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ABSTRACT Rabies virus is a neurovirulent RNA virus, which causes about 59,000
human deaths each year. Treatment for rabies does not exist due to incomplete un-
derstanding of the pathogenesis. MALT1 mediates activation of several immune cell
types and is involved in the proliferation and survival of cancer cells. MALT1 acts as
a scaffold protein for NF-«B signaling and a cysteine protease that cleaves sub-
strates, leading to the expression of immunoregulatory genes. Here, we examined
the impact of genetic or pharmacological MALT1 inhibition in mice on disease de-
velopment after infection with the virulent rabies virus strain CVS-11. Morbidity and
mortality were significantly delayed in Malt1=/— compared to Malt1*/* mice, and
this effect was associated with lower viral load, proinflammatory gene expression,
and infiltration and activation of immune cells in the brain. Specific deletion of
Malt1 in T cells also delayed disease development, while deletion in myeloid cells,
neuronal cells, or NK cells had no effect. Disease development was also delayed in
mice treated with the MALT1 protease inhibitor mepazine and in knock-in mice ex-
pressing a catalytically inactive MALTT mutant protein, showing an important role of
MALT1 proteolytic activity. The described protective effect of MALT1 inhibition
against infection with a virulent rabies virus is the precise opposite of the sensitizing
effect of MALT1 inhibition that we previously observed in the case of infection with
an attenuated rabies virus strain. Together, these data demonstrate that the role of
immunoregulatory responses in rabies pathogenicity is dependent on virus virulence
and reveal the potential of MALT1 inhibition for therapeutic intervention.

IMPORTANCE Rabies virus is a neurotropic RNA virus that causes encephalitis and
still poses an enormous challenge to animal and public health. Efforts to establish
reliable therapeutic strategies have been unsuccessful and are hampered by gaps in
the understanding of virus pathogenicity. MALT1 is an intracellular protease that
mediates the activation of several innate and adaptive immune cells in response to
multiple receptors, and therapeutic MALT1 targeting is believed to be a valid ap-
proach for autoimmunity and MALT1-addicted cancers. Here, we study the impact of
MALT1 deficiency on brain inflammation and disease development in response to in-
fection of mice with the highly virulent CVS-11 rabies virus. We demonstrate that
pharmacological or genetic MALT1 inhibition decreases neuroinflammation and ex-
tends the survival of CVS-11-infected mice, providing new insights in the biology of
MALT1 and rabies virus infection.
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abies virus is a highly neurotropic negative single-stranded RNA virus that causes

a lethal infection of the brain (1). Although human rabies disease has been
controlled in developed countries by dog vaccination (2), wildlife vaccination, and
proper postexposure prophylaxis, in developing countries the virus still kills at least
59,000 humans each year because of inadequate control of rabies in domestic dog
populations. Although the death rate can be lowered substantially through the use of
effective postexposure prophylaxis for victims of rabid-animal bites, which involves a
course of vaccination and immunoglobulin administered immediately after exposure,
high costs and the frequent lack of rabies vaccine in developing countries remain a
problem. Specific treatment for disease does not exist due to incomplete understand-
ing of the pathogenesis (3). Upon onset of disease, rabies has the highest case fatality
rate of any infectious disease (4), making human rabies an important public health
problem.

When a pathogen enters the central nervous system (CNS), an immediate innate
immune response is initiated. The immune response, aimed at the clearance of the
pathogen and protection, may also lead to destruction of the CNS structure (5). Rabies
virus infection can be detected by Toll-like receptor 3 (TLR3), retinoic inducible gene |
(RIG-)-like receptors, and melanoma differentiation-associated protein 5 (MDA-5),
which are present in neuronal cells and glial cells (6-8). This triggers classical type |
interferon (IFN), chemoattractive, and inflammatory responses in infected cells (9, 10).
Consequently, activation of receptors on macrophages and glial cells induces in turn
the secretion of several other cytokines and chemokines and further leads to the
upregulation of major histocompatibility complex by microglia and to increased ex-
pression of adhesion molecules (CXCL10) that can modulate the trafficking of T cells to
the CNS (5).

Rabies viruses can evade the host immune system, resulting in failure to clear the
virus from the brain (11, 12). Although an inflammatory response in the early stage of
infection is important for the clearance of rabies virus from the brain (13), there is no
evidence that severe inflammation in the late stage is beneficial to fight the disease. In
many cases, the virus does not destroy neurons directly but may cause indirect damage
by triggering a cell-mediated immune response within the CNS (14, 15). Still, the
mechanisms involved in CNS dysfunction following infection with neurotropic viruses
are not fully understood.

CVS-11 is a mouse-adapted laboratory-fixed rabies virus challenge standard strain. It
is widely used for the study of rabies pathogenesis because it shows a strong neurot-
ropism in experimental animals (16-18) and the mortality curves following intranasal
inoculation are highly reproducible (19). Intranasal inoculation of a low dose of CVS-11
quickly leads to brain invasion and infection and causes fatal encephalitis. CVS-11 is
usually less immunogenic and presents a higher tropism for the CNS than attenuated
strains of rabies virus (16).

MALT1 (mucosa-associated lymphoid tissue lymphoma translocation gene 1) is an
intracellular protein that mediates nuclear factor kB (NF-«B) and p38/JNK mitogen-
activated protein (MAP) kinase signaling in response to many stimuli, such as antigen
receptor activation in lymphocytes, dectin-driven dendritic cell activation, and thrombin-
and angiotensin-induced activation of fibroblasts and endothelial cells. In unstimulated
cells, MALT1 is constitutively bound to the caspase recruitment domain (CARD)-containing
protein BCL10 in the cytoplasm. Upon stimulation, MALT1/BCL10 binds to another
CARD-containing protein: CARD11 (also known as CARMA1), CARD9, CARD10 (also
known as CARMA3), or CARD14 (also known as CARMA2), depending on the cell type
(20). Formation of the CARD-BCL10-MALT1 (CBM) complex leads to the recruitment of
other signaling proteins, which mediate activation of I«B kinase (IKK) and p38/JNK MAP
kinases, culminating in the activation of NF-kB and other transcription factors (21).
NF-kB drives the expression of many genes leading to cytokine expression and inflam-
matory and immune cell activation/proliferation and survival. Moreover, MALTT is
constitutively activated in certain cancers due to chromosomal translocation of MALT1
and overexpression or oncogenic mutation in upstream signaling molecules, contrib-
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uting to cancer cell proliferation and survival (22, 23). Importantly, in addition to its
scaffold function, MALT1 has proteolytic activity that allows it to cleave specific
substrates such as NF-«B family members (24), ubiquitin-regulatory proteins (25-27),
and RNase- and mRNA-destabilizing proteins (28, 29), which can further fine-tune
inducible gene expression and contributes to cell activation and proliferation (reviewed
in reference 30).

