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Abstract

The significance of monocytes has been demonstrated in multiple sclerosis (MS). One of the therapeutic challenges is developing
medications that induce mild immunomodulation that is solely targeting specific monocyte subsets without affecting microglia.
Muramyl dipeptide (MDP) activates the NOD2 receptor, and systemic MDP administrations convert Ly6C™&" into Ly6C'*™
monocytes. Here, we report selective immunomodulatory and therapeutic effects of MDP on cuprizone and experimental
autoimmune encephalomyelitis (EAE) mouse models of MS. MDP treatment exerted various therapeutic effects in EAE,
including delaying EAE onset and reducing infiltration of leukocytes into the CNS before EAE onset. Of great interest is the
robust beneficial effect of the MDP treatment in mice already developing the disease several days after EAE onset. Finally, we
found that the NOD2 receptor plays a critical role in MDP-mediated EAE resistance. Our results demonstrate that MDP is
beneficial in both early and progressive phases of EAE. Based on these results, and upon comprehensive basic and clinical

research, we anticipate developing NOD2 agonist—based medications for MS in the future.
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Introduction

MDP is a bioactive fragment containing minimal peptidogly-
can motif from most gram-negative and gram-positive bacte-
ria [1] and is used as an adjuvant in different vaccine formu-
lations [2]. MDP activates the NOD2 pattern recognition re-
ceptor, which is the essential receptor for the innate immune
response to MDP [1, 3].

NOD2 receptor is a cytosolic protein and member of the NOD-
like receptor family involved in the control of innate immune
functions, especially the pattern recognition receptors (PRRs).
[1]. Studies have reported different and contradictory roles of
NOD?2 in either promoting or inhibiting inflammation [4, 5], and
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also participating in the modulation of T-cell functions [6]. Strong
expression of NOD2 receptor has been demonstrated in cells of
myeloid origin, such as monocytes and macrophages [7].

In humans, three monocyte subsets are characterized based
on CDI14 and CD16 expression levels. Classical
(CD14"*CD16"), intermediate (CD147"CD16™) and nonclassi-
cal (CD14* CD16™™) subsets [8]. In mice, using a combination
of cell surface markers, proinflammatory monocytes are char-
acterized as (CX3CRI1'YCCR2 Ly6C"e"), whereas patrolling
monocytes are defined as CX3CR1M&"CCR2 Ly6C™" cells [9,
10]. In pathological situations, monocytes gain a nonredundant
function, such as pro- and anti-inflammatory activities and tis-
sue repair, to name a few, that cannot be replaced by macro-
phages and conventional dendritic cells [9]. Proinflammatory
monocytes (also referred to as inflammatory monocytes;
Ly6C™ monocytes) extravasate in inflamed tissues and contrib-
ute to local inflammation. On the contrary, anti-inflammatory
monocytes (also referred to as patrolling monocytes; Ly6C'™"
monocytes) establish the resident regulatory patrolling mono-
cyte population [9, 11]. Ly6C'" monocytes mediate anti-
inflammatory responses, as the population of resident phago-
cytes, they have been shown to remove cellular debris and
enhance tissue repair [11].
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MS is a demyelinating inflammatory disease characterized
by T cell-driven autoimmune attack against CNS-derived an-
tigens such as myelin [12]. However, mononuclear phago-
cytes are the dominant cell type that is abundantly found in
active and chronic MS and EAE lesions [13], and accumulat-
ing evidence underlines a crucial role of monocytes in MS
progression [14, 15]. In particular, recent studies reported that
Ly6C"€" monocytes are the most important cell type in EAE
CNS lesions [16, 17]. The severity of EAE depends on
Ly6C"&" monocytes as they expand exponentially before
EAE onset and play crucial roles in the effector phase [18].
In contrast, a recent study demonstrated that nonclassical
CDI14" CD16™ monocytes (counterpart to murine patrolling
monocytes) are depleted in the circulation of patients with
MS. Indeed, the ratio of nonclassical CD14* CD16*" mono-
cytes to classical CD14*" CD16 monocytes was lower in
cerebrospinal fluid of patients with MS compared to the con-
trol group [19]. In parallel, the crucial role of monocyte-
derived macrophages in the regulation of neuroinflammation
in MS and EAE has also been demonstrated [20].

Recently, we have reported therapeutic effects of MDP-
mediated immune modulation on monocyte subsets in a
mouse model of Alzheimer’s disease [21]. In the current
study, we investigated whether MDP could influence neuro-
pathology of mouse models of MS by regulating monocyte
cell subsets. We performed in vivo studies of immunomodu-
latory effects of MDP in two mouse models of MS (cuprizone
and EAE). We found that MDP administrations in both MS
models convert Ly6C™#" into Ly6C'®™ monocytes, but there
were no significant changes in demyelination levels in the
cuprizone model. On the other hand, peripheral MDP admin-
istrations in EAE delayed the onset of disease, improved clin-
ical scores, and reduced leukocyte infiltration into the CNS
before the onset of the disease. Of great interest is the strong
beneficial effect of the MDP treatment in mice already devel-
oping the disease several days after the EAE onset. Using
NOD2 " mice, we found NOD2 receptor plays a critical role
in MDP-dependent immune modulation and EAE resistance.

Material and Methods
Animal Care

All protocols were performed according to the Canadian
Council on Animal Care guidelines, as administered by the
Laval University Animal Welfare Committee. All experi-
ments were approved by the local committee. All efforts were
made to avoid their suffering. All mice were maintained in a
pure C57BL/6J background, bred in house, and newborn pups
were genotyped with PCR as advised by Jackson Laboratory
protocols. All animals were housed up to four per cage in a
temperature- and light-controlled room (12-h light cycles from
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7 am to 7 pm) and were fed (mouse chow) and allowed
to drink water ad libitum. All mice were monitored for
health status, including weight loss throughout all ex-
perimental protocols.

