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ARTICLE INFO ABSTRACT

Toll-like receptor 4 (TLR4) play a key role in activating the innate immune system during pathogen recognition.
In the pathogenesis of multiple sclerosis (MS), activated TLR4 together with myeloid differentiation primary
response gene 88 (MyD88) produce an inflammatory microenvironment that promotes the differentiation of
microglia into the M1 phenotype, who plays a key role in the pathogenesis of MS. Interleukin-1 receptor-as-
sociated kinase (IRAK)-M is specifically expressed in microglia in central nervous system (CNS) and act as a
negative regulator of TLR4-MyD88 signaling pathway. Moreover, previous studies have shown that IRAK-M
promotes the differentiation of type 2 microglia; however, its role in MS has not been explored. In the present
study, we demonstrated that IRAK-M expression is elevated during EAE, and IRAK-M ™/~ mice significantly
accelerated course and increased severity of disease, accompanied by a visible increase of the M1 microglia
infiltrated. In conclusion, these data indicates that IRAK-M significantly improves EAE onset through down-
regulation of the TLR4-MyD88 signaling pathway, which finally leads to differentiation of M2 phenotype in the
microglia. Our study suggests that IRAK-M may be a potential therapeutic target for the treatment of MS.
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1. Introduction

MS is an immune-mediated chronic inflammatory demyelinating
disease of the central nervous system (CNS). While the etiology of the
disease still remains unknown, it is characterized by multiple demye-
linating plaques in the white matter of the central nervous system, with
reactive gliosis and axons damage. As MS progresses, microglia and
astrocyte are the main infiltrating cells [1,2].

Previous studies have suggested that myelin-reactive CD4 + T helper
cell-mediated autoimmunity associated with the inflammatory cascade
play an important role in the pathogenesis of MS and EAE, an animal

model of MS [3-5]. Myelin-reactive T cells migrate to the CNS, and
release cytokines and chemokines to trigger a series of events leading to
progressive demyelination [6,7]. In recent years, the important roles of
the innate immune system, including microglia, dendritic cells, natural
killer cells and mast cells, have also received increasing attention in the
initiation or maintenance of inflammation of MS [8]. In particular,
microglia, as potentially important innate immune cell in the CNS, is
thought to contribute to neurodegeneration in MS and EAE [9-11]. We
have reported previously that M2 microglia play protective role in EAE
model [12,13]. However, whether IRAK-M can regulate M2 microglia
polarization in the CNS or attenuate EAE remain unclear.
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Activated microglia are divided into two functional subtypes, M1
(classical) and M2 (substitute) phenotypes, which play different roles in
the inflammatory process of MS [14,15]. M1 microglia induced by in-
terferon-gamma (IFN-y), lipopolysaccharide (LPS) or interleukin-17A
(IL-17A) is pro-inflammatory and neurotoxic subtype that produces
high levels of pro-inflammatory cytokines such as IL-1f, IL-6, IL-12, IL-
23, tumor necrosis factor-a (TNF-a) and inducible nitric oxide synthase
(iNOS) [16-18]. While, M2 microglia induced by IL-4 or IL-13 is reg-
ulatory phenotype, inhibits the immune response and promotes the
tissue repair by expressing anti-inflammatory cytokine such as IL-10
[19-21]. On the other hand, M2 microglia can promote Treg response
[22].

TLRs are critical pattern recognition receptors (PRRs) that trigger
inflammatory signals by sensing unique structural components of both
exogenous and endogenous pathogens. TLR4, one of the widely known
TLRs, can trigger the MyD88 pathway thereby activates NF-kB and
STAT1 signaling, which leads to the production of immune stimulatory
cytokines and chemokines. Evolving data have suggested that the ac-
tivation of TLR4-MyD88 signaling also promotes the M1 microglia
polarization [22,23]. There is evidence that TLR4-MyD88 signaling
pathway and M1 microglia play important roles in pathogenesis of both
MS and EAE [24]. In MS, NF-kB family transcription factors activated
through TLR4 pathway, which participated in the development of dis-
ease, triggering of recurrence, and regulation of CNS damage [25].

IRAK-M, also known as IRAK-3, is a member of IRAK family, and
acts as negative regulator of TLR signaling to prevent excessive in-
flammation and expressed predominantly in microglia in CNS [26,27].
Studies have shown that IRAK-M prevents the dissociation of the
IRAK1-IRAK4 from MyD88 and the activation of the transcription factor
NF-kB, thereby down-regulates the release of downstream pro-in-
flammatory cytokines, such as IL-1f, IL-12 and TNF-a [28]. Moreover,
previous studies suggested that IRAK-M~/~ mice develop severe os-
teoporosis and are at higher risk of acute asthma [29,30].