Malt1=/~ mice are viable and fertile and were first described in references 31 and 32.
The total number of T cells and the distribution of CD4 and CD8 cells in the spleen,
lymph nodes, and thymus are comparable in Malt1*/* and Malt1~/~ mice, but absence
of MALTT1 is associated with decreased T cell activation, proliferation, and interleukin-2
(IL-2) production (32). Malt1—/~ mice also present a reduced number of marginal zone
B cells and B1 cells, impaired IgM- and CD40-induced proliferation, and lower basal
serum immunoglobulin levels, especially IgM and 1gG3. These effects are also seen
in MALT1 knock-in mice expressing a catalytically inactive point mutant of MALTT in
which the scaffold function is retained. Notably, protease-dead (PD) MALT1 knock-in
mice show a deregulated effector T-cell response, leading to spontaneous autoimmu-
nity (reviewed in reference 33). In contrast, inhibition of MALT1 using small-compound
inhibitors is not associated with autoimmunity, which may reflect temporal or dose-
dependent effects of MALT1 inhibition. Therefore, inhibition of MALT1 protease activity
by small inhibitors is currently of high therapeutic interest for autoimmune diseases
and certain cancers. In this context, promising results were already reported in preclin-
ical mouse models of multiple sclerosis (34, 35), rheumatoid arthritis (36), immune
thrombocytopenia (37), and diffuse large B cell lymphoma (38, 39).

Here, we studied the role of MALT1 in rabies virus infection, inflammation, and
disease. In order to gain better insight on the pathogenesis of rabies and the role of
MALT1 in neuroinflammation, we inoculated the highly virulent rabies strain CVS-11
intranasally to wild-type mice, MALT1 knockout (Malt=/~) mice, conditional knockout
mice lacking MALT1 in specific cell types, MALT1 protease-dead knock-in mice, or
mepazine-treated wild-type mice.

RESULTS

Morbidity and mortality are delayed in Malt1—/— mice after CVS-11 infection.
Intranasal inoculation of CVS-11 in wild-type Malt1*/* mice led to fatal encephalitis.
Mice developed the first clinical signs at 6 days postinoculation (dpi) (Fig. 1A and C) and
had to be euthanized at 8 dpi, because they reached the endpoint of the disease (score
7). CVS-11-infected MALT1~/~ mice developed the first clinical signs at 8 dpi (Fig. 1A)
and had to be euthanized (score 7) from 9 to 18 dpi (Fig. 1B). Their median survival time
was 12 days. A mortality rate of 100% was observed in Malt1*/* and Malt1—/~ mice,
but Malt1=/~ mice survived 1 to 10 days longer than Malt1*/* mice (Fig. 1B). These
results suggest that MALT1 contributes to the pathogenesis and clinical signs caused by
the virulent rabies strain CVS-11.

MALT1 deficiency slows down virus infection in the brain. Virus infection was
monitored by measuring viral RNA loads and tissue staining for N proteins (fluorescent
antigen test [FAT]) and G proteins (immunohistochemistry [IHC]) at 4 and 8 dpi in
Malt1=/= and Malt1+/* mice (Fig. 2A). Viral RNA loads were analyzed in total brain,
olfactory bulbs, cerebrum, and cerebellum by real-time quantitative reverse transcrip-
tase PCR (RT-qPCR). At 4 dpi (incubation period), viral RNA loads were significantly
lower in total brain, olfactory bulbs, cerebrum, and diencephalon of Malt1=/— mice
than Malt1+/* mice (Fig. 2B and C). At the late stage of infection (8 dpi), the amount
of virus in the brain had increased in both Malt1—/~ and Malt1+/~ brains. No significant
differences could be observed anymore in total brains between Malt1—/— and Malt1+/+
mice (Fig. 2B), except for a slight, but significantly lower RNA load in the cerebellum of
MALT1~/~ brains (Fig. 2D).

Fluorescence staining of the N protein yielded a similar signal in Malt1=/~ and
Malt1+/+ mouse brains at 8 dpi, whereas no staining could be detected at 4 dpi (Fig.
2E). Immunohistochemical staining of the G protein gave similar results in Malt1—/~
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FIG 1 MALT1 deficiency delays morbidity caused by CVS-11. Malt1=/= (n = 10) and Malt1*/* (n = 10)
littermates were infected intranasally with CVS-11 virus. (A, B) Cumulative clinical signs (A) and survival
rates (B) were assessed. All Malt1=/— and Malt1*/+ mice developed severe disease and had to be
euthanized. Malt1—/~ mice developed the first symptoms later than Malt71*/* mice and had to be
sacrificed 2 to 10 days later than the Malt1*/+ mice. Results are representative of two independent
experiments. (C) Typical disease signs observed in a rabid mouse: rough hair coat, paralysis, isolation
from the group.

and Malt1*/+ brains at 8 dpi (Fig. 2F). The G protein was detected in Purkinje cells in
the cerebellum, pyramidal cells of the hippocampus, and cortical cells of the cerebrum
in both Malt1+/* and Malt1—/~— mice. No staining could be observed at 4 dpi (data not
shown). Together, these data demonstrate that MALT1 deficiency reduces viral load in
the brain of infected mice during the incubation phase.

Inflammatory gene expression is disrupted in the brain of Malt1—/~ mice.
Immune responses and inflammation of the brain were assessed by determining the
levels of mRNAs specific for type Il interferons (gamma interferon [IFN-v]), proinflam-
matory cytokines (tumor necrosis factor [TNF], IL-183, IL-6), inflammasome activation
(caspase-1, NLRP3), chemokines (MCP1, CXCL10), microglia activation (A1), T cell mark-
ers (CD8 and CD4), and inducible nitric oxide synthase (iNOS) enzyme in the brain. In
general, all investigated genes were upregulated following CVS-11 infection in wild-
type mice compared to the corresponding uninfected controls. At 4 dpi, expression of
TNF and CXCL10 was significantly lower in Malt1=/~ brains than in Malt1*/~ brains (Fig.
3). At 8 dpi, expression of IFN-vy, IL-18, IL-6, NLRP3, caspase-1, A1, CD8, and iNOS was
also significantly lower in Malt1=/~ brains. Decreased expression of CD8 and IFN-y
suggests a defective cytotoxic T-cell response. Decreased IFN-y can also indicate a
defective NK/NKT cell response. Reduced proinflammatory cytokine expression and
reduced expression of the marker of microglial cell activation A1 also indicate a lower
neuroinflammation in the brain of Malt1—/— mice than in that of wild-type mice. These
results suggest that several inflammatory and immune responses are disrupted in
Malt1=/~ mice.

