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FIG. 4. The subcellular localization of STAT1 in RV-infected SK-N-SH cells differs between the viral strains. (A) The cells were
inoculated with each strain at an MOI of 0.01 and then were treated with IFN-« (4,000 U/ml) for 30 min at 24 h p.i. The cells were fixed
with 3.7% formaldehyde for 10 min and 90% methanol for 5 min before being immunostained for STAT! (green) and RV N protein (red)
and analyzed by CLSM. (B) Images such as those shown in panel A were used to calculate the ratios of nuclear to cytoplasmic fluorescence

(Fn/c) of STATI, which are shown as the means * standard errors of the means of the results from >30 images. ns, not significant (P =
0.05); Ni, Nishigahara.

0.0001 and P < 0.01, respectively) (Fig. 3A and B), consistent Infection with the Nishigahara or CE(NiP) but not the
with the results from the ISRE reporter assays. These results Ni-CE strain effectively inhibits IFN-induced nuclear translo-
demonstrate that Nishigahara P protein blocks IFN signaling cation of STAT1. The results of previous studies have indicated
more efficiently than Ni-CE P protein. that the inhibitory effect of RV P protein on IFN signaling
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FIG. 5. The Ni-CE P protein is defective for cytoplasmic localization and for its capacity to inhibit nuclear import of TFN-activated STATI.
(A) Vero cells were transfected to express the indicated GFP-tagged P protein (green) and, 18 h later, were treated with or without IFN-a for 1 h.
The cells were fixed with formaldehyde and methanol and immunostained for STAT]1 (red) before being analyzed by CLSM. (B, C) Images such
as those shown in panel A were analyzed to derive the ratio of nuclear to cytoplasmic fluorescence (Fn/c) values (mean * standard error of the
mean, n > 130, combined data from 3 separate assays) for STAT1 (B) or GFP-tagged P protein (C). Ni, Nishigahara.

depends on a physical interaction of the P protein with the
IFN-activated transcription factor STAT1 (4, 36). The P pro-
tein-STAT1 interaction does not affect the activation (i.e.,
phosphorylation) of STAT1 but, rather, appears to block its
nuclear translocation (36). However, the significance of this in
viral pathogenicity has not been assessed. Accordingly, to in-
vestigate the possibility that Nishigahara P protein but not
Ni-CE P protein effectively inhibits the nuclear translocation
of STAT1, we examined STAT1 subcellular localization in
Nishigahara-, Ni-CE-, and CE(NiP)-infected SK-N-SH cells
(treated with or without IFN-a) by immunofluorescence
assay followed by CLSM analysis (Fig. 4A). In mock-in-
fected cells, STAT1 was localized mainly in the cytoplasm of
IFN-o-untreated cells (Fig. 4A, a) but became localized in
the nucleus after IFN-a treatment (Fig. 4A, e), indicating
clear nuclear translocation of IFN-activated STATI. In
IFN-a-untreated, RV-infected cells, STAT1 was found to be
mainly in the cytoplasm, regardless of the RV strain infected
(Fig. 4A, b to d). Importantly, in IFN-a-treated cells, Nishi-
gahara and CE(NiP) infections resulted in inhibition of STAT1
nuclear translocation (Fig. 4A, f and h, respectively), whereas
Ni-CE infection had no apparent effect (Fig. 4A, g). Comparable
results for phosphorylated STAT1 in infected SK-N-SH cells were
obtained by immunostaining (data not shown).

To quantify these effects, we analyzed digitized CLSM im-

ages as previously reported (16, 17), to calculate the ratio of
nuclear to cytoplasmic fluorescence (Fn/c), corrected for back-
ground fluorescence, of STATI in the infected cells. In IFN-
a-untreated cells, the Fn/c values of STAT1 were similar for
mock-, Nishigahara-, Ni-CE-, and CE(NiP)-infected cells (Fig.
4B). On the other hand, in IFN-a-treated cells, the Fn/c values
for STAT1 in Ni-CE-infected cells were significantly greater
than those in Nishigahara- or CE(NiP)-infected cells (P <
0.0001). These data strongly suggest that the P protein is re-
sponsible for the different inhibitory effects of Nishigahara and
Ni-CE infections on IFN-induced STATI nuclear transloca-
tion.

Ni-CE P protein is defective in its capacity to inhibit STAT1
nuclear translocation. Next, we examined whether single ex-
pression of Nishigahara P protein but not Ni-CE P protein is
sufficient to block the nuclear translocation of IFN-activated
STATI1. We transfected Vero cells to express Nishigahara or
Ni-CE P protein fused to GFP (Ni P-GFP and Ni-CE P-GFP,
respectively) and treated the cells with or without IFN-a be-
fore fixation, immunostaining for STAT1, and CLSM analysis.
In the IFN-a-untreated cells, STAT1 was more cytoplasmic
than nuclear (Fig. 5A, top, and B) and the localization did not
differ significantly between Ni P-GFP- and Ni-CE P-GFP-ex-
pressing cells (Fig. 5B). In contrast, in IFN-a-treated cells,
STAT1 localization differed significantly between cells express-
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ing Ni P-GFP and Ni-CE P-GFP (Fig. 5A, bottom, and B).
Specifically, STAT1 was retained in the cytoplasm in Ni P-
GFP-expressing cells, consistent with previous observations for
P proteins from other RV strains (4, 36). On the other hand,
STAT1 in Ni-CE P-GFP-expressing cells was able to translo-
cate to and accumulate within the nucleus such that the Fn/c of
STAT1I in IFN-a-treated, Ni-CE P-GFP-expressing cells was
approximately 7-fold higher than in equivalently treated cells
expressing Ni P-GFP (P < 0.0001) (Fig. 5B). Similar results
were obtained from transfected Vero cells treated with IFN-y
and transfected SK-N-SH cells treated with IFN-a or IFN-y
(data not shown).

Taken together with the data from virus-infected cells (Fig.
4), these data demonstrate that Nishigahara P protein is able to
block the nuclear translocation of IFN-activated STAT1 more
efficiently than Ni-CE P protein and indicate that the inhibitory
effect of RV P protein on STAT1 translocation correlates with
viral pathogenicity.

