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Abstract
Background Recent evidences have implicated neuroprotective effects of CX3CR1 in multiple sclerosis (MS). But whether
CX3CR1 is involved in modulation of antigen-presenting cell (APC)–related molecular MHC-II and what the possible mech-
anism is remain unidentified.
Objective In this study, we intended to investigate the effects of CX3CR1 on MHC-II expressions on brain myeloid cells in
experimental autoimmune encephalomyelitis (EAE) mice and explore the possible regulators for it.
Methods CX3CR1-deficient EAEmice were created. Disease severity, pathological damage, and the expressions ofMHC-II and
its mediators on myeloid cells were detected.
Results We found that compare with wile-typed EAEmice, CX3CR1-deficient EAEmice exhibited more severe disease severity.
An accumulation of CD45+CD115+Ly6C−CD11c+ cells was reserved in the affected EAE brain of CX3CR1-deficient mice,
consistent with disease severity and pathological damage in the brain. The expressions of MHC-II on the brain
CD45+CD115+Ly6C−CD11c+ cells of CX3CR1-deficient EAE mice were elevated, in accord with the increased protein and
mRNA expressions of class II transactivator (CIITA) and interferon regulatory factor-1 (IRF-1).
Conclusions The findings indicated that CX3CR1 might be an important regulator for MHC-II expressions on APCs, playing a
beneficial role in EAE. The mechanism was probably through regulation on the MHC-II regulators CIITA and IRF-1.

Keywords Multiple sclerosis . Experimental autoimmuneencephalomyelitis .CX3CR1 .Major histocompatibility complex class
II molecules . Class II transactivator . Interferon regulatory factor-1

Introduction

Multiple sclerosis (MS) is a chronic, inflammatory demyelin-
ating disease of the central nervous system (CNS), character-
ized by a relapsing-remitting or progressive disease course,
causing irreversible neurological deficits in patients. It is con-
sidered as a predominantly T cell–mediated autoimmune dis-
ease, and experimental autoimmune encephalomyelitis (EAE)
is its well-known animal model. Current treatments with im-
munomodulators are efficient in controlling the relapsing-
remitting course, but fail to prevent disease progression.
Therefore, to search for a reagent with neuroprotective effects
is an urgent issue for future therapeutic strategies of MS.

CX3CL1 (fractalkine) is a distinct chemokine, constitutively
expressed by neurons in the CNS, while its specific unique
receptor, CX3CR1, is exclusively expressed by microglia
[1–4]. Except for promoting tissue inflammation via recruitment
of immune cells to these sites, recent studies have identified a
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protective role of CX3CL1-CX3CR1 in certain pathological
conditions. It was shown that variant alleles of CX3CR1 (I249
and M280) could result in decreased CX3CL1-binding affinity
and lower expression of CX3CR1, contributing to the develop-
ment of age-related macular degeneration [5, 6]. In addition, in
three pathological models including Parkinson’s disease, amyo-
trophic lateral sclerosis, and endotoxemia, CX3CR1-deficient
mice exhibited more extensive neuronal loss and microglial
neurotoxicity, indicating a neuroprotective role of CX3CR1 in
the CNS [3]. The neuroprotective role of CX3CL1-CX3CR1
was also reported in hippocampal neurons, mediated through
the adenosine receptor 1 [7–9].

Recent evidence also implicated neuroprotective effects of
CX3CL1-CX3CR1 in MS. It was shown that CX3CR1-
deficient EAE mice exhibited more severe neurological defi-
cits, correlated with enhanced brain inflammation, demyelin-
ation, and neuronal damage [10]. A genetic study revealed a
lower frequency of CX3CR1I249/T280 haplotype in patients
with secondary progressive MS (SPMS) compared with
relapsing-remitting MS, indicating that CX3CR1I249/T280 hap-
lotype could have protective effect for switch to SPMS [11].
But as to the mechanism for the neuroprotective role of
CX3CR1 in MS, less was known. Reduced recruitment of
NK cells in CX3CR1GFP/GFP mice with EAE was visualized,
which was associated with increased disease severity [12].
Enrichment of CD115+Ly6C−CD11c+ dendritic cells was also
observed in the affected EAE brain of CX3CR1-deficient
mice, where this particular cell subset might be involved in
anti-myelin Tcell stimulation, implicating an important role of
CX3CR1 for antigen-presenting cells (APCs) in MS [10].

However, whether CX3CR1 is involved in the function of
APCs (modulation of antigen presentation) and what the pos-
sible mechanism is remain unidentified. Major histocompati-
bility complex class II molecules (MHC-II), a set of surface
proteins on APCs, are known to be essential for the primary
recognition during Tcell activation. The regulation ofMHC-II
gene expression is complicated, involving several transcrip-
tional factors acting on the MHC-II promoters. Class II
transactivator (CIITA) is the master MHC-II gene regulator,
while signal transducers and activators of transcription
(STAT) molecules and interferon regulatory factor-1 (IRF-1)
also participate in the regulation of MHC-II expression [13].