MALT1 deficiency impairs inflammatory and immune cell activation and infil-
tration. To investigate if the above-described defects in virus-induced cytokine and
chemokine gene expression in Malt1—/— mice were also associated with an altered
recruitment and activation of inflammatory cells, immunohistological and flow cyto-
metric analysis for different inflammatory cell markers was performed on brain sections
from infected Malt1+/* and Malt1—/~ mice in comparison to phosphate-buffered saline
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FIG 2 Virus spread in Malt1=/~ and Malt1+/* mouse brain following intranasal inoculation of CVS-11 virus. (A)
Schematic overview of the experiment. Mice were inoculated intranasally with the CVS-11 virus and sacrificed at
4 days postinoculation (dpi) and 8 dpi. (B) Profile of viral RNA in total brain in Malt1+/* mice (n = 7) and Malt1-/~
mice (n = 7) at 4 and 8 dpi determined by RT-qPCR. (C, D) Profile of viral RNA in different parts of the brain (*, P
value = 0.05; **, P value = 0.01). G, threshold cycle. (E) Immunofluorescence staining for viral nucleocapsid in the
brain tissue. At 8 dpi, green fluorescent spots indicate the abundant spread of virus in the brain of Malt1—/— and
Malt1+/* mice, but at 4 dpi no fluorescence could be detected yet. These results are representative of 3 mice per
time point and per genotype. Bars, 20 um; magnification, X40. (E) Immunohistochemistry staining for viral G
protein in the brain tissue. At 8 dpi, brown staining indicated by black arrows indicates the abundant spread of
virus in the brain of Malt1=/— and Malt1+/* mice in the pyramidal cells of the hippocampus, Purkinje cells of the
cerebellum, and cortical cells of the cerebrum. These results are representative of 2 mice per time point and per
genotype. Bars, 20 um (magnification, X4) or 100 um (magnification, X10).

November 2018 Volume 92 Issue 22 e00720-18

Journal of Virology

jviasm.org 5


https://jvi.asm.org

Kip et al. Journal of Virology
IFN-y TNF IL-6
! 40 20 |
o 150 o MALTI-- 8§ 4 . " ° MALT1-- g " o MALT1 -/
(7} -
3 100 . = MALT1++ $ 2 FH . = MALTT+4+ § 15 e = MALT1 +/+
g - g 35 = g -
‘_g 50 -:l ; 10 °2 ? ; 10 o° um o0 e
o o S 5 - =
w 4 ° w4 e L] w o°°o , Y
oo ® o] i ) s
N N N N N N
& & & & S &
& & © © © ©
S A S S S S
IL-1B Caspase-1 NLRP3
) 4 5 .
g 150 . o MALT1-- g =y o MALT1 -/- 8 Fy o MALT1 -/
g 100 . MALT1++ § 3 . . MALT1+4+ 3 4 a = MALT1 +/+
) o 5 )
2 50 L] 2 - 2@ o ™
£ oo Tm £ 2 00 £, 00® o
2 L © EO g 2 o
£ 4 . e 1 °o . o1
(2) ie 0L e s ol == <
N N N N N
& & 5 § 8 8
%b\ G}, ‘ob‘ g‘b fob‘ g‘b
& & &£
MCP1 CXCL10 A1
20 1500 10
8 o MALT1-- g . ° MALTI- g o o MALT1--
. L
< 15 = MALT1+4+ § 1000 & o = MALT1+4+ S B = MALT1+/+
) o 19 5 o s
2 10f 3 % 2 st o N o
3 e T = 4 FH 54 %
L 5 o mmm o 2 2 2 o° "
° o 20 3
0 0L —an et 0 2 A
N N N N N N
@“‘OQ @Q’QQ @VOQ @Q’OQ @"QQ @Q’OQ
G G S S 9 S
Foxp3 iNOS
5 -
® o MALT1-- o . o MALT1 -/
[Z] 4 [Z]
o = MALT1++ § 20 . = MALT1+/+
— - —a
g’ 2 10
5 2 = 02 F
£ 1 P £ 2 .
ol %% an =3 & S
N N N N
S 5 & 5
& © © ©
S S S S

FIG 3 Decreased expression of inflammatory genes in the brain of infected MALT1~/~ mice. Quantitative RT-gPCR measurements of
the indicated mRNA expression levels in brains of Malt1+/* (n = 7) and Malt1=/— (n = 7) littermate mice are shown. Results are

represented as fold increases compared to respectively noninfected Malt1+/+ and Malt1—/~ littermate

mice. The asterisks indicate

significant differences between infected Malt1—/~ mice and CVS-11 virus-infected Malt1*/* mice at the same time points (4 dpi or 8
dpi) determined by two-way ANOVA and Sidak’s multiple-comparison test. Statistical differences are denoted as follows: ****, P <

0.0001; ***, P < 0.001; **, P < 0.01; ¥, P < 0.05.

(PBS)-inoculated control mice. As expected, PBS-inoculated uninfected mice showed no
activation of glial cells or enhanced brain immune surveillance (Fig. 4). Malt1+/* and
Malt1—/~ mice were infected intranasally with CVS-11, and brains were sampled at 4
and 8 dpi. At 4 dpi, stainings of Malt1=/— and Malt1*/+ mouse brains were comparable
to those of PBS-inoculated mice, suggesting that no detectable immune response was
yet triggered in the CNS (data not shown). At 8 dpi, CVS-11-infected Malt1*/* mice
exhibited strong microglial cell (Iba1 staining) and astrocyte (glial fibrillary acidic
protein [GFAP] staining) activation and T or NKT cell (CD3 staining) and macrophage
(Mac-3 staining) infiltration. However, no B cell (B220 staining) infiltration was detected.
In comparison, CVS-11-infected MALT1~/~ mice exhibited reduced microglial and
astroglial cell activation, as well as reduced T, NKT cell, and macrophage infiltration.
Again, no B cells were detected (Fig. 4).

Resting microglia were observed mainly in noninfected mice. They were characterized
by their smaller cell body and long and ramified branch processes. Activated microglia were
observed in both Malt1—/~ and Malt1+/~ brains at 8 dpi. Activation was evidenced by the
typically bigger cell body and shorter and thicker branch processes but was strongly
reduced in Malt1—/~ brains. These differences were observed in different parts of the brain,
including the hippocampus, cerebrum, and cerebellum (Fig. 5).
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FIG 4 Reduced infiltration and activation of inflammatory cells in the brain of Malt1~/~ mice at 8 dpi with CVS-11
virus. (A) Immunohistochemical analysis of CNS sections from infected Malt1+/*+ and Malt1—/~ mice at 8 dpi.
PBS-inoculated mice were used as controls. Sections of cerebellum and hippocampus are shown. Brain sections
were immunostained for Ibal (microglial cells), CD3 (T cells), Mac-3 (macrophages), B220 (B cells), and GFAP
(astrocytes). PBS-injected Malt1*/+ C57BL/6 mice showed abundant inactive ramified microglial cells and
astrocytes, but no B cell, macrophage, or T cell infiltration. At 8 dpi, infected MALT1*/* mice showed activation
of microglial and astroglial cells and infiltration of T lymphocytes and macrophages in the parenchyma but no
B cell infiltration. In Malt1=/— mice, T lymphocyte and macrophage infiltration, as well as microglial/astrocyte
activation, were reduced. Bars, 100 um (magnification, X4), 50 um (magnification, X10), or 20 um (magnifica-
tion, X20). Data are representative of 2 mice per condition. (B) Quantitative RT-gPCR measurements of the
indicated mRNA expression levels in brains of Malt1+/* (n = 7) and Malt1—/~ (n = 7) littermate mice are shown.
Results are represented as fold increases compared to respectively noninfected Malt1+/*+ and Malt1=/— litter-
mate mice. The asterisks indicate significant differences between infected Malt1—/~ mice and CVS virus-infected
Malt1+/*+ mice at the same time points (4 dpi or 8 dpi) determined by two-way ANOVA and Sidak’s multiple-
comparison test. Statistical differences are denoted as follows: ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; *,
P < 0.05.
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FIG 5 Reduced microglial activation at 8 dpi in the brains of Malt1—/~ mice. Immunohistochemical analysis of CNS
sections from CVS-11-infected Malt1*/* and Malt1—/— mice at 8 dpi. Brain sections were immunostained for Iba1l
(microglial cells). At 8 dpi, infected Malt1+/* mice showed a strong microglial activation in the different parts of
the brain (here, hippocampus and cerebellum). In Malt1—/~ mice, microglial activation was strongly reduced in all
parts of the brain. Bars, 20 um (magnification, X4) or 100 um (magnification, X 10). Data are representative of 2
mice per condition.