Nishigahara and Ni-CE P proteins show differing subcellu-
lar localization. Sequence analysis indicated that the previ-
ously identified CRM1-dependent nuclear export signal (NES)
(conforming to the motif LXXXILXXLXL, where L can be
replaced with M, I, V, or F), which is principally responsible
for nuclear exclusion of the P protein of the RV CVS-11 strain
(20), is conserved in the Nishigahara P protein (49 LPEDMS
RLHL 58; the motif is indicated in boldface) but not in the
Ni-CE P protein, due to two amino acid substitutions (49
LPEDMSRPHP 58; substitutions are underlined) (Fig. 1B)
(30). To check whether the amino acid substitutions in the
Ni-CE P protein affect its subcellular localization, we com-
pared the distribution of Ni P-GFP and Ni-CE P-GFP in trans-
fected Vero (Fig. SA) and SK-N-SH cells (not shown). We
found that Ni P-GFP was localized in the cytoplasm (Fig. 5A,
top) and was almost completely excluded from the nucleus
(Fn/c, 0.22 + 0.13) (Fig. 5C). In contrast, Ni-CE P-GFP was
localized more diffusely between the nucleus and cytoplasm,
resulting in 4-fold greater levels of accumulation in the nucleus
(Fn/c: 0.87 = 0.32) (P < 0.0001) (Fig. SA, top, and C) than for
Ni P-GFP. Interestingly, Ni-CE P-GFP was found to become
significantly more nuclear after IFN-a treatment (P < 0.0001)
(Fig. 5A, bottom, and C). In contrast, the nucleocytoplasmic
localization of Ni P-GFP was unaffected by IFN-a treatment.

We also examined the nucleocytoplasmic distribution of
Ni-CE P protein and Nishigahara P protein in RV-infected
SK-N-SH cells by fixation and immunostaining for P protein.
Nishigahara P protein was localized almost exclusively in the
cytoplasm of Nishigahara- and CE(NiP)-infected cells (Fig. 6A
and B), whereas Ni-CE P protein was more diffusely localized
between the nucleus and cytoplasm (P < 0.0001). There was no
obvious fluorescent signal in mock-infected cells (Fig. 6A),
confirming that the signals detected in infected cells were spe-
cific for the P protein. These results indicate that the Ni-CE P
protein is defective in nuclear export due to the mutagenic
inactivation of the NES and strongly suggest that this results in
inhibition of the capacity of Ni-CE P protein to regulate
STAT]I nuclear import.

Both Nishigahara and Ni-CE P protein can interact with
STATI1. Sequence analysis showed that the previously identi-
fied STATI-binding domain (36) is conserved between the
Nishigahara and Ni-CE P proteins (Fig. 1B). This predicts that

J. VIrOLI.

CE(NiP)

Mock

p<0.0001 p<0.0001

T

~
ve)
~
o
&

Q b
RS

0.35
0.3
0.25
0.2
0.15
0.1
0.05

Fn/c of RV P protein

Ni  Ni-CE CE(NiP)

FIG. 6. The Nishigahara (Ni) and Ni-CE P proteins show differing
subcellular localizations in infected SK-N-SH cells. (A) The cells were
inoculated with each strain at an MOI of 0.01 and, after 24 h, were
fixed with 3.7% formaldehyde for 10 min and 90% methanol for 5 min.
The fixed cells were subjected to immunostaining for RV P protein and
analyzed by CLSM. Dot structures observed in the cytoplasm represent
Negri bodies (12). (B) Images such as those shown in panel A were
used to calculate the ratio of nuclear to cytoplasmic fluorescence
(Fn/c) values, which are shown as the means * standard errors of the
means of the results from >30 images.

both P proteins should maintain the ability to bind to STATI.
To confirm the physical interaction between the Nishigahara
and Ni-CE P proteins and STATI1, we used the yeast two-
hybrid system. The yeast L40 strain that contains the two
LexA-responsive reporter genes LacZ and His3 was cotrans-
formed with the pLexA-Ni P or -Ni-CE P plasmid, which
encode BD-fused Nishigahara and Ni-CE P proteins, respec-
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FIG. 7. Both the Nishigahara (Ni) and Ni-CE P proteins physically interact with STAT1. (A) Yeast cells (L40 strain) were cotransformed with
plasmid pLex-CVS P, -Ni P, or -Ni-CE P and plasmid pGAD-STAT1 (+) or the empty pGAD plasmid (—). The P protein-STAT1 interaction was
assessed by the appearance of blue colonies in the presence of X-Gal on a plate lacking Trp and Leu (upper panel) and by the expression of the
His3 reporter gene on a plate lacking Trp, Leu, and His (lower panel). (B) SK-N-SH cells were inoculated with strain Ni-CE or CE(NiP) at an
MOI of 0.1. At 18 h p.i., the cells were treated with IFN-a for 2 h before being lysed in RIPA buffer. The cell lysates were subjected to co-IP analysis
with an anti-STAT1 antibody or control rabbit IgG. The precipitates and total lysate (input) were analyzed by Western blotting (WB). The asterisk
represents an additional band probably resulting from binding of antibodies used for Western blotting to protein A/G. «-Tubulin, alpha-tubulin.

tively, and pGAD-STAT!1 expressing AD-fused STATI. In
addition, we used a combination of pLexA-CVS P, which ex-
presses BD-fused P protein of RV strain CVS, and pGAD-
STAT1 as a positive control (36). We found that BD-[used P
proteins derived from each of the CVS, Nishigahara, and
Ni-CE strains, when coexpressed with AD-fused STATI1, were
able to activate transcription of LacZ to comparable extents
(Fig. 7A, top) and could also activate His3 gene expression,
resulting in comparable growth on a plate lacking Trp, Leu,
and His (Fig. 7A, bottom). These data demonstrate that both
Nishigahara and Ni-CE P protein physically interact with
STATI.

Next, to check the interaction of the Nishigahara and Ni-CE
P proteins with STAT]I in infected cells, we carried out co-IP
analysis (Fig. 7B). Lysates of SK-N-SH cells infected with
strain Ni-CE or CE(NiP) were subjected to IP with an anti-
STAT]1 antibody or control rabbit IgG. We found that both
Ni-CE and Nishigahara P protein were detected in the precip-
itates after IP with an anti-STAT1 antibody (Fig. 7B, middle)
but not after IP with control IgG (Fig. 7B, right). The amounts
of Ni-CE and Nishigahara P proteins detected in the precipi-
tates were comparable, indicating that the interactions of
Ni-CE and Nishigahara P proteins with STATI occur with
similar efficiencies.

