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ABSTRACT

The neurotropic rabies virus (RABV) has developed several evasive strategies
including immunoevasion to successfully infect the nervous system (NS) and trigger a fatal
encephalomyelitis. Here, we show that LGP2 expression, a protein known either as a positive
or negative regulator of the RIG-I mediated-innate immune response, is restricted in the NS.
We use a new transgenic mouse model (LGP2 TG) over-expressing LGP2 to impair RABV
innate immune response and thus reveals the role of the RIG-I-mediated innate immune
response in RABV pathogenesis. After infection, LGP2 TG exhibit reduced expression of
inflammatory/chemoattractive molecules, IFN-f, and IFN-stimulated genes in their NS
compared to WT, demonstrating the inhibitory function of LGP2 on RABV innate immune
response. Surprisingly, LGP2 TG showed a better viral clearance in the brain and lower
morbidity compared to WT, indicating that paradoxically the host innate immune response
favors RABYV neuroinvasiveness and morbidity. LGP2 TG mice exhibited similar neutralizing
antibodies and microglia activation as WT, but a reduction of infiltrating CD4* T cell and a
lower disappearance of infiltrating CD8" T cells. This occurs concomitantly to a reduced
neural expression of the IFN-inducible B7-HI1, an immunoevasive protein involved in the
elimination of infiltrated CD8" T cells. Our study shows that host innate immune response
favors the infiltration of T cells and, at the same time promotes the CD8'T cells elimination.
Thus, RABV exploits, in a certain extent, the innate immune response to develop its immune-

evasive strategy.



INTRODUCTION

Rabies virus (RABV) is a RNA-negative strand virus that infects mainly neurons and
exploits the nervous system (NS) network, to insure its progression from the site of entry (bite
site) up to the site of exit, the salivary glands. RABV virulence relies on several factors such
as its capacity to avoid premature death of infected neurons and on its property to escape the
immune response. Different mechanisms have been proposed to explain the inefficiency of
the immune response against RABV infection (24). RABV infection induces an immune-
suppression (6, 53) limits T cells infiltration into the NS (44) and keeps the blood brain
barrier tightly closed (37, 45). It also promotes the destruction of migratory CD8" T cells in
the NS through the up-regulation of immune-evasive proteins such as B7-H1 (1, 27, 28 ). B7-
H1 (also known as PD-1 ligand and CD274) is interferon inducible and usually expressed by
immune cells. It contributes to dampen proliferation, cytokine production and cytolytic
activity (20, 28, 48).
During its migration in the NS, RABV has to deal with the first line of defense against
pathogens: the host innate immune response. RABV infection activates the innate immune
sensor RIG-I and likely also MDA-5 (15, 22) and triggers a classical type-I-IFN,
chemoattractive and inflammatory response in infected cells which could be responsible for
setting-up an antiviral environment and triggering an efficient immune response (3, 9, 15, 25,
39, 41, 58). As most viruses, RABV has developed a strategy to counteract the antiviral effect
of the type-I IFN response (23, 34, 40, 41, 55, 56). Despite these mechanisms, IFN,
chemoattractive and inflammatory responses in the RABV-infected NS are far from being
abrogated and RABYV successfully infects the NS (28, 58).

Here, we investigate to what extent the innate immune response in the NS is important
for RABV immune response efficiency, RABV immune-evasive strategy and pathogenesis.

To disturb the innate immune response and so to reveal its role on RABV infection, we

3



infected a new mouse transgenic model that over-expresses LGP2 (LGP2 TG) with a RABV
neuro-virulent strain. LGP2 is described either as a negative or positive regulator of RIG-I-
like-receptor-mediated immune response (38, 42, 47). Several reports described LGP2 as a
negative regulator of the RIG-I signaling during RNA-negative strand viruses infection such
as Sendai virus (SeV) or vesicular stomatitis virus (VSV) (38, 42). Three mechanisms have
been proposed to explain the inhibitory mechanism of LGP2 on RIG-I pathways: (i) LGP2
binds to viral dsRNA and prevents RIG-I recognition; (ii) LGP2 binds to RIG-I through a
regulatory domain and inhibits RIG-I activation and interaction with IPS-1; and (iii) LGP2
competes with IKK epsilon for binding and activating IPS-1 (2, 31).

After demonstrating the negative function of LGP2 on the innate immune response
during RABV infection both in vitro and in the NS, we showed that LGP2 expression is
restricted in neuronal cells. The impairment of the innate immune response in the NS of
transgenic mice makes LGP2 TG mice a proper model to study the contribution of the RIG-I
mediated innate immune response on RABV pathogenesis. We compared WT and LGP2 TG
mice morbidity and mortality, T cells infiltration, drop of migratory CD8"* T cells and B7-H1
expression in the NS (T cell destruction and B7-H1 overexpression being two features of
RABYV immunoevasive strategy). We showed that the impairment of the innate immune
response leads to a lower morbidity but has no effect on mortality during RABV infection.
The innate immune response impairment slows down T cell infiltration, prevents RABV
immunoevasive strategy and favors RABV elimination from the brain. Thus, RABV may

exploit the host innate immune response to successfully invade the NS of the infected host.



MATERIAL AND METHODS

Cells and virus

Mouse NIH3T3 fibroblasts and dorsal root ganglia, as well as human neuroblastoma cells
SKNSH (ATCC HTBI11), embryonic kidney cells (Hek293A) (QBiogene), and post-mitotic
neurons (NT2N) were prepared and grown as previously described (8, 29, 39). The laboratory
RABYV strain CVS (CVS-NIV), a highly pathogenic strain causing fatal encephalomyelitis in
mice after intramuscular injection (7), and Sendai virus (SeV) were propagated as previously
described (50, 52). Cells were infected at a multiplicity of infection of 3 and cultivated at

37°C, in 5% COa,.