Cuprizone Diet and MDP Treatment

Thirty 6- to 8-week-old C57BL/6J male mice were fed with
either normal chow (n=10) or the cuprizone-supplemented
chow (n=20). 0.2% wt/wt the cuprizone (bis-
cyclohexylidene hydrazide; Sigma—Aldrich) was mixed with
regular ground chow and fed to experimental animals for
5 weeks. The food was changed every 2 days, and food intake
was monitored throughout the protocols. Control animals
were fed with regular ground chow and manipulated as often
as cuprizone-fed mice. During the 5 weeks of the diet, mice
were injected three times per week with either MDP (Cati# tlrl-
mdp, InvivoGen) diluted in saline (10 mg/kg), or vehicle (sa-
line 0.9%), intraperitoneal (i.p.) injection (Fig. 1a).

Behavioral Analysis of Cuprizone Mice

Nesting behavior test in the groups of cuprizone and normal
food mice was performed based on sore of 1-5 as described by
[22]. ANY-mase system was used to perform an open field
test in order to record and analyze each mouse individually in
all experimental groups as described by [23].

EAE Induction and MDP Treatment

One hundred twenty-one 10-week-old male C57BL/6J mice, as
well as twelve 10-week-old male NOD2 ™7~ mice, were used to
study the impact of MDP treatment in the EAE model. EAE was
induced by subcutaneous injection of mice with 2 x 100 pl of an
emulsion containing CFA (complete Freud adjuvant), | mg
Mycobacterium tuberculosis extract H37-Ra (Difco), and 100
pug MOG35-55 (MEVGWYRSPFSRVVHLYRNGK) along
with an i.p. injection of 200 ng pertussis toxin (PTX) (Sigma—
Aldrich) on day 0 (immunization phase). On day2, mice received
a second i.p. injection of PTX, followed 24 h later (or after the
disease onset, depends on the protocols) by the first injection of
MDP or NG-MDP (Cat# tlrl-gmdp, InvioGen) diluted in saline
(10 mg/kg) or vehicle (saline 0.9%). MDP or vehicle was admin-
istered every 2 days. Animals were monitored daily for develop-
ment of EAE according to the following criteria: 0, no disease; 1,
decreased tail tone; 2, hind limb weakness or partial paralysis; 3,
complete hind limb paralysis; 4, front and hind limb paralysis; 5,
moribund state. To evaluate circulating immune cell subsets,
blood samples were collected from the submandibular vein and
kept in ethylenediaminetetraacetic acid (EDTA) coated vials
(Microvette® K3E, Sarstedt, Montreal, QC, Canada) 9 and
21 days after immunization. Mice were then sacrificed at 21 days
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after immunization. To study the cerebral subsets of immune
cells, mice were sacrificed 12 days after immunization.

Flow Cytometry

Blood samples were collected from the submandibular
vein and kept in EDTA coated vials on a rotator for <
1 h. Flow cytometry analysis was performed as de-
scribed previously for extracellular [24, 25], and for
intracellular staining [26]. FACS and data acquisition
were performed using SORP LSR II and FACSDiva
software (both from BD). Results were analyzed with
the FlowJo software (v10.5.3). For details on flow cy-
tometry experiments, see Electronic Supplementary
Material (Supplementary Experimental Procedures sec-
tion). Gating strategy for leukocyte quantification in
blood and the CNS are presented in Electronic
Supplementary Material (Fig. S6 and S7).

CNS Flow Cytometry

EAE mice were deeply anesthetized via an i.p. injection of a
mixture of ketamine hydrochloride and xylazine and then per-
fused intracardially with ice-cold DPBS. CNS were extracted
and immediately homogenized for cell isolation. The same blood
sample panels were used for extracellular and intracellular stain-
ing. FACS and data acquisition were performed using SORP
LSR II and FACSDiva software (both from BD). Results were
analyzed with the FlowJo software (v10.5.3). For details on flow
cytometry experiments, see Electronic Supplementary Material
(Supplementary Experimental Procedures section).

Postmortem Analysis
Histochemical Immunostaining

Brain sections were washed four times for 5 min in KPBS and
then blocked in KPBS containing 1% BSA, 4% NGS, and
0.4% Triton X-100. The slices were then incubated overnight
at 4 °C with the primary antibody anti-Olig2 (rabbit, 1:1000;
Millipore) and anti-Iba-1 (rabbit, 1:1000; DAKO). After
washing the sections four times for 5 min in KPBS, tissues
were incubated in the appropriate secondary antibody (bio-
tinylated goat anti-rabbit IgG; 1:1500, Vector Laboratories)
2 h at room temperature. Following further washes in KPBS
and 1-h-long incubation in the avidin—biotin—peroxidase com-
plex (ABC; Vector Laboratories) to reveal the staining, the
sections were then incubated in 3,30-diaminobenzidine tetra-
hydrochloride (DAB; Sigma). The sections were mounted on-
to Micro Slides Superfrost plus glass slides, dehydrated, and
then coverslipped with DPX mounting media.

Black Gold Staining

Brain sections were washed three times for 10 min in cold
KPBS and mounted onto Superfrost slides glass slides. The
slides were prewarmed 30 min at 65 °C on a slide warmer,
washed once with warm KPBS, followed by incubation in
0.3% Black Gold (Sigma—Aldrich) diluted into 0.9% NaCl
for 30 min. After this time, slides were washed in warm
KPBS and then in warm sodium thiosulfate for 3 min and then
transferred into KPBS. All the steps were performed at 65 °C.
Finally, the slides were dehydrated in alcohol, cleared in xy-
lene, and coverslipped with DPX. Using a Qimaging camera,
8-bit grayscale TIFF images of the regions of interest were
taken in a single sitting for the cuprizone model, with the same
gain/exposure settings for every image. To quantify the
demyelination/myelination level, these images were imported
into ImageJ, and myelination of a given area was measured as
the surface proportion of staining intensity above a determined
threshold.