The NES in RV P protein is important for IFN antagonism.
Despite the fact that the Ni-CE P protein maintains the ability
to bind to STAT1, the P protein cannot block nuclear trans-
location of IFN-activated STAT1. Taken together with the
data above showing that the Ni-CE P protein is diffusely local-
ized between the nucleus and cytoplasm, probably due to the
inactivation of NES, this strongly suggests that the NES in RV
P protein is responsible for retention of the P protein-STAT1
complex in the cytoplasm to inhibit STATI nuclear transloca-
tion and, thereby, IFN signaling. To test this directly, we mu-
tated the Ni-CE P-GFP to reinstate the functional NES by
converting the Pro at positions 56 and 58 to Leu, producing

Ni-CE P(NES™)-GFP (Fig. 8A). We examined the subcellular
localization of Ni-CE P(NES™*)-GFP, as well as its ability to
inhibit STAT1 nuclear translocation. In contrast to Ni-CE P-
GFP, Ni-CE P(NES™")-GFP was distributed mainly in the cy-
toplasm in live SK-N-SH cells (Fig. 8B). Also, we found that
Ni-CE P(NES*)-GFP was significantly more cytoplasmic than
Ni-CE P-GFP in Vero cells both treated and untreated with
IFN-a (P < 0.0001) (Fig. 8C and D). Importantly, nuclear
translocation of IFN-activated STAT1 was inhibited in Vero
cells expressing Ni-CE P(NES™)-GFP but not in Vero cells
expressing Ni-CE P-GFP (Fig. 8C and E).

Next, we compared IFN-a-induced ISRE activities in SK-
N-SH cells transfected to express Ni P-GFP, Ni-CE P-GFP, or
Ni-CE P(NES™)-GFP (Fig. 8F). We found that the expression
of Ni-CE P(NES™)-GFP suppressed ISRE activity more effi-
ciently than Ni-CE P-GFP (P < 0.01). Notably, there was no
statistically significant difference between the activities in Ni
P-GFP- and Ni-CE P(NES™)-GFP-expressing cells. These re-
sults indicate that the NES on the RV P protein plays an
important role in the inhibition of STAT1 nuclear transloca-
tion and, thereby, of IFN signaling.

DISCUSSION

RV is a neurotropic virus that causes encephalomyelitis with
a high mortality rate (almost 100%) in humans and other
mammals, for which no effective cure has been established,
resulting in approximately 55,000 human fatalities in Asia and
Africa per annum (11). To develop an effective cure, it is
important to fully understand the molecular mechanism by
which RV circumvents host immune response and, conse-
quently, causes the lethal neurological disease. To date, RV
glycoprotein (G protein), which participates in binding to host
cells, has been shown to play important roles in the viral patho-
genicity (7, 10, 27, 32-35), but little is known about the con-
tribution of other RV proteins to pathogenicity.
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The RV P protein can inhibit IFN signaling by physically
interacting with STAT1, which has been hypothesized to relate
to inhibition of STAT1 nuclear localization (4, 36). Thus, it has
been assumed that these “IFN antagonist” proteins enable
viruses to evade the innate immune system and thereby con-
tribute to the viral pathogenicity. However, the importance of
these mechanisms in viral pathogenicity remains unclear.
Here, using both RV-infected cells and cells transfected to
express only the RV P protein, we show for the first time that
the capacity of the RV P protein to inhibit type I IFN signaling
correlates with viral pathogenicity.

We found that the CE(NiP) strain grows more efficiently in
the mouse brain than does the Ni-CE strain at the early stage
of infection (3 days p.i.) (Fig. 1C). One possible explanation for

this difference is that the P protein from the virulent Nishiga-
hara strain functions to efficiently evade innate immunity,
whereas the P protein from the attenuated Ni-CE strain is
impaired in this function. In the present study, we tested this
hypothesis, demonstrating that Nishigahara P protein inhibits
type I IFN-activated STAT1 nuclear translocation and IFN
signaling more efficiently than does Ni-CE P protein. There-
fore, the difference in this P protein function appears to be
directly related to the different pathogenicities of the two
strains.

Brzodzka et al. (3) demonstrated that the RV P protein also
inhibits type I IFN induction by interfering with the phosphor-
ylation of the transcription factor interferon regulatory factor 3
(IRF-3) by TANK-binding kinase 1. We found that infection of
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human neuroblastoma SYM-I cells (9) with either the Ni-CE
or CE(NiP) strain induces equivalent levels of IFN-B gene
transcription (data not shown). Further, single expression of
the Nishigahara and Ni-CE P proteins in SYM-I cells was
equally inhibitory for the activation of the IRF-3-dependent
IFN-B promoter induced by infection with Newcastle disease
virus (13). These findings strongly suggest that the different
pathogenicities of strains Nishigahara and Ni-CE do not relate
to inhibition of IFN induction.

As the inhibition of IFN-activated STAT1 nuclear accumu-
lation by P protein depends on the association of these mole-
cules (4, 36), one possible explanation for the differences be-
tween the Nishigahara and Ni-CE P proteins was that the
Ni-CE P protein might be unable to interact with STATI.
However, sequence analysis demonstrated that the C-terminal
region within amino acid positions 267 to 297, previously iden-
tified as the STAT1-binding domain (36), is perfectly con-
served between the Nishigahara and Ni-CE P proteins (Fig.
1B) (30). Importantly, the results of our yeast two-hybrid and
co-IP analyses confirmed that both the Nishigahara and Ni-CE
P proteins bind effectively to STAT1 (Fig. 7). Therefore, it
appears that the different effects of the Nishigahara and Ni-CE
P proteins on IFN signaling do not involve any significant
differences in the capacity to interact with STAT1.

The P protein from the RV CVS strain is a nucleocytoplas-
mic shuttling protein with three distinct signals for nuclear
transport: two NESs, corresponding to amino acids 49 to 58
(20) and 227 to 232 (16) and proximal to the N and C terminus,
respectively, and a nuclear localization signal (NLS), including
residues 211 to 214 and 260 (20). The NESs conform to a motif
recognized by the nuclear export transport molecule CRMI,
characterized by the presence of several hydrophobic residues
(LXXXLXXLXL, where L can be replaced with M, I, V, or F).
At steady state, the full-length P protein is almost entirely
cytoplasmic, because the N-terminal NES constitutes the pre-
dominant signal (16, 20), but following treatment with lepto-
mycin B (LMB), a specific inhibitor of CRM1-mediated nu-
clear export, RV P protein is able to accumulate in the nucleus
because of the presence of the NLS (20). Importantly, the
N-terminal NES (49 LPEDMSRLHL 58; the motif is indicated
in bold) and C-terminal NLS (211 KKYK 214 and 260 R) are
absolutely conserved in Nishigahara P protein. In contrast, the
NES motif is destroyed in the Ni-CE P protein, because of
amino acid substitutions at positions 56 and 58 (49 LPEDMS
RPHP 58; the substitutions are underlined), while the C-ter-
minal NLS is perfectly conserved (Fig. 1B). That these muta-
tions efficiently inactivate the NES is indicated by the fact that
Ni-CE P protein is able to localize in the nucleus and cyto-
plasm, whereas Nishigahara P protein is almost entirely ex-
cluded from the nucleus. Importantly, this difference was ob-
served in both transfected (Fig. SA and C) and infected cells
(Fig. 6), providing the first evidence that the P protein can
undergo nucleocytoplasmic trafficking in RV-infected cells,
with significance for viral pathogenicity.