It has been reported that IRAK-M can promote the differentiation of
macrophages into M2 in certain disease processes [31]. We further
speculate that this regulation of IRAK-M may interfere with the progress
of MS/EAE. In the present study, we found that ablation of IRAK-M
exacerbated EAE pathology, while over-expressing IRAK-M prevented
the progression of EAE. IRAK-M was further found to inhibit the
transformation of microglia into M1 phenotype and regulate the
transformation of microglia into M2 phenotype by regulating key ex-
pression proteins of microglia polarization, such as NF-xB and STAT1.

2. Materials and methods
2.1. Animals

Female C57BL/6 mice (4-6 or 8-10 weeks of age) were purchased
from the Experimental Animal Center of Southern Medical University
while the IRAK-M ~/~ mice were obtained from the Jackson Laboratory
(Sacramento, CA, USA) and bred freely to standard food and water in a
thermostatic room (22 * 1°C) under a 12-h light/dark cycle and
specific pathogen-free condition. All animal experiments were ap-
proved by the Animal Care and Use Committee of the Nanfang Hospital
and carried out following the National Institutes of Health Guidelines
on the Care and Use of Laboratory Animals.

2.2. EAE induction and monitoring

8-10-week-old female C57Bl/6 mice of the different genotypes and
different treatments were immunized subcutaneously with 200 pg
myelin oligodendrocyte glycoprotein (MOG)35-55 peptide (MEVGWY-
RSPFSRVVHLYRNGK) (GL Biochem, shanghai, China) emulsified in
complete Freund's adjuvant (containing 4 mg/mL Mycobacterium tu-
berculosis) and injected intraperitoneally with 200 ng pertussis toxin
(PTX; Tocris, Bristol, UK) on day 0 and 2. Control animals (CFA) were
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immunized with the same emulsion without MOG and received per-
tussis toxinon day 0 and 2. Clinical manifestations of EAE (10 mice per
group) were examined daily and last until 30 days after immunization.
The clinical scoring criteria for EAE was as follows: 0, no symptoms of
disease; 1, decrease of tail tonicity; 2, hind limb weakness or paresis; 3,
complete hind limb paralysis; 4, forelimbs and hindlimbs paralysis; 5,
dying. Mice were assessed daily for incidence, onset day of disease (At
the end of the observation, the day of disease onset of unaffected mice
didn't exist and was not used for statistics), time to peak (A score of 3 or
greater was defined as the peak of the disease, time to peak referred to
the time when the mice reached the peak of the disease after modeling)
and peak duration time (referred to the time period during which the
mice were at the peak of the disease, mice that did not reach 3 during
the observation period were not used for statistics). The assessment was
done by a person who was blinded to the genotype/treatment of the
mice. Lumbar spinal cords were collected at peak disease for RT-PCR,
immunohistochemistry and immunofluorescence analysis.

2.3. Intracerebroventricular (ICV) injection of adeno associated virus
serotype 9 (AAV9) vectors in mice

Vector AAV9-IRAK-M and control vector AAV9 were purchased
from Hanbio Biotechnology (Shanghai, China). Twenty-six 4-6-week-
old WT female mice were randomly divided into two groups with 13
mice in both group: 1) AAV9-IRAK-M group: mice with injection of
AAV9-IRAK-M; 2) AAV group: mice with injection of AAV9 (no-load
virus). IRAK-M was over-expressed in wide-type (WT) mice by admin-
istration of AAV9-IRAK-M (1 x 10'! vg per mouse) vectors 4 weeks
before EAE; EAE was then performed with MOG35-55. ICV injections
were performed as described before [44]. Briefly, isoflurane (RWD,
Shenzhen, China) anesthetized (4% for induction and 2% for main-
tenance) mice were fixed on the stereotaxic apparatus (RWD, Shenzhen,
China) and then excised the skin to expose the bregma. The stereotaxic
coordinates of the ICV injection were 1.0 mm on the right side, 0.5 mm
on the posterior side of the bregma, and 2.5 mm deep from the dural
surface. Four weeks later, EAE was induced, the mRNA expression of
IRAK-M was detected by RT-PCR then.

