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The type I interferon response bridles rabies virus infection

and reduces pathogenicity
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Abstract Rabies virus (RABV) is a neurotropic virus
transmitted by the bite of an infected animal that
triggers a fatal encephalomyelitis. During its migration
in the nervous system (NS), RABV triggers an innate
immune response, including a type I IFN response well
known to limit viral infections. We showed that
although the neuroinvasive RABV strain CVS-NIV
dampens type I IFN signaling by inhibiting IRF3
phosphorylation and STAT2 translocation, an early and
transient type I IFN response is still triggered in the
infected neuronal cells and NS. This urged us to
investigate the role of type I IFN on RABYV infection.
We showed that primary mouse neurons (DRGs) of type
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I IFN(a/B) receptor deficient mice (IFNAR™ mice)
were more susceptible to RABV than DRGs of WT mice.
In addition, exogenous type I IFN is partially efficient in
preventing and slowing down infection in human neuro-
blastoma cells. Intra-muscular inoculation of type I
IFNAR deficient mice [IFNAR ™~ mice and NesCre (")
IFNAR ("°¥1°%) mice lacking IFNAR in neural cells of
neuroectodermal origin only] with RABV reveals that the
type I IFN response limits RABV dissemination in the
inoculated muscle, slows down invasion of the spinal
cord, and delays mortality. Thus, the type I IFN which is
still produced in the NS during RABV infection is efficient
enough to reduce neuroinvasiveness and pathogenicity
and partially protect the host from fatal infection.

Keywords Type I interferon - Rabies virus - Nervous
system - IFNAR ™™ mice - NesCre (") IFNAR ("°¥1x)
mice

Abbreviations
RABV Rabies virus
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Introduction

Rabies virus (RABV), a negative single strand RNA virus
that belongs to the Rhabdoviridae family, is responsible for
55,000 human cases of fatal encephalomyelitis per year.
This neurotropic virus has developed a unique strategy to
disseminate in the host and accomplish its life cycle. After
inoculation into the muscle by the bite of an infected
animal, RABV enters into the NS at the neuromuscular
junction or nerve spindles, replicates in cell bodies and
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neurites, and propagates from one infected neuron to the
next by exploiting retrograde axonal transport. This step-
by-step transmission allows RABV to invade the spinal
cord and brain before targeting the salivary glands from
where it is transmitted to another organism through the
infected saliva.

RABYV viral signature such as the 5’ tri-phosphate ssSRNA
is detected by the Retinoic Inducible Gene-I (RIG-I) protein,
leading to RIG-I activation and interaction with the mito-
chondrial protein interferon (3 (IFN-f3) promoter stimulator-1
(IPS-1) (Faul et al. 2010; Hornung et al. 2006). In turn, IPS-1
triggers two main signaling pathways through the
phosphorylation of the IFN Regulatory Factor 3 (IRF3)
and the activation of Nuclear Factor-kB (NF-kB); those
are respectively responsible for the expression of type I
IFN and the inflammatory cytokines. Type I IFN binding
to the IFN(«/p) receptor (IFNAR), a heterodimer con-
sisting of the IFN(o/3) R1 and R2 chains, located on
basically all nucleated cells triggers janus kinase 1 (JAK-
1) and tyrosine kinase 2 (TYK-2) recruitment to the
IFNAR. The two kinases phosphorylate the Signal
Transducer and Activator of Transcription (STAT) 1 and
2 allowing STAT1 and 2 to form homo- and hetero-
dimers. These complexes translocate into the nucleus and
induce transcription of hundreds of IFN Stimulated
Genes (ISG). Those ISG, like 2'-5"-oligoadenylate syn-
thetase (OAS-1), and type I IFN as well, are known to
exert their antiviral effect at different levels of the
viruses’ life cycle. In particular, they were found to
inhibit viral RNA transcription/translation, to perturbate
post-translational modification of viral proteins, and to
alter the viral packaging (D'Agostino et al. 2009; Jolly
2011; McFadden et al. 2009; Sadler and Williams 2008;
Trottier et al. 2005).

As in many viruses, RABV has evolved mechanisms to
escape the host innate immune response. The N and the P
proteins of RABV both contribute to counteract the type I
IFN response (Chelbi-Alix et al. 2006; Rieder and
Conzelmann 2009). The N protein limits RIG-I signaling
(Masatani et al. 2010a, c), whereas the P protein inhibits
IRF3 phosphorylation (Brzozka et al. 2005; Rieder et al.
2011), suppresses STAT1 nuclear translocation (Brzozka et
al. 2006; Vidy et al. 2007), and sequesters in the cytoplasm
an antiviral protein, the promyelocytic leukemia (PML)
protein (Blondel et al. 2010). Despite these evasive
mechanisms, it has been observed that human post-mitotic
neurons infected with RABV still trigger type I IFN
responses in the early stages of infection (Prehaud et al.
2005) and that IFN is still expressed in the NS as the
infection progresses (Chopy et al. 2011; Johnson et al.
2006; Lafon et al. 2008). This addresses the question of the
role of this residual IFN in the pathogenesis of RABV.
Previous studies have described type I IFN either as a
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protective, neutral, or aggravating factor in RABV patho-
genesis (Faul et al. 2008; Lafon et al. 2008; Lodmell et al.
1989; Marcovistz et al. 1987; Wang et al. 2005). More
recently, in vivo studies where mice were inoculated by the
intracerebral route with recombinant RABV mutants
encoding a P protein able or not to decrease the type I
IFN signaling revealed a good correlation between the
severity of the disease and the capacity of the virus to
escape the type I IFN response in the brain (Ito et al. 2010;
Masatani et al. 2010a; Rieder et al. 2011). However, RABV
contamination usually occurs after a bite resulting in an
intramuscular inoculation. Thus, RABV has to pass through
additional barriers mounted by the host innate defense such
as mechanisms triggered at the site of inoculation and
mechanisms in the spinal cord as described for Polio virus
(Kuss et al. 2008; Pfeiffer 2010). In this study, we investigate
the role of the type I IFN response on RABV infection in
mice using a neuroinvasive viral strain causing fatal
encephalitis after inoculation by the intramuscular route to
mimic a natural way of infection. We chose to study RABV
infection in two mouse models with targeted disruption of
the IFNAR. The first mouse model (IFNAR ") is a 129/Sv
mouse lacking IFNAR expression in both the periphery and
the NS (Muller et al. 1994). The second model is a C57BL6
NesCre (77) IFNAR ("°¥%°%) mouse lacking IFNAR only in
neural cells of neuroectodermal origin (e.g., neurons,
astrocytes, and oligodendrocytes) (Detje et al. 2009).
Because IFNs regulate both innate and immune response
acting directly or indirectly on most immune effectors
(Trinchieri 2010), and prevents monocytes infiltration
through the brain vessels (Floris et al. 2002; Prinz et al.
2008; Veldhuis et al. 2003), it cannot be excluded that
immune responses in IFNAR ™~ mice are decreased, making
it difficult to sort out events controlled by IFN exerted in
the NS from those controlled by IFN in the periphery. In
contrast, this will not occur in the NesCre () IFNAR
(1o¥/M1o%y mouse since the IFN response will be impaired in
the NS only and not in the peripheral tissues. Therefore,
the NesCre (77) IFNAR (1°¥1°%) mouse constitutes an
appropriate model to study the role of IFN response in the
RABV-infected NS.