Interestingly, we also observed that Ni-CE P-GFP became
significantly more nuclear after IFN-a treatment (Fig. 5A and
C), suggesting that Ni-CE P protein is “piggybacked” into the
nucleus due to the active nuclear import of the associated
IFN-activated STATI. In contrast, in Nishigahara P protein-
expressing cells, nether STAT1 nor Ni P-GFP showed any
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enhancement of nuclear accumulation following IFN-a treat-
ment (Fig. 5A and C). This strongly suggests that the P protein-
STAT1 complex is excluded from the nucleus by the active
nuclear export of the Nishigahara P protein component via its
N-terminal NES. Consistent with this, we demonstrated that
reconstitution of NES in Ni-CE P protein conferred the ability
to inhibit IFN-activated STAT1 nuclear translocation (Fig. 8C
and E) and, consequently, to suppress IFN-a-induced ISRE
activity (Fig. 8F). These findings highlight the importance of
the N-terminal NES in the IFN antagonist activity of RV P
protein. A previous report using transfected cells showed that
the capacity of P protein to block STAT1 nuclear accumulation
was disabled by global inhibition of nuclear export by LMB
treatment and that a truncated form of P protein (P3) that is
actively localized to the nucleus (20) does not block the nuclear
accumulation of STAT1 (37). The present report is the first to
show that mutations within the N-terminal NES can disable
nuclear export of P protein specifically, both in transfected and
infected cells, as well as disabling its capacity to block STAT1
nuclear accumulation in these systems.

Despite the observations described above, Ni-CE P protein
still modestly suppressed IFN-a-induced ISRE activity (Fig.
3A and B). Vidy et al. (37) previously reported that intranu-
clear RV P protein can inhibit the interaction of the STAT1-
containining transcription factor complex ISGF3 with ISRE-
containing DNA, to inhibit transcriptional activation. This
function of the nuclear fraction of Ni-CE P protein (Fig. SA
and 6) might account for the residual activity observed.

Although RNA viruses have no clear requirement to interact
with the cell nucleus, as their basic life cycle occurs entirely in
the cytoplasm, it is interesting to note that many proteins
encoded by RNA viruses are known to traffic into and/or out of
the nucleus (1, 2, 5, 8, 15, 19, 21, 23, 28, 29), indicating that
trafficking of these proteins is important to viral infection by
permitting the virus to modulate nuclear processes, such as
gene transcription. The present study provides fundamental
information regarding the mechanism by which RV P protein
determines viral pathogenicity, including evidence that the nu-
cleocytoplasmic shuttling of RV P protein that causes reten-
tion of IFN-activated STAT]I in the cytoplasm correlates with
viral pathogenicity. Also, our data identify a clear example
showing the importance of IFN antagonism in viral pathoge-
nicity, with significance for numerous medically important vi-
ruses and for the development of novel therapeutic ap-
proaches.
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We previously reported that nucleoprotein (N) is related to the different pathogenicities of the virulent
rabies virus strain Nishigahara (Ni) and avirulent strain Ni-CE and also that Ni N, but not Ni-CE N, func-
tions to evade retinoic acid-inducible gene I (RIG-I)-mediated innate immunity. There are three amino
acid differences between Ni and Ni-CE N (at positions 273, 394 and 395), indicating that one of these
mutations or a combination of mutations is important for the pathogenicity and evasion of innate immu-
nity. We generated Ni-CE mutants in which the amino acids in Ni-CE N were replaced with those of
Ni in all combinations. Among the mutants, CE(NiN273/394) with mutations at positions 273 and 394
evaded activation of RIG-I-mediated signaling most efficiently and also showed the highest pathogenic-
ity. This correlation reinforces the relation between evasion of host RIG-I-mediated innate immunity and
pathogenicity of rabies virus.
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1. Introduction

Rabies is a fatal neurological disease that affects almost all kinds
of mammals, including humans. The etiological agent, rabies virus,
belongs to Lyssavirus of the family Rhabdoviridae. The genome is
an unsegmented negative-sense RNA and contains five genes (N, P,
M, G and L genes) encoding nucleoprotein (N protein), phospho-
protein (P protein), matrix (M) protein, glycoprotein (G protein)
and large (L) protein, respectively. N, P and L proteins constitute a
ribonucleoprotein (RNP) complex together with viral genomic RNA
(Finke and Conzelmann, 2005; Schnell et al., 2010). The N protein
enwraps viral RNA to form a functional template for transcription

Abbreviations: RIG-I, retinoic acid-inducible gene I; N protein, nucleoprotein;
P protein, phosphoprotein; M protein, matrix protein; G protein, glycoprotein; L
protein, large protein; RNP, ribonucleoprotein; IFN, interferon; IRF-3, interferon
regulatory factor-3; Ni, Nishigahara; i.c., intracerebral; E-MEM, Eagle’s minimum
essential medium; FCS, fetal calf serum; RT, reverse transcription; MOI, muiti-
plicity of infection; dpi, days post-infection; FFU, focus-forming units; hpi, hours
post-infection; SD, standard deviation; GAPDH, glyceraldehyde 3-phosphate dehy-
drogenase; LDsg, 50% lethal dose; NTD, N-terminal core domain; CTD, C-terminal
core domain; DI, defective-interference.
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Biological Sciences, Gifu University, 1-1 Yanagido, Gifu 501-1193, Japan.
Tel.: +81 58 293 2948; fax: +81 58 293 2948.
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and replication. The L protein functions as an RNA-dependent RNA
polymerase together with the P protein, which is known as a co-
factor of the polymerase. During virus assembly, the RNP complex
is wrapped into an envelope containing the M and G proteins (Finke
and Conzelmann, 2003; Mebatsion et al., 1999).