2.4. Histological analysis

Spinal cords were extracted after perfusion of saline and 4% par-
aformaldehyde, then fixed in 4% paraformaldehyde immediately. After
24h, the tissues were dehydrated and embedded in paraffin. 5 um
sections were sliced and stained with H&E or LFB for evaluation of
inflammation or demyelination as previously described [45]. For im-
muno-histochemistry, slices were incubated with primary antibodies
(iNOS and Argl, proteintech, Chicago, US) overnight at 4 °C, followed
by application of goat against rabbit secondary antibody (ZSGB-BIO,
Beijing, China). Images were acquired by light microscopy (Olympus,
Tokyo, Japan). The number of inflammatory infiltrating cells of H&E,
the number of iNOS or Argl positive cells of immunohistochemistry,
and the demyelinated region of LFB were calculated in a blinded
manner.

2.5. Flow cytometry

Spleen single-cell suspensions and stainings were prepared as pre-
viously described [46]. The Leukocyte Activation Cocktail, with BD
GolgiPlug™ was used to stimulate splenocytes. For surface staining,
cells were incubated with fluorescent antibodies that were specific for
CD3, CD4 and CD8 for 30 min at 4 °C. After the cell surface staining
procedure, freshly prepared Fix/Perm Buffer was added to each sample
and incubated at 4 °C for 40 min protected from light. For intracellular
staining, each sample was dispensed into two tubes, one of which was
stained with IL-4 and IFN-y antibodies, the other was stained with IL-
17A and FoxP3 antibodies. All reagents for flow cytometry were
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purchased from BD Biosciences (San Jose, CA) and used according to
the manufacturer's instructions. Analysis was performed using BD
LSRFortessa X-20 Cell Analyzer (BD Biosciences, San Jose, CA) and
FlowJo software (Treestar, Ashland, OR, USA). Gating strategy was
described in supplementary data.

2.6. Primary microglia isolation, culture, and treatment

The isolation of pure primary microglia from mixed glia cultures
was carried out as described [47]. Briefly, WT and KO neonatal mice
aged between P1—P5 were sacrificed to prepare mixed glial cell po-
pulation. Fully fused cells cultured in the medium containing DMEM/
F12 and 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Wal-
tham,MA) were shaken at 180 rpm for 6 hat 37 °C to collect the mi-
croglia. Purified microglia were grown in 6-well or 24-well (with cell
slides) plates at a density of 2 x 10°cells/ml for a variety of down-
stream applications.

The microglia were treated with IFN-y (100 ng/ml) or IL-4 (10 ng/
ml) (Neobioscience, Shenzhen, China) to induce M1/M2 polarization.
To elucidate the possible mechanisms by which IRAK-M affects mi-
croglia polarization, cells were pretreated with Bay 11-7082 (a specific
inhibitor of NF-kB) or fludarabine (a specific inhibitor of STAT1)
(Neobioscience, Shenzhen, China) as described [48,49]. The control
groups were treated with an equal volume of dimethyl sulfoxide
(DMSO). Then IFN-y and IL-4 were used to induce microglial polar-
ization.

2.7. Immunofluorescence staining

Cells were fixed, permeabilized, blocked, and incubated with pri-
mary antibodies against iNOS and Argl overnight at 4 °C. The incuba-
tion of Alexa Fluor 488-conjugated secondary antibody was followed.
DAPI (Boster, Beijing, China) was used to stain the nucleus.
Fluorescence images were obtained using the fluorescence microscopy
(Olympus, Tokyo, Japan) and the percentage of iNOS or Argl positive
cells was counted blindly by independent investigators.

2.8. RNA isolation and RT-PCR

Total RNA was isolated from the primary microglia or spinal cords
using Trizol (Thermo Fisher Scientific, Waltham, MA). Complementary
DNA (cDNA) was synthesized using a PrimeScript RT Master Mix Kit
(Takara, Japan) and amplified by RT-PCR using the SYBR Green Real-
time PCR Master Mix (Toyobo, Japan) on ABI-Prism 7500 Real-Time
PCR System (Applied Biosystems, Carlsbad, CA). The mRNA levels of IL-
1B, IL-6, iNOS, IL-10, Argl, Ym-1, and glyceraldehyde phosphate de-
hydrogenase (GAPDH) were measured. The expression of mRNA was
normalized to the expression of GAPDH. The primer sequences used
were as Supplementary Table 1.