In Situ Hybridization

In situ hybridization was performed as described previously
[27] on all brain sections, starting from the end of the olfactory
bulb to the end of the cortex. *>S-labeled complementary
RNA probes for TREM2, TLR2, and PDGFR«x were used
for in situ hybridization. Films were then scanned using an
Epson Perfection v850 Pro scanner supported by the
SilverFast software (version 8.8.0r6). The area and intensity
of positive hybridization signals were densitometrically
measured on all brain sections using Image] software
(Version 2.0.0-rc-43/1.51n). Each value was corrected
for background signal by subtracting the OD value mea-
sured at a brain area devoid of positive signal (For a
detailed protocol, see the reference [28].

Statistical Analysis

Data are expressed as the mean £ SEM. Comparison be-
tween two groups was conducted using post hoc unpaired
¢t tests. Comparisons between more than two treatment
groups were conducted using either one-way analysis of
variance (ANOVA) or two-way repeated-measures
ANOVA, followed by appropriate multiple comparison
tests. Disease incidence was analyzed by log-rank
(Mantel-Cox) test. Values were statistically significant if
p<0.05. All analyses were performed using GraphPad
Prism Version 7 for Windows (GraphPad Software, San
Diego, CA, USA). All panels were assembled using
Adobe Photoshop CS5 (version 12.0.4) and Adobe
ustrator CS5 (version 15.0.2).
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Results

MDP Administration in Cuprizone-Induced
Demyelinating Mouse Model of MS

Systemic MDP Administrations Modulate Circulating
Monocyte Subsets in Mice Fed
with the Cuprizone-Supplemented Diet

Microglia and monocyte-derived macrophages coordi-
nate the remyelination process via phagocytosis and in-
flammatory responses [24, 29]. In this regard, a previ-
ous study from our group showed the phagocytic feature
of Ly6C'®¥ monocytes in the CNS [30]. In parallel,
Lessard and colleagues recently reported that peripheral
MDP administrations convert inflammatory Ly6C™e"
monocytes into Ly6C'°% patrolling monocytes [25].
Therefore, we first examined immunomodulatory effects

of MDP in the cuprizone model. Wild type mice were
fed with normal chow or cuprizone-supplemented chow
for 5 weeks, and the pick of demyelination is observed
between 4 and 5 weeks of the diet. During the 5 weeks
of cuprizone intoxication, mice received MDP
(10 mg/kg/i.p.) or saline injections twice a week (Fig.
la). Mice were followed-up throughout the experimental
course to evaluate food intake as well as body weight.
Similar to our recent publication [31], we did not ob-
serve differences in food intake in any group; however,
both groups fed with cuprizone-supplemented chow ex-
hibited weight loss (Fig. 1b). At the end of the
cuprizone intoxication, blood was collected, and mono-
cyte populations were examined (Fig. lIc and d).
Compared to the control groups, MDP treatments
showed a significant increase in the percentage of
Ly6C'®Y monocytes and significantly decreased in the
percentage of Ly6C™€" monocytes in both groups of mice
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Fig. 1 Systemic MDP administrations shift monocyte subsets towards
Ly6C"™ monocytes in the cuprizone model. (a) Representative of the timeline
of weeks of cuprizone-supplemented chow and MDP administration. n =15
mice/group used in treatment and control groups in normal food, and 7 =10
mice/group used in treatment and control groups in cuprizone-supplemented
diet. (b) Mean of body weight changes following treatment with vehicle or
MDP in normal food and cuprizone-supplemented diet groups. Data are
expressed as the means + SEM; *##*P < 0.0001, two-way ANOVA follow-
ed by Dunnett’s multiple comparisons test. (c) Percentage of blood
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inflammatory Ly6C™ monocytes following treatment in normal food and
cuprizone-supplemented diet groups as measured by FACS. Data are
expressed as the means + SEM; ***P <or=0.0001 versus normal chow—
vehicle, P < or=0.0001 versus cuprizone-supplemented chow—vehicle,
one-way ANOVA with Tukey’s multiple comparisons test. (d) Percentage of
blood Ly6C™" patrolling monocytes following treatment in the experimental
groups. Data are expressed as the means + SEM; ***P < or=0.0001 versus
normal chow—vehicle, ~"P< or=0.0001 versus cuprizone-supplemented
chow—vehicle, one-way ANOVA with Tukey’s multiple comparisons test
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fed with cuprizone-supplemented chow or normal chow. In
particular, following MDP administrations, the initial percent-
age of Ly6C"" monocytes which was about 60% in both nor-
mal food and cuprizone groups decreased to 40%. In parallel,
the percentage of Ly6C'®™ monocytes (20%) increased and
reached approximately 50% in both groups (Fig. Ic and d).

Before ending the protocol, behavioral tests were per-
formed to explore if the demyelination level induced by
cuprizone intoxication was associated with neurological alter-
ations. We observed that the demyelination level was not
reflected in behavioral tests, including nesting behavior, and
open field tests, in the experimental groups (Fig. S1A, S1B,
and S1C).
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Fig. 2 MDP treatment did not significantly modulate remyelination
levels, microglia activation, and inflammation in the CNS of cuprizone-
fed mice. (a) Representative of Black Gold II staining of the medial-
caudal area of the corpus callosum in normal food and cuprizone-
supplemented diet. » =5 mice/group in treatment and control groups in
normal food, and » =10 mice/group in treatment and control groups in
cuprizone-supplemented diet. (b) Representative measuring of the
medial-caudal area of the corpus callosum occupied by myelin in normal
chow (vehicle and MDP) and cuprizone-supplemented chow (vehicle and
MDP) groups. Data are expressed as the means + SEM; **#%P < 0.0001
versus normal chow—vehicle, #*#P < 0.0001 versus normal chow-MDP,

Five Weeks of Systemic MDP Administration Does Not Affect
the Remyelination and Brain Inflammation in the Cuprizone
Model