The host innate immune response is the first defense line
to prevent viral infection. A key aspect of the antiviral innate
immune response is the synthesis and secretion of type | interfer-
ons (IFN) such as IFN-a and -8, which induce an antiviral status
of cells (Haller et al., 2006; Randall and Goodbourn, 2008). The
antiviral innate immune response is triggered when viral infection
is recognized by specific cellular pathogen recognition receptors
(Akira et al., 2006). It has been reported that infections with
negative-stranded RNA viruses including rabies virus are recog-
nized by a cellular sensor protein, retinoic acid-inducible gene I
(RIG-1) (Hornung et al., 2006; Rehwinkel and Reis e Sousa, 2010;
Yoneyama et al., 2004). After recognition of viral infection, RIG-I
triggers activation of a transcription factor, interferon regulatory
factor-3 (IRF-3), and consequently induction of type [ IFN and
some chemokines, which are important for host innate immu-
nity and inflammation, respectively (Genin et al., 2000; Honda and
Taniguchi, 2006; Lefort et al., 2007; Nakaya et al., 2001). Previously,
it was shown that neurons in the brain produce type I IFN and are
also capable of responding to the produced type I IFN (Daffis et al.,
2007; Delhaye et al., 2006). The fact that rabies virus can efficiently
replicate in brain neurons strongly suggests that the virus has a cer-
tain mechanism to circumvent host innate immunity. However, the
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importance of evasion of host innate immunity in viral pathogenic-
ity has not been elucidated.

The fixed rabies virus Nishigahara (Ni) strain kills adult mice
after intracerebral (i.c.) inoculation, whereas Ni-CE strain, which
was established after 100 passages of Ni strain in chicken embryo
fibroblast cells, causes non-lethal infection in adult mice. We have
demonstrated that a chimeric CE(NiN) strain, which has the N gene
from Nistrain in the Ni-CE genome, killed adult mice afteri.c. inocu-
lation (Shimizu et al., 2007). This indicated that the N gene is related
to the different pathogenicities of Ni and Ni-CE strains. Moreover,
very recently, we reported that Ni N protein functions in evasion
of host innate immunity (Masatani et al., 2010). We demonstrated
that the expression levels of IFN- and some chemokine genes in
Ni- and CE(NiN)-infected human neuroblastoma cells were lower
than the levels in Ni-CE-infected cells. We also showed that Ni N
protein has a function to evade activation of RIG-I. These results
strongly suggest that evasion of RIG-I-mediated host innate immu-
nity by Ni N protein correlates with viral pathogenicity.

The fact that there are three amino acid differences in the N
protein between Ni and Ni-CE strains (Phe to Leu at position 273
[indicated as a mutation from Ni strain to Ni-CE strain], Tyr to His
at 394, and Phe to Leu at 395) indicates that one or a combina-
tion of these mutations is important for evasion of RIG-I-mediated
hostinnate immunity and pathogenicity. In this study, to determine
which amino acids in N protein are important for both pheno-
types, we generated six Ni-CE mutants in which one or two amino
acids in N protein were replaced with those from the Ni strain in
the genomic backbone of the Ni-CE strain. Among the mutants,
CE(NiN273/394) strain with mutations at positions 273 and 394
evaded activation of RIG-I-mediated signaling most efficiently and
also showed the highest pathogenicity. This highlights the impor-
tance of evasion of RIG-I-mediated host innate immunity in viral
pathogenicity.

2. Materials and methods
2.1. Cells and viruses

Human neuroblastoma SYM-I cells (kindly provided by Dr. A.
Kawai) and mouse neuroblastoma NA cells were maintained in
Eagle's minimum essential medium (E-MEM; Wako, Osaka, Japan)
supplemented with 10% fetal calf serum (FCS). A baby hamster
kidney BHK cell clone, BHK/T7-9 cells (Ito et al., 2003), which
constitutively express T7 RNA polymerase, were maintained in E-
MEM supplemented with 10% tryptose phosphate broth and 5%
FCS. Recombinant Ni, Ni-CE and CE(NiN) strains were recovered
from the cloned cDNA of the respective strains as reported previ-
ously (Shimizu et al., 2007). Stocks of all rabies virus strains were
propagated in NA cells.

2.2. Generation of mutant rabies viruses

Full-genome plasmids for Ni-CE mutants, CE(NiN273),
CE(NiN394), CE(NiN395), CE(NiN273/394), CE(NiN273/395) and
CE(NiN394/395) strains, were constructed by using a QuickChange
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). Detailed
information of the construction of these plasmids is available
from the authors on request. The mutant viruses were recovered
from these genome plasmids using a reverse genetics system as
reported previously (Ito et al., 2003; Yamada et al., 2006). Briefly,
three helper plasmids (pT7IRES-RN, -RP and -RL) expressing
rabies virus N, P and L under the control of T7 RNA polymerase
were transfected into BHK/T7-9 cells together with the respective
full-length genome plasmid using TransIT-LT1 reagent (Mirus
Bio, Madison, WI, USA). After incubation for 4 days, viruses in

culture supernatants were collected. The nucleotide sequence of
each N gene was confirmed by direct sequencing with reverse
transcription (RT)-PCR fragments from the final recombinant
viruses.

2.3. Virus growth in NA cells

Monolayer cultures of NA cells were infected with each virus
at a multiplicity of infection (MOI) of 0.01. At 3 days post-infection
(dpi), titers of the rabies viruses in the supernatant of the cells were
determined by an immunofluorescent antibody assay using mono-
clonal antibody 13-27 specific for N protein (Minamoto et al., 1994)
and FITC-goat anti mouse IgG (Cappel, West Chester, PA, USA). Foci
of infected cells were counted using Axiovert 200 (Carl Zeiss, Jena,
Germany) and viral titers were calculated as focus-forming units
(FFU) per milliliter.

2.4. Western blotting

Confluent SYM-I cells were inoculated with Ni, Ni-CE, CE(NiN)
and Ni-CE mutants at an MOI of 2. At 24 h post-infection (hpi), cells
were lysed and expression levels of N protein and a-tubulin were
analyzed by Western blotting as described previously (Masatani et
al., 2010).