In the current study, we intended to investigate the alterna-
tion of MHC-II expression on myeloid cells in the brain of
CX3CR1-deficient EAE mice and explore the possible mech-
anism for it. We supposed that the expressions of MHC-II on
CD115+Ly6C−CD11c+ dendritic cells in the affected EAE
brain of CX3CR1-deficient mice were elevated, which corre-
lated with neurological deficits and brain pathology. The ex-
pressions of CIITA and IRF-1 in the affected brain of
CX3CR1-deficient EAE mice were also increased, possibly
involved in the mechanism linking CX3CR1 and modulation
of MHC-II expression on APCs. CX3CR1 might be an

important regulator for APC function, playing a neuroprotec-
tive role in a chronic EAE model for MS.

Material and methods

Generation of CX3CR1-deficient mice

Wild-type C57BL/6 mice were obtained from the Animal
Experiment Center of Sun Yat-sen University. CX3CR1-
deficient mice were generated according to the methods de-
scribed by Jung S before [14]. Briefly, the mutant murine
CX3CR1 locus was constructed by targeted replacement of
the CX3CR1 gene (the first 390 bp of the second CX3CR1
coding exon) with the cDNA encoding EGFP (pEGFP-N1;
GenBank accession no. U55762; bp 653 to 1666; Clontech).
Following homologous recombination and after neo gene de-
letion, the isolated targeted embryonic stem cell clones
(E14.1, 129/Ola) were injected into blastocysts to generate
chimeric mice. Germ line transmission of the mutant allele
yielded heterozygousmutant CX3CR1+/GFP mice, which were
intercrossed to generate CX3CR1GFP/GFP mice. Mice were
genotyped by RT-PCR using cDNA reverse-transcribed from
lymphoid tissues and the chemokine receptor-specific primers
listed in Table 1. All animal experimental procedures were
performed in accordance with the Guidelines of Animal
Care approved by the Local Ethical Committee at the Fifth
Affiliated Hospital of Sun Yat-sen University.

EAE induction

To induce EAE, 6–8-week-old CX3CR1-deficient
(CX3CR1GFP/GFP) and wild-type (WT) female mice were im-
munized subcutaneously with 100 μg myelin oligodendrocyte
glycoprotein (MOG35–55, orb72986, Biorbyt, San Francisco,
CA, USA) peptide emulsified 1:1 in complete Freund’s adju-
van t (CFA, KX0210046-10 , Bei j ing Biodragon
Immunotechnologies Company, Beijing, China) containing
5 mg/ml heat-inactivated mycobacterium tuberculosis. Two
hundred nanograms of pertussis toxin (1045840, Xiya
Reagent, Shandong, China) was injected intraperitoneally on
the day of immunization and repeated 48 h later. Mice were
weighted and monitored daily, scored as below: 0 = healthy;
1 = limp tail; 2 = ataxia and/or paresis of the hindlimbs; 3 =
paralysis of the hindlimbs and/or paresis of the forelimbs; 4 =
tetraparalysis; 5 =moribund or death [15]. Mice were sacrificed
at the peak of EAE disease (16–21 days postimmunization).

Flow cytometry

CX3CR1GFP/GFP and WT EAE mice at the peak of EAE were
transcardially perfused with PBS. Brain tissues were dissect-
ed, followed by digestion with enzymatic digestion kit
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(KGA829, KeyGenBioTech, Nanjing, China) according to the
manufacturer’s instructions. After passing through a 70-μm
nylon mesh and wash, single-cell suspensions were prepared.
Then, cells were incubated on ice for 15~20 min with a mix of
fluorochrome-conjugated anti-mouse antibodies: CD45-PE-
Cyanine7 (30-F11, eBioscience, San Diego, CA, USA),
CD115-APC (AFS98, eBioscience, San Diego, CA, USA),
CD11c-PE (N418, eBioscience, San Diego, CA, USA),
Ly6C-eFluor 450 (HK1.4, eBioscience, San Diego, CA,
USA), and MHC-II (I-Ab)-FITC (AF6-120.1, eBioscience,
San Diego, CA, USA) using single-stained samples as con-
trols. After wash, cells were resuspended in PBS. The respec-
tive antigens of the used antibodies were CD45, CD115,
CD11c, Ly6C, and MHC-II. And the events used in each
FACS assay were 1.8 × 106. Fluorescence profiles were ac-
quired on Gallios flow cytometer (Beckman Coulter,
Kraemer Boulevard Brea, CA, USA) and the data were ana-
lyzed with FlowJo 7.6 Analysis software.

Immunohistochemistry

Brains and spinal cords of CX3CR1GFP/GFP and WT EAE
mice, as well as CX3CR1GFP/GFP and WT naive mice, were
dissected, post-fixed in 4% paraformaldehyde, then processed
for paraffin embedding and tissue section (4~6 μl) cutting.
After inactivation of endogenous peroxidases and blockage
of nonspecific binding, the sections were incubated overnight
at 4 °C with rabbit anti-CD45 pAbs at 1:1000 (ab10558,