2.9. Western blot

Cytoplasmic and nuclear proteins were extracted from the primary
microglia and spinal cords using the Minute™ Cytoplasmic and Nuclear
Extraction Kit (Invent Biotechnologies, Inc. Beijing, china) according to
the manufacturer's protocol. Protease inhibitor cocktail and phospha-
tase inhibitor (Roche, Basel, Switzerland) were added to the lysis buffer
prior to use. Proteins in SDS-loading buffer were separated on a 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene fluoride membrane (Millipore,
Billerica, MA). After blocking with 5% skim milk powder or bovine
serum albumin, the membranes were incubated with primary anti-
bodies against STAT1, p-STAT1, STAT3, p-STAT3, NF-kB P65 (CST,
Beverly, MA), iNOS, Argl, B-actin or TATA binding protein (TBP)
(Proteintech, Chicago, US) overnight at 4°C. Bands incubated with
horseradish peroxidase-conjugated secondary antibodies (ZSGB-BIO,
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Beijing, China) were analyzed using the enhanced chemiluminescence
detection method (Millipore, Massachusetts, US). The intensities of
protein blots were quantified and normalized to B-actin or TBP using
the Image J (National Institutes of Health, Bethesda, MD).

2.10. Statistical analysis

Data were expressed as mean * SEM. Unpaired two-tailed
Student's t-test was used to determine statistical significance between
the two groups and one-way analysis of variance (ANOVA) with post
hoc multiple comparison tests was used to compare continuous data of
multiple groups. Kruskal-Wallis test was used to analyze the EAE model.
Statistical analyses were performed using GraphPad Prism 6.05
(GraphPad, La Jolla, CA) and SPSS 20.0 (IBM, Armonk, NY, US).
P < 0.05 was considered statistically significant.

3. Results
3.1. IRAK-M is significantly increased during EAE

We first measured gene expression of IRAK-M in the lumber spinal
cord from different groups. The results showed that the level of IRAK-M
expression was low in CFA control mice, while the expression of IRAK-
M was significantly increased in the EAE mice (Fig. 1 A). To determine
the role of IRAK-M in the pathogenesis of EAE, we established both
IRAK-M knockout and over-expressing model to observe the clinical
sign of EAE. IRAK-M over-expression was induced by injecting adeno-
associated virus (AAV) 9-IRAK-M into the lateral ventricles. After 4
weeks, the expression of IRAK-M was detected by RT-PCR. The level of
IRAK-M in the IRAK-M group was significantly higher than that in
Adeno Associated Virus Serotype 9 (AAV9) group, while the AAV9
group was not different from the WT mice group (Fig. 1 B). This in-
dicates that IRAK-M over-expressing was successful in the IRAK-M
group. The levels of IRAK-M were further determined on different
groups after EAE modeling. Our data revealed that the level of IRAK-M
in over-expressing group was higher than the corresponding AAV9
group, which also confirmed the over-expression of IRAK-M. At the
same time, the expression of IRAK-M in the model mice group was
significantly higher than that of the corresponding control group (Fig. 1
Q).

IRAK-M improves the clinical symptoms and pathological manifes-
tations of EAE.

The clinical scores of different groups were checked daily until 30
days after immunization to assess the effects of IRAK-M on the clinical
symptoms of EAE. Our data indicated that the clinical scores of the
IRAK-M knockout (KO) mice aggravated, while the over-expressing
mice alleviated (Fig. 1 D). Furthermore, we analyzed the incidence,
onset time, time to peak and peak duration time of different groups of
mice. The results showed that the incidence of IRAK-M /"~ mice was
higher than that of WT mice, while the incidence of IRAK-M over-ex-
pressing mice was lower than that of WT + AAV-con mice (Fig. 1 E).
The onset time and time to peak of IRAK-M~/~, WT and WT + AAV-
con mice were earlier than that of IRAK-M over-expressing mice,
meanwhile, the peak duration time of IRAK-M over-expressing mice
were shorten than any other group (Fig. 1 F, G, H). Moreover, the time
to peak of WT and WT + AAV-con mice were delayed compared with
that of IRAK-M 7/~ mice, meanwhile, the peak duration time of IRAK-
M ™/~ mice was significantly extended than that of WT and WT + AAV-
con mice, while the over-expressing mice were shortened (Fig. 1 G, H).