Mice

Transgenic mice overexpressing human LGP2 (LGP2 TG) were generated using C57BL/6
embryonic cells stably transduced at the one-cell stage with a lentiviral vector encoding for
LGP2 (DHX58 NM_024119) under control of the CMV early enhancer/chicken B-actin
(CAG) promoter. Homozygous LGP2 TG mice were born at the Mendelian ratio. They
developed, bred normally and have no obvious behavioral changes. Histology analysis
performed on two male and two female 15 weeks old LGP2 TG mice revealed no lesion or
alteration when considering seventeen distinct organs or tissues (including brain, cerebellum,
spinal cord, heart, lung, liver, spleen, thymus, mesenteric lymph node, inguinal lymph node,
superficial cervical lymph node, stomach, small intestine, kidney, caecum, colon, testis and
ovary; not illustrated). Female C57BL/6 mice (Janvier, France), or LGP2 TG mice, six to
eight weeks old were intramuscularly inoculated in both hind legs with 1 x 10" infectious
particles of RABV. Disease progression was evaluated by scoring clinical signs and mortality
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 5 =
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death. 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 intra cardiacally perfused with saline phosphate
buffer (SPB) Mg2+ Ca™. Organs were collected separately and stored at —80°C before being
processed for RNA or protein extraction. For immunohistochemistry, mice were perfused

with 4% paraformaldehyde in SPB.

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’'Ile de France.

Antibodies and reagents

Antibodies (Ab) were acquired as follows: rabbit polyclonal anti-LGP2 Ab from Proteintech
Group, Ca, USA Inc; mouse polyclonal anti-tubulin from Oncogene Research, USA Products;
mouse monoclonal Ab, mAb, (clone Alme-1) from Alexis Biochemicals or rabbit Ab from
ProSci Inc. (USA) for detection of RIG-I protein; FITC-conjugated rabbit anti-RABV
nucleocapsid Ab from Bio-Rad (Marnes-La-Coquette, France) and anti-RABV N protein
mADb (PVA-3) was prepared in the laboratory (32); fIII-tubulin was stained with mouse mAb
(clone 5G8) from Promega (France); B7-H1 was detected with the rat mAb (clone MIHS)
from eBioscience and the rabbit Ab from Santa Cruz, Inc. (Santa Cruz, CA, USA) for
immunofluorescence and western blotting, respectively; the anti-mouse IT-Box-m260 kit
from Immuno Tools (GmbH, Friesoythe, Germany) was used to phenotype splenocytes and

mononuclear cells infiltrating the NS; Glial fibrillary acidic protein, GFAP, specific Ab (Z
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0334) was from DAKO (Trappes, France); peroxidase polymer-labeled anti-rabbit secondary
Ab (Histofine®) was from Simple Stain Mouse MAX PO kit (Nicheidi Corporation, Tokyo,
Japan); and recombinant human IFN-B (Betaferon) was obtained from Schering, Berlin,

Germany.

RNA extraction, RT, and gRT-PCR

Total RNAs were extracted with the QIAGEN reagents: QIAzol, the RNeasy kit (for cells) or
the Lipid Tissue Midi kit (for brain, entire spinal cord, or equivalent weight of other tissues).
RNA quantity and quality were monitored using spectrophotometry (NanoDrop, Labteck
France). RT-PCR was performed using a PX2 Thermal Cycler with 30 cycles of amplification
and 18S RNA as a reference (housekeeping gene). cDNA synthesis was performed from 1 pg
RNA using SuperScript II Reverse transcriptase (Invitrogen). Real-time PCR (qRT-PCR) was
performed in duplicate using the ABI PRISM 7500 Fast Sequence Detector system with
Power SYBR Green PCR Master Mix (Applied Biosystems) or Go Taq Master Mix
(Promega). After normalization to 18S RNA, the relative abundance of mRNA was obtained
by calculation of the difference in threshold cycles of the test and control samples (wild type
= mock for tissue or non-infected cells, 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 (39) or were purchased from QIAGEN.

LGP?2 overexpression and IFN-stimulated gene 56 (ISG56) luciferase reporter assay

Cells were transfected with an expression plasmid encoding LGP2 (DHX58 NM_024119)
under the control of a CAG promoter, using the Amaxa cell line Nucleofector kit V (Lonza).
The ISG56 luciferase reporter assay was constructed and performed as previously described

(5). At 12 h post-transfection, cells were infected for 24 h with RABV. Luminescence and
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absorbance in cell lysates were measured to evaluate luciferase and [3-galactosidase
expression, respectively. Luminescence levels were normalized to absorbance level for each
sample, and luminescence for RABV-infected samples was expressed relative to the non-

infected samples.

Western blot, histo/cyto-immunostaining and measure of neutralizing antibodies

Western blot was performed and visualized as previously described (35). For
immunohistochemistry, transverse brain sections were embedded in paraffin according to
routine protocols, and cut to 5-um slices. The astrocytes were labeled with primary GFAP Ab
(1/300) and using the Histofine Simple Stain Mouse MaxPO® kit. Hematoxilin was used as a
counterstaining. Positive cells were manually counted at 5-6 fields per mouse (magnification
x100), and means were compared between similar brain sections from WT and LGP2 TG
mice. RABV- and mock-infected cells were immunostained and analyzed as previously
described (35). The rapid fluorescent focus inhibition test was used to assay serum samples as

previously described (49).

Inflammatory bioarrays

Bioarrays were performed with 100 pg of brain lysates (90ug/sample) using the Mouse
Inflammation Ab Array G series 1 kit from RayBiotech, Inc. GA, USA. Arrays were read on
an AxioVision scanner and analyzed using Axon GenePix software. The fluorescence
intensity for each spot was normalized to a positive internal control on the array to allow for
array comparison. The fluorescence intensity for the WT mock-infected brain was defined as

a standard arbitrary value of 100.