Abcam, Cambridge,MA, USA), mouse anti-myelin basic pro-
tein mAbs (MBP101) at 1:1000 (ab62631, Abcam,
Cambridge, MA, USA), or rabbit anti-calbindin pAbs at
1:1000 (ab11426, Abcam, Cambridge, MA, USA). Then,
the sections were incubated with biotin-conjugated goat anti-
rabbit or goat anti-mouse immunoglobulins at 1:100 (IB-
0061/IB-0021, Beijing DingguoChangsheng Biotechnology,
Beijing, China), followed by incubation with horseradish per-
oxidase (HRP)–labeled streptavidin at 1:200 (IH-0061,
Beijing DingguoChangsheng Biotechnology, Beijing, China)
at 37 °C for 40 min. The action cascade was visualized by
incubation with diaminobenzidine (DAB) as a substrate,
followed by counterstain with Nissl. For Nissl staining, after
tissues were mounted onto sides, sections were de-fat on gra-
dient ethanol (100%, 95%, and 70%) then stained in 0.5%
cresyl violet for 3 min, followed by dehydration in graded
ethanol (70%, 95%, and 100%). Then, slides were cleared in
xylene for 5 min twice andmountedwith permanent mounting
medium. Three tissue sections per mouse (n = 2 per group)
were imaged. The integrated optical density (IOD) of myelin
immunoreactivity in each image was measured using Image-
Pro Plus 6.0 (Media Cybernetics, Inc. Rockville, MD, USA).

Western blotting

After lysed by radioimmunoprecipitation assay (RIPA) lysis
buffer plus phenylmethyl sulfonyl fluoride (PMSF), the protein
concentrations of brain cells were assessed using a

Table 1 PCR primer-specific for
wild and mutant CX3CR1 alleles Gene Primera Primer sequences Amplified fragment

size (bp)

Wild CX3CR1 allele Forward (A) 5′-CCTTTGCCGGGGAAAAGTTC-3′ 394
Reverse (B) 5′-TTTGTCACCAGTAAGCCCCA-3′

Mutant CX3CR1GFP allele Forward (C) 5′-ATCATGGCCGACAAGCAGAA-3′ 744
Reverse (B) 5′-TTTGTCACCAGTAAGCCCCA-3′

a Primer A hybridized to the first 388 bp of the secondCX3CR1 coding exon. Primer B hybridized to the upstream
untranslated exon of CX3CR1. Primer C hybridized to the EGFP gene

Table 2 PCR primer sequences
for MHC-II, CIITA, IRF-1,
CX3CR1 and GAPDH

Gene Primer Primer sequences Amplified fragment size (bp)

MHC-II Forward 5′-CAAGGACTGAGGGCGGAAAC-3′ 126
Reverse 5′-CCCACTCCTCCCGGTTGTAG-3′

CIITA Forward 5′-TCACCTTCACGGTCACTACA
CT-3′

266

Reverse 5′-CAGCCTGACTTCTGGGTTGG-3′

CX3CR1 Forward 5′-TACACAAGCGAGGGAGATGG-3′ 242
Reverse 5′-ACCAGTAAGCCCCAATGTTCA-3′

IRF-1 Forward 5′-AAAGGGACATAACTCCAGCAC-3′ 192
Reverse 5′-GCTTCATAAGGTCTTCGGCTA-3′

GAPDH Forward 5′-AGGTCGGTGTGAACGGATTTG-3′ 95
Reverse 5′-GGGGTCGTTGATGGCAACA-3′
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bicinchoninic acid (BCA)-100 Protein Quantitative Analysis
Kit (BCA01, Beijing DingguoChangsheng Biotechnology,
Beijing, China), on a Model 550 microplate reader. Protein
samples were electrophoresed by SDS-PAGE (sodium dodecyl
sulfate polyacrylamide gel electrophoresis) and transferred to
polyvinylidene difluoride (PVDF) membrane (Pall Life
Sciences, New York City, NY, USA) at 110 mA for 2~3 h.
After blocked in 5% skimmed milk in TBST (Tris-buffered
saline-Tween 20) for 1 h, the blots were incubated with the
following primary antibodies overnight at 4 °C: rabbit anti-
CX3CR1 at 1:500 (ab217291, Abcam, Cambridge, MA,
USA), rabbit anti-MHC-II at 1:1000 (ab180779, Abcam,
Cambridge, MA, USA), rabbit anti-CIITA at 1:1000
(ab49132, Abcam, Cambridge, MA, USA), and rabbit anti-
IRF-1 (EPR18301) at 1:1000 (ab186384, Abcam, Cambridge,
MA, USA) using rabbit anti-β-actin at 1:5000 (ab179467,
Abcam, Cambridge, MA, USA) as loading control. Then, the
blots were incubated with HRP (horseradish peroxidase)-con-
jugated goat anti-rabbit antibodies at 1:5000 (BA1054, Wuhan
Boster Biological Technology, Wuhan, China) for 1 h.
Immunoreactivity of primary antibodies was detected using
an enhanced chemiluminescence (ECL) detection kit (Pierce,
Thermo Scientific, Waltham, MA, USA), and images were
acquired using a Kodak film (Kodak, Rochester, NY, USA).
The protein bands were analyzed using Image J software.