Inflammatory cell infiltration was also assessed by flow cytometric analysis of brain
leukocytes at 8 dpi (Fig. 6A). CVS-11 infection in Malt1+/* mice induced a high number
of microglial cells (CD45"vhish CD11b™), and their activation was characterized by the
switch from CD45"t CD11b™ to CD45Migh CD11b™ and strong infiltration of monocytes/
macrophages/DCs (CD45Migh CD11b™), polymorphonuclear cells (Ly6G* CD11b ™), NK
cells (CD49+ CD37), NKT cells (CD49b* CD3™), and T cells (CD49b~ CD3 ) (Fig. 6B and
Q). In infected Malt1=/~ brains, the absolute number of total leukocytes was much
lower than in infected Malt1+/* brains (Fig. 6A). This is also reflected by lower numbers
of CD3™ T cells, NK cells, NKT cells, monocytes/macrophages/dendritic cells (DCs),
microglial cells, and polymorphonuclear cells (Fig. 6C). Altogether, these data illustrate
that MALT1 deficiency is associated with decreased infiltration and activation of
inflammatory and immune cells in the brain upon CVS-11 virus infection.

To investigate if the humoral response was also affected by MALT1 deficiency upon
CVS-11 infection, we measured the level of rabies virus-neutralizing antibodies in the
serum. No neutralizing antibodies could be detected in the blood of either Malt1—/~ or
Malt1*/+ mice upon infection with CVS-11. This suggests that the infection and the
mortality are too fast for B cells to produce neutralizing antibodies. We were thus not
able to show the involvement of MALT1 in B cell activation and antibody production
due to the overall lack of an effective humoral response.

T-cell-specific MALT1 inactivation delays morbidity, but not as long as in
complete knockout mice. MALT1 is ubiquitously expressed, and the delay in disease
and mortality upon CVS-11 infection in Malt1—/~ mice may thus reflect a role for MALT1
in specific cell types belonging to lymphoid, myeloid, or neuronal lineages. We there-
fore generated conditional knockout mice lacking MALT1 in either T cells (CD4 Cre),
myeloid cells (LysM Cre), cells of neuroectodermal origin (neurons, astrocytes, or
oligodendrocytes; Nestin Cre), or NK cells (NKp46 iCre) and investigated their sensitivity
to CVS-11 infection. T-cell-specific MALT1 knockout mice presented the first disease
signs 1 day later than their wild-type littermates and also reached the endpoint of
disease 1 to 2 days later. The delay in morbidity is less pronounced in T-cell-specific
MALT1 knockout mice than in full MALT1 knockout mice (Fig. 7A to C), indicating a role
for MALT1 expression in T cells as well as other cell types in viral pathogenesis. None
of the other tested conditional MALT1-deficient mice showed a difference in terms of
incubation period, clinical signs, and mortality compared to their wild-type littermates
(Fig. 7B, D, and E), indicating that the phenotype observed in MALT1 full-knockout mice
is not linked to the absence of MALT1 in natural killer cells, myeloid cells, neurons,
astrocytes, or oligodendrocytes.

Inhibition of MALT1 proteolytic activity decreases morbidity in infected mice.
Malt1=/~ mice do not allow us to draw any conclusions on the relative role of its
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FIG 6 Flow cytometric analysis of inflammatory and immune cell activation and infiltration in the brain of infected mice. Immune cells were isolated from the
brains of naive mice and infected mice (Malt1*/* and Malt1=/~) at 8 dpi. (A) Absolute numbers of leukocytes present in the brain were first determined, and
total numbers of each cell type were determined by the percentage of marker expression on the total number of leukocytes. A significant decrease of total
leukocytes was observed in infected Malt1—/— mice compared to infected Malt1*/+ mice. (B) CD45 and CD11b markers were used to distinguish T cells (CD3*
CD11b~ CD45Mgh), microglial cells (CD11b* CD45"thigh), and monocytes/macrophages/DCs (CD11b* CD45high). (C) Gate was placed on CD45+ CD11b~ cells,
and CD49b and CD3 markers were also used to distinguish NK cells (CD49b* CD3~), NKT cells (CD49b* CD3+), and T cells (CD49b~ CD3*). Gate was also placed
on CD45* CD11b*, and an Ly6G marker was used to distinguish PMN cells. A significant decrease of microglial cells/monocytes/macrophages/DCs, Ly6G+ PMN
cells, NK cells, NKT cells, and CD3+ CD49~ T cells was observed in infected Malt1—/— mice compared to infected Malt1*/+ mice. Dot plots are representative
results for at least 3 mice per condition. Statistical differences between Malt1*/* and Malt1—/~ mice were determined using Student’s t test and are denoted
as follows: ***, P < 0.001; **, P < 0.01; *, P < 0.05. Data are representative of two independent experiments.

scaffold and proteolytic activities, respectively. To investigate the specific role of MALT1
catalytic activity in the pathogenicity of CVS-11 virus, we first analyzed the effect of
pharmacological inhibition of MALT1 catalytic activity using the phenothiazine mepa-
zine, which was previously shown to act as a reversible MALT1 inhibitor (40). Mice were
treated twice a day intranasally with mepazine or 0.9% NaCl (control), starting 2 days
before CVS-11 inoculation (Fig. 8A). Mice treated with PBS reached the endpoint of
disease at 8 days after inoculation with CVS-11, whereas in mice treated with mepazine
this occurred about 2 days later (median survival time, 10 days; Fig. 8B). These data
indicate an important role for MALT1 catalytic activity in the pathogenicity of CVS-11
rabies virus infection.