Flow cytometry

NS mononuclear cells were collected from homogenates of brain and spinal cord samples onto
Percoll™ gradients as described (19). Phenotype of splenocytes and mononuclear cells
infiltrating the NS was performed with appropriate pairs of Ab and assessed by flow

cytometry. Data analysis was performed with Cell Quest Pro Software.

Statistical analysis
For comparison of groups, Student’s t tests were performed using GraphPad Prism version
5.00 for Windows. For the animal experiments, collected data were plotted as Kaplan—Meier

survival curves.



RESULTS
LGP2 inhibits the in vitro RABV-mediated type I IFN response

To test LGP2 effect on RABV-mediated IFN response in vitro, we studied the
induction of Interferon Stimulated Gene-56 (ISG56), one of the most activated genes during
RABY infection (39), using an ISG56-dependent luciferase reporter assay in human Hek cells
co-transfected with an expression vector encoding human LGP2 or a mock plasmid and
infected with RABV (Fig. 1A). The effect of LGP2 on the transcription of /FN-£ and the IFN-
inducible gene 2'5’oligoadenylate synthetase 1 (OASI) was also measured by RT-qPCR in
LGP2- or mock-transfected cells (Fig. 1B). After a 24-h RABV infection, when LGP2 protein
was expressed (Fig. 1A), luminescence activity was two thirds lower in LGP2 overexpressing
cells compared to mock-transfected Hek cells (Fig. 1B), and transcription of /FN-f and OAS]
was reduced (Fig. 1B). The lesser induction of IFN-f and OASI transcription was not the
result of reduced RABV infection in LGP2-transfected cells because RABV infection in
LGP2 and mock-transfected Hek cells did not differ (Fig. 1C). Similar results were obtained
when mouse NIH3T3 fibroblasts were transfected with LGP2 (Fig. 1D). These data
demonstrated that LGP2 functions as an inhibitor of RABV-triggered IFN-f response in vitro
in both human and mouse cells, suggesting cross reactivity of LGP2 in these two mammalian

species.

LGP2 protein expression is restricted in WT mouse brain and neuronal cells even after
infection

Because RABYV infects the NS, we investigated whether LGP2 is expressed and/or
inducible in the NS of the mouse, the animal model of experimental rabies. To characterize in
vivo the LGP2 expression, we compared LGP2 mRNA and protein expression in the heart,

brain, and kidneys from uninfected C57BL/6 mice by qRT-PCR and western blotting (Fig.
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2A). Of interest, LGP2 protein expression was barely detectable in brain tissue although
mRNAs were present. After an intramuscular injection of RABV, 7 mice were sacrificed at
different times post infection (pi) to test LGP2 induction. RABV transcripts and endogenous
mLGP2 mRNAs were measured in brain extracts by qRT-PCR (Fig. 2B). We noticed an
increase in LGP2 transcripts that paralleled RABV brain invasion. Nevertheless, LGP2
protein expression in the infected brains remained low or barely detectable by western
blotting, whereas RIG-I protein was easily detected in the same samples. These results
indicated that the brain is almost devoid of LGP2 protein, even after RABV infection.

The low expression of LGP2 in the infected brain might correspond to infiltrated cells
or to resident neural cells such as astrocytes (18) or neurons. Because RABV targets mainly
neurons, where RABV triggers a RIG-I-mediated innate immune response (22, 39), we
further analyzed LGP2 expression in neuronal cells (human post-mitotic neurons, NT2N, and
human neuroblastoma, SKNSH). RT-PCR in NT2N cells (Fig. 2C, left panel) and RT-qPCR
in SKNSH cells (middle panel) revealed increased LGP2 transcription in a range similar to
that of RIG-I transcription. Nevertheless, and in contrast to the results with the RIG-I protein
which could be detected in the absence of infection and after infection, LGP2 protein could
not be detected under any condition (Fig. 2C, right).

This absence of LGP2 protein was also observed in SKNSH cells after its induction by
either a 24-h SeV infection or a 7-h IFN-B treatment (20-1000 Ul/ml) (Fig. 2D), two
conditions that result in LGP2 transcription up-regulation (26). This indicates that restriction
of LGP2 protein expression in neuronal cells was not specific to RABV infection. Further,
LGP2 protein expression was observed in cells of non-neuronal origin, such as Hek kidney
embryonic cells, after SeV infection or an IFN-f treatment, supporting a neuron-specific
restriction of LGP2 expression (Fig. 2E). When proteasome activity was inhibited by MG132

treatment, LGP2 protein could be detected in both non-infected and RABV-infected SKNSH,
11



suggesting that LGP2 restriction in neuronal cells relies on protein degradation (Fig. 2F).
These observations indicated that LGP2 protein expression is naturally restricted in brain and

in neuronal cells in particular by cell-specific proteasomal degradation.

LGP2 protein is expressed in the NS of transgenic LGP2 mice

Despite the natural degradation of LGP2 in mouse brain, we investigated whether it
was possible to force LGP2 expression in the NS by generating a new transgenic mouse
model that overexpresses LGP2 cDNA downstream from the ubiquitous CAG promoter
(LGP2 TG mice). Endogenous and transgenic LGP2 expression was measured and compared
by qRT-PCR and western blotting in different organs of wild type (WT) and LGP2 TG mice
(Fig. 2G). In LGP2 TG mice, LGP2 expression was observed in all organs tested. However,
and despite similar high levels of LGP2 mRNA in heart and brain (Fig. 2G left), the brain
remained the organ with the lowest level of LGP2 protein (Fig. 2G, middle) reflecting the
pattern of LGP2 expression already observed in WT mice organs (Fig. 2A). Nevertheless,
LGP2 was present in the mouse brain, making the LGP2 TG mouse a relevant model for
studying the role of RIG-I mediated innate immune response in RABV immune response and

pathogenesis.