Quantitative real-time reverse transcription
polymerase chain reaction

Total RNA was extracted from the cerebral tissues dissected
from wild-type and CX3CR1GFP/GFP EAE mice at the peak of
EAE, using TRIzol reagent (10296010, Invitrogen, Waltham,
MA, USA) according to the manufacturer’s instructions. The
concentration and purity of RNA were assessed by ultraviolet
spectrophotometer Q5000 (Quawell Technology Inc.,
Sunnyvale, CA, USA), and the RNA integrity was evaluated
in 1% agarose gels. RNA was reverse-transcribed to comple-
mentaryDNA (cDNA) by employingmoloneymurine leukemia
virus reverse transcriptase (M-MLV RT, 28025013, Invitrogen,
Waltham, MA, USA), using an oligo dT primer. Quantitative
real-time PCR was performed using Fast SYBR Green Master
Mix Bulk Pack (4385612, Invitrogen, Waltham, MA, USA)
with 2 μl of cDNA template in a 20-μl reaction, analyzed on
ABI PRISM 7500 Sequence Detection System (Applied
Biosystems,Waltham,MA, USA). The relative quantitation val-
ue was calculated with the 2-△△Ct method, using GAPDH as an
internal control. The primer sequences for MHC-II, CIITA, IRF-
1, CX3CR1, and GAPDH were listed in Table 2.

Statistical analysis

Comparisons among groups were analyzed using one-way
analysis of variance (ANOVA) and non-parametric Mann-

Whitney U test as appropriate. Pairwise comparisons were
tested by least significant difference (LSD). Pearson’s corre-
lation coefficients were used for correlation analysis. Data
were shown as mean ± SEM (standard error of mean). All
statistical procedures were performed using the statistical
package of the social sciences 19.0 (SPSS 19.0). P < 0.05
was considered to be significant.

Results

Genotype of CX3CR1-deficient mice

WT, CX3CR1+/GFP, and CX3CR1GFP/GFP mice were geno-
typed by PCR using DNA extracted from lymphoid tissues.
It was shown that in CX3CR1+/GFP mice, two DNA fragments
(394 bp and 744 bp) were observed, indicating that both WT
and mutant CX3CR1 transcripts were presented. In
CX3CR1GFP/GFP mice, only mutant CX3CR1 transcripts
(744 bp) were visualized, but WT CX3CR1 transcripts
(394 bp) were absent (Fig. 1).

Increased disease severity in CX3CR1-deficient EAE
mice

CX3CR1GFP/GFP and WT mice were immunized with
MOG35–55 peptide and monitored daily. Compared with WT
mice, CX3CR1GFP/GFP mice developed EAE with earlier on-
set (13.36 ± 0.509 vs 17.00 ± 0.756 days, P = 0.000, F =
15.972) and reached the peak of disease earlier (17.93 ±
0.808 vs 20.64 ± 0.746 days, P = 0.020, F = 6.091). The max-
imum EAE scores were also higher in CX3CR1GFP/GFP mice
(3.00 ± 0.166 vs 2.18 ± 0.135, P = 0.001, F = 14.789). The re-
sults were presented in Fig. 2.

Enrichment of CD45+CD115+Ly6C−CD11c+ dendritic
cells in the brain correlated with enhanced CNS
pathology in CX3CR1-deficient EAE mice

Brain cells isolated from CX3CR1GFP/GFP and WT EAE mice
at peak of disease were analyzed by flow cytometry using
antibodies against CD45, CD115, CD11c, and Ly6C.
CD45+-infiltrating leucocytes were gated for further analysis
on CD115, CD11c, and Ly6C expressions to distinguish dif-
ferent myeloid cell subsets. As a result, it was shown that
compare with WT EAE mice, the propor t ion of
CD45+CD115+Ly6C−CD11c+ cells was dramatically in-
creased in CX3CR1GFP/GFP EAE mice (63.6 ± 2.12% vs
17.6 ± 0.74%, P = 0.000, F = 420.34), indicating that
CD45+CD115+Ly6C−CD11c+ cells were the major infiltrating
myeloid cell population in CX3CR1GFP/GFP EAE mice.

To investigate the relationship of infiltrating myeloid cells
and CNS pathology in WT and CX3CR1GFP/GFP EAE mice,
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Fig. 1 Genotype of wild-type, CX3CR1+/GFP, and CX3CR1GFP/GFP mice.
Wild-type (WT), CX3CR1+/GFP, and CX3CR1GFP/GFP mice were geno-
typed byRT-PCR using cDNA reverse-transcribed from lymphoid tissues
and the chemokine receptor-specific primers. Primer A hybridizing to the
first 388 bp of the second CX3CR1 coding exon was combined with

primer B hybridizing to the upstream untranslated exon of CX3CR1, to
amplify a 394-bp fragment indicative of the WT CX3CR1 allele. The
combination of primer B with primer C hybridized to the EGFP gene,
produced a 744-bp fragment indicative of the mutant CX3CR1GFP allele

Fig. 2 Comparison of disease onset and EAE scores between wild-type
(WT) and CX3CR1-deficient EAE mice. a WT (n = 14) and
CX3CR1GFP/GFP mice (n = 14) were immunized with MOG35–55 peptide
and monitored daily. EAE scores were recorded. b Compared with WT
mice, CX3CR1GFP/GFP mice developed EAE with earlier onset and

reached the peak of disease earlier. c The maximum EAE scores were
also higher in CX3CR1GFP/GFP mice. Data were presented as mean ±
SEM. *P < 0.05, **P < 0.01 by one-way ANOVA (versus WT EAE
mice)
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brains and spinal cords were sectioned and analyzed by IHC at
the peak of disease, using CD45, MBP, and calbindin as a
marker of inflammation, demyelination, and Purkinje cells,
respectively. As presented in Fig. 3A and B, compared with
WT naive and CX3CR1GFP/GFP naive mice, CD45+

inflammatory cells were evident in the brains and spinal cords
of WT and CX3CR1GFP/GFP EAE mice, but more prominent
in CX3CR1GFP/GFP EAE mice, indicating that inflammatory
infiltrates were more severe in CX3CR1GFP/GFP EAE mice. It
was also observed that myelin staining (MBP-positive areas)