Next, we investigated if the MDP-mediated immune regula-
tion could affect the demyelination at the histological level.
Cuprizone intoxication leads to myelin loss in brain white
matter. The corpus callosum, being the largest white matter
region of the brain, is particularly susceptible to cuprizone.
We performed a Black Gold II staining in the brain tissue from
mice that were fed with cuprizone-supplemented chow and
were treated with MDP or saline as well as corresponding
normal chow groups (Fig. 2a). Because more severe myelin
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one-way ANOVA with Tukey’s multiple comparisons test. (c) Ibal was
immunostained on the medial-caudal area of the corpus callosum from
cuprizone—vehicle and cuprizone-MDP mice. The area covered by Ibal™
staining was measured using a stereological procedure. (d) and (e) /n situ
hybridization signal of TLR2 and TREM2 mRNA in the medial-caudal
area of the corpus callosum from cuprizone—vehicle and cuprizone-MDP
mice. (f) Representative number of Olig2-immunoreactive staining
(olig2* cell/um®) in medial-caudal area of the corpus callosum from
cuprizone—vehicle and cuprizone-MDP mice. (g) PDGFRax mRNA hy-
bridization signal in the medial-caudal area of the corpus callosum of
cuprizone—vehicle and cuprizone-MDP mice
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Fig. 3 Mice were highly resistant to EAE onset via shifting monocyte
subsets towards Ly6C'®™ monocytes in response to the MDP treatment.
(a) Representative timeline of the entire protocol, including EAE induc-
ing, MDP administrations, and FACS analysis in mice treated with vehi-
cle (n="7) or MDP (n =7). (b) Clinical scores of mice treated with vehicle
or MDP were determined daily after immunization. Data are expressed as
the means + SEM; *##*P < 0.0001, ***P =0.0008, two-way ANOVA
followed by Tukey’s multiple comparisons test. (¢) The variation of body
weight has been expressed compared to the day of EAE induction (day 0)

depletion is expected in the medial-caudal area of the corpus
callosum [31], we analyzed this region by measuring the area
occupied by myelin. We did not observe any differences in the
myelin levels following MDP treatments (Fig. 2b).
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as mean + SEM; **##P <(.0001, ***P=0.0001, two-way ANOVA
followed by Tukey’s multiple comparisons test. (d) Percentage of disease
incidence in mice treated with vehicle or MDP. Data are expressed as the
means + SEM; *P=0.02, log-rank (Mantel-Cox) test. (¢) and (f)
Absolute count of blood Ly6C™ and Ly6C™" monocytes respectively
following treatment with vehicle or MDP in EAE mice as measured by
flow cytometry 1 week after MDP injections (9 days after immunization).
Data are expressed as the means + SEM; **P < 0.05 versus EAE—vehicle,
#p < 0.0001 versus EAE—vehicle, Student’s # test

Concomitantly to the myelin loss, a robust microglial
response is observed in the corpus callosum of mice
that were intoxicated with cuprizone [31]. Following
the observation of a shift in monocyte subsets in the
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Table 1 EAE progression in WT
mice treated with vehicle or MDP

before EAE onset

Groups Mean onset day Mean score of maximal symptoms Total days
EAE-vehicle 12.43 £ 0.36 3.0£0.18 21
EAE-MDP 17.20 + 0.20%:#* 1.8 £0.73* 21

Representative of mean onset day and mean score of maximal symptoms, and total days for protocol in EAE-WT
mice treated with saline or MDP. The treatments started before EAE onset. Data are presented as mean + S.E.M.
#HikP < (0.0001, *P=0.04, Student’s ¢ test

periphery, we sought to test whether MDP is capable of
modulating microglial response. Following MDP treat-
ment, mice that were exposed to cuprizone did not
show any modulation of the microglial response (Fig.
2c), its activation measured by TLR2 expression (Fig.
2d) or its phagocytic activity measured by TREM2
levels (Fig. 2e). Finally, we evaluated whether MDP
could affect the number of oligodendrocytes and oligo-
dendrocyte progenitor cells, measured by the expression
levels of Platelet-derived growth factor receptor o
(PDGFRw). Similar to microglia results, we did not ob-
serve any difference between the groups treated with
MDP or saline (Fig. 2f and g).

In summary, these results indicate that MDP admin-
istrations convert Ly6C"€" to Ly6C'®™ monocytes in the
cuprizone model. However, it does not impact either the
brain myelination levels or the cerebral immune re-
sponses. These results suggest that MDP-mediated im-
mune modulation on monocyte subsets in our experi-
mental setup does not drive the remyelination process
in mice exposed to cuprizone. Hence, we next investi-
gated the MDP-dependent immunomodulation in the
most commonly used animal model of MS in which
systemic immune cells play a key role, the EAE model.

Systemic MDP Administration in EAE Mouse Model of
MS

MDP Treatment Induces High Resistance to the Onset of EAE
via Shifting Monocyte Subsets Towards Ly6C'°" Monocytes

To address the potential therapeutic effect of MDP in
the EAE model, we first assessed the EAE onset and
severity in mice treated with MDP (EAE-MDP) or ve-
hicle (EAE—vehicle). Mice were immunized by subcuta-
neous injection of a MOG peptide emulsified in com-
plete Freund’s adjuvant and accompanied by pertussis
toxin (Fig. 3a). Animals were injected with MDP or
saline 3 days after immunization. EAE—vehicle mice de-
veloped the disease as characterized by ascending paral-
ysis [32]. Interestingly, EAE mice treated with MDP
were protected from disease development as measured
by clinical scores and weight change, demonstrating a

delay on the day of onset (Fig. 3b and c). The disease
incidence after EAE induction was significantly lower in
EAE-MDP than EAE-vehicle (Fig. 3d). Additionally,
we found a significant difference in mean onset days
and mean maximum score in the treatment versus con-
trol groups (Table 1).