LGP?2 overexpression drastically impairs the innate immune response in the NS during RABV
infection

Histology analysis performed on brain of non-infected LGP2 TG mice showed no
activation of glial cells or enhanced brain immune-surveillance (Fig. 3). To test LGP2
function in the innate immune response triggered in the NS during RABV infection, WT and

LGP2 TG mice were intramuscularly injected in each hind limb with a dose of an encephalitic
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RABY strain expected to kill 80% of the mice. Brain and spinal cords were sampled 8 and 11
days after injection.

The up-regulation of innate immune markers upon RABYV infection in the NS of WT
mice (transient in spinal cords and sustained in brain, a hallmark of RABYV infection) did not
occur in the NS of LGP2 TG mice (Fig. 4A). Indeed, after infection, no induction of IFN-p,
OAS1I, or IL-6 was noted compared to mock-infected LGP2 TG mice. This absence of up-
regulation of the innate immune response was also observed at the protein level (Fig. 4B).
Indeed, in the brains of WT mice, RABV stimulated the expression of 18 markers of
inflammation out of the 40 present on the protein array, including chemokines (CCLS5, CCL2,
CXCLI11, and CXCL9), cytokines (IL-6, 12, and 13), and other proteins involved in
inflammation (TIMP-1 and 2 and TNFR1). None of these, with the exception of IL-9 and
CXCLI13, were upregulated by RABV infection in LGP2 TG brains, indicating clearly that
the RABV-mediated innate immune response was abrogated in the NS upon LGP2
expression. These data showing that LGP2 overexpression blocks the RABV-induced innate

immune response in vivo are in agreement with our in vitro results (Fig. 1).

LGP?2 overexpression reduces RABV morbidity and promotes RABV clearance from the brain

To analyze the effect of the innate immune response impairment on RABV pathogenesis,
we compared the progression and outcome of RABYV infection in WT and LGP2 TG mice by
recording body weight, clinical signs (ruffled fur, hindlimb paralysis, hunchback—a sign of
encephalitis, and death) daily up to 20 days pi. As shown in the left panel of Fig. 5A, the
weight loss appeared 5 days pi and worsened in both groups as the infection progressed.
Nevertheless, the weight loss in LGP2 TG mice was significantly less severe than in WT mice
(p < 0.005). The cumulative clinical score was significantly decreased in LGP2 TG mice

compared to WT mice between days 7 and 12 pi (Fig. 5A, middle panel). Indeed, the mean
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delay between the first sign of hunchback and death was significantly greater in LGP2 TG
mice compared to WT mice (respectively 2.8 and 1.6 day; p < 0.05). However, despite the
slower disease progression in LGP2 TG mice, the mortality of LGP2 TG mice did not differ
significantly from that of WT mice (75% and 62%, day 20 mortality, respectively; Fig. 5A,
right).

RABV neuroinvasiveness was monitored in the spinal cord and brain of RABV-
infected WT and LGP2 TG mice by measurement of the amount of N viral gene transcripts
(Fig. 5B). Viral transcription was similar between the two groups in the spinal cord at days 8
and 11 pi, whereas it was drastically reduced in the brains of LGP2 TG mice at day 11 pi -
(107 fold less than in the brains of WT mice)- (Fig. 5B right). In addition, the kinetics of brain
invasion indicated that in contrast to WT mice, the LGP2 TG mice had almost cleared the
infection from the brain at day 11 pi. Nevertheless, this clearance was not sufficient to protect
the mice from a fatal outcome.

In conclusion, LGP2 overexpression, which blocks the innate immune response
induced by RABV in the NS, does not modify disease outcome; nevertheless, it favors viral

clearance in the LGP2 TG brain and allows significantly reduced signs of disease.

LGP?2 overexpression does not modify humoral response and T cells phenotypes in periphery

To study the origin of this viral clearance, we hypothesized that the immune response in the
periphery could be more efficient in LGP2 TG than in WT mice. Specific emphasis was given
to the humoral response because RABV-specific neutralizing Ab play a crucial role in
protection against RABV infection (10). However, the neutralizing Ab reached similar titers
in the blood of WT and LGP2 TG mice (Fig. 6A). In addition, the phenotype of immune cells
in the spleen of RABV-infected WT and LGP2 TG mice (days 5 and 8 pi) was not

significantly different, showing similar CD4/CD8 ratios and a similar proportion of B cells
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(Fig. 6B right and left panels respectively). These observations suggest that LGP2
overexpression does not cause major effect in the setting up of the immune response in the

periphery.

LGP2 overexpression slows down leukocytes infiltration into the NS and limits destruction of
infiltrated CD8" T cells.

Because activated microglia and infiltrated leukocytes into the inflammatory brain can

contribute to viral clearance (46), we compared the activation of microglia and the number of
infiltrated leukocytes in the NS of LGP2 TG and WT mice (Fig. 7A).
Percentages of monocytes (CD11b" cells), microglia (CD11b* intermediate CD45") and
activated microglia/macrophages (CD11b" high CD45") were identical 6 days pi in both
groups of mice (Fig. 7A), suggesting that RABV clearance in LGP2 TG mice does not result
from higher microglia activation. No difference was seen in B cells infiltration (Fig. 7B). In
contrast, the numbers of T cells (TCRa/p*) and CD4" T cells were lower in LGP2 TG mice
brains compared to WT 6 days pi (Fig. 7C and Fig. 7D). This decline in T cells is consistent
with the lower inflammatory and chemoattractive response observed in RABV-infected LGP2
NS compared to WT NS (see Fig. 4).

Since T cells-mediated IFN-y-dependent inflammation has been identified as a factor
clearing RABV infection from the NS (19, 21), we analyzed whether IFN-y expression was
different in the NS of LGP2 TG compared to WT. As shown in Fig. 7E, RABV infection up
regulates IFN-y expression in a similar range in both WT and LGP2 TG mice brain (similar
data were obtained in spinal cords). These data indicate that higher IFN-y expression is not
responsible for better viral clearance in LGP2 TG mice brain.