Because the specificity of mepazine as a MALT1 inhibitor has recently been ques-
tioned (41), we also took advantage of a genetic approach to study the effect of specific
inhibition of MALT1 proteolytic activity. Therefore, MALT1P®/~ knock-in mice (express-
ing one mutant protease-dead MALTT allele and lacking MALT1 on the other allele)
were infected with CVS-11 and analyzed for disease symptoms. Similar to the effect of
mepazine, disease development was significantly delayed in Malt1?®/— mice compared
to Malt1+/~ littermate control mice (Fig. 8C). It should be mentioned that the protec-
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FIG 7 Impact of specific inactivation of MALT1 in T cells, myeloid cells, NK cells, and cells from
neuroectodermal origin on CVS-11 virus infection. Mice with the CRE recombinase under the influence
of the CD4, LysM, NKp46, or Nestin promoter were crossed with MALT1FFL mice to generate conditional
mice lacking MALT1 in T cells, myeloid cells, NK cells, or cells from neuroectodermal origin, respectively.
Conditional mice and their wild-type littermates were genotyped and selected for each experiment. Mice
were infected intranasally with CVS-11 virus and monitored for disease development and survival. Mice
lacking MALTT in cells from neuroectodermal origin (Nestin-Cret9’* Malt17/Ft) (A), NK cells (NKp46-
iCret’* Malt1Ft/FL) (B), and myeloid cells (LysM-Cret9/+ Malt1F/F) (C) developed the same evolution of
disease as their wild-type littermates. (D) Mice lacking MALT1 in T cells (CD4~ Cre'9* Malt1"/Ft)
presented the first symptoms later than their wild-type littermates and had to be sacrificed 1 to 2 days
later, which is, however, still earlier than in full Malt1—/— mice.

tive effect is less pronounced than the effect seen after complete inhibition of MALT1
in all cell types, suggesting that both the scaffold and catalytic activities of MALT1
contribute to virus pathogenicity. Importantly, these data also illustrate the possible use
of MALT1 inhibitors for therapeutic intervention in rabies infection.
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FIG 8 Impact of pharmacological or genetic inhibition of MALT1 catalytic activity on survival of CVS-11-infected
mice. (A) Schematic overview of the pharmacological approach. Wild-type mice were treated twice a day with
mepazine (n = 7) or a control solution (0.9% NaCl in water) (n = 7) starting at day —2 before virus inoculation until
the end of the experiment. Two days after the first treatment, mice were inoculated intranasally with CVS-11 virus
and monitored daily for signs of disease. (B) Survival curves of mepazine-treated mice infected with CVS. (C)

Survival curves of protease-dead MALT1 knock-in mice infected with CVS.
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DISCUSSION

Rabies virus is a neurotropic virus inducing acute and lethal infection in the CNS. The
exact mechanisms causing death are not yet fully understood. Some studies proposed
that death is related to neuronal exhaustion and hormonal deregulation (42-44), but it
cannot be excluded that other factors are involved. In this context, the proinflammatory
neuronal environment may also contribute to lethality (45-47).

In the present study, we show that infection of C57BL/6 mice with a highly virulent
rabies virus results in rapid disease development, requiring euthanasia at 8 dpi. lllness
was accompanied by an early increase of CXCL10, CD8, iNOS, TNF, IFN-v, IL-6, IL-13, A1
mRNA levels, microglial/astroglial activation, and infiltration of T cells/macrophages/
DCs/polymorphonuclear leukocytes (PMNs)/NK(T) cells in the brain. In Malt1—/— mice,
the development of clinical signs and mortality were significantly delayed compared to
what was seen in littermate Malt1+/* mice. Deficiency of MALT1 also led to lower viral
loads in the beginning of infection (4 dpi) and less neuroinflammation at the later stage
(8 dpi), which was associated with reduced cytokine, chemokine, and iNOS expression,
less infiltration of CD8* T cells, myeloid cells, and NK(T) cells, and less activation of
microglial and astroglial cells. The prolonged incubation period in Malt1=/~ mice may
thus be explained by lower viral loads and/or reduced neuroinflammation. We specu-
late that lower viral loads in the beginning of infection reflect a role for MALT1-
dependent cellular processes that facilitate virus replication and/or spread. However,
disease development was not delayed in mice lacking MALT1 exclusively in cells from
neuroectodermal origin, which are the primary target cells of the virus. Therefore, the
reduced neuroinflammation in Malt1=/~ mice most likely has a major impact on
disease progression. In this context, MALT1-mediated neuroinflammation was already
shown to play an important role in a murine model of multiple sclerosis, with Malt1—/—
mice failing to recruit myeloid cells in the CNS and proinflammatory and Th17 re-
sponses being severely impaired (34, 48).

Using cell type-specific MALT1 knockout mice, we show that specific inactivation of
MALT1 in T cells also delays CVS-11 rabies virus-induced clinical symptoms and
mortality, although the effect is less pronounced than the protection seen in complete
Malt1=/= mice (1 to 2 days versus 4 days). These data indicate a role for MALT1
signaling in T cells, but also other cell types, in MALT1-mediated neuroinflammation
and pathogenesis in response to CVS-11 rabies virus infection. T-cell infiltration can be
beneficial for viral clearance in the brain, but an excess of T cells can also be deleterious
because it causes greater inflammation-induced damage. The pathogenic role of T cells
in rabies virus infection has previously been investigated in a number of studies. Mice
infected with a street isolate of rabies virus present strong T-cell infiltration in the dorsal
root ganglia and elevated levels of mRNA transcripts of IFN-a/B, IFN-y, CCL5, and
CXCL10 in the brain, and it was suggested that damage to the dorsal root ganglia may
be due to a combination of virus infection and T-cell infiltration (49). Other studies
showed that T cells can enter the brain but then undergo virus-induced apoptosis (11,
50, 51). Overall, the contribution of T cells in clearing virulent rabies virus from the brain
is believed to be rather limited, which is consistent with our finding that T-cell-specific
MALT1 deletion has only an intermediate effect on CVS-11 mortality compared to
deletion in all cells. In contrast, T cells are much more important in controlling
infections caused by attenuated viruses, in which T cells remain intact and infected
neurons can be eliminated (52, 53). This is also supported by our recent finding that
MALT1 deficiency in T cells, leading to decreased T cell activation, strongly sensitizes
mice to infection with the attenuated rabies virus strain ERA (54).