Fig. 3 More severe CNS pathology in CX3CR1-deficient EAE mice.
Brains and spinal cords were sectioned and analyzed by IHC, using an-
ti-CD45, anti-MBP, and anti-calbindin antibodies to detect inflammation,
demyelination, and Purkinje cell damage, respectively. Compared with
CX3CR1-deficient naive, wild-type (WT) naive, and WT EAE mice,

CD45+ infiltrating leucocytes were more prominent in CX3CR1-
deficient EAE mice (A, a–d and B, m–p). The intensity of the myelin
staining decreased more dramatically (A, e–h and B, q–t), and calbindin-
positive neurons were destroyed with the disruption of the granular cell
layer in CX3CR1-deficient EAE mice (A, i–l and B, u–x)
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in WT EAE mice was less darker than in WT naive and
CX3CR1GFP/GFP naive mice. In CX3CR1GFP/GFP EAE mice,
the intensity of the myelin staining decreased more remark-
ably. In addition, in WT EAE mice, calbindin-positive neu-
rons were visualized along the granular cell layer in the cere-
bellar region, just as WT naive and CX3CR1GFP/GFP naive
mice. But in CX3CR1GFP/GFP EAE mice, calbindin-positive
neurons were destroyed with the disruption of the granular cell
layer. Quantitative analysis revealed that IOD of myelin im-
munoreactivity in CX3CR1-deficient EAE mice was reduced,

compared with WT EAE, WT naive, and CX3CR1-deficient
naive mice (5919.1 ± 176.96 vs 15,361.8 ± 1505.51, P =
0.004, Z = − 2.882; 5919.1 ± 176.96 vs 44,674.0 ± 2015.26,
P = 0.004, Z = − 2.882; 5919.1 ± 176.96 vs 43,479.0 ±
1881.21, P = 0.004, Z = − 2.882). IOD of myelin immunore-
activity in WT EAE mice was lower than in WT naive mice
(15,361.8 ± 1505.51 vs 44,674.0 ± 2015.26, P = 0.004, Z = −
2.882). But there were no significant differences of myelin
immunoreactivity IOD between WT naive and CX3CR1-
deficient naive mice (44,674.0 ± 2015.26 vs 43,479.0 ±

Fig. 3 continued.
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1881.21, P = 0.522, Z = − 0.641). The results indicated that in
CX3CR1-deficient EAE mice, CNS inflammation controlled
by infiltrating myeloid cells was associated with enhanced
CNS demyelination and neuron damage.

Elevated expression of MHC-II on CD11c+ dendritic
cells in the brain of CX3CR1-deficient EAE mice

The expressions of MHC-II on brain myeloid cells were ana-
lyzed by flow cytometry. We found that surface expression of
MHC-II on brain CD45+CD115+Ly6C−CD11c+ cells of
CX3CR1-deficient EAE mice was upregulated when com-
pared with WT EAE mice (mean fluorescence intensity
(MFI), 2442.0 ± 163.73 vs 1745.4 ± 25.67, P = 0.003, F =
17.677; percentage of MHC-II-FITC high subset, 18.7 ±
3.55% vs 6.6 ± 0.36%, P = 0.008, Z = − 2.643) (Fig. 4).
Besides, in both CX3CR1-deficient and WT EAE mice,
MHC-II expressions on brain CD45+CD11c+ cells were

higher than that on CD45+CD11c− cells (CX3CR1-deficient
EAE mice, MFI 2226.0 ± 105.48 vs 1126.8 ± 90.48, P =
0.000, F = 62.561; WT EAE mice, MFI 1710.0 ± 49.09 vs
1235.6 ± 67.94, P = 0.000, F = 32.033).

Increased expressions of MHC-II in the affected brain
of CX3CR1-deficient EAE mice

The expressions of MHC-II in the brain of WTand CX3CR1-
deficient EAEmice were further detected by quantitative real-
time RT-PCR and western blotting. It was shown that mRNA
expressions of MHC-II in the affected brain of CX3CR1-
deficient EAE mice were elevated, compared with
CX3CR1-deficient naive, WT naive, and WT EAE mice
(17.86 ± 0.199 vs 0.70 ± 0.104, P = 0.000; 17.86 ± 0.199 vs
0.67 ± 0.149, P = 0.000; 17.86 ± 0.199 vs 7.01 ± 0.154, P =
0.000). The mRNA expressions of MHC-II in the affected
brain of WT EAE mice were higher than that of WT naive

Fig. 4 Effects of CX3CR1 on MHC-II of antigen-presenting cells. The
expressions of MHC-II on brain myeloid cells from CX3CR1GFP/GFP and
WT EAE mice at the peak of disease were analyzed by flow cytometry.
Representative FACS profiles of percentage ofMHC-II-FITC high subset
on brain CD45+CD115+Ly6C−CD11c+ cells of WT EAE mice (a) and
CX3CR1-deficient EAE mice (b), with single-stained controls for

fluorescence compensation (c). Mean fluorescence intensity (MFI) of
MHC-II (d) and percentage of MHC-II-FITC high subset (e) on brain
CD45+CD115+Ly6C−CD11c+ cells of CX3CR1-deficient EAE mice
were elevated when compared with WT EAE mice. Data were presented
as mean ± SEM of five independent experiments. **P < 0.01 by one-way
ANOVA and Mann-Whitney U test, respectively (versus WT EAEmice)
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mice (7.01 ± 0.154 vs 0.67 ± 0.149, P = 0.000). There were no
significant differences in MHC-II mRNA expressions be-
tween WT naive and CX3CR1-deficient naive mice (0.67 ±
0.149 vs 0.70 ± 0.104, P = 0.881) (Fig. 5a, b).