Because RABV has evolved immune evasive strategy mainly through the

destruction/exhaustion of infiltrated CD8* T cells in the NS (1, 28), we studied whether the
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innate immune response impairment in LGP2 TG mice affects CD8" T cells elimination and
so may explain RABV clearance in transgenic mice brain. For this purpose, we compared the
fate of CD8" T cells in the NS of RABV-infected LGP2 TG and WT mice (Fig. 7F and G).
Six days after infection similar amounts of CD8" T cells were observed in the brain infiltrates
of RABV infected LGP2 and WT mice (Fig. 7F, left panel). However, the CDS8* T cells
proportion drops from 35% to 12% in WT mice brains between day 5 and day 8 pi whereas
this population decreases from 43% to 24% in the infected LGP2 TG brain (Fig. 7F, middle).
Thus, the drop of CD8" T cells among CD3" cells that occurs between day 5 and day 8 in the
RABYV infected brains is lower in LGP2 TG mice (-41%) compared to WT (-68%), (Fig. 7F,
right panel).

Similarly, when 6 day RABV-infected WT and LGP2 TG mice were sorted according
to the severity of clinical signs, (group 1 weight loss < 5% and group 2 weight loss > 5%; Fig.
7G), the expected drop among migratory CD8* T cells caused by RABV was observed
between groups 1 and 2 of WT mice and not between the LGP2 TG groups. These data
indicated that LGP2 overexpression is associated with the protection of the migratory CD8* T
cells in the NS.

Altogether, these results indicate that the impairment of the innate immune response in
the RABYV infected NS of LGP2 TG mice reduces the infiltration of immune migratory cells
but keeps constant [FN-y expression and protects specifically the subpopulation of infiltrated

CDS8* T cells.

LGP2 overexpression impairs B7-H1 induction in RABV infected NS and primary neurons.
In RABV-infected WT brain, the drop in migratory CD8" T cell numbers can result in
the up-regulation of B7-HI protein in the NS (28). Indeed, the expression of the IFN

inducible B7-H1 protein contributes to the exhaustion (16) or destruction (13) of CD8" T cells
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that are potentially responsible for RABV clearance (19). In this context, it is expected that a
lower level of B7-HI expression would be associated with reduced RABV neuroinvasiveness.
We therefore compared B7-H1 expression (mRNA and protein) in the NS of RABV infected
LGP2 TG and WT mice (Fig. 8A and B). The RABV-mediated up-regulation of B7-HI
mRNA observed in WT brain at day 8 and 11 pi was significantly reduced in LGP2 TG brains
compared to WT mouse brains (10 fold less in LGP2 TG brains) (Fig. 8A, left). Similarly, the
RABV-mediated up-regulation of B7-H1 protein observed in WT brains at day 8 or 11 pi was

not observed in RABV-infected LGP2 TG brains (Fig. 8B).

We also performed immunocytochemistry of B7-H1 protein expression in primary
neuronal cultures prepared from dorsal root ganglia of adult spinal cord of WT and LGP2 TG
mice after in vitro RABYV infection (Fig. 8C). In contrast to neurons obtained from WT mice,
in which RABYV infection triggered strong B7-H1 protein expression, neurons obtained from
LGP2 TG mice, despite an equal level of infection, showed only weak expression of B7-H1

protein upon infection.

These data indicated that LGP2 over-expression decreases neuronal B7-HI
expression, a feature consistent with protection of migratory CD8" T cells and viral clearance

from the LGP2 TG mouse brain.
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DISCUSSION

In this study, we observed that LGP2 expression is tightly regulated and not
ubiquitous, as previously suggested (11, 17, 30). Remarkably, in the absence of infection,
neurons and microglia express low levels of LGP2 protein, if they express any, with the
exception of ex vivo primary astrocytes in cultures (11, 17). In the transgenic LGP2 TG
mouse, LGP2 protein expression reached the lowest level in brain when compared with other
tissues, despite similar LGP2 transcription. Results with MG132 treatment suggest that LGP2
is actively degraded in neuronal cells and thus cannot exert its inhibitory function in this
tissue. Lech and colleagues (30) observed that RIG-I-like helicase distribution varies
drastically among tissues suggesting that the knowledge about RIG-I-like helicase
distribution is crucial in the design of experiments. This supports the suitable choice of LGP2
overexpression rather than mice lacking LGP2, (LGPZ'/' mice), to modulate the innate
immune response and address its function in the course of a strictly neurotropic virus
infection.

We showed that LGP2 functions as an inhibitor of the innate immune response
triggered by RABYV infection. Evidence of the inhibitory function of LGP2 on type I IFN
response during RABV infection was obtained both in vivo and in vitro in different cell types.
ISG56 expression was reduced in the LGP2-transfected mouse and human fibroblasts (Hek),
and LGP2-transfected Hek cells had reduced IFN-f and IFN-related gene expression
compared to mock-transfected cells. Moreover, cultures of primary neurons from LGP2 TG
mice showed reduced expression of the IFN-regulated protein, B7-H1. These results are in
agreement with the inhibitory role of LGP2 previously observed after VSV infection of
LGP2” mouse embryonic fibroblasts and macrophages (54). In contrast, they were in
contradiction with a report describing LGP2 as a positive regulator of the RIG-I pathway in

conventional dendritic cells (cDCs) from LGP2" mice infected with VSV (47). This finding
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may suggest that LGP2 could be a positive regulator specifically in cDCs but not in other cell
types (47, 54). In this case, the cell type could determine the inhibitory or positive regulatory
function of LGP2. Further studies, such as those comparing the properties of DCs isolated
from WT and LGP2 TG mice, will be required to address this point more directly.