In our experiments, we could not detect virus-neutralizing antibodies in the serum
of infected mice before they died. Considering the lack of a humoral immune response
as well as the limited role of T cells, it is therefore likely that MALT1-mediated innate
immune responses also contribute to the pathogenicity. A similar role of innate
immunity to morbidity during neurotropic viral infections was already observed for
West Nile virus infection (55). Moreover, a deleterious involvement of an innate immune
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response following infection with another virulent rabies virus strain (CVS-NIV) was
suggested before. More specifically, Chopy et al. showed that transgenic mice overex-
pressing LGP2, an enigmatic member of the RIG-I like receptor family that senses viral
RNA, exhibit a drastic reduction in rabies virus-induced innate immune responses and
low morbidity compared to wild-type mice, revealing a pathogenic role of the RIG-I-
mediated innate immune response in rabies virus infection (9). Of interest, RIG-I-
induced NF-kB activation and cytokine production in vesicular stomatitis virus (VSV)-
stimulated dendritic cells are strongly reduced in CARD9- and BCL10-deficient cells,
while interferon responses are normal (56). Remarkably, in the latter study, MALT1 was
entirely dispensable for RIG-l-induced NF-«B activation, but its role in RIG-I-mediated
IFN regulatory factor 3 (IRF3) activation and type | interferon production remains to be
determined. In this context, CARD10, another protein known to be engaged in a
signaling module with BCL10 and MALT1, was also shown to positively regulate
RIG-I-mediated activation of NF-«B and proinflammatory cytokine expression in mouse
embryonic fibroblasts and lung epithelial cells but to negatively regulate RIG-I-
mediated activation of IRF3 and type | IFN expression by suppressing oligomerization
of the adaptor protein MAVS (57). In agreement, CARD10-deficient mice had a lower
viral load and higher production of type | IFN 1 day after intranasal infection with VSV.
The decreased viral load that we observed in our present study with rabies-infected
Malt1=/~ mice makes it tempting to speculate a similar negative regulatory role for
MALT1 and specific CARD family members in RIG-l-induced IRF3 signaling in rabies-
infected cells.

The specific cell type, besides T cells, in which MALT1-mediated signaling contrib-
utes to CVS-11 virus-induced pathogenesis remains to be identified. Using several
conditional MALT1 knockout mice, we can already exclude a role for MALT1 expression
in myeloid cells, NK cells, or neuronal cells. It is important to mention, however, that the
LysM promoter used to generate conditional mice lacking MALT1 in myeloid cells is
almost not present in microglial cells (58). Within the CNS, microglial cells are tissue
macrophages with a neuroprotective role that act as scavenger cells by phagocytosing
dead cells. However, microglial cells can also be detrimental for the CNS by releasing
cytokines and inflammatory molecules such as IL-18, TNF, and nitric oxide, leading to
neuronal death. Microglial and astroglial cells were previously shown to be activated
following CVS-11 infection in mice (59). Here we show that both microglial and
astroglial cells are activated in all parts of the brain at 8 dpi, which is associated with
a change in morphology from ramified (inactive) to amoeboid (activated). Considering
the important difference of microglial activation between Malt1—/— and Malt1+/* mice,
it is possible that MALT1 activation in microglial cells is a key immunopathologic event
during rabies virus infection. Similarly, activation of microglial cells has already been
shown to contribute to the pathogenesis of a variety of neurodegenerative diseases,
such as Alzheimer disease, Parkinson disease, and AIDS dementia complex (60-63). It
will therefore be of interest to analyze in the future the effect of CVS-11 infection in
mice in which MALTT1 is specifically deleted in microglial cells. Unfortunately, a Cre
mouse line that specifically deletes MALT1 in microglial cells is not yet available.
CX3CR1 cre-ERT mice are known to delete XXX in microglial cells (64), but CX3CR1 is
also expressed in macrophages, NK cells, and circulating T and B cells, limiting the
usefulness of these mice.

Several cytokines (e.g., TNF, IL-6) or other mediators (e.g., NO) released by microglial
cells, but also other cell types, may contribute to virus-induced neurotoxicity (65, 66).
In our present study, rabies virus-induced expression of many cytokines, including TNF,
IL-18, and IL-6, was reduced in Malt1=/~ mice. Camelo et al. showed that TNF receptor
1 deficiency extends survival of CVS-11 infected mice, suggesting a deleterious effect of
TNF signaling (67). In this context, TNF was also suggested to induce weight loss,
paralysis, and wasting syndrome in CVS-11 infection. TNF may cause neurotoxicity
either directly by triggering neuron apoptosis or indirectly by inducing neuronal
dysfunction due to the activation of microglia (44). Recently, treatment of mice with a
TNF inhibitor (infliximab), but also an IL-6 inhibitor (tocilizumab), was shown to extend
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the survival time of rabies-infected mice (68). Previously, we found that IL-183 did not
contribute to the morbidity upon CVS-11 infection (69). Several studies indicated that
NO production in the brain during rabies virus infection correlates with neuropathol-
ogy, suggesting that increased iNOS activity leads to tissue damage in the CNS and
more-severe clinical signs (70-73). In agreement, the iNOS inhibitor aminoguanidine
was shown to decrease NO production and TNF expression and to delay the develop-
ment of clinical signs upon CVS-11 infection in mice (71). It has also been reported that
NO is toxic to neurons, causing neuronal dysfunction (74). Together, these findings
suggest that the marked increase in iNOS levels in rabies virus-infected mice contrib-
utes to the pathogenesis by promoting inflammation and apoptosis. Considering the
strong activation of microglia and infiltration of macrophages in the brain of CVS-11-
infected mice, increased iINOS expression and NO production by macrophages and
microglial cells likely play an important pathological role, and reduced iNOS expression,
together with reduced TNF and IL-6 expression, may be responsible for the lower
morbidity in Malt1=/— mice.

Importantly, pharmacological as well as genetic inhibition of MALT1 proteolytic
activity also delayed disease onset and extended survival in CVS-11-infected mice,
illustrating a key role for MALT1 catalytic activity in the pathogenic response. Moreover,
these results illustrate the potential of therapeutic targeting of MALT1 in the context of
lethal rabies infection. To date, several MALT1 inhibitors have been described, and
many others are currently in development for the treatment of autoimmunity and
certain types of cancer (41). The fact that MALT1 inhibition only slows down rabies-
induced disease progression and cannot prevent lethality may jeopardize such an
approach, but extended survival upon initial treatment with MALT1 inhibitors may
allow more time for postexposure prophylaxis or other treatments to be effective in
acute encephalitis caused by highly virulent rabies viruses. The here-described protec-
tive effect of MALT1 inhibition in mice infected with the virulent rabies virus strain
CVS-11 is in sharp contrast to the sensitizing effect of MALT1 inhibition that we
previously reported in mice infected with an attenuated vaccine rabies virus strain
(ERA), which was shown to result from decreased MALT1-mediated T cell activation in
the early phase of infection (54). Experimental work with attenuated rabies viruses can
give insights on how rabies virus can be controlled and cleared from the brain by the
immune system, whereas the use of virulent rabies viruses allows to study the mech-
anisms of acute and lethal rabies disease. In this context, we showed that MALT1 was
required for the effective clearance of virus strain ERA, which is less pathogenic than the
rabies virus strain CVS-11. On the other hand, in this study, we showed that MALT1
contributes to the acute immunopathology caused by the virulent strain CVS-11. In the
case of a virulent rabies strain, the MALT1-driven immune system fails to clear the virus
and rather contributes to disease. Together, these studies provide novel insights in the
biology of MALT1 and rabies virus infection, demonstrating that the effect of an
inflammatory response on the outcome of rabies virus infection may differ depending
on the virulence of the virus. However, it should be mentioned that CVS-11 is a
mouse-adapted rabies virus strain and cannot be considered a prototype rabies street
strain because of its long-term adaptation to mice. For future purposes, it would also
be valuable to analyze infection of Malt1=/— mice with a street rabies virus strain.
Future studies should also focus on the elucidation of the underlying molecular
mechanisms that lead to MALT1 signaling and the specific cell types involved. More-
over, it will be of interest to study if MALT1 plays a similar role in cases of infection with
other encephalitic viruses.