As presented in Fig. 5c and d, the protein expressions of
MHC-II in the affected brain of CX3CR1-deficient EAE mice
were also increased, compared with CX3CR1-deficient naive,
WT naive, and WT EAEmice (relative grayscale, 2.12 ± 0.028
vs 0.14 ± 0.007, P = 0.000; 2.12 ± 0.028 vs 0.13 ± 0.004, P =
0.000; 2.12 ± 0.028 vs 0.80 ± 0.022, P = 0.000). The protein
expressions of MHC-II in the affected brain of WT EAE mice

were higher than that of WT naive mice (relative grayscale,
0.80 ± 0.022 vs 0.13 ± 0.004, P = 0.000). There were no signif-
icant differences in MHC-II protein expressions between WT
naive and CX3CR1-deficient naive mice (relative grayscale,
0.13 ± 0.004 vs 0.14 ± 0.007, P = 0.619).

Increased expressions of CIITA and IRF-1
in the affected brain of CX3CR1-deficient EAE mice

The expressions of CIITA and IRF-1, two major MHC-II gene
regulators, in the brain were analyzed by quantitative real-time

Fig. 5 Increased expressions of MHC-II in the affected brain of
CX3CR1-deficient EAE mice. The mRNA and protein expressions of
MHC-II in the brain were analyzed by quantitative real-time RT-PCR
and western blotting, respectively. a Compared with CX3CR1-deficient
naive, wild-type (WT) naive, and WT EAE mice, MHC-II mRNA ex-
pressions in the affected brain of CX3CR1-deficient EAE mice were
elevated. Data were presented as mean ± SEM of six independent exper-
iments. **P < 0.01 by one-way ANOVA and LSD for pairwise compar-
isons (versus CX3CR1-deficient naive, WT naive, andWT EAEmice). b
Representative agarose electropherogram of MHC-II and CX3CR1 in
RT-PCR, using GAPDH as internal control. In the upper panel, lands 1,
2 represented WT naive mice; lands 3, 4 represented WT EAE mice; and
lands 5, 6 represented CX3CR1-deficient EAE mice. In the lower panel,
lands 1, 2 represented CX3CR1-deficient naive mice; lands 3, 4

represented WT naive mice; lands 5, 6 represented WT EAE mice; and
lands 7, 8 represented CX3CR1-deficient EAE mice. c Compared with
CX3CR1-deficient naive, WT naive, andWT EAEmice, MHC-II protein
expressions in the affected brain of CX3CR1-deficient EAE mice were
also elevated. Data were presented as mean ± SEM of three independent
experiments. **P < 0.01 by one-way ANOVA and LSD for pairwise
comparisons (versus CX3CR1-deficient naive, WT naive, and WT EAE
mice). d Representative western blotting of MHC-II and CX3CR1 pro-
teins, using β-actin as internal control. In the upper panel, lands 1, 2
represented WT naive mice; lands 3, 4 represented WT EAE mice; and
lands 5, 6 represented CX3CR1-deficient EAE mice. In the lower panel,
lands 1, 2 represented CX3CR1-deficient naive mice; lands 3, 4 repre-
sentedWT naive mice; lands 5, 6 representedWTEAEmice; and lands 7,
8 represented CX3CR1-deficient EAE mice
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RT-PCR and western blotting, respectively. The data showed
that the mRNA expressions of CIITA and IRF-1 in the affect-
ed brain of CX3CR1-deficient EAEmice were elevated, com-
pared with CX3CR1-deficient naive,WT naive, andWTEAE
mice (CIITA, 7.74 ± 1.237 vs 0.67 ± 0.111, P = 0.004, Z = −

2.882; 7.74 ± 1.237 vs 0.63 ± 0.170, P = 0.004, Z = − 2.903;
7.74 ± 1.237 vs 2.80 ± 0.361, P = 0.004, Z = − 2.882. IRF-1,
15.88 ± 0.920 vs 0.75 ± 0.087, P = 0.004, Z = − 2.882; 15.88
± 0.920 vs 0.66 ± 0.153,P = 0.004, Z = − 2.903; 15.88 ± 0.920
vs 3.98 ± 0.870, P = 0.004, Z = − 2.882). The mRNA
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expressions of CIITA and IRF-1 in the affected brain of WT
EAE mice were higher than that of WT naive mice (CIITA,
2.80 ± 0.361 vs 0.63 ± 0.170, P = 0.004, Z = −2.903; IRF-1,
3.98 ± 0.870 vs 0.66 ± 0.153, P = 0.004, Z = − 2.903). There
were no significant differences of CIITA and IRF-1 mRNA
expressions between WT naive and CX3CR1-deficient naive
mice (CIITA, 0.63 ± 0.170 vs 0.67 ± 0.111, P = 0.935, Z =
−0.082; IRF-1, 0.66 ± 0.153 vs 0.75 ± 0.087, P = 0.807, Z =
− 0.245) (Fig. 6a, b).

