN antagonists, such as influ-
enza virus (25) or BRSV (56). Another approach in which the
identification and knockdown of rhabdovirus IFN antagonists
are important is oncolytic virotherapy (for a recent review, see
reference 37). In contrast to nonmalignant tissue, many tumors
are nonresponsive to IFN. Viruses that both induce the pro-
duction of IFN and are susceptible to its antiviral effects should
therefore preferentially replicate in malignant tissue and may
serve as a basis for development of promising therapeutics.
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