MATERIALS AND METHODS

Mice. Malt1—/~ mice were generously provided by the team of Tak Mak (32). Mice were backcrossed
for more than 10 generations into the C57BL/6 background and were intercrossed to generate Malt1+/+,
Malt1+/=, and Malt1—/~ offspring. Cell type- or lineage-specific Malt1-deficient mice were obtained as
described previously (54), and NKp46-iCre line mice (75) were kindly given by Eric Vivier. MALT1 PD mice
lacking only the catalytic activity of MALT1 were generated by crossing Malt1=/— and Malt1?®/+ mice
(provided by M. Baens). All mice were bred and housed in filtered cages in temperature-controlled,
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air-conditioned facilities with 14/10-h light/dark cycles and food and water ad libitum and were used at
the age of 6 to 12 weeks. All experimental procedures were approved by the Local Ethical Committee of
the Scientific Institute of Public Health (WIV-ISP) and the Veterinary and Agrochemical Research Center
(CODA-CERVA).

Genotyping. Malt1=/—, Malt1*/*, and Malt1*/~ mice and conditional mice were genotyped as
described in reference 54. For NKp46iCre mice, the NKp46iCre K| transgene was detected with the
primers 2636 (CAC TCC TAC CCC TTC ATT TCT GA), 2638 (ACC GCC TGA TCT ATG GTG CC), and 2640 (GGG
TGG GTG TAG CCT CTA TC), which results in 352-bp (+) or 257-bp (KI) PCR fragments. Malt1 protease-
dead (Malt1 PD mice) were genotyped using the primers F-MALT-KICA-GT (CCCACTCCCAGGATTGTTAT
ATT), R-MALT1-KICA-GT (TGC TCT AGA TCC ACA GGT GTG GTT), KI-MALT-CA-F (AAT GTG TTC CTG TTG
GAT ATG GCC AG), and KI-MALT-WT-R (GAG ACA TTT TAC CTT TTC CGA CAC), which resulted in PCR
fragments of 461 bp (allele independent), 304 bp (PD), or 201 bp (wild type). Transgenic mice were
identified by PCR analysis of genomic DNA extracted from tails and amplification of the selected
fragments using the GoTaq G2 DNA polymerase (Promega, Madison, WI, USA) master mix, with a typical
PCR program: 5 min of 95°C denaturation, 35 to 40 cycles of 30 s at 95°C, 30 s at 55 to 60°C, and 60 s
at 72°C, and 10 min at 72°C for final elongation. Fragments were visualized on a 2% agarose gel.

Virus. The highly virulent neurotropic challenge virus standard 11 (CVS-11) strain was obtained from
the American Type Culture Collection (ATCC; reference number VR959). Viral stocks were produced in
baby hamster kidney 21 (BHK-21) cells (Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH, Braunschweig, Germany). The lysates of infected cell cultures were centrifuged at 20,000 X g for
20 min at 4°C, and supernatants were stored at —80°C.

Virus titration. Infectious rabies virus particles were titrated by endpoint dilution assay in BHK-21
cells. Results were expressed as 50% tissue culture infective doses (TCIDy,) per milliliter, which represents
the amount of virus per milliliter that gives rise to infection in 50% of inoculated tissue culture cells. Virus
titration was performed according to the Manual of Diagnostic Tests and Vaccines for Terrestrial Animals
from the Office International des Epizooties (76).

Viral infection, clinical follow-up, euthanasia, and sampling. Mice were inoculated intranasally
with CVS-11 using 102> 50% TCID, in 25 ul of PBS during brief anesthesia with isoflurane as described
by Rosseels et al. (19). Mice were observed once a day for signs of disease throughout the experiment
until 35 days dpi. A cumulative daily clinical score per mouse was obtained by adding the scores for each
parameter. A score ranging from 0 (no disease) to 9 (severe brain disease) was attributed to each mouse.
Disease signs were scored as described previously (54). Once the mice reached a minimum score of 6 or
at different time points following virus inoculation (4 dpi is the incubation phase, and 8 dpi is the end
stage of disease), they were euthanized with an overdose of ketamine (100 mg/kg of body weight; Ceva,
Brussels, Belgium) and xylazine (9.9 mg/kg; Rompun 2%; Bayer Healthcare, Kiel, Germany) given intra-
peritoneally (i.p.) at a dose of 300 wl/mouse. The blood was flushed from the circulatory system by
transcardial perfusion with a PBS solution. Brains were collected and were divided in two halves
according to a longitudinal section. One half was stored at —80°C for further analysis by real-time
quantitative reverse transcriptase PCR (RT-qPCR) or fluorescent antigen test (FAT), and the other half was
submerged in 4% formaldehyde for fixation. Paraffin-embedded sections of 2-um thickness were made
for further immunohistochemical analysis. Serum was collected from mice at different time points
postinoculation and upon euthanasia for titration of virus-neutralizing antibodies. Mice that did not
develop disease signs were anesthetized, perfused, and euthanized at 35 dpi.

Treatment with mepazine. Mepazine hydrochloride (Merck Millipore) was solubilized in physiolog-
ical water (0.9% NaCl) at a concentration of 2 mg/ml. Mice were treated intranasally twice daily (1 mg/kg)
with 25 ul of either mepazine or 0.9% NaCl starting 2 days before virus inoculation (with CVS-11) and
until the end of the experiment.

RNA extraction and real-time quantitative reverse transcriptase PCR assay for quantification of
the CVS-11 virus and immune and inflammatory gene expression. Seven mice per group were
euthanized at each indicated time point. RNA extraction was performed using the RNeasy minikit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA concentration was calcu-
lated using Nano Vue spectrophotometry (GE Healthcare, Bucks, UK), and 100 ng was engaged in reverse
transcription. Reverse transcription and quantitative PCR (qPCR) were performed as described by
Rosseels et al. (19). Two primers located in the nucleoprotein N genome region were used for the
detection of CVS-11 virus, and other primer sequences were used for the amplification of immune genes
(all primer sequences are accessible on demand). All samples were analyzed in duplicate. Amplification
was performed on an iCycler iQ from Bio-Rad in a 96-well optical plate format, using the following
program: 2 min at 95°C followed by 45 cycles of 20 s at 95°C and 30 s at 62°C. A melting curve analysis
was performed in order to verify the specificity of amplicons. Expression of all genes was normalized
using the cellular 185 rRNA housekeeping gene. Quantification of viral N gene and immune gene
expression was performed as described in reference 54.