2.5. Reporter assay

SYM-I cells were inoculated, in suspension, with Ni, Ni-CE and
Ni-CE mutants at an MOI of 2 and seeded in a 24-well tissue culture
plate (Greiner Bio-one, Frickenhausen, Germany) at 2 x 105 cells
per well. At 24 hpi, cells were transfected with 1 ug of pEF-Flag-
RIG-IC, pEF-Flag-RIG-IN or empty vector pEF-BOS(+) (each plasmid
kindly provided by Dr. T. Fujita) (Yoneyama et al., 2004), in addition
to 0.25 g of 4x IRF3-Luc (kindly provided by Dr. S. Ludwig) which
contains four copies of the IRF-3-binding PRD I/Ill motif of the IFN-8
promoter upstream of the luciferase reporter gene (Ehrhardt et al.,
2004), and 0.04 p.g of pRL-TK (Promega, Madison, WI, USA) used as
a control for transfection efficiency in the dual-luciferase reporter
assay, which contains the Renilla luciferase gene downstream of
the herpes simplex virus thymidine kinase promoter, using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA, USA) and incubated for
24 h.In another experiment, SYM-I cells were transfected with 1 pg
of pEF-Flag-RIG-I (kindly provided by Dr. T. Fujita) or pEF-BOS(+),
in addition to 0.25 g of 4x IRF3-Luc and 0.04 p.g of pRL-TK. At 24 h
post-transfection, cells were infected with Ni, Ni-CE, CE(NiN) and
Ni-CE mutants at an MOI of 2 and incubated for 24 h.

At the completion of the experiments, cells were lysed, and the
activities of firefly and Renilla luciferases were determined by a
Dual-Luciferase Reporter Assay System (Promega) according to the
manufacturer’s instructions. Data represent firefly luciferase activ-
ity normalized to Renilla luciferase activity. All assays were carried
out in triplicate and the results are expressed as means + standard
deviation (SD).

2.6. Real-time RT-PCR

SYM-I cells grown in a 24-well tissue culture plate (Greiner
Bio-one) were inoculated with each rabies virus strain at an MOI
of 2 and incubated. At 24 hpi, total cellular RNA extraction and
RT reaction were performed by using an RNeasy Mini Plus Total
RNA extraction kit (QIAGEN, Valencia, CA, USA) and SuperScript 11l
reverse transcriptase (Invitrogen) with oligo-(dT),g, respectively.
Real-time PCR reaction was performed using an ABI 7300 real-
time PCR system (Applied Biosystems, Foster City, CA, USA) and
TagMan 2x PCR Universal Master Mix (Applied Biosystems). PCR
conditions were as follows: 50"C for 2min, 95"C for 10 min and
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40 cycles of 95°C for 15s and 60°C for 1 min. Primer and probe
sets for relative quantification of human IFN-8 and CXCL10 were
selected from the product list of TagMan Gene Expression Assays
(Applied Biosystems). Data are expressed as the number of copies
of specific mMRNA per copy of the human housekeeping glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) mRNA. All assays were
carried out in triplicate and theresults are expressed as means + SD.

2.7. Pathogenicity of the viruses in adult mice

Five 6-week-old female ddY mice (Japan SLC Inc., Hamamatsu,
Japan)wereintracerebrally inoculated with 0.03 ml of 10-fold serial
dilution of each strain. Mock-infected mice were inoculated with
0.03 ml of diluent (E-MEM supplemented with 5% FCS) alone. The
morbidity and mortality of mice were observed for 14 dpi and 50%
lethal dose (LDsg) of each virus was calculated by the method
of Reed and Muench (1938). The mice were classified into three
grades: normal, neurological symptoms (such as motor incoordina-
tion, paralysis, seizure and coma) and dead. All animal experiments
were conducted in accordance with the Standards Relating to the
Care and Management of Experimental Animals promulgated by
Gifu University, Japan (Allowance No. 08119).

2.8. Statistical analysis

Student's t-test was used to determine statistical significance
and P-values of <0.05 were considered statistically significant.

3. Results

3.1. Amino acids at positions 273 and 394 in N protein are
important for evasion of activation of the RIG-1-mediated IRF-3
pathway

In order to determine the amino acid that is important for eva-
sion of RIG-I-mediated antiviral response, first, we generated three
Ni-CE mutants, CE(NiN273), CE(NiN394) and CE(NiN395) strains, in
which an amino acid at position 273, 394 or 395 in N protein was
replaced with that of the Ni strain, respectively (Fig. 1). To con-
firm viability of CE(NiN273), CE(NiN394) and CE(NiN395) strains,
we checked the propagation of these Ni-CE mutants in mouse neu-
roblastoma NA cells as reported previously (Shimizu et al., 2007)
and compared the propagation of the mutants with that of Ni, Ni-CE
and CE(NiN) strains. The virus titers of Ni-CE mutants in the culture
fluid ranged from 4.0 x 10% to 8.1 x 108 FFU/ml at 3 dpi, comparable
to those of Ni, Ni-CE and CE(NiN) strains (Fig. 1).

Next, to ensure growth properties and expression levels of N
proteins of each strain in SYM-I cells, which are known to be sus-
ceptible to rabies virus and to produce IFN-$3 in response to viral
infection (Honda et al., 1984), we examined expression levels of N
protein in SYM-I cells infected with each strain by using Western
blotting (Fig. 2A). We found that the expression levels of N protein
in cells infected with Ni-CE mutants were comparable to those of
Ni, Ni-CE and CE(NiN) strains.

To investigate the effect of infection with these Ni-CE mutants
on RIG-lI-mediated IRF-3 activity, we transfected an expression
plasmid encoding a dominant-negative mutant of RIG-I (RIG-IC)
into human neuroblastoma SYM-I cells and then checked the IRF-
3-dependent IFN-B promoter activities after infection with Ni,
Ni-CE, CE(NiN) or Ni-CE mutants. In agreement with results of
our previous study (Masatani et al., 2010), IRF-3-dependent IFN-f3
promoter activity in empty vector-transfected cells infected with
Ni-CE strain was significantly higher than that in Ni- and CE(NiN)-
infected cells (Fig. 2B, white bars). On the other hand, the IFN-
promoter activities in empty vector-transfected cells infected with
CE(NiN273), CE(NiN394) and CE(NiN395) strains were significantly

Genome Titer (FFU/m)
NPMG L
Ni 3 M 5 9.0« 10°
Ni-CE 3 {JCK }s 2.8x10°
273 394395
CE(NiN) N ® 0 |c 45x10°
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Fig. 1. Schematic diagrams of genomes and growth of Ni, Ni-CE, CE(NiN) and Ni-CE
mutant strains. The filled and open circles in the N protein of each virus represent
amino acids derived from Ni and Ni-CE strains, respectively. Virus titer of each virus
in the supernatant of mouse neuroblastoma NA cells at 3 days post-infection is
shown on the right.

higher than the activity in CE(NiN)-infected cells. Overexpression
of RIG-IC significantly reduced IRF-3-dependent IFN-3 promoter
activity in Ni-CE-infected cells, but not in Ni- and CE(NiN)-infected
cells, coinciding with results of our previous study (Masatani et al.,
2010) (Fig. 2B). These results indicate that Ni-CE strain activates
the RIG-I-mediated IRF-3 pathway more efficiently than do Ni and
CE(NiN) strains. Meanwhile, overexpression of RIG-IC significantly
reduced IFN- promoter activity in CE(NiN273)-, CE(NiN394)- and
CE(NiN395)-infected cells.