As presented in Fig. 6c and d, the protein expressions
of CIITA and IRF-1in the affected brain of CX3CR1-
deficient EAE mice were also increased, compared with
CX3CR1-deficient naive, WT naive, and WT EAE mice
(relative grayscale: CIITA, 1.34 ± 0.020 vs 0.11 ± 0.007,
P = 0.000; 1.34 ± 0.020 vs 0.10 ± 0.004, P = 0.000; 1.34
± 0.020 vs 0.80 ± 0.035, P = 0.000; IRF-1: 2.15 ± 0.042
vs 0.92 ± 0.079, P = 0.000; 2.15 ± 0.042 vs 0.87 ± 0.050,
P = 0.000; 2.15 ± 0.042 vs 1.26 ± 0.013, P = 0.000). The
protein expressions of CIITA and IRF-1in the affected
brain of WT EAE mice were higher than that of WT
naive mice (relative grayscale: CIITA, 0.80 ± 0.035 vs
0.10 ± 0.004, P = 0.000; IRF-1, 1.26 ± 0.013 vs 0.87 ±
0.050, P = 0.001). There were no significant differences
of CIITA and IRF-1 protein expressions between WT
naive and CX3CR1-deficient naive mice (relative gray-
scale: CIITA, 0.10 ± 0.004 vs 0.11 ± 0.007, P = 0.745;
IRF-1, 0.87 ± 0.050 vs 0.92 ± 0.079, P = 0.507).

Correlation between MHC-II expressions and CIITA
and IRF-1

Both mRNA and protein expressions of MHC-II in the brain
positively correlated with CIITA and IRF-1, respectively
(MHC-II and CIITA: mRNA r = 0.903, P = 0.000; protein
r = 0.970, P = 0.000; MHC-II and IRF-1: mRNA r = 0.959,
P = 0.000; protein r = 0.988, P = 0.000).

Discussion

CX3CR1, the unique receptor of CX3CL1, is expressed by
microglia in the CNS. Besides controlling leukocyte migra-
tion, recent evidence from animal experiments and genetic
studies has implicated a neuroprotective role of CX3CR1 in
MS. In this experiment, CX3CR1-deficient mice were gener-
ated according to the methods described by Jung S [14] and
genotyped by RT-PCR analysis. It was shown that in
CX3CR1+/GFP mice, chimeric transcripts (both WT and mu-
tant CX3CR1 transcripts) were presented, but in CX3CR1GFP/
GFP mice, only mutant CX3CR1 transcripts were presented.
Using this animal model, we identified that CX3CR1-
deficient mice with EAE exhibited more severe disease sever-
ity defined by earlier onset and higher maximum EAE scores.
In addition, enhanced CNS pathology including exacerbated
inflammatory infiltration, demyelination, and Purkinje cell
damage was also observed in CX3CR1-deficient EAE mice.
Our findings supported a beneficial role of CX3CR1 in a
chronic EAE model for MS, consistent with former literature
[10, 11]. However, Ridderstad Wollberg et al. reported that
pharmacological inhibition of CX3CR1 with selective
CX3CR1 inhibitor AZD8797 reduced inflammation and de-
generation in the CNS in a disease model for MS [16]. Their
results seemed to be in contrast with our study. The basis for
this is unclear. In view of different EAEmodels used, potential
differences between MOG35–55-induced EAE in C57BL/6
mice and MOG1–125-induced EAE in DA rats may contribute
to the divergent results. Besides, different studymethods, gene
deletion or blocking CX3CR1with AZD8797, may also cause
complex impacts.

So far, the mechanism for the protective effects of
CX3CR1 in MS remains unclear. Monocytes, critical media-
tors of innate and adaptive immunity [17], play an important
role in MS and EAE. Based on the expressions of CX3CR1
and chemokine receptor 2 (CCR2), blood monocytes can be
divided into two subsets: Binflammatory^ and Bpatrolling^
monocytes, distinguished as Ly6C+CCR2hiCX3CR1lo and
Ly6C−CCR2 l oCX3CR1h i in mice , r espec t ive ly.
BInflammatory^ monocytes are actively recruited to inflamed
tissues and undergo activation, whereas Bpatrolling^ mono-
cytes patrol the vascular endothelial lumen and involve in
surveillance [18–20]. Similar to the blood monocyte subsets,