To explore the mechanisms underlying the protecting
properties of MDP in the EAE model, blood leukocyte
subpopulations were quantified before disease onset
(1 week after MDP injections or 9 days after immuni-
zation) by flow cytometry (FACS) analysis. We ob-
served that MDP administrations significantly increased
Ly6C'*™ monocytes while decreasing Ly6C"€" mono-
cyte levels (Fig. 3e and f). Further analysis of FACS
results obtained from the leukocyte populations showed
a subtle tendency but not significant modulation of T-
cell subsets (Fig. S2).

We next compared both groups of mice at 21 days after
immunization when the EAE—vehicle group stabilized as
demonstrated by clinical scores while the EAE-MDP group
is in the acute phase. EAE mice that received MDP for 21 days
exhibited a reduced number of Ly6C"" cells together with an
increased number of Ly6C'°Y monocytes (Fig. S3).
Altogether, these results suggest that MDP administrations
after the onset of EAE keep shifting monocyte subsets towards
Ly6C'™™ monocytes during the acute phase of EAE.

MDP Administrations Modulate Infiltration of Ly6C"",
Ly6C'®™ Monocytes, and Some Other Populations
of Leukocytes into the CNS Before EAE Onset

We next determined whether the immunomodulatory ef-
fects of MDP on monocyte subsets, clinical scores, and
the onset of EAE are correlated with the regulation of
infiltrating cells into the CNS. Mice were immunized
and injected with MDP every 2 days, as depicted by
Fig. 4a. At 12 days after immunization, all EAE-
vehicle mice had developed EAE, whereas the EAE—
MDP group showed no clinical symptom (Fig. 4b—d
and Table 2). At this time point, FACS analysis of the
CNS confirmed the drastic reduction in the number of
Ly6C™e" together with the increase in Ly6C" mono-
cytes (Fig. 4e and f) as well as Ly6G* cells (Fig. 4g).
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Our results so far showed that MDP-mediated im-  findings were also reflected in disease-specific T cells
mune modulation on T-cell subsets in the periphery is infiltrating into the CNS before the onset of EAE, we
not significant. Nevertheless, to determine whether these analyzed T-cell subsets. Infiltration of CD3*, CD4", and
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«Fig. 4 MDP modulates monocyte subsets and infiltrating Ly6C",
Ly6C™" monocytes, T-cell subsets, Ly6G™ cells, and CD19* cells in
the CNS before the onset of EAE. (a) Representative timeline of the entire
protocol, including inducing EAE, MDP administrations, and FACS
analysis in WT mice treated with vehicle (n=10) or MDP (n=9). (b)
Clinical scores of mice in the groups were determined daily after immu-
nization. Data are expressed as the means = SEM; *P=0.03,
#HkkP < (0.0001, two-way ANOVA followed by Tukey’s multiple com-
parisons test. (c) Body weight changes measured after immunization in
the treatment and control groups. Data are expressed as the means + SEM;
*#%P=0.0001, two-way ANOVA followed by Tukey’s multiple com-
parisons test. (d) Percentage of disease incidence in mice treated with
vehicle or MDP. Data are expressed as the means + SEM; **P =0.002,
log—rank (Mantel-Cox) test. (¢) and (f) Absolute count of CNS Ly6C™
and Ly6C'®" monocytes respectively following treatment with vehicle or
MDP in EAE mice as measured by FACS 12 days after immunization.
Data are expressed as the means = SEM; *P < or = 0.02, Student’s t test.
(g) Absolute count of CNS Ly6G™ cells following treatment in the exper-
imental groups. Data are expressed as the means = SEM; *P <or=10.02,
Student’s t test. (h)—~(j) Absolute count of CNS CD3", CD4*, and CD8* T
cells respectively following treatment in the experimental EAE groups
measured by FACS. Data are expressed as the means + SEM; *P < or=
0.04, Student’s ¢ test. (k) and (I) Absolute count of CNS Foxp3* CD4*,
and IL-17* CD4" T cells, respectively in the EAE mice measured by
FACS 12 days after immunization. Data are expressed as the means +
SEM; **P < or=0.007, Student’s ¢ test. (m) Absolute count of CNS
CD19" cells following treatment with vehicle or MDP in EAE mice as
measured by FACS 12 days after immunization. (n) Immunoblot analysis
of Ibal protein expression in the CNS showed no significant difference
between groups

CD8" T cells before the onset of EAE was significantly
reduced in EAE-MDP compared to the EAE-vehicle
group (Fig. 4h—j). At the same time point, the numbers
of infiltrating Foxp3* regulatory and IL-17" CD4* T
cells into the CNS reduced in the MDP-treated group
(Fig. 4k and 1). In addition, CD19" cells infiltrated into
the CNS showed a strong tendency in the MDP-treated
group compared to the control (Fig. 4m). Interestingly,
IL-17" CD8* T cells were not detected at this time
point in the CNS of treatment and control groups.
Finally, we evaluated whether MDP modulated
microglial response by measuring Iba-1 protein levels.
Ibal protein levels in the CNS showed no significant
difference between the treatment and the control groups
confirming that MDP regulates specifically systemic
myeloid cell infiltration in EAE (Fig. 4n). Together with
the clinical scores, these results indicate that MDP

significantly delayed EAE onset via the regulation of
infiltrating monocytes and some other leukocytes with
no evidence of altering microglia.