Histological analysis was performed using the lumbar spinal cords
collected at 30 days after immunization. Hematoxylin and Eosin (H&E)
staining showed that the number of inflammatory cells was sig-
nificantly increased after IRAK-M knockout, while decreased in IRAK-M
over-expression mice comparing to WT EAE (Fig. 2 A, C). Luxol fast
blue (LFB) staining was used to assess the loss of myelin in white matter
of the lumbar spinal cords. Large loss of myelin was observed in EAE
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Fig. 1. IRAK-M improves neurobehavioral outcomes in EAE. (A) IRAK-M mRNA expression by RT-PCR at peak disease in lumbar spinal cords of WT mice after EAE
modeling or CFA controls (n = 5). (B) IRAK-M mRNA levels were measured in WT, WT + AAV9 and WT + AAV9-IRAK-M mice by RT-PCR before modeling (n = 3).
(C) IRAK-M mRNA levels were measured in WT + AAV9 (n = 5) and WT + AAV9-IRAK-M (n = 5) mice after EAE modeling. (D) Average clinical scores of EAE for
each group (n = 10). (E) Incidence of mice in each group (n = 10). (F) The onset time of each group of mice (n = 10). The onset day of unaffected mice was recorded
as 30. (G) The time to reach the peak of disease (n = 10). A score of 3 or greater was considered to be the peak of the disease. (H) The number of days that the peak
lasts (n = 10). At the end of the observation, the unaffected mouse and the mouse didn't reach peak disease was not counted for statistics in F—H. All the bars
represent the mean of measurements from three independent experiments, and the error bars indicate + SEM. Data are presented as the mean + SEM. *P < 0.05;
**p < 0.01; ***P < 0.001.
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Fig. 2. Ablation of IRAK-M exacerbates inflammation, demyelination, and T-cell axis shift in EAE mice, while over-expression of IRAK-M improve them. Histology
analysis of the extent of inflammation and demyelination. (A) Representative lumber spinal cord sections of H&E staining (100 x ). (C) Histogram showing
quantification of the number of infiltrating cells (n = 5 animals per group, three to four fields of view per animal). (B) Representative spinal cord sections of LFB
staining (100x). (D) The percentage of demyelinated white matter (WM) in total WM. Quantification of axonal density was expressed as particles per 10,000 um>
(n =5 animals per group, three to four fields of view per animal). (E-F) Flow cytometry analysis of splenocytes. (E) Bar graphs showing the changes in the
percentages ratio of Th1/Th2 cells. (F) The changes in the percentages ratio of Th17/Treg cells. Data are summarized for 4 mice per group. All the above results were
measured at peak disease in splenocytes of mice after EAE modeling or CFA controls. All the bars represent the mean of measurements from three independent
experiments, and the error bars indicate + SEM. *P < 0.05; **P < 0.01; ***P < 0.001. Error bars indicate SEM.

mice and such situation was exacerbated in the IRAK-M ~/~ mice, while
attenuated in the IRAK-M overexpressing mice (Fig. 2 B, D). These
results indicated that IRAK-M not only improves the clinical manifes-
tations of EAE, but also improves the pathological manifestations of
EAE.

3.2. IRAK-M suppresses pro-inflammatory Th1 and Th17 cells responses

To investigate the possible regulatory immune responses by IRAK-M
in vivo, we performed flow cytometry analysis to determine the per-
centage and number of IFN-y-producing Th1 cells, IL-4-producing Th2
cells, IL-17A-producing Th17 cells, and FoxP3* regulatory T (Treg)
cells in the spleen. The results showed a significant increase in the ratios
of Th1/Th2 and Th17/Treg in the EAE model mice (Fig. 2 E, F). Fur-
thermore, the ratios of Th1/Th2 and Th17/Treg in different model
groups were compared. The results indicated that the ratios of Th1/Th2
and Th17/Treg in IRAK-M over-expression model mice were decreased
(Fig. 2 E, F). The ratio of Th17/Treg in KO model mice was significantly
higher than that in normal model mice (Fig. 2F), but the ratio of Th1/
Th2 was not significantly different (Fig. 2 E). Taken together, these
findings suggest that IRAK-M can attenuate the disease severity of EAE
by inhibiting Th1 and Th17 cell activation.

IRAK-M promotes M2 polarization of microglia and inhibits M1

81

polarization in vitro.

We further assessed whether IRAK-M affected the polarization of
primary microglia in the CNS. Primary microglia purified from the
cerebral cortex of WT or KO mice were stimulated with IFN-y or IL-4 for
24 h. The further RT-PCR analysis demonstrated that the mRNA levels
of IL-1B, IL-6 and iNOS were significantly increased in IRAK-M
knockout microglia when IFN-y was used to induce microglia M1 po-
larization (Fig. 3 A). Whereas in IL-4-induced M2 polarization, the ex-
pression of IL-10, Argl and Ym-1 in IRAK-M knockout microglia was
significantly lower than that of normal microglia (Fig. 3 B). In addition,
immunofluorescence analysis showed that IRAK-M knockout sig-
nificantly increased the percentage of iNOS + M1 cells induced by IFN-y
(Fig. 3 C, E), while reducing the percentage of IL-4 induced Argl* M2
cells (Fig. 3 D, F). Collectively, our data clearly demonstrated that
IRAK-M promotes M2 polarization of microglia and inhibits M1 polar-
ization in vitro.