The above-described results indicate that multiple muta-
tions in N protein are related to the evasion of activation of
the host RIG-I-mediated IRF-3 pathway. Next, we generated
CE(NiN273/394), CE(NiN273/395) and CE(NiN394/395) strains to
identify the combination of amino acids important for the evasion
of RIG-I-mediated IRF-3 activity (Fig. 1). Growth of these mutants
in NA cells (Fig. 1) and expression levels of N protein in SYM-I
cells infected with these mutants (Fig. 2A) were comparable to
those of Ni, Ni-CE, CE(NiN) and other mutants having a single
amino acid mutation. IRF-3-dependent IFN- promoter activi-
ties in cells infected with CE(NiN273/395) and CE(NiN394/395)
strains were significantly higher than those in Ni- and CE(NiN)-
infected cells (Fig. 2B, white bars). On the other hand, importantly,
the IFN-B promoter activity in CE(NiN273/394)-infected cells
was comparable to that in CE(NiN)-infected cells. Overexpression
of RIG-IC significantly reduced the IRF-3-dependent IFN-f3 pro-
moter activities in CE(NiN273/395)- and CE(NiN394/395)-infected
cells (Fig. 2B). However, overexpression of RIG-IC did not reduce
the IFN-B promoter activity in CE(NiN273/394)-infected cells.
Next, we measured the [FN-B promoter activities in wild-type
RIG-l-overexpressing cells after each virus infection (Fig. 2C).
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Fig. 2. Amino acids at positions 273 and 394 are important for evasion of the RIG-I-mediated IRF-3 pathway. (A) SYM-I cells were infected with Ni, Ni-CE, CE(NiN) or Ni-CE
mutants at an MOI of 2. Twenty-four hours later, the cells were lysed and N protein and tubulin were detected by Western blotting. (B) SYM-I cells were inoculated, in
suspension, with Ni, Ni-CE, CE(NiN) or Ni-CE mutants at an MOI of 2 and seeded. After 24 h, cells were transfected with pRL-TK, 4x IRF-3-Luc and pEF-Flag-RIG-IC or an empty
vector. After 24 h, the cells were lysed and luciferase activities were measured. (C) SYM-I cells were cotransfected with pRL-TK, 4x IRF-3-Luc and 1 u.g of pEF-Flag-RIG-l or an
empty vector. At 24 h post-transfection, the cells were infected with Ni, Ni-CE and CE(NiN) or Ni-CE mutants at an MOl of 2 and incubated for 24 h. Then the cells were lysed
and luciferase activities were measured. (D) SYM-I cells were inoculated, in suspension, with Ni, Ni-CE, CE(NiN) or Ni-CE mutants at an MOI of 2 and seeded. After 24 h, cells
were transfected with pRL-TK, 4x IRF-3-Luc and pEF-Flag-RIG-IN or empty vector. After 24h, the cells were lysed and luciferase activities were measured. Data represent
firefly luciferase activity normalized to Renilla luciferase activity. Each bar represents the mean (+SD) of three independent replicates. *Significant difference versus empty
vector-transfected cells (P<0.05). *Significantly higher than the IRF-3-dependent IFN- promoter activities in CE(NiN)-infected cells (P < 0.05).

Overexpression of RIG-I significantly enhanced IRF-3-dependent
IFN-B promoter activity in cells infected with Ni-CE mutants except
for CE(NiN273/394)-infected cells. These results indicated that
amino acids at positions 273 and 394 are important to evade
activation of the RIG-I-mediated IRF-3 pathway. Furthermore, we
measured IRF-3-dependent IFN-3 promoter activities in constitu-
tively active mutant RIG-I (RIG-IN)-overexpressing cells after each
virus infection (Fig. 2D). Expression of RIG-IN enhanced IFN-(3 pro-
moter activities equivalently in Ni-, Ni-CE-, CE(NiN)- and all Ni-CE
mutants-infected cells. Taken together, these results indicated that
amino acids at positions 273 and 394 in N protein are important for
evasion of activation of RIG-I.

3.2. Expression levels of IFN and chemokine genes in cells infected
with Ni-CE mutants

Next, we examined the expression levels of IFN-8 and CXCL10,
which are regulated by [RF-3 (Honda and Taniguchi, 2006; Nakaya
et al., 2001), in SYM-I cells infected with Ni-CE mutants (Fig. 3).
In agreement with results of our previous study (Masatani et
al., 2010), Ni-CE infection induced expression of IFN-f (Fig. 3A)
and CXCL10 genes (Fig. 3B) more efficiently than did Ni and

CE(NiN) infections. Expression levels of these genes in cells infected
with CE(NiN273), CE(NiN394), CE(NiN395), CE(NiN273/395) and
CE(NiN394/395) strains were also significantly higher than those
in CE(NiN) strain. On the other hand, importantly, expression lev-
els of these genes in cells infected with CE(NiN273/394) strain were
comparable to those in CE(NiN) strain.

3.3. Amino acids at positions 273 and 394 are also important for
pathogenicity in adult mice

We next examined whether amino acids at positions 273 and
394 in N protein are important for pathogenicity in adult mice
(Fig. 4). When 104 FFU of viruses were intracerebrally inoculated,
as we expected, all mice infected with Ni and CE(NiN) strains devel-
oped neurological signs such as hyperactivity, tremor and paralysis
and died within 7- and 11-dpi, respectively. In contrast, all mice
infected with the Ni-CE, CE(NiN394) and CE(NiN395) strains lost
weight and recovered without any neurological signs. On the other
hand, CE(NiN273/395) strain had killed 40% of the mice at 12 dpi
and both CE(NiN273) and CE(NiN394/395) strains had killed 20% of
the mice at 10dpi. Notably, CE(NiN273/394) strain killed all mice
within 13 dpi.
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Fig. 3. Amino acids at positions 273 and 394 are important for suppression of
gene expression levels of IFN/chemokine genes. SYM-I cells were mock-infected
or infected with each strain at an MOI of 2. Twenty-four hours later, total cellu-
lar RNA was extracted and analyzed for expression levels of IFN-8 (A) and CXCL10
(B) genes by real-time PCR. Expression levels of genes were normalized to mRNA
levels of GAPDH. Each bar represents the mean (+SD) of three independent repli-
cates. *Significantly higher than the gene expression level of CE(NiN)-infected cells
(P<0.05).