We characterized the ability of the neuroinvasive
RABV strain to trigger and counteract the type I IFN
response in human neuronal cells. We studied the antiviral
role of type I IFN on RABV infection by comparing
infection in primary neuronal cultures (DRGs) of WT and
IFNAR mice and by studying the effect of exogenous IFN-
3 treatment on RABV infection of human neuroblastoma
cells. Then, we compared severity and kinetics of clinical
signs, mortality, and progression of the infection in the NS
of WT, IFNR™", and NesCre (77) IFNAR (7o¥fox) o
define the role of the type I IFN response on RABV
pathogenesis.
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Results

The neuroinvasive RABV strain CVS-NIV counteracts
the type I IFN response in human neuroblastoma cells
by inhibiting IRF3 phosphorylation and STAT2 translocation

Most RABYV strains, but may be not all of them (Ito et al. 2010;
Masatani et al. 2010a; Shimizu et al. 2006), have the property
to shut down type I IFN production by inhibiting the
phosphorylation of IRF3/7 and to inhibit the type I IFN
mediated transcription of ISGs by blocking the translocation
of STAT2/STAT-1 complex into the nucleus. Thus, at first we
checked whether the neuroinvasive RABV CVS-NIV used in
this study has the property to shut down type I IFN production
and to inhibit the type I IFN signaling. Mock-infected (NI)
human neuroblastoma SKNSH cells or 36 h-RABV-infected
(MOI 3) SKNSH cells were treated with human IFN-f3
(500 TU/ml) for 6 h or left untreated (NT) (Fig. 1a), and co-
labeled 6 h later with STAT2 and RABV P protein specific
Abs and DAPI (nuclei marker) (Fig. 1b). In absence of
infection, IFN-f3 treatment induces STAT2 translocation to the
nucleus, whereas no such re-location was observed in RABV-
infected cells. To check whether impaired STAT2 translocation
also affects ISG transcription, the transcription of the ISG 2™
S"oligoadenylate synthetase 1 (OASI) gene was studied
using qRT-PCRs in NI SKNSH and 36 h RABV-infected
SKNSH treated with IFN-f3 (range from 0.5 U to 500 TU/ml
IFN-3) for 6 h (Fig. 1c). Compared to NI SKNSH, RABV-
infected cells showed a 30-fold increase in OAS! transcrip-
tion. This increase was 10-fold reduced when compared with
NI cells treated for 6 h with IFN- (200- to 600-fold
increase when compared with NI, depending on the amount
of IFN added to the cell culture). Exogenous IFN-[3 addition
to RABV-infected cells does not enhance low OAS-I
transcription of RABV-infected cells. This loss of reactivity
is not due to IFN-f3 induced cell unresponsiveness but
caused by viral infection since SKNSH treated with IFN-f3 is
still reactive to a second IFN-f3 stimulation (supplementary
data Fig. S1). In conclusion, these results indicate that
RABYV infection inhibits type I IFN signaling.

To test whether the CVS-NIV strain also interferes with
type I IFN induction, we studied IRF3 phosphorylation in
RABV-infected SKNSH cells and in SKNSH treated with
poly I.C, a synthetic TLR3 ligand known to induce IRF3
phosphorylation, which is a mandatory step in IFN induction
(Vercammen et al. 2008). IRF3 phosphorylation was analyzed
in NI SKNSH either non-treated or treated with poly I:C and
in RABV-infected SKNSK either non-treated or treated with
poly I:C by Western blotting using an Ab targeting the Ser’”°
of IRF3 (Fig. 1d). Analyses were performed 15, 24, and 48 h
after infection. Detection of RABV P protein was used as a
control of infection, whereas tubulin served as a control of
gel loading and TLR3 as a control protein which expression

in SKNSH should not be altered upon RABV infection
(Menager et al. 2009). In absence of infection, poly I:C
treatment induced strong IRF3 phosphorylation, whereas
IRF3 phosphorylation was almost undetectable in poly I:C
treated RABV-infected cells. Furthermore, only faint IRF3
phosphorylation was detected in non-treated RAB V-infected
cells which showed up with delayed kinetics. These
observations demonstrate that RABV CVS-NIV interferes
with the type I IFN induction.

Altogether, our results indicate that as in most RABV
strains, the neuroinvasive RABV strain CVS-NIV can
inhibit both type I IFN induction and signaling.