3.3. Regulation of IRAK-M expression affects microglia phenotype in EAE
mice

Based on the effect of IRAK-M on primary microglia polarization in
vitro, we further investigated the effect of IRAK-M on microglia po-
larization in the EAE model. Immunohistochemistry analysis was used
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Fig. 3. In vitro, IRAK-M deficiency promotes M1 polarization of microglia and inhibits M2 polarization. IFN-y is used to induce M1 polarization of microglia, and IL-4
is used to induce M2 polarization of microglia. Effects of IRAK-M knockout on the polarization of microglial were demonstrated by detection of M1 polarization
markers IL-1f, IL-6 and iNOS (A) and M2 polarization markers IL-10, Argl, and Ym1 (B) by RT-PCR. (C) IRAK-M knockout or non-knockout microglia were treated
with or without IFN-y for 24 h. Inmunostaining for iNOS (green) was performed. DAPI staining is shown in blue (Scale bar = 200 um). (D) Representative images of
Arg1 positive M2 cells (green) incubated with the microglia from WT or KO neonatal mice with or without IL-4 stimulation for 24 h. DAPI staining is shown in blue
(Scale bar = 200 um). (E) The graph showed the percentage of iNOS positive microglia. (F) Percentage of Argl positive microglia. Data are the mean * SEM of three
independent experiments. *P < 0.05; *#P < 0.01; **#P < 0.001 versus WT + PBS mice. " P < 0.05; " P < 0.01; """ P < 0.001 versus KO + PBS mice.
*P < 0.05; **P < 0.01; ***P < 0.001.

to detect the number of iNOS* M1 and Argl™ M2 microglia in the increase number of iINOS™ M1 microglia in IRAK-M ~/~ mice compared
spinal cord tissue of different control groups and corresponding EAE with WT mice, while the number of iNOS* M1 microglia in IRAK-M
groups. We found that M1 and M2 microglia are rare in the normal WT over-expressing mice was decreased significantly (Fig. 4 A line 1, B).
mouse spinal cords. In EAE model, our results showed significant The result of Argl* M2 microglia is opposite to that of M1 microglia
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*P < 0.05, **P < 0.01, ***P < 0.001.

(Fig. 4 A line 2, C). Further RT-PCR results showed that the biomarkers
of M1 polarization were increased after EAE modeling, and the bio-
markers in IRAK-M ™/~ mice increased more significantly than that in
WT mice, while IRAK-M over-expressing mice were decreased (Fig. 4
E). For the M2-polarized biomarkers, our data showed that the M2
microglia were increased in WT mice after EAE modeling, and the no-
table increase in IRAK-M over-expressing EAE mice was more
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pronounced, while IRAK-M~/~ mice were significantly decreased
(Fig. 4 D). Moreover, western blotting analysis showed that the ex-
pression of iNOS was increased in IRAK-M ~/~ EAE mice and decreased
in IRAK-M over-expressing EAE mice, whereas the expression of Argl
was opposite to iNOS (Fig. 4 F). Overall, our results indicated that
IRAK-M inhibits the polarization of M1 microglia and promotes polar-
ization of M2 microglia in EAE mice.
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Fig. 6. Inhibiting the activation of NF-kB and stat1 inhibit the polarization of M1 and promote the polarization of M2. Bay 11-7082 (Bay, an inhibitor of NF-kB) and
fludarabine (Flu, a specific inhibitor of statl activation) were used. (A) Nucl-p65 was measured by Western blotting. (B) Effects of NF-kB inhibition on the polar-
ization of microglial were demonstrated by detecting M1 polarization markers IL-1f, IL-6, iINOS and M2 polarization markers IL-10, Argl, and Ym1 by RT-PCR. (C)
STAT1 and p-STAT1 were measured by Western blotting. (D) Effects of STAT1 inhibition on the polarization of microglial were demonstrated by detecting M1
polarization markers IL-1f3, IL-6, iNOS and M2 polarization markers IL-10, Argl, and Ym1 by RT-PCR. (E) Nucl-p65, STAT1 and p-STAT1 were measured when Bay
and Flu are used simultaneously. (F) M1 polarization markers IL-1f3, IL-6, iNOS and M2 polarization markers IL-10, Argl, and Ym1 were detected by RT-PCR to
determine the effect of simultaneous inhibition of NF-KB and STAT1 on microglia polarization.