The LDsy of Ni-CE, CE(NiN394) and CE(NiN395) strains was
more than 10° FFU and that of CE(NiN273), CE(NiN273/395) and
CE(NiN394/395) strains was ranged from 1.5 x 104 to 3.2 x 104 FFU
(Table 1). On the other hand, importantly, LDsq of CE(NiN273/394)
strain (4.2 x 102 FFU) was comparable to that of CE(NiN) strain
(1.0 x 102 FFU). These results indicated that amino acids at posi-
tions 273 and 394 are also important for pathogenicity in adult
mice.

4. Discussion

We previously demonstrated that the chimeric rabies virus
CE(NiN) strain, which has the N gene from the virulent Ni strain
in the genome of the avirulent Ni-CE strain, evades host innate
immunity (Masatani et al., 2010). In this study, in order to deter-
mine which amino acids in N protein are important for the evasion,
we generated six Ni-CE mutants in which one or two amino
acids of N protein were replaced by those from the Ni strain
in the genomic backbone of the Ni-CE strain (Fig. 1). Among

these mutants, CE(NiN273/394) strain, which has substitutions at
positions 273 and 394 of N protein, evaded activation of RIG-I-
mediated IRF-3 activity and induction of IFN-8 and CXCL10 more
efficiently than did the other mutants. Furthermore, in the Ni-CE
mutants, CE(NiN273/394) strain showed the highest pathogenic-
ity in adult mice. Importantly, the pathogenicity of each strain
in adult mice is correlated with evasion of RIG-I-mediated host
innate immunity (Table 1). While overexpression of RIG-IC sig-
nificantly reduced IRF-3-dependent [FN-f3 promoter activities in
cells infected with avirulent Ni-CE, CE(NiN394) and CE(NiN395)
strains and modestly pathogenic CE(NiN273), CE(NiN273/395) and
CE(NiN394/395) strains, the promoter activities in cells infected
with virulent Ni, CE(NiN) and CE(NiN273/394) strains were not
reduced. This correlation reinforces the relation between evasion
of host RIG-I-mediated innate immunity and viral pathogenicity.

Very recently, it was reported that viral genomic RNA is a
major ligand for RIG-I in cells infected with negative-sense single-
stranded RNA viruses, such as influenza virus and Sendai virus
(Rehwinkel et al.,2010). Since N protein of rabies virus encapsidates
the viral genomic RNA (Albertini et al., 2008), it is possible that the
genomic RNA encapsidated by the Ni-CE N protein is recognized
more efficiently by RIG-1 than the RNA with Ni or CE(NiN273/394)
N protein. Previously, crystal structure analysis of N protein showed
that the protein is composed of two domains, an N-terminal core
domain (NTD; residues 32-233) and a C-terminal core domain
(CTD; residues 236-450) (Albertini et al., 2006). It was also shown
that the NTD and CTD clamp down onto the RNA and enclose it.
Since both amino acids at positions 273 and 394 are located in
the CTD, which is a critical part of the N protein for encapsida-
tion (Albertini et al., 2008), these mutations may affect the N-RNA
interaction and change the structure of the nucleocapsid.

Another possible mechanism by which Ni-CE and
CE(NiN273/394) infection differently activate RIG-I-mediated
antiviral response is that CE(NiN273/394) N protein, but not
Ni-CE N protein, restricts the amount of RIG-I ligand, such as viral
genomic RNA in infected cells. However, we previously showed
that efficiency of viral genome replication of Ni-CE strain is com-
parable to that of CE(NiN) strain (Masatani et al., 2010). Therefore,
it is unlikely that the amino acids at positions 273 and 394 in N
protein affect the genome replication of Ni-CE and CE(NiN) strains.
Notably, some studies have demonstrated that induction of type |
[FN is triggered by RNA of defective-interference (DI) particles of
measles virus and Sendai virus (Shingai et al., 2007; Strahle et al.,

Table 1
LDsg, evasion of RIG-I-mediated host antiviral response and pathogenicity in adult
mice of parental/mutant viruses generated in this study.

Strain LDsg (FFU) Evasion of Pathogenicity
RIG-I-mediated host in adult mice®
antiviral response?

Ni ND°¢ + o

Ni-CE >1,0 x 10° - -

CE(NiN) 1.0 x 02 + +++

CE(NiN273) 24%10% - +

CE(NiN394) >1.0 x 10° - -

CE(NiN395) >1.0x 10° - -

CE(NiN273/394) 4.2 %102 + +++

CE(NiN273/395) 1.5x 104 - +

CE(NiN394/395) 3.2x 104 - +

3 Evasion of RIG-I-mediated host antiviral responses was evaluated by IFN-b pro-
moter activity inhibited by overexpression of RIG-ICin SYM-I cells infected with each
virus (Fig. 2B). (—) Overexpression of RIG-IC significantly reduced IRF-3-dependent
IFN-b promoter activity (P<0.05); (+) Overexpression of RIG-IC did not reduce the
promoter activity (P>0.05). .

b The pathogenicity was evaluated by i.c. inoculation for adult mice with 104 FFU
of each virus (Fig. 4). (=) Nonlethal; (+) 20-40% of mice died within 14dpi; (+++) all
mice died within 14 dpi; (++++) all mice died within 7 dpi.

¢ Not determined in this study.
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Fig. 4. Morbidity and mortality changes in adult mice inoculated intracerebrally with Ni, Ni-CE, CE(NiN) and Ni-CE mutants. Five mice per group were inoculated with
10% FFU of each strain. The mice were observed for neurological symptoms for 14 days and classified into three grades: normal (white), neurological symptoms (such as

motor incoordination, paralysis, seizure and coma) (gray) and dead (black).

2006). Thus, it is possible that CE(NiN273/394) N protein, but not
Ni-CE N protein, limits the generation of DI RNA and consequently
suppresses the activation of RIG-1-mediated antiviral responses.

In conclusion, we have shown that the amino acids at positions
273 and 394 are important for evasion of RIG-I-mediated antiviral
response. Furthermore, we have shown that amino acids at posi-
tions 273 and 394 in rabies virus N protein are also important for
pathogenicity. This highlights the importance of evasion of RIG-1-
mediated host innate immunity in viral pathogenicity.
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