Titration of neutralizing antibody in the blood by RFFIT. Mouse blood samples were used for
measurement of neutralizing antibodies using the rapid fluorescent focus inhibition test (RFFIT) accord-
ing to the Manual of Diagnostic Tests and Vaccines for Terrestrial Animals (76). Neutralizing antibody titers
are expressed as international units per milliliter using as a reference “The second international standard
for anti-rabies immunoglobulin,” purchased from the United Kingdom National Institute for Biological
Standards and Control. Serum titer levels of 0.5 IU/ml or higher are an indication of seroconversion.

Detection of nucleocapsid antigen of rabies virus by FAT and glycoprotein antigen of rabies
virus by IHC. FAT was performed according to the Manual of Diagnostic Tests and Vaccines for Terrestrial
Animals (76). Brain smears were fixed with 75% acetone for 30 min at —20°C and incubated with
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fluorescein isothiocyanate (FITC)-coupled antinucleocapsid rabbit antibody (Bio-Rad, Marne-la-Coquette,
France) for 30 min at 37°C. Positive signals were visualized under the fluorescence microscope.

For IHC, virus-inoculated mice and PBS-inoculated mice were transcardially perfused with PBS. Brains
were removed, immersed in 4% paraformaldehyde, dehydrated, and embedded in paraffin blocks.
Sections of 2 um were made and were deparaffinized and rehydrated in descending grades of ethanol
and then distilled water. Sections were then microwaved in 10 mM trisodium citrate buffer (pH 6.0;
Dako-Agilent Technologies, Santa Clara, CA, USA) for antigen retrieval. Nonspecific antigen binding sites
were blocked with 5% normal goat serum (Dako-Agilent Technologies, Santa Clara, CA, USA). To remove
endogenous peroxidase, sections were treated with peroxidase block (kit Dako Envision; Dako-Agilent
Technologies, Santa Clara, CA, USA) for 5 min. After washing, sections were incubated with primary
monoclonal mouse anti-rabies antibody (Anti-Rabies, catalog number 3R7 MAb 1C5; HyTest Ltd., Finland)
for 30 min, diluted at 1/100 in Dako antibody diluent with background reducing components (Dako-
Agilent Technologies, Santa Clara, CA, USA). Sections were washed in 1X Dako wash buffer (Dako-Agilent
Technologies, Santa Clara, CA, USA), and one droplet of labeled polymer-horseradish peroxidase (HRP)
anti-mouse antibody (kit Dako Envision; Dako-Agilent Technologies, Santa Clara, CA, USA) was added to
each section for 30 min. After washing, sections were incubated with 3.3'-diaminobenzidine (DAB)
chromogen (kit Dako Envision; Dako-Agilent Technologies, Santa Clara, CA, USA) until the desired
staining developed and then were counterstained with Meyer’s hematoxylin and eosin (Dako-Agilent
Technologies, Santa Clara, CA, USA), dehydrated, and mounted in a xylene-based mounting medium
(Entellan; Merck Life Science, Darmstadt, Germany). Stainings were visualized under the light microscope.

Immunohistological analysis of mouse brains for expression of Ibal, GFAP, B220, CD3, and
Mac-3. For detection of immune cells by IHC, brain sections were deparaffinized and rehydrated in
descending grades of ethanol and then distilled water. Microglial cell, astrocytes, B cells, T cells, and
macrophages were detected using specific antibodies: rabbit anti-lba1 (Wako Chemicals, FuggerstragBe,
Germany), rabbit anti-GFAP (Dako-Agilent Technologies, Santa Clara, CA, USA), rat anti-B220 (eBioscience-
Thermo Fisher Scientific, Waltham, MA, USA), rabbit anti-CD3 (Dako-Agilent Technologies, Santa Clara, CA,
USA), and rat anti-Mac-3 (BD Pharmingen, San Diego, CA, USA), respectively. Sections were incubated in
10 mM citrate buffer (Dako-Agilent Technologies, Santa Clara, CA, USA) for 10 min at 95°C. To remove
endogenous peroxidase, sections were treated with 3% H,O, in methanol. To block nonspecific reactions,
each section was treated with 5% goat serum in antibody diluent (Dako-Agilent Technologies, Santa
Clara, CA, USA) for 30 min. Primary antibody was diluted in 5% goat serum in antibody diluent with the
dilution depending on the staining performed (Iba1, 1/1,000; CD3, 1/200; MAC-3, 1/250; B220, 1/1,000;
GFAP, 1/200,000) and incubated on brain sections overnight at 4°C. Goat anti-rabbit (Dako-Agilent
Technologies, Santa Clara, CA, USA) or goat anti-rat (BD Pharmingen, San Diego, CA, USA) secondary
antibodies conjugated to biotin were diluted at 1:500 in block buffer and added for 45 min to 1 h to the
sections. Drops of avidin/biotin-based peroxidase system Vectastrain Elite ABC (Vector laboratories,
Burlingame, CA, USA) were added to each section for 30 min. Finally, antibody was visualized using DAB
(Dako-Agilent Technologies, Santa Clara, CA, USA) until specific staining appeared. Slides were counter-
stained with hematoxylin, dehydrated, and mounted with a xylene-based mounting medium (Entellan;
Merck Life Science, Darmstadt, Germany). Sections without primary antibody were taken also, as controls.
Stainings were visualized under a light microscope.

Immunophenotyping of leukocytes in the brain. Immune cells were extracted from the brain at
8 dpi as described previously (77). In brief, brains were collected, and single-cell suspensions were
prepared by gently pressing the organs in Hanks balanced salt solution (HBSS) through a nylon mesh
(mesh size, 100 wm). After centrifugation, cells were placed in collagenase-DNase for 1 h. After washing,
the suspension was centrifuged in 25% Percoll (Sigma-Aldrich, St. Louis, MO, USA), the myelin layer was
removed, and cells were suspended in HBSS containing 10% fetal calf serum (FCS). Red blood cell lysis
buffer was added to the cell pellet to eliminate erythrocytes. Cells were washed twice with fluorescence-
activated cell sorter (FACS) buffer (PBS containing 10% FCS and 0.1% NaN,) and incubated with Fcyll/Ill
receptor blocking anti-CD16/CD32 (clone 2.4G2; BD Biosciences, San Jose, CA, USA) for 15 min at 4°C.
Cells were then incubated for 30 min at 4°C protected from light with viability dye (Thermo Fisher) and
the appropriate dilutions of the following antibodies: APC-e780-anti-CD45 (clone 30F11), FITC-anti Ly6G
(clone 148), €450 anti-CD11b (clone M1/70), PE-anti-CD49b (clone DX5), PerCP-anti-CD3 (clone 145-
2C11). The stained cells were washed twice in FACS buffer, fixed with 4% paraformaldehyde, and
analyzed in a BD FACSVerse flow cytometer. Data were analyzed using BD FACSuite software. Antibodies
were from BD Pharmingen or Thermo Fisher.

Statistical analyses. Statistical analysis was performed using the Student t test for unpaired data or
the 2-way analysis of variance (ANOVA) followed by a Sidak multiple-comparison test in GraphPad
Prism7. The log rank test was used to analyze Kaplan-Meier survival curves.
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