Despite evasion of type I IFN, RABV infection still triggers
type I IFN responses in neuronal cells and in the NS

Despite virus-mediated inhibition of type I IFN triggering
and signaling, it can be noted that, compared with non-
infected cells, RABV infection still triggers some OAS-1
transcription and IRF3 phosphorylation (Fig. 1), suggesting
that the RABV strategy to evade type I IFN induction is
incomplete. To analyze further characteristics of residual
type I IFN responses, we studied the kinetics of IFN-(,
ISG-20, and OAS-1 transcription in SKNSH infected with
RABVat MOI 1 (Fig. 2a). The transcription of IFN-£3, ISG-
20, and OAS-1 genes follows a bell-shaped induction with
the maximum reached at 24 h pi indicating that RABV CVS-
NIV triggers a transient type I IFN response. We noticed that
the timing of the type I IFN response, but not the shape of
the curve, was influenced by the MOI: the higher the MOI,
the earlier the type I IFN response (data not shown). The
induction of IFN-{3, ISG-20, and OAS-1 gene transcription
does not result from a transitory infection of SKNSH since
RABV N protein expression does not decrease but instead
increases with time (Fig. 2a, left panel).

When WT mice were inoculated with RABV by an
intramuscular route and were sacrificed at different stages
of pathology (numbers with 1=animal with ruffled fur, 2=
one paralyzed leg, 3=two paralyzed legs, and 4=mori-
bund), a transient type I IFN response characterized by
IFN-3 and OASI gene transcription was also observed in
the spinal cord and brain of infected mice at early stages of
the disease (Fig. 2b). Altogether, these observations indicate
that the efficiency of the mechanisms selected by RABV to
counteract the host type I IFN RABV suffers from some
leakiness, allowing a residual type I IFN to settle in the
early stages of infection, both in vitro and in vivo.

Role of the type I IFN signaling on RABYV infection
in primary cultures of DRGs

To figure out whether this residual and transient type I IFN
induction modulates RABV infection, we compared at first
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Fig. 1 RABYV infection inhibits type I IFN signaling pathways. a
SKNSH cells were infected with RABV (MOI 3) or mock-infected
(NI) for 36 h, and then treated or not (NT) with IFN-3 (500 IU/ml) for
6 h. b Six hours later (42 h pi), cells were immunostained for RABV P
protein (green) and STAT2 (red) expression, counterstained with Dapi
(nuclei in blue), and analyzed by confocal microscopy. Scale bars
represent 10 pm. ¢ NI or 36 h RABV-infected SKNSH were either NT
or 6 h treated with different doses of IFN-{3 (0.5, 5, 50, or 500 IU/ml).
Six hours later (42 h pi), RNAs were extracted and OAS-I gene
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transcription was compared by qRI-PCR in the different cultures.
Results are expressed as relative fold increase of OAS-I mRNAs
taking NI NT condition as a standard value of 1. They are presented as
mean=standard errors of the means, SEM (**p<0.005). d Detection
by Western blotting of IRF-3 phosphorylation (Ser3 96), TLR3, RABV
P protein, and tubulin in 15, 24, and 48 h cultures of NI or RABV-
infected SKNSH cells either NT or treated with poly I:C. Data are
representative of at least two independent experiments
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the RABYV infection in primary neuronal cultures prepared
from the dorsal root ganglia (DRG) of adult WT and
IFNAR ™™ mice (Fig. 3), and secondly we analyzed the
effect of different IFN-f3 treatments (testing different timing
and doses) on the infection of human neuroblastoma
SKNSH cells (Figs. 4 and 5).

Primary cultures of DRG from adult WT and IFNR ™/~
mice were infected with RABVat a MOI 0.1. After 48 h of
culture, WT and IFNAR " infected neurons were stained
with FITC-conjugated Ab directed against RABV NC, and
percentages of infected cells were calculated. As indicated
in Fig. 3a, IFINAR ™ neurons showed a 2-fold enhanced
infection than WT neurons (49% of infection in IFNAR '~
neurons compared to 27% in WT neurons). In addition,
IFNAR ™ infected neurons seem to express higher viral
proteins loads than those of WT cultures (Fig. 3b). The
higher susceptibility of IFNAR /"~ neurons compared to WT
neurons and their higher viral protein content indicate that a
functional IFNAR signaling protects neurons from infection
and decreases viral multiplication, at least partially.
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protein was analyzed by qRT-PCR. Data are representative of at least
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When the same cultures were infected with a higher
MOI (MOI 1), the difference between IFNAR™~ and WT
neurons declines (80% and 93% of infection in WT and
IFNAR ™~ DRGs cultures, respectively; Fig. 3c). This last
observation suggests that the antiviral effect of IFN results
from the triggering of a refractory state in non-infected
neurons, a mechanism which cannot function anymore
when all neurons are infected, a condition occurring when
cultures are infected with a MOI of 1.

These data highlight that the transient type I IFN
response triggered during RABV infection is not neutral
and instead can reduce infection, likely by triggering both a
refractory state in some cells and by diminishing the protein
viral load in infected cells.

To further study these mechanisms of action, we first
analyzed the effect on RABYV infection of SKNSH treated
with 5.0 TU/ml of IFN-f3 given for 6 h prior to RABV
infection (Fig. 4a).