NOD2 Receptor Plays a Critical Role in MDP-Dependent
Immune Modulation and EAE Resistance

Lessard and colleagues recently reported the critical role of
NOD2 in mediating the conversion of Ly6C™#" into LyC6'"
monocytes [25]. To further address the role of the NOD2
receptor in MDP-mediated EAE resistance, EAE was induced
in both WT and NOD2 ™~ mice, and they were then injected
with either saline or MDP every 2 days (Fig. 5a). In contrast to
WT mice treated with MDP, MDP treatment in NOD2 ™ mice
did not significantly delay EAE onset compared to WT—
vehicle and NOD2 " —vehicle mice (Fig. 5b). NOD2 ™~ mice
treated with MDP showed no significant weight changes and
disease incidence than those of the control groups (Fig. 5S¢ and
d). Additionally, we only found significant differences in
means of onset day and maximum score in WT mice but not
NOD2 " mice treated with MDP (Table 3). Altogether, the
statistical analysis of clinical scores, weight changes, and dis-
ease incidences as well as means of onset day and maximum
score, demonstrated a key role of NOD2 receptors in MDP-
mediated EAE resistance. More importantly, these observa-
tions were further supported by the FACS results at 21 days
after immunization. Indeed, MDP treatment in NOD2 ™~ mice
did not show the same immune modulations as we observed in
WT mice treated with MDP. As expected, MDP administra-
tions modulated the number of Ly6C"" and LyC6'°" mono-
cytes in WT mice at this time point. In contrast, NOD2 " mice
treated with MDP did not show a significant difference in the
number of monocyte subsets (Fig. 5e and f). We also
did not find a significant effect of MDP-mediated im-
mune modulation on T-cell subsets in NOD2”" mice
(Fig. S4).

To confirm the role of NOD?2 triggering in immune mod-
ulation and resistance in EAE, we triggered the NOD2 recep-
tor in WT mice with another agonist very similar to MDP
called N-glycolyl MDP (NG-MDP). NG-MDP shares a simi-
lar formula with MDP, with one difference that is having N-
glycolylated in the formula in contrast to MDP that has N-

Table 2 EAE development

before and after EAE onset in the Groups Mean onset day Mean score of maximal symptoms Total days

treatment and control groups,

respectively EAE-vehicle 10.20+0.37 1.3£0.66 12
EAE-MDP Qtotk 0* 12

Representative of mean onset day and mean score of maximal symptoms, and total days in WT mice, at the
timepoint that all mice in the control group are sick, and no mouse in the treatment group show any disease
symptom. The treatment in the groups started before EAE onset. Data are presented as mean + S.E.M.
P < (0.0001, *P=0.04, Student’s ¢ test
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acetylated. WT mice were induced EAE with the same proto-
col, and mice were treated with NG-MDP with a similar treat-
ment regimen (Fig. 5a). NG-MDP administration exerted

immune modulation on monocyte subsets similar to MDP.
However, to reach the statistically significant difference be-
tween the treatment and control groups, we had to double the
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« Fig. 5 The critical role of NOD2 receptor in MDP-dependent immune
modulation and EAE resistance in mice. (a) Representative timeline of the
entire protocol, including inducing EAE, MDP administrations in mice,
n =6 mice/group. (b) Clinical scores were determined daily after immu-
nization. Data are expressed as the means + SEM; days 14 to 16,
#P < or=0.02 versus EAE—vehicle, for days 15 and 16, *P=0.02 versus
EAE-MDP, two-way ANOVA followed by Tukey’s multiple compari-
sons test. (¢) The variation of body weight has been expressed compared
to the day of EAE induction (day 0) as mean + SEM; *P<or=0.03
versus EAE-NOD2 " —vehicle, two-way ANOVA followed by Tukey’s
multiple comparisons test. (d) Percentage of disease incidence in mice
treated with vehicle or MDP in all experimental groups. Data are
expressed as the means = SEM; *P =0.002 versus EAE—vehicle, **P =
0.004 versus EAE-NOD2 " —vehicle, log—rank (Mantel-Cox) test. (e)
Absolute count of blood Ly6C"™ monocytes by FACS following treat-
ment with vehicle or MDP in all groups. Data are expressed as the means
+ SEM; *P<or=0.038 versus EAE-WT-vehicle, one-way ANOVA
with Tukey’s multiple comparisons test. (f) Absolute count of blood
Ly6C'™ monocytes by FACS following treatment with vehicle or
MDP in groups. Data are expressed as the means = SEM; **P<or=
0.008 versus EAE-WT-vehicle, one-way ANOVA with Tukey’s multi-
ple comparisons test. (G) Clinical scores of WT mice treated with vehicle
(n=7) or treated with NG-MDP (n =7) were determined daily after im-
munization. Data are expressed as the means = SEM; *##P =(.0008,
*#P=0.007, *P=0.01, two-way ANOVA followed by Tukey’s multiple
comparisons test. (H) Body weight changes measured after immunization
in the treatment and control groups. Data are expressed as the means +
SEM; **P=0.003, ***P=0.002, two-way ANOVA followed by
Tukey’s multiple comparisons test. (I) Percentage of disease incidence
in mice treated with vehicle or NG-MDP in all experimental groups. Data
are expressed as the means + SEM; *P=0.01, log-rank (Mantel-Cox)
test. (j) and (k) Absolute count of blood Ly6C™ and Ly6C'" monocytes
respectively following treatment with vehicle or NG-MDP in EAE mice
as measured by FACS 1 week after MDP injections (9 days after immu-
nization). Data are expressed as the means + SEM; *P < 0. 04 versus
EAE-vehicle, P < 0.005 versus EAE—vehicle, Student’s ¢ test

dosage. In this protocol, we also observed that triggering the
NOD2 receptor, and consequently, the immune modulation
significantly delayed the onset of the EAE (Fig. 5g—i and
Table 4). Similar to previous results, the delay on the onset
of EAE was correlated with a significant decrease and increase
in inflammatory and anti-inflammatory monocytes, respec-
tively (Fig. 5j and k). Interestingly, NG-MDP administration
did not show any partial (or tendency) modulation of T cells

(Fig. S5), as we observed with the MDP treatment.
Altogether, these results suggest a critical role of NOD2 re-
ceptors in MDP-mediated immune resistance and innate im-
mune modulation in the EAE model.