Concerning RABV infection, a recent study demonstrates that DC activation after
exposure to RABV is dependent on type I IFN receptor signaling rather than on RIG-I
signaling (15). The fact that activation of DCs in the periphery relies on a signaling pathway
independent of LGP2 regulation may explain why the production of RABV-specific
neutralizing antibodies and the phenotype of spleen immune cells did not differ between WT
and LGP2 TG mice. These results suggest that the LGP2 TG mice phenotype during RABV
infection is mostly driven by the function of LGP2 TG in the NS.

After RABV infection, the LGP2 TG exhibited lower clinical signs. The over-
expression of LGP2 and the associated impairment of the innate immune response results in a
delay in morbidity (hirsute fur, weight loss, hind limb weakness and paralysis), suggesting
that RABV morbidity results of an immunopathology mechanism. RABV infection, on the
contrary to other encephalitic virus such as West Nile Virus (4, 51) is characterized by a
modest inflammatory response in the NS (27). Nevertheless some cytokines such as IL-6 or
IL-12, known to be the main culprits of the immunopathology in other diseases (43), are
expressed in the RABV infected NS. The over-expression of LGP2 is accompanied by a
reduced expression in IL-6 expression and a down regulation of chemokines CCL9 and
CXCLI11. In their absence, CD4" T cells infiltration into the RABYV infected NS was reduced.
Since migratory T cells have been shown to also participate to RABV morbidity (19, 21, 59),
both the limited inflammation and infiltration contribute to the reduction of RABV morbidity
in the LGP2 TG mice. Our study confirms the contribution of the innate immunity in the

morbidity during neurotropic viral infections (57) and demonstrates that the RIG-I mediated
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innate immune response participates to RABV morbidity. Such a finding is not totally
unexpected because the contribution of the innate immune response in morbidity has already
been observed with other neurotropic viral infections (57). However, it was surprising that
LGP2 TG mice, in which innate immune response, including the type I IFN is impaired, did
not show higher but lower infection of their brain. The type I IFN has been shown to exert
antiviral function in several viral infections. In this line, the lower type I IFN response in the
NS of LGP2 TG mice should have resulted in a higher infection of the LGP2 TG mice NS
compared to those of WT mice. However, this was not the case since after the peripheral viral
injection the spinal cords were equally infected in the two types of mice. This observation,
altogether with previous studies investigating the role of IFN in rabies (28, 33, 36) questions
the efficiency of IFN to control RABV infection in the NS. In the same line, as several studies
having pointed out that infiltrating T cells recruited into the brain by chemokines have a direct
antiviral effect on RABV infection (14, 19, 59), it was expected that mice exhibiting reduced
T cells infiltration, as LGP2 TG mice do, would be less able to control RABV spread in the
NS than WT mice. In striking contrast, LGP2 TG mice and not WT mice eliminate RABV
infection from their brain at day 11pi. This discrepancy suggests that factors other than the
size of the infiltrates of immune effectors into the brain may contribute to viral clearance. In
RABYV- infected NS, the infiltrated T cells have been shown to express several markers of
activation including IFN-y (19). The fact that despite a reduction in the pool of migratory T
cells, IFN-y expression was similar in the NS of LGP2 TG and WT mice, suggests that the
activation of the infiltrated T cells could be stronger in LGP2 TG mice than in WT mice.

Since, RABV has evolved an immuno-evasive strategy funded on the destruction/exhaustion
of infiltrated CD8" T cells in the NS of infected mice (1, 28), we analyzed whether the drop of
CDS8" T cells, a hallmark of RABYV infection in the NS of WT mice, has been interrupted in

LGP2 TG. We observed that indeed the disappearance of CD8" T cells was decreased in the
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NS of RABYV infected LGP2 TG compared to WT. Because we have previously shown that in
absence of B7-H1 expression, the pool of migratory CD8" T cells is preserved and RABV
infection in the brain is controlled (28), it was tempting to check whether the expression of
this immune-evasive protein expression was decreased in LGP2 TG mice. Indeed, the CD8" T
cells persistence in LGP2 mice is concomitant with reduced expression of the IFN inducible
B7-HI1 protein. Here we show that neurons were co-stained with B7-H1 in DRG cultures.
Tumor cells, dendritic cells, neurons and astrocytes are the cells most commonly expressing
B7-H1, but T cells can also express B7-H1 in certain conditions (12, 28, 48). Previous study
has shown no evidence that infiltrated CD3" T cells expressed B7-H1 in the RABV infected
brain (28). We cannot completely exclude that some T cells contribute to B7-H1 expression in
the NS of infected mice but this contribution should be modest. Thus, we propose that B7-H1

down regulation in neural cells probably rely on a type I IFN dependent mechanism.

These data indicate that innate immune impairment correlates with a decrease of T
cells infiltration, B7-H1 induction and a preservation of activated CD8* T cells in LGP2 TG
mice brain. Altogether these mechanisms might explain RABV clearance in the brain seen in

LGP2 TG mice.

Despite virus clearance, mortality of LGP2 TG mice was not different from WT,
suggesting that the compensatory mechanism resulting of the protection of the CD8" T cells
as discussed above is insufficient to counterbalance the lower T cell infiltration and to avoid
death. In a previous study, when B7-H1”" mice were infected by RABV, mortality was
drastically reduced and the severity of RABV pathogenesis was inversely correlated with the
number of CD8" T cells in the NS (28). This apparent discrepancy concerning the role of
RABV immuno-evasion on disease outcome may be explained by the lower T cells

infiltration in LGP2 TG NS compared to WT mice. This lower T cells infiltration probably
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leads to a less efficient RABV elimination in LGP2 TG compared to B7-H1"" mice. Exact
mechanisms causing death in rabies are not well understood, some may be related to neuronal
exhaustion and hormonal deregulation resulting in a lethal “stress” (53). Delay in viral
clearance such as those observed in LGP2 TG may result in an exposure to RABV-mediated
“stress” long enough to cause the host death.