When RABYV transcription was analyzed by qRT-PCR in
non-treated SKNSH (—IFN) and in IFN-3 treated (+IFN)
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0.05). b WT mice (6-week-old female C57BL6 mice) were infected
i.m. with CVS-NIV. Mice were sacrificed at different stages of infection
(1-4), perfused with saline buffer, and spinal cord and brain were
removed. Transcription of N protein, IFN-{3, and OAS-1 was determined
by qRT-PCR in spinal cord and brain. Experiments were performed at
least three times. Each group consists of two to three animals. Data are
presented as mean+=SEM (**p<0.005, *p<0.05)
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Fig. 3 Role of type I IFN on RABYV infection in cultures of primary
mouse neurons dorsal root ganglia (DRG) neurons from WT and
IFNAR ™ mice were infected with RABVat a MOI 0.1 (a) or MOI 1
(¢) and stained 48 h pi with Ab directed against RABV NC (a and ¢)

SKNSH, it appears that the pre-treatment of SKNSH with
IFN drastically reduces, but does not abrogate (drop of 56%

.

IFNAR -/-

O

NC-FITC positive cells %
in DRG cultures

WT

IFNR -/
MOl 1

or P protein (b). Percentage of infected cells (NC-FITC positive cells)
was determined by counting at least 200 cells in each type of cultures.
Data are presented as mean+SEM (*p<0.05)
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collected 15, 24, and 48 h pi to perform or qRFPCR and flow
cytometry. a Scheme of treatment. b qRT-PCR targeting RABV N
protein gene were made on IFN-£ treated (+IFN) and non-treated cells

(—IFN) for 6 h with IFN-f3 (5.0 IU/ml) prior to RABV infection at 15

24, or 40 h pi to measure RABV transcription. ¢ RABV NC
expression was monitored 24 h pi using flow cytometry. In the /ef
panel, the number of cells expressing different fluorescence intensities
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ml) (black bold line), and NI mock-treated cells (gray fill curve). M1
is the gate in which cells are considered as positive for NC expression.
Middle panel plots the kinetic of infected cells (percentage of cells
present in M1) according to the treatment applied to the cultures. Right
panel represents the kinetic of accumulation of viral NC in the M1
according to the treatment they received (median of fluorescence in
M1). Data are presented as mean+SEM (***p<0.0005, **p<0.005,
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were stained with a FITC-conjugated Ab specific for
RABYV NC and the infection of the cultures was monitored
by flow cytometry (Fig. 4c), it appears that the pre-
treatment of SKNSH with IFN slightly reduces the
percentage of infected cells (a 15% decrease with 60% of
infection in non-treated versus 40% in treated cultures). In
the meantime, the amount of viral NC was reduced by 2-
fold (a mean fluorescence of 30 in non-treated compared to
a mean fluorescence of 15 in treated cells).

Altogether, these data indicate that a pre-treatment with
IFN-f3 does trigger a refractory state, but in only a fraction
of the population, and has a significant impact on RABV
protein (NC) expression.
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Then, to evaluate the potential effect of a transient pulse
of type I IFN on RABYV infection, SKNSH were treated
with type I IFN for 1 h after being infected (Fig. 5a).
RABYV transcription, protein expression, and virus produc-
tion were studied in treated and non-treated conditions.

After 24 h infection, RABV N protein transcription is
decreased by 31% and 58% when cells were treated for 1 h
with respectively 0.5 IU/ml and 5.0 IU/ml of IFN-f
(Fig. 5b). This result indicates that transient exposure to
type I IFN can slow down RABV transcription in a dose-
dependent manner. The effect of IFN-3 treatment on
transcription is associated to a decrease in protein expres-
sion as illustrated for P protein (Western blotting in Fig. 5c¢).
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The lower P protein expression in IFN- treated cells
compared to non-treated cells at 15 and 24 h pi indicated
that a transient IFN-{3 stimulation decreases RABV viral P
protein expression. To figure out whether this lower
expression of viral protein was due to a decrease of the
number of infected cells or an intrinsic decrease of protein
expression, percentage and mean fluorescence in infected
cultures treated or not treated for 1 h with 0.5 IU/ml of IFN-
3 were analyzed by flow cytometry as described above
(Fig. 5d). Percentage of RABV-infected cells were similar
in IFN-f3 treated and non-treated cultures at earlier stages of
infection (15 and 24 h pi), whereas percentage of infected
cells in IFN-{ treated cultures were one third lower than in
non-treated cells at later stages of infection (48 h pi).
RABV NC mean fluorescence was reduced in IFN-f3
treated cells compared to non-treated but was not blocked
since it still increases with time, as observed for non-treated
cells.

Altogether, these observations indicate that after RABV
infection, transient exposure of already infected cells to low
dose of type I IFN decreases RABV protein expression.
Similar conclusions were made when cells were treated
with a higher dose (500 IU/ml) of type I IFN (supplemen-
tary data in Fig. S2).

Production of RABYV infectious particles was assayed in
the supernatants of RABV-infected SKNSH either non-
treated or treated with a 1 h pulse of IFN-f3. As shown in
Fig. Se, the IFN treatment reduces viral production by 1 log
in a dose-independent manner. This observation indicates
that a transient treatment of infected cells with type I IFN is
sufficient to reduce viral progeny.

Type I IFN signaling deficiency promotes RABV
dissemination in muscles and facilitates RABV accessibility
to the brain

Since stimulation of the type I IFN response is able to
reduce RABV infection, we investigate whether the type 1
IFN response triggered during RABV infection modulates
RABV neuroinvasiveness in vivo.

To mimic a classical way of infection, we inoculated
WT and IFNR ™" mice in the thigh muscles of both hind
limbs with RABVand we collected the inoculated muscles
2, 4, and 7 days pi to determine by qRT-PCR both OAS/
and N protein gene transcription at the inoculated site
(Fig. 6a).

Transcription of OAS] gene, used as a marker of the type
I IFN response, was induced in the muscle of RABV-
infected WT mice as early as 2 days pi (Fig. 6a, left panel).
Transcription of OAS-1 gene doubles between day 2 and
day 4 pi and again between day 4 and day 7 pi in the
muscles of RABV-infected WT mice, while as expected the
OAS-1 transcription was not detected in the muscle of
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RABV-infected IFNR ™™ mice. RABV N protein transcrip-
tion, used as a marker of RABV multiplication, was
significantly higher (by at least 10-fold) in the muscles of
RABV-infected IFNAR™™ mice compared to those of
RABV-infected WT mice. These results indicate that after
an intramuscular inoculation, RABV launches a type I IFN
response with antiviral property able to limit RABV
multiplication in the inoculated muscles.