3.4. IRAK-M inhibits NF-kB signaling and activation of STAT1

The changes in NF-xB signaling and STAT1 were assessed to de-
lineate the molecular mechanism underlying the observed effects of
IRAK-M on microglia. Western blot analysis of spinal cord tissues iso-
lated from EAE mice showed a significant increase in phosphorylated
IkB and STAT1, accompanied by an increase in nuclear NF-kB and a
decrease in cytosolic NF-kB in KO mice, while not obviously in IRAK-M
over-expressing mice (Fig. 5 A, B). The phosphorylated STAT3 did not
differ significantly between groups of mice (Fig. 5 C). Similar results
were obtained in vitro with microglia derived from WT or IRAK-M ™/~
mice. In the process of IFN-y-induced microglia M1 polarization,
phosphorylated STAT1 increased, accompanied by increased nuclear
NF-kB and decreased cytosolic NF-kB. The changes in IRAK-M 7~ were
more obvious (Fig. 5 D, E).

Inhibition of NF-xB and STAT1 activation reverses the effect of
IRAK-M deletion on microglia polarization.

BAY 11-7082 (Bay) is a NF-«kB inhibitor that causes a decrease in
nuclear NF-kB by inhibiting phosphorylation of IkBa and activation of
NF-kB. Fludarabine (Flu) is an inhibitor of STAT1 that specifically in-
hibits STAT1 in peripheral blood mononuclear cells. To further verify
that IRAK-M affected microglia polarization by inhibiting NF-xB sig-
naling and activation of STAT1, we used Bay to inhibit NF-xB (Fig. 6 A),
Flu to inhibit STAT1 (Fig. 6 C), or inhibit NF-xB and STAT1 simulta-
neously (Fig. 6 E). The RT-PCR results showed that for IFN-y induced
microglia M1 polarization, microglia from IRAK-M 7~ mice expressed
more M1 markers than that from WT mice (Fig. 6 B, D, F). However,
after the inhibition of NF-kB or STAT1, the increases of M1 microglia
caused by IRAK-M /™ were reversed (Fig. 6 B, D). Moreover, the M1
microglia from IRAK-M ™/~ mice were even less than that from WT
mice when both NF-xB and STAT1 had been suppressed (Fig. 6 F). For
IL-4-induced M2 polarization, it was significantly suppressed in primary
microglia from IRAK-M ™/~ mice when compared with normal primary
microglia (Fig. 6 B, D, F). Similarly, this inhibition was attenuated
when the NF-xB had been inhibited (Fig. 6 B). However, inhibition of
STAT1 had no effect on primary microglia from IRAK-M ™/~ mice
(Fig. 6 D), and inhibition of NF-kB and STAT1 did not differ from in-
hibition of NF-kB alone (Fig. 6 F). Inmunofluorescence analysis showed
the same results (Fig. 7 A, B). These results indicate that IRAK-M affects
polarization of M1microglia by affecting NF-xB and STAT1 pathways,
whereas IRAK-M affects polarization of M2 microglia only in relation to
NF-kB pathway, independent of STAT1 pathway.

4. Discussion

In this study, we explored the anti-inflammatory properties of IRAK-
M in the CNS autoimmune diseases. IRAK-M activation was found sig-
nificantly reduced inflammatory infiltration of the lumber spinal cord
and clinical scores in EAE. We further confirmed that the effect of IRAK-
M is related to its regulation of microglial polarization. By inhibiting
the NF-xB and STAT1 pathways, IRAK-M inhibits M1 microglial po-
larization and endows them with an M2-like anti-inflammatory phe-
notype. At the same time, we also found that IRAK-M increased sig-
nificantly in EAE and specifically reduced the incidence of EAE induced
by MOG35-55 and alleviated its clinical symptoms.