Peripheral MDP Administration After the Onset of the Disease
Exerts Strong Therapeutic Effects on EAE Mice

Next, the most critical question we asked was whether MDP
administration after the onset of disease could exert therapeu-
tic effects in EAE mice. To answer this question, mice with
score 2 have been assigned to both treatment and control
groups. Then, we administrated MDP for four consecutive
days in the treatment group and then the injections were
followed every 2 days (Fig. 6a). Clinical scores and weight
changes showed that MDP administration in the progressive
phase ameliorated the course of EAE and protected mice from
disease progression (Fig. 6b and c). In addition, MDP treat-
ment improved the mean maximum score (Table 5).
Following four consecutive days of MDP administrations,
we performed a FACS study on blood and found a significant
reduction and increase in inflammatory and patrolling mono-
cytes, respectively (Fig. 6d and e). Altogether, these results
indicate MDP treatment after EAE onset exerts strong thera-
peutic effects that are associated with immune modulation on
monocyte subsets.

Discussion

Critical roles of monocytes in MS pathologies make them
important therapeutic targets. Here we performed in vivo stud-
ies of MDP immunomodulatory effects in cuprizone and EAE
mouse models of MS. Here we showed that peripheral MDP
administration converts Ly6C"€" towards Ly6C'°" mono-
cytes in both cuprizone and EAE models. Although demye-
lination levels did not change in the cuprizone model, the
results obtained from the EAE model are greatly promising.
It is important to mention that although MDP may modulate

Table 3 EAE progression in WT

and NOD2™ mice treated with Groups Mean onset day Mean score of maximal symptoms Total days
vehicle or MDP
EAE-vehicle 12.80 + 0.37 2.333 + 047 21
EAE-MDP 18.40 + 1.24%+ 1.750 = 0.21% 21
EAE/NOD2 " —vehicle 11.80 + 0.80 2,900 +0.18 21
EAE/NOD2 " -MDP 15.80 + 1.31 1.833 £ 0.55 21

Representative of mean onset day and mean score of maximal symptoms, and total days for protocol in EAE and
EAE/NOD2 ™~ mice treated with saline or MDP. Data are presented as mean = S.E.M. **P < or=0.006 versus
EAE-vehicle and EAE/NOD2 "~ —vehicle, one-way ANOVA followed by Tukey’s multiple comparisons test.
## P=0.008 versus EAE/NOD2 "/~ —vehicle, one-way ANOVA (Brown-Forsythe and Welch’s ANOVA tests)
comparing results from each group to the control groups followed by a post hoc comparison using Dunnett’s T3

multiple comparisons test
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Table 4 EAE progression in WT

mice treated with vehicle or NG- Groups Mean onset day Mean score of maximal symptoms Total days
MDP before the onset of EAE
EAE-vehicle 11.60 + 0.40 2.90 =£0.10 20
EAE-NG-MDP 15.0 + 0.70%* 225+ 0477 =0% 20

Representative of mean onset day and mean score of maximal symptoms, and total days for protocol in EAE mice
treated with saline or NG-MDP started before the onset of EAE. Data are presented as mean += S.E.M. **P =

0.001, Student’s ¢ test

monocyte subsets via indirect mechanisms, Lessard and col-
leagues have previously demonstrated that MDP acts directly
on these cells, mainly converting inflammatory monocytes
into anti-inflammatory monocytes [25].

We have shown that MDP-treated mice were highly resis-
tant to EAE, which seemed mediated by monocyte subsets
regulation. Indeed, clinical scores confirmed that MDP treat-
ment significantly delayed disease onset and decreased disease
incidence. These observations were correlated with significant

reduction and increase in Ly6C"" and Ly6C'® monocytes,
respectively, both in the circulation and the CNS (Fig. 7).
Several previous studies have unraveled the crucial roles of
monocyte subsets and monocyte-derived macrophages in
EAE and MS. In particular, the rapid influx of Ly6C"€" mono-
cytes from the circulation or peripheral reservoirs resulting in
the onset of EAE, as CCR2-deficient mice are resistant to EAE
[33, 34]. Furthermore, numbers of Ly6C"€" monocytes in-
crease in the blood within 1 day after immunization in EAE

Fig. 6 MDP administration after
the onset of the disease prevented
EAE progression in mice. (a)
Representative timeline of the
entire protocol, including induc-
ing EAE, MDP administrations,
and FACS analysis in mice treat-
ed with vehicle (n =7) or treated
with MDP (n=7). (b) Clinical
scores of mice were determined
daily after all mice selected with
score 2. Data are expressed as the
means = SEM; **P=0.01,

##%P < or=10.0003,

##kkP < (0.0001, two-way
ANOVA followed by Tukey’s
multiple comparisons test. (c)
Body weight changes measured
after score 2 treatment in the
treatment and control groups.
Data are expressed as the means +
SEM. (d) and (e) Absolute count
of blood Ly6C" and Ly6C'™™
monocytes respectively following
treatment with vehicle or MDP in
EAE mice as measured by FACS
1-week after MDP injections

(21 days after immunization).
Data are expressed as the means +
SEM; #**P < 0. 002 versus EAE—
vehicle, ##P < 0.0002 versus
EAE-vehicle, Student’s ¢ test
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Table 5 EAE progression in WT
mice treated with vehicle or MDP
started after EAE onset

Groups

Mean onset day

Mean score of maximal symptoms Total days (after score 2)

EAE-vehicle
EAE-MDP

15.57 £0.20
15.43 £0.20

2.0+0.18 10
0.7 £ 0.10%*** 10

Representative of mean onset day and mean score of maximal symptoms, and total days after all mice selected
with the same score, in this protocol treatment with saline or MDP started after EAE onset. Data are presented as
mean + S.EM. *¥¥P <(0.0001, Student’s 7 test

mice [35]. Administration of silica dust or clodronate liposomes
that drastically reduce circulating Ly6C"" monocytes [36] also
reduces or prevents EAE progression [37, 38]. Additionally,
dipyridamole administration, a medication used clinically for
secondary prevention in stroke, showed inhibitory effects on
the activation of proinflammatory myeloid cells [39]. The sig-
nificance of MDP-mediated reduction in Ly6C™&" monocytes
is not limited to the production of proinflammatory cytokines
and chemokines [16]. It is also related to their effects on antigen
presentation that activates T cells [40] and generation of oxida-
tive stress and other mediators of injury [41-44].