Type I IFN response in the NS reduces RABV
pathogenicity by delaying neuroinvasiveness

To test the specific effect of the type I IFN response in the
CNS on RABYV infection, 129/S2/Sv WT and IFNAR "~
mice were intramuscularly inoculated with RABV and
sacrificed 2, 4, and 7 days pi to measure RABV N protein
transcription in their brains and spinal cords (Fig. 6b). The
increase of RABV N protein transcription observed in the
muscle of IFNAR™™ mice was accompanied by an earlier
(day 2 pi) detection of viral transcripts in the spinal cord of
IFNAR ™™ mice compared to WT mice, with a 100-fold
increase (Fig. 6, left panel). However, the difference
disappeared by day 4 and thereafter In contrast, no
differences were seen in the brain infection at any time
(Fig. 6, right panel). C57B16 WT and NesCre (") IFNAR
(19¥/1°%y mice were intramuscularly inoculated with RABV
and sacrificed 5 and 7 days pi. RABV N protein transcription
was higher in the spinal cords of NesCre (77) IFNAR
(1o¥/M19%y ‘mice 5 days pi compared to WT mice, with a
100,000-fold increase in the spinal cord of NesCre (")
IFNAR (1°¥°%) ‘mice compared to C57BL6 WT mice
(Fig. 6c, left panel). RABV N protein was actively
transcribed in the brain of NesCre (77) IFNAR (1o¥/flox)
mice as soon as 5 days pi, whereas RABV N protein
transcription could not be detected that early in the brain
of RABV-infected C57BL6 WT mice (Fig. 6c¢, right
panel). In contrast, after 7 days of infection, the difference
of viral transcription between C57BL6 WT and NesCre (")
IFNAR ("1 vanished, with similar RABV N protein
mRNA levels in C57BL6 WT and NesCre (77) IFNAR
(19¥/11°%) hoth in the spinal cord and brain.

The disappearance of the antiviral effect at later stages of
infection [day 4 pi for IFENARs and day 7 pi for NesCre (")
IFNAR ("°¥1°%) mice] reminds us of the observation made
with DRGs (Fig. 3) in which the antiviral effect is not seen
any more when all cells in culture are infected (MOI 1), a
condition which does not allow the refractory state to set up
anymore.

Altogether, these results indicate that after intramuscular
inoculation, the IFN response triggered by RABV in the
CNS efficiently delays the infection of the nervous tissues
at the early stages of infection, but this antiviral effect is
inefficient at later stages of infection.
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Fig. 6 The type I IFN response limits RABV dissemination in the
inoculated muscle and slows down RABV infection in the NS. a WT (129/
S2/Sv) and IFNR ™~ mice were sacrificed 2, 4, or 7 days post-hind legs i.m.
inoculation of RABV, and intracardially perfused. Thigh muscles, spinal
cords, and brain were sampled. Transcription of OASI gene (left panel) and
RABV N protein gene (right panel) was determined in muscles using qRT
PCR (n=4) (*p<0.05). b RABV N protein gene transcription was
compared by qRT'PCR in spinals cords (lefi panel) and brains (right panel)
of 129/S2/Sv WTand IFNAR ™ mice 2, 4, and 7 days post i.m. inoculation
with RABV (n=3). Data are presented as mean+SEM (*p<0.05). ¢ WT

T
[ 9 12
Days post infection

(C57BL6) and NesCre (") IFNAR ("1°%) mice were sacrificed 5 or
7 days post-hind legs i.m. inoculation of RABV, and intracardially perfused.
Spinal cords and brains were sampled. RABV N protein gene transcription
was compared by gRFPCR in spinals cords (leff panel) and brains (right
panel) (n=3). Data are presented as mean+SEM (*p<0.05; **p<0.005). d
Pathogenicity was compared between C57BL6 WT mice and NesCre (")
IFNAR (%) mice by monitoring clinical scores (left panel) and survival
rate (right panel) (n=12 per group). e Pathogenicity was compared
between 129/S2/Sv WT mice and IFNAR™ mice by monitoring clinical
scores (left panel) and survival rate (right panel) (n=12 per group)
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The effect of the type I IFN response in the CNS on
RABV pathogenesis was assayed by monitoring clinical
scores and survival of C57BL6 WT and NesCre ()
IFNAR (1°¥1°%) mice and of 129/S2/Sv WT and IFNAR 7/~
mice (Fig. 6d, e). Although the first sickness signs (ruffled
fur, weakness) appear at the same time around 5 days pi in
both WT and NesCre (77) IFNAR ("¥1°%) mice, CNS
specific type I IFN deficiency leads to more rapid
progression of the clinical signs to severe disease in NesCre
(") IFNAR ("°¥1°%) mice compared to C57BL6 WT mice.
The accelerated progression of the pathology in NesCre (/")
IFNAR ("¥1°%) mice correlates with earlier death in NesCre
(") IENAR ("¥1°%) mice than in C57BL6 WT mice, with
50% of the NesCre (") IEFNAR ("1°%) mice being dead
8 days pi, whereas this score was reached by C57BL6 WT
mice 12 days pi and higher mortality rate was reached in
NesCre (77) IFNAR ("%°%) mice than in WT mice [RABV
causes death in 100% of NesCre (77) IENAR (Y1) and in
only 50% of WT mice]. Similar observations were made
when CVS-NIV pathogenicity was compared between
RABV-infected 129/S2/Sv. WT and IFNAR™™ mice
(Fig. 6¢) with clinical signs starting in WT and IFNAR '~
mice 4 days pi and all IFNAR™" mice being dead at
day 11 pi.