Multifocal inflammatory demyelination and degeneration in the
CNS white matter are the most important pathological features of MS
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and EAE, and inhibition of inflammation can reduce the occurrence of
demyelination [2]. Previous studies have demonstrated that IRAK-M is
involved in the regulation of the inflammatory response by inhibiting
the dissociation of IRAK from the transduction complex following ac-
tivation of the TLR signal [27]. For example, IRAK-M regulates in-
flammatory responses such as sepsis and influenza infection [32,33]. In
IRAK-M ™/~ mice, inflammation of the intestine induced by Salmonella
typhimurium can be exacerbated. Furthermore, IRAK-M deficiency leads
to an increase in pro-inflammatory cytokines (IL-1f, IL-6 and TNF-a)
and expansion of Thl and Thl17 cells, which leads to an increased
susceptibility to intestinal inflammation [34]. Our results are consistent
with previous. Specifically, IRAK-M over-expressing EAE mice de-
creased inflammatory response, resulting in lighter clinical manifesta-
tions. While in IRAK-M ™/~ EAE mice, the results are reversed.

IRAK-M also alters the polarity of macrophages and microglia.
During M.tb infection, IRAK-M knockdown is shown to promote po-
larization of macrophage from MI to M2 phenotype [31]. In addition,
Standiford et al. confirmed that tumor-associated macrophages isolated
from IRAK-M knockout mice showed characteristics of M1 instead of
M2 [35]. Our study confirmed a similar role of IRAK-M in the CNS.
Microglia isolated from IRAK-M~/~ mice tend to polarize toward M1.
M1 microglia inhibit the differentiation of oligodendrocyte progenitor
cells into mature oligodendrocytes and the apoptosis of neuronal. In
contrast to M1, M2 polarized microglia promote neuronal survival,
neurite outgrowth and oligodendrocyte progenitor cell differentiation
[18,36-38]. Oligodendrocytes are mainly surrounded on axons of the
CNS, forming an insulating myelin structure, assisting in the efficient
transfer of bioelectrical signals, and maintaining and protecting the
normal function of neurons. Therefore, compared with normal EAE
mice, the demyelinating reaction of IRAK-M /"~ mice is more severe,
while that is alleviated in IRAK-M over-expressing mice.

Activated CD4 " T cells are critical in the neuropathology of MS, and
CD4™ T helper cell subsets interact with M1 and M2 microglia and leads
to specific functions and outcomes [36,37]. Primary effector T cells in
EAE are Thl and Th17 cells, whereas disease resolution was promoted
by Th2 and Treg cells [39]. M1 microglia create an environment for a
Th1 and Th17 reaction [40], while M2 cells can promote Treg response
[22]. In addition to its effects on macrophages/microglia, IRAK-M may
act directly on inflammatory cells in the periphery, because IRAK-M
was found to influence the Th1/Th2 and Treg/Th17 balance and ex-
pression of cytokines and chemokines by dendritic cells (DCs) and
macrophages during cigarette smoking-induced airway inflammation
[41,42]. In the present study, flow cytometric analyses of inflammatory
cells from mice spleens revealed decreases in IFN-y*CD4" Th1 cells
and IL-17A*CD4" Th17 cells in IRAK-M over-expressing mice. More-
over, splenic Th1 and T17 cells were increased in the IRAK-M ~/~ mice.
These findings suggest that IRAK-M ma attenuate the disease severity of
EAE, partly through inhibition of Thl and Th17 cell infiltration into
CNS tissues and splenic Th1l and Th17 cell activation.

Studies have shown that the expression of NF-kB and its down-
stream factors have a key role in regulating macrophages phenotype
[43,44]. M2 polarization induced by astaxanthin can be attenuated by
inhibiting NF-xB. STAT family members in the peripheral lymphatic
system and CNS regulated the polarization of M1 and M2 during disease
progression. IFNs and TLR signaling were promoted by STAT1/NF-«kB
pathway to slant macrophage to M1 phenotype, whereas M2 phenotype
was induced by STAT3 signaling pathway that was activated by IL-4, IL-
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10, or IL-13. Our results are consistent with the above conclusions.
Animal and cell experiments showed that IRAK-M ™/~ mice expressed
more phosphorylated NF-xB and STAT1, while IRAK-M over-expressing
mice expressed less. Moreover, inhibition of NF-kB and STAT1 inhibited
the incline of M1 polarization of microglia in IRAK-M~/~ Mice. This
indicates that IRAK-M inhibit microglia M1 polarization by inhibiting
NF-xB and STAT1. Meanwhile, inhibition of NF-kB increased M2 po-
larization and partially reversed the effect of IRAK-M ™/~ on M2 po-
larization, but inhibition of STAT1 did not, suggesting that STAT1 may
not participate in this process.

Taken together, we demonstrated that IRAK-M significantly im-
proves the pathogenesis of EAE through inhibiting M1 microglia
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polarization and promoting of M2 microglia polarization. Our data
suggested that IRAK-M may be a potential target for the treatment of
MS.
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