Altogether, our results suggest that RABV circumvents the host IFN response in only
a limited extend and that the escaped amount of IFN is sufficient to stimulate B7-H1
expression. Thus, we surmise that the efficiency of RABV immune-evasion relies
paradoxically on the protective mechanism triggered by the host to fight the infection. In this
line, it is tempting to propose that the absence of LGP2 in the NS could be a factor that also

favors completion of the life cycle of this strictly neurotropic virus.
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FIGURE LEGENDS

Figure 1: LGP2 inhibits the type I IFN response during RABYV infection in vitro. (A) Hek
cells were co-transfected with a plasmid encoding a luciferase reporter under the control of an
ISG56 promoter, a B-galactosidase—encoding plasmid (used as transfection efficiency control)
together with an empty vector (Mock) or an LGP2-encoding vector (LGP2). LGP2 protein
overexpression was checked by western blotting, with tubulin used as the internal control.
After 24 h, luciferase activity was measured by bioluminescence in RABV-infected cells (n =
4). Data are presented as mean + SEM (¥** p < (0.0005). (B) Hek cells transfected with LGP2-
encoding vector (LGP2) or an empty vector (Mock) were infected with RABV. RNAs were
extracted 24 h pi and qRT-PCR targeting IFN-f and OASI was performed (n = 6). Data are
presented as mean + SEM (¥*p < 0.05). (C) After 24 h, RABV infection was monitored in
LGP2 (LGP2)- and empty vector (Mock)-transfected cells by qRT-PCR (left panel) and by
western blotting against the RABV N protein (right panel). Data are representative of two
independent experiments. qRT-PCR results are presented as mean + SEM. (D) NIH3T3 cells
were co-transfected as described in (A). After 24 h, luciferase activity was measured by
bioluminescence in non-infected (NI) and RABV-infected cells (n = 4). Data are presented as

mean + SEM (*** p < 0.0005).

Figure 2: LGP2 protein expression is strongly restricted in mouse brain and human
neuronal cells because of its degradation. (A) LGP2 mRNA (upper graph) and LGP2
protein (lower graph) expression were quantified in the heart, brain, and kidney of WT mice
by qRT-PCR and normalized to the LGP2 mRNA level in the kidney (value taken as 1) or by
western blotting normalized to tubulin. qRT-PCR data are presented as mean + SEM (n = 4).
(B) Seven RABV-infected mice were sacrificed at different times after virus injection (the

first 4 mice were sacrificed at day 6pi and the last 4 at day 9 pi). Brains were separated into
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two parts. One half-brain was used for qRT-PCR, the other for western blotting. RABV N
protein and endogenous mLGP2 mRNA were quantified in the brain of RABV-infected WT
mice or non-infected (NI) animals by qRT-PCR (high panel). LGP2, RIG-I (used as control
protein) and tubulin (used as a gel loading control) protein expression in the brains of
sacrificed mice was monitored using western blotting (low panel). Positive control (+) is
LGP2 expression in a WT heart lysate. (C) LGP2 and RIG-I expression were measured in
human post-mitotic neurons (NT2N) and neuroblastoma SKNSH cells after RABV infection
(24 h for NT2N and 7, 15, 24, and 48 h for SKNSH) or not (NI) by RT-PCR (NT2N with 18S
as an internal control) and by qRT-PCR (SKNSH) (values normalized with NI as value 1).
Proteins were detected by western blotting on SKNSH with a heart lysate as a positive control
(+) for LGP2 protein (n = 3). (D) LGP2 expression was measured in SKNSH cells 24 h after
SeV infection by western blotting (left panel; SeV N protein expression was used as a control
for infection), and 7 h after treatment with increasing doses of IFN-B (20, 100, 200, or 500
IU/ml) by western blotting (central panel; RIG-1 expression used as control for IFN-f
treatment efficiency) and qRT-PCR (normalized with mock value taken as 1). (E) LGP2
expression was measured by western blotting in non-neuronal cells (Hek) 24 h after SeV
infection (left panel) and 7 h treatment with increasing IFN-f doses (right panel). SeV N
protein expression was used as a control for infection, RIG-I as a control of IFN-f3 treatment
efficacy and tubulin as control of protein loading. (F) Western blotting showing the effect of
MG-132 treatment (10 uM) on LGP2 expression in NI and RABV-infected SKNSH cells. (G)
LGP2 expression in the brain of LGP2 TG mice. LGP2 protein and LGP2 mRNA expression
were analyzed by qRT-PCR normalized to LGP2 transgenic mRNA levels in kidney (n = 4)
(left panel), data are presented as mean + SEM, and by western blotting in lysates of heart,
liver, brain, lung, thymus, muscle, testis, pancreas, and kidney of LGP2 TG (LGP2) and WT

mice (right panels). Tubulin is used as a control of protein loading.
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Figure 3: LGP2 overexpression in LGP2 TG mice does not modify basal gliosis and
monocytes influx into the brain. (A) Astrogliosis was assayed by immunohistochemistry in
non-infected WT and LGP2TG paraffin-embedded brain sections using a GFAP primary Ab.
Numbers of GFAP" cells in WT and LGP2TG in caudal diencephalon were 44.6 + 4.2 and
51.3 £ 3.1 for WT and LGP2TG mice, respectively (20 fields were counted). (B) Flow
cytometry of cells isolated from the NS of WT and LGP2TG mice by Percoll gradient and
double-stained with CD11b and CD45 Abs to analyze monocytes infiltration and microglia
activation. The CD11b" cells correspond to infiltrated monocytes (9.7 and 7.5 % in WT and
LGP2 TG mice respectively) and the CD11b" CD45" intermediate cells are microglia cells

(1% in both types of mice). Results are representative of two independent experiments.