Altogether, these data indicate that type I IFN deficiency
in the NS accelerates RABV pathogenesis, precipitates
death, and doubles the number of casualties. Altogether,
these data indicate that type I IFN which is still produced in
the NS during RABYV infection is efficient enough to reduce
neuroinvasiveness and pathogenesis and partially protect
the infected host from fatal infection.

Discussion

RABYV virulence relies on several factors: among others,
RABYV infection triggers survival of infected neurons
(Prehaud et al. 2010) and RABVescapes adaptive immunity
(Baloul et al. 2004; Galelli et al. 2000; Lafon 2008; Lafon
et al. 2008). The ability of RABV to dampen the host innate
immune response has been suspected to be an additional arm
of the evasion strategy of RABV (Chopy et al. 2011; Wang et
al. 2005). Here, we investigated the role of the type I IFN
response on RABYV infection both in vitro and in vivo, using
a RABV strain causing fatal encephalitis after an intramus-
cular injection into the hind limb—a route mimicking a
natural infection—and two mouse models lacking IFNAR:
conventional IFNAR ™~ and the newly described NesCre (")
IFNAR (1°1°%) mouse with a deficiency of IFNR restricted
to the CNS (Detje et al. 2009).

We observed in IFNAR deficient DRGs that RABV
infection was increased. Treatment with low doses of type I
IFN before RABYV infection decreased RABV infection of
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neuronal cells. When exogenous IFN-3 was given after
infection, the antiviral effect of IFN-f3 was dependent on
the amount and on the timing with which IFN was added to
the already infected cultures. In vivo, RABVaccessibility to
the CNS was faster in absence of IFNAR, leading to earlier
death with a much higher death toll in IFNAR deficient
mice than in WT mice. Altogether, the in vitro and in vivo
data consistently demonstrated that RABV infection is
indeed sensitive to the antiviral effect of type I IFN
response. This confirms previous observations made by
Faul and colleagues with recombinant RABV expressing
type I IFN whose replication was greatly reduced (Faul et
al. 2008).

We showed that the neuroinvasive RABV strain (CVS-
NIV) used in this study has developed strategies to
counteract type I IFN triggering and signaling, similar to
those strategies already described for other RABV strains
(Brzozka et al. 2005; Masatani et al. 2010b; Vidy et al.
2005). Indeed, the RABV CVS-NIV inhibits IRF3 phos-
phorylation and blocks STAT?2 translocation to the nucleus.
By these mechanisms, RABV blocks not only the produc-
tion of IFN but also the usage of IFN by cells in a paracrine
or autocrine manner. Despite these efficient mechanisms to
grid-lock the type I IFN system, a transient [FN-3 was still
induced in the infected cells at the early stage of infection.
This pulse of IFN-f transcription was followed by
secretion of IFN-f3 into the supernatant of the infected
cultures (Prehaud et al. 2005). Moreover, in the brain of
infected mice, /FN-{3 transcription was observed at the early
stages of infection when mice showed first mild clinical
signs, whereas [FN-/3 transcription declined as the clinical
signs and infection worsened. Altogether, these data
indicate that the strategy of the virus to counteract the type
I IFN response is leaky, leading to the production of type I
IFN in the infected CNS. In addition to the residual IFN-f3
produced by the infected neurons at the early stages of the
infection, IFN-f3 can also be produced in the infected CNS
by non-infected glial cells because these cells do not
express the viral proteins known to downregulate the IFN
response. This heterocellular IFN which has been shown to
be functional in other viral models (Chen et al. 2010) may
also contribute to the production of IFN in the infected NS
despite the counteracting strategy set up by RABV.

One can wonder what the role of the residual IFN-{3
expression on RABV infection is and ask whether such
leakiness impacts RABV infection. Comparison of RABV
pathogenicity in WT and NesCre (") IFNAR (1°1°%) mice
indicates that residual IFN production is efficient enough to
bridle neuroinvasiveness and partially protect the host
against fatal infection. Besides, it can be thought that the
residual type I IFN has the capacity to prevent infection of
the neighboring cells. Indeed, in contrast to WT mice, an
intramuscular inoculation of RABV in IFNAR™™ mice
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resulted in the infection of the muscle suggesting that the
type I IFN response might indeed curtail dissemination of
RABYV in the peripheral tissues. This result reminds us of
previous reports in other infections showing that type I IFN
host responses promote the neurotropism of Polio virus
(Ida-Hosonuma et al. 2005; Kuss et al. 2008; Pfeiffer 2010)
and of other pathogens (Conrady et al. 2010; Fragkoudis et
al. 2009; Ireland et al. 2008; McFadden et al. 2009) by
limiting targeting and spreading in non-neuronal cells. In
RABYV infection, this restriction might have no effect on the
already infected neurons since we showed that an exoge-
nous IFN-3 treatment of the already infected neurons
cannot reverse the interference exerted by the virus on the
IFN response. In contrast, a residual IFN production in the
NS might favor the neuronotropism of RABV by avoiding
the infection of glial cells. Alternatively, the pulse of IFN-f3
produced by the infected neurons could stimulate IFN-
dependent genes such as B7-HI, a protein shown to be
expressed into the RABV-infected brain and to favor RABV
infection (Chopy et al. 2011; Lafon et al. 2008). Such a role
of IFN in RABYV pathogenesis will deserve further study.
Mice lacking IFNAR are highly susceptible to several
viral infections (Conrady et al. 2010; Fragkoudis et al.
2009; Ireland et al. 2008; Muller et al. 1994; Steinhoff et al.
1995) with virus replicating to higher levels and mice dying
two to three times faster than WT mice. RABV follows this
pattern and IFNAR ™~ and NesCre (") IFNAR (7o¥/flox)
mice were more rapidly infected by RABV and died faster
than WT mice. The mechanism leading to the death of the
RABV-infected host is still unclear (Jackson et al. 2008;
Prehaud et al. 2010; Scott et al. 2008). Because NesCre ()
IFNAR ("°¥1°%) mice show an earlier death phenomenon
compared to that observed in WT mice, they could be a
helpful model to start investigating this point. When the
kinetics of RABV transcription was studied in the CNS of
WT and NesCre (") IENAR ("¥1%) mice, it appears that
viral transcription occurs earlier in the spinal cord and in
brain of NesCre (77) IFNAR ("°¥1°%) mice than in those of
WT, whereas at later time points viral transcription was
similar in the spinal cord and brain of both types of mice.
Similar observations were made with IFNAR™~ mice in
which the earlier death was linked to an earlier spinal cord
invasion compared to WT mice. This suggests that early
death of IFNAR is linked to the early invasiveness of their
NS and confirms a previous observation made in our
laboratory when the neuroinvasiveness of two RABYV strains,
CVS and PV, were compared in WT mice: we found that
CVS, the strain causing fatal encephalitis, invades the spinal
cord earlier (2 days) than PV, the strain causing abortive
rabies only with no fatal casualties (Baloul et al. 2004).
Thus, the speed with which RABYV infects the spinal cord
could be critical for the fatal outcome caused by this virus.
These observations cast the idea that early multiplication or