�Fig. 6 Increased expressions of CIITA and IRF-1 in the affected brain of
CX3CR1-deficient EAE mice. The mRNA and protein expressions of
CIITA and IRF-1 in the brain were analyzed by quantitative real-time
RT-PCR and western blotting, respectively. a Compared with CX3CR1-
deficient naive, wild-type (WT) naive, and WT EAE mice, CIITA and
IRF-1 mRNA expressions in the affected brain of CX3CR1-deficient
EAE mice were elevated. Data were presented as mean ± SEM of six
independent experiments. **P < 0.01 by non-parametric Mann-Whitney
U test (versus CX3CR1-deficient naive, WT naive, and WT EAE mice).
b Representative agarose electropherogram of CIITA, IRF-1, and
CX3CR1 in RT-PCR, using GAPDH as internal control. In the upper
panel, lands 1, 2 represented WT naive mice; lands 3, 4 represented
WT EAEmice; and lands 5, 6 represented CX3CR1-deficient EAE mice.
In the lower panel, lands 1, 2 represented CX3CR1-deficient naive mice;
lands 3, 4 represented WT naive mice; lands 5, 6 represented WT EAE
mice; and lands 7, 8 represented CX3CR1-deficient EAE mice. c
Compared with CX3CR1-deficient naive, WT naive, andWT EAEmice,
CIITA and IRF-1 protein expressions in the affected brain of CX3CR1-
deficient EAEmice were increased. Data were presented as mean ± SEM
of three independent experiments. **P < 0.01 by one-way ANOVA and
LSD for pairwise comparisons (versus CX3CR1-deficient naive, WT
naive, and WT EAE mice). d Representative western blotting of CIITA,
IRF-1, and CX3CR1 proteins, using β-actin as internal control. In the
upper panel, lands 1, 2 representedWT naive mice; lands 3, 4 represented
WT EAEmice; and lands 5, 6 represented CX3CR1-deficient EAE mice.
In the lower panel, lands 1, 2 represented CX3CR1-deficient naive mice;
lands 3, 4 represented WT naive mice; lands 5, 6 represented WT EAE
mice; and lands 7, 8 represented CX3CR1-deficient EAE mice
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resident microglia and infiltrating monocytes in the EAE brain
can also be defined by CX3CR1 expressions [19], recognized
as CCR2loCX3CR1hi and CCR2hiCX3CR1lo separately. In a
model of excitotoxicity, it was demonstrated that patrolling
monocytes played a critical role in CX3CR1-mediated neuro-
protection [21]. Therefore, we intended to investigate the role
of CX3CR1 on the infiltration of myeloid cells to the CNS in
EAE. As a result, we observed an accumulation of
CD45+CD115+Ly6C−CD11c+ dendritic cells in the affected
EAE brain of CX3CR1-deficient mice, as well as enhanced
inflammation, demyelination, and Purkinje cell damage in the
CNS. This is in accord with previous study [10], implicating
an important role of CX3CR1 for antigen-presenting cells
(APCs) in MS, which might be involved in anti-myelin T cell
stimulation.

However, whether CX3CR1 participates in modulation of
antigen presentation by APC and what the possible mecha-
nism is remain unclear. MHC-II, a class of molecules consti-
tutively expressed on APCs, is known to be essential in initi-
ating immune responses. Only when the specific T cell recep-
tor on the activated anti-myelin T cells that entered the CNS
recognizes its myelin antigen presented on the surface of
APCs combined with MHC-II can the anti-myelin T cells be
reactivated. Thus, in this study, brain cells isolated at the peak
of EAE were analyzed for MHC-II by flow cytometry. The
data showed that the expressions of MHC-II on brain
CD45+CD115+Ly6C−CD11c+ dendritic cells of CX3CR1-
deficient EAE mice were elevated, compared with wild-
typed EAE mice. In addition, the protein and mRNA expres-
sions of MHC-II in the brain of CX3CR1-deficient EAE mice
were also upregulated. These supported that CX3CR1 was
associated with MHC-II expression, which was involved in
the modulation of antigen presentation by APC.

We sought to further investigate the mechanism linking
CX3CR1 to MHC-II gene regulation. It is known that several
transcription factors including CIITA, STAT, and IRF-1 are
involved in the regulation of MHC-II gene. CIITA, a non-
DNA-binding protein, acts as a key positive regulator of
MHC-II gene transcription, through binding with the upstream
promoter elements that are bound by CREB (cyclic AMP re-
sponse element-binding protein), RFX (regulatory factor X),
and NF-γ (nuclear factor γ) [22, 23]. STAT and IRF-1, two
transcription factors that bind to the CIITA promoter IV, regu-
late the expression of CIITA gene [24–26]. In the current study,
the protein and mRNA expressions of CIITA and IRF-1 in the
affected brain at peak of EAE were assessed by western-blot
and real-time RT-PCR. The data revealed that both the protein
and mRNA expressions of CIITA and IRF-1 in the brain of
CX3CR1-deficient EAE mice were elevated, which correlated
with the increased MHC-II expressions. This implicated that
CIITA and IRF-1 might be the potential targets of CX3CR1,
involved in regulation of MHC-II expressions and modulation
of antigen presentation in APC.

Conclusions

In summary, our data supported a beneficial role of CX3CR1
in a chronic EAE model for MS, involved in modulation of
infiltrating myeloid cells (CD45+CD115+Ly6C−CD11c+ sub-
set) to the CNS. Besides, CX3CR1was associated withMHC-
II expressions on APCs, implicated in modulation of antigen
presentation. Our findings also indicated that the mechanism
linking CX3CR1-CX3CL1 interaction to modulation of anti-
gen presentation was probably through regulation on the
MHC-II regulators CIITA and IRF-1. This advances our un-
derstanding and provides new insights into the mechanism for
neuroprotective role of CX3CR1 in the EAE model for MS.
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