Figure 4: LGP2 inhibits RABV-triggered type 1 IFN and inflammatory responses in the
infected NS. (A) IFN-f, OASI, and IL-6 transcripts were quantified by qRT-PCR in the
spinal cord (upper row) and the brain (lower row) of WT and LGP2 TG mice sacrificed on
day 8 and day 11 pi (n = 7-8) and normalized to values obtained in mock-infected tissues
(value set to 1). Data are presented as mean + SEM (* p < 0.05, ** p < 0.005, *** p <
0.0005). (B) Inflammatory bioarray for markers of IFN-mediated and inflammatory responses
[IL-12p40p70, CXCL9, TIMP-1, sTNF-R1, CCLS, IL-13, CXCL11, CCL2 and IL-6] were
compared in NI and RABV-infected brains of WT and LGP2 TG mice at days 8 and 11 pi (n
= 2). (Normalized value = 100 for NI WT mouse brain). The results are representative of two

independent experiments.

Figure 5: Forced expression of LGP2 slows down RABYV clinical progression and favors
RABV clearance off the brain. WT and LGP2 TG mice (n = 8) were injected

intramuscularly with a dose of an encephalitic strain of RABV sufficient to kill 80% of
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injected mice. (A) Clinical signs of rabies (body weight loss, cumulative clinical scores, and
mortality curves) were followed in WT (black) and LGP2 TG mice (grey). Results are
representative of at least three independent experiments. (B) RABV neuroinvasiveness was
compared in the spinal cords and brains of WT and LGP2 TG mice by qRT-PCR targeting

RABYV N protein at 8 and 11 d pi (n = 7-8). Data are presented as mean + SEM (* p <0.05).

Figure 6: Innate immune impairment does not modify immune parameters in the
periphery. (A) RABV-specific neutralizing Ab titers (expressed in international unit per ml,
[U/ml) in the blood were compared by the rapid fluorescent focus inhibition technique in WT
and LGP2TG mice sera taken 11 d pi (n = 9, 8, respectively) (B) LGP2TG and WT mice
exhibit similar spleen sub-populations. Spleen cells of RABV-infected WT and LGP2TG
mice (n = 4) were taken at days 5 and 8 pi and stained with paired Abs, CD4 and CDS8 or
B220 and CD19. Percentage of CD4" CD8" and CD19" B220" cell populations were analyzed
by flow cytometry. Results are presented as the CD4"/CD8" ratio and percentage of B220"

CD19" cells (n=8).

Figure 7: Innate immune impairment does not modify activation of microglia, or IFN-y
mRNA expression, but inhibits T cells infiltration and prevents CD8" T cells destruction
into RABYV infected brains.

(A) Microglia activation was analyzed by flow cytometry among cells isolated from the NS of
day 6 RABV-infected WT and LGP2TG mice by Percoll gradient and double-stained with
CDI11b and CD45 Abs. Results are representative of two independent experiments. The
numbers of monocytes (CD11b* cells), microglia/macrophage (CD11b", intermediate and
high CD45") and activated microglia/macrophages (CD11b", high CD45%) were compared in

the infiltrates of 6 days RABV-infected WT and LGP2 TG mice (n=6). (B) Kinetics of
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infiltrated B cells (B220*, CD19") were compared in NI, day 5 and day 8 RABV-infected WT
and LGP2 TG mice (n =6). (C) T cells (TCR o/B") infiltration of the NS was compared in the
two types of mice, 6 day pi, (n=6). Data are presented as the mean of the total infiltrated cells
+ SEM. * p<0.05. (D) CD4" T cells infiltration in day 6 infected NS was compared between
WT and LGP2 TG mice (**p<0.005). (E) IFN-y transcripts were quantified by qRT-PCR in
the brain of WT and LGP2 TG mice sacrificed day 8 and day 11 pi (n = 7-8) and normalized
to values obtained in non-infected (NI) tissues (value set to 1). Data are presented as mean *
SEM. (F) Comparison of CD8" T cells infiltration in the NS of RABV infected WT and LGP2
TG mice. Left panel: CD8" T cells infiltration was compared in the infected NS of WT and
LGP2 TG mice 6 day pi. Middle panel: Flow cytometry diagrams of CD8 and CD3 double-
stained cells isolated from the NS of WT and LGP2 TG mice 5 and 8 d pi. Numbers on the
quadrant correspond to the percentage of CD8" T cells among CD3" T cells (CD8"/CD3").
Right panel: Drop in CD8" T cells between day 5 and day 8 were compared in WT and LGP2
TG mice, (n=6) (*p<0.05, **p<0.005). (G) Flow cytometry analysis of cells isolated from the
NS of WT and LGP2 TG mice and double-stained with CD8 and TCR o/f or CD8 and CD3
pair Abs. Percentages of CD8™T cells among TCR o/B* cells were compared in the NS of two
groups (1 and 2) of WT and LGP2 mice at day 6 pi. Groups 1 and 2 were determined
according to the severity of clinical signs: group 1, weight loss <5% initial body weight, mild
clinical signs; group 2, weight loss >5% of initial body weight, severe clinical signs, (n =4 in
each group). Data are represented as the mean of the percentage CD8'T cells among TCR

alpha beta * cells £ SEM (** p <0.005).

Figure 8. LGP2 inhibits RABYV induced B7-H expression in both NS and dorsal root
ganglia neurons. B7-H1 expression was measured by qRT-PCR (A) (n = 7-8) or by western

blotting (B) in WT and LGP2 TG brain in the absence of infection (NI) or 8 and 11 days pi.
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Data are represented as mean + SEM. (** p < 0.005, *** p < 0.0005). (C) Primary neurons
from dorsal root ganglia of adult WT (upper row) and LGP2 TG (lower row) were infected
with RABV. Neurons were immunostained with paired Abs directed against 3 III-tubulin (a
marker for neurons), LGP2, RABV nucleocapsid, or B7-H1. The percentage of infected cells
was similar (58.5% and 62.0% of RABV-infected cells) in WT and LGP2 TG cultures,

respectively. Scale bar is 10 pm.
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