entry in the spinal cord is an IFN-dependent bottleneck
controlling RABV pathogenicity. The size of the viral
inoculum could also modulate the virus neuroinvasiveness
since IFNAR ™™ mice, in which the RABV transcription in
the inoculated muscle was higher compared to WT mice,
died earlier (6-9 days pi) than NesCre (") IFNAR (1°¥1°%)
mice (811 days pi) in which we assumed that RABV does
not multiply in the muscle. This assumption was supported
by the observation that NesCre (") IFNAR ("°¥1°%) mice
control a viral infection (the rabdovirus VSV) in the
periphery as efficiently as WT mice do (Detje et al. 2009),
a feature consistent with the fact that the IFN response in the
periphery is not impeded in NesCre () IFNAR ("o¥/fox)
mice. However, it may be inappropriate to compare the
kinetic of death in IFNAR™ and NesCre (") IFNAR
(1o¥/Mox) mice since the two types of mice do not have the
same genetic background. To note and as already reported
in other viral infections (Raaben et al. 2009), susceptibility
of 129/S2/Sv to RABV was reduced (25% mortality)
compared to C57BL6 mice (50% mortality), making
difficult the comparison of RABV infection in IFNAR ™~
and NesCre (") IFNAR ("°¥1°%) mijce.

Exact mechanisms causing the death of the rabid animals
are not well understood; it has been proposed that some may be
related to neuronal exhaustion and hormonal deregulation (Fu
and Jackson 2005; Scott et al. 2008; Torres-Anjel et al. 1988).
It is not excluded that other factors such as the setting up of a
pro-inflammatory neuronal environment may also contribute
to lethality (Laothamatas et al. 2008; Wang et al. 2005; Zhao
et al. 2009). A quicker viral invasion of the NS of [IFNARs
mice compared to WT mice may result in an exposure to
lethal conditions long and strong enough to cause the
premature death of the NesCre (77) IFNAR (1°¥1%) and
IFNAR™" mice.

Although RABV has developed an efficient strategy to
counteract type I IFN response, a type I IFN response is
still triggered at the early stage of RABV infection
suggesting that interference in type I IFN response is leaky.
On one hand, this residual type I IFN, even if it cannot
protect against the fatal outcome, can reduce RABV
multiplication and slow down RABV progression into the
NS leading to the conclusion that host survival may benefit
from the residual type I IFN response. On the other hand,
the IFN response can also favor the RABV neuronotropism
by curtailing infection in muscle and possibly in glial cells,
and also by up-regulating IFN-dependent molecules
involved in RABV immunoevasive strategy such as B7-
H1. In this case, type I IFN could be deleterious for the
host survival. Thus, at this stage of our knowledge, it
would be premature to recommend the use of IFN type or
adjuvant compounds stimulating the host innate immune
response as additional therapy to current rabies post-
exposure treatment.
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Material and methods
Cells and virus

Dorsal root ganglia (DRGs) and human neuroblastoma cells
SKNSH (ATCC HTBI1) were prepared and grown as
previously described (Castellanos et al. 2005; Lafon et al.
2005). The laboratory RABV strain CVS (CVS-NIV), a
highly pathogenic strain causing fatal encephalomyelitis in
mice after intramuscular injection (Camelo et al. 2000), was
propagated as previously described (Thoulouze et al. 1997).
Cells were infected at a multiplicity of infection of 3 (MOI 3)
and cultivated at 37°C in 5% CO,. RABV infection was
followed up by measuring N protein expression by qRI-PCR,
P protein expression by Western blotting, and intracellular
accumulation of NC by flow cytometry or confocal UV
microscopy. Viral progeny was measured by testing a series
of diluted cell culture supernatants on RABV susceptible
monolayer cells and by detecting the fluorescent foci by
microscopy.