In parallel, our results indicated a significant increase in
Ly6C'®™ monocyte population in peripheral circulation as well
as the CNS. The role of Ly6C'™ monocytes in EAE

amelioration has been well documented in previous studies.
Indeed, ex vivo activated anti-inflammatory monocytes sup-
pressed ongoing severe relapsing in an experimental rat model
of MS [45]. Additionally, therapeutic effects of glatiramer ace-
tate (GA, copolymer-1, Copaxone), a drug approved for MS
that increased anti-inflammatory monocytes, is also beneficial
in the EAE model [46]. Our results are quite in line with these
data that promoting anti-inflammatory monocytes suppresses
EAE.

Modulation of monocyte subsets can modify the population
of monocyte-derived macrophages in systemic organs as well as
in the CNS. For example, Ly6C'®™ monocytes can include
perivascular macrophages [47, 48]. Some studies reported that
depletion of both perivascular and meningeal macrophages
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Fig. 7 Representative schematic illustration of monocyte modulation in the blood and the CNS in response to MDP administration in EAE mice
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curtails EAE severity [49]. In parallel, immune cell activation
and infiltration have been shown in the choroid plexus of MS
patients [50, 51] and EAE animals [52]. In addition, choroid
plexus macrophage—mediated inflammation in cerebrospinal flu-
id may directly impact meningeal and perivascular inflammation
[53-55]. In this study, we did not directly assess monocyte-
derived macrophages. Nevertheless, since MDP regulates both
Ly6C™€" and Ly6C"" monocytes as precursors of monocyte-
derived macrophages, it is tempting to speculate that therapeutic
effects of MDP might also regulate monocyte-derived macro-
phages indirectly. In this study, we also did not address the crit-
ical role of dendritic cells in the EAE onset. Although Lessard
and colleagues showed that MDP treatment did not change the
number of plasmacytoid and conventional splenic dendritic cells
[25], future studies regarding possible effects of MDP on activa-
tion and production of cytokines from these cells are needed.

We have also demonstrated the critical role of NOD2 in
MDP-mediated immunomodulatory and EAE resistance. In
contrast to EAE mice treated with MDP, EAE-NOD2 " mice
treated with MDP did not show any significant difference in
clinical scores, weight changes, disease incidence, mean onset
day, and mean maximum score of maximal symptoms. More
importantly, MDP treatment did not regulate monocyte sub-
sets in EAE-NOD2  mice compared to EAE-WT mice. We
further confirmed the role of NOD2 receptors by administrat-
ing another NOD2 agonist that is very similar to MDP. NG-
MDP was also able to delay disease onset that was correlated
with the modulation of monocyte subsets. Overall, these find-
ings indicate that MDP does not mediate immune modulation
on monocyte subsets and disease progression in the absence of
NOD?2 receptors.

Despite these exiting data, NOD2 agonists do not seem to
have the same immunomodulatory potential since we had to
double the dose of NG-MDP to reproduce the effects of MDP.
Moreover, we did not find any modulation of T-cell subsets
following the NG-MDP treatment, whereas MDP caused signif-
icant changes in T-cell subsets in EAE mice. These observations
are quite interesting and may help us developing new drugs with
great potential based on NOD2 agonist formulations.

The most striking results were obtained from the MDP
administration after the EAE onset that prevented disease pro-
gression, and all mice were protected from the development of
complete hind limb paralysis in the treatment group. The clin-
ical scores were in line with the expected modulation of in-
flammatory and anti-inflammatory monocytes. The results we
obtained from this protocol are critical. Nevertheless, future
studies need to study MDP-mediated immune modulation in
the progressive phase in other EAE models such as 2D2 mice
that show a more severe EAE than nontransgenic littermates
with a high frequency to develop spontaneous EAE [56].

In this study, we focused on immune modulation on
monocyte subsets that were significantly changed upon
MDP treatment. Whether MDP or other new synthetized

@ Springer

NOD?2 agonists could exert significant modulation on T-
cell subsets is an open and interesting question that needs
further studies. We only observed that MDP treatments
significantly attenuated the influx of T-cell subsets into
the CNS. Since less infiltrated T cells were not correlated
with less T cells in the periphery, regulatory effects of
MDP on monocyte subsets seem likely to contribute to
the regulation of T-cell infiltration. In this regard, previ-
ous reports showed that monocyte/macrophage regulation
has the ability to change T-cell subset infiltration [57, 58].
Of note, we also did not observe MDP-mediated immune
modulation on T cells in NOD2™~ mice. Nevertheless,
considering the marginal effect (at least in our experimen-
tal setup) of MDP treatment on T cells, we are not able to
draw any conclusion, in general, regarding the exact role
of NOD2 receptor in modulation of T cells, and in partic-
ular, about the role of MDP treatment in such modulation.

This study also raises questions about the effect of MDP on
microglial activation and function. We identified no difference
between Ibal protein levels, suggesting that MDP might reg-
ulate only systemic myeloid cells, mainly Ly6C"&" and
Ly6C"™ monocytes. However, this does not rule out an indi-
rect effect of MDP on diverse microglial functions. Future
studies using different time points after MDP administrations
in different disease stages are needed to determine possible
indirect effects of MDP specifically on microglia.

In conclusion, we have discovered therapeutic effects of
MDP administration in an EAE mouse model of MS. We have
demonstrated that MDP treatments delayed disease onset in
the EAE model, which was accompanied by a significant re-
duction in the number of Ly6Chigh cells in the blood, and the
infiltrating cells into the CNS. Mechanistically, we have
shown that the NOD2 receptor plays a critical role in MDP-
mediated EAE resistance. More importantly, we have shown
that MDP treatment after the onset of the EAE prevented
disease progression. Medications that solely target specific
monocyte subsets with mild immunomodulatory effects in
the MS without triggering microglial activation are rare. We
propose that NOD2-agonist-based medication might be a vi-
able therapeutic approach for both the early and progressive
phases of MS.
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