Antibodies and reagents

Antibodies (Ab) were acquired as follows: FITC-
conjugated rabbit anti-RABV NC (RABV NC-FITC)
Ab from Bio-Rad; mouse polyclonal anti-tubulin from
Oncogene Research; mouse anti-RABV P protein Ab
(721.2) was a gift from Dr. TJ. Wiktor (Lafon and
Wiktor 1985); mouse anti-STAT2 (C-20 sc-476) Ab from
Santa Cruz Biotechnology; rabbit polyclonal anti-
phosphorylated-STAT2 (Tyr689) Ab from R&D System;
rabbit anti-phosphorylated-IRF3 (Ser396) Ab and rabbit
anti-phosphorylated-STAT3 (Tyr705) Ab from Cell Signal-
ing Technology; rabbit TrueBlot and Horseradish
Peroxidase-conjugated anti-rabbit IgG was from eBio-
science; and peroxidase-conjugated AffiniPure F(ab’)?
fragment donkey anti-mouse IgG was purchased from
Jackson ImmunoResearch Laboratories. Poly I:C (heated
at 50°C to increase the solubility) was obtained from
InvivoGen and recombinant human IFN-3 (Betaferon)
was from Schering. CellFIX™ was from BD Biosciences.
SuperSignal West Pico chemiluminescent was from
Thermo Scientific. SuperScript I Reverse transcriptase
was from Invitrogen. RNeasy and Qiazol kits were from
Qiagene. Anti-protease and anti-phosphatase cocktails
were from Roche. RIPA1 buffer was from Sigma. GoTaq
qPCR Master Mix was from Promega.

Flow cytometry
Trypsinized cells were washed with Ca’"Mg”" saline

phosphate buffer (SPB) and fixed with paraformaldehyde
4%, 20 min at 4°C. After washing, cells were incubated for
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30 min at 37°C with a FITC-conjugated rabbit polyclonal
AB directed against RABV NC diluted (1/50) in permeabi-
lization buffer (SPB, 1.0% FCS, 0.1% sodium azide, 0.1%
saponine, pH 7.4). After final washes, cells were
resuspended in CellFIX™ and analyzed using a BD
Biosciences FACSCalibur equipped with Cell Quest Pro
software. Ten thousand viable cells were acquired per
sample. Analysis was performed on histogram plotting
intensity of fluorescence emitted in the FL1 channel and
numbers of cells. Results were presented as percentages
of cells emitting in the FL1 channel with an intensity
>10 and as mean of fluorescence expressed by these
cells.

Western blotting and immunocytochemistry

For Western blotting, RABV- and mock-infected cells were
lysed with RIPA buffer supplemented with anti-protease and
anti-phosphatase cocktails and stored at —20°C. After
denaturation, proteins (25 pg) were loaded onto a 4-12%
Tris—Bis SDS NuPage gel (Invitrogen) with Kaleidoscope
pre-stained standards (Bio-Rad). After transfer, PVDF
membranes (Hybond-P; GE HealthCare) were saturated
for 1 h at room temperature in saturating buffer (SPB-0.1%
Tween and 5% bovine serum albumin). Membranes were
incubated with primary Ab overnight at 4°C, washed four
times in SPB-0.1% Tween, then incubated with secondary
Ab coupled to horseradish peroxidase (1 h at room
temperature). After washing, membranes were incubated
in SuperSignal West Pico. To detect phosphorylated
proteins, SPB was replaced by STB for incubation and
washes. Signals were acquired with a GBOX monitored by
the Gene Snap (Syngene) software. Band quantification
was normalized on tubulin signal and expressed in fold
increase based on control conditions (non-infected and non-
treated cells or mice).

For immunocytochemistry, RABV- and mock-infected
cells were stained and analyzed in UV microscopy as
previously described (Menager et al. 2009).

RNA extraction, RT, and qPCR

Total RNAs were extracted with the RNeasy kit for cells or
with Qiazol and the RNeasy kit for tissues. RNA quantity
and quality were monitored using spectrophotometry
(NanoDrop). cDNA synthesis was performed from 1 pg
RNA using SuperScript II Reverse transcriptase with oligo
dT primers. Real-time PCR (qRT-PCR) was performed in
duplicate using the ABI PRISM 7500 Fast Sequence
Detector system (Applied Biosystems) with the GoTaq
qPCR Master Mix. After normalization to 18S RNA (used
as a housekeeping gene), the relative abundance of mRNA
was obtained by calculating the difference in threshold
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cycles of the test and control samples (wild type, mock-
treated, or non-infected cells or tissue, value set to 1),
commonly known as the AACT method. RABV RNA
quantification was normalized to 18S and a standard
control. Sequences or references of primers used for RT-
PCR are listed in Prehaud et al. (2005) or were purchased
from QIAGEN.

Mice

Female C57BL/6J mice (Janvier, France), 129/S2/Sv
(Charles Rivers, France), IFNAR ™~ (Muller et al. 1994),
and NesCre (") IFNAR ("¥1°%) (Detje et al. 2009) 6- to
8-week-old mice were inoculated in both hind legs in the
thigh muscles (dorsal thigh muscle for the right leg and
ventral thigh muscles for the left leg) with 1x 107 infectious
particles of RABV. Disease progression was evaluated by
scoring clinical signs and mortality as previously described
(Chopy et al. 2011) and as follows: 0=normal mice, 1=
ruffled fur, 2=one paralyzed hind leg, 3=two paralyzed
hind legs and hunched back, 4=tetraplegia (defined as the
total loss of mobility), and S=death (mice were sacrificed
when moribund). Data were presented as a cumulative
clinical score (the individual clinical score for each mouse
was added) and as a mortality curve. In other experiments,
groups of mice (at least n=3) were deeply anesthetized and
intracardially perfused with SPB—Ca**Mg**. Organs (hin-
dlimb muscles, spinal cord, and brain) were collected
separately and stored at —80°C before being processed for
RNA or protein extraction.

Ethical statement

Animal housing and experimental protocols followed
guidelines approved by the French Ministry of Agriculture
and Institut Pasteur Ethical committee. The Institut Pasteur
is a member of Le Comité 1 Régional d'Ethique pour
I'Expérimentation Animale (CREEA) de I’lle de France.

Statistical analysis

For comparison of groups, Student’s ¢ tests were performed
using GraphPad Prism version 5.0 for Windows. For the
animal experiments, collected data were plotted for com-
parison in Gehan—Breslow—Wilcoxon test (survival curves)
and Wilcoxon matched pairs signed rank test (clinical
scores).
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