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Preferential Recruitment of Neutrophils into the Cerebellum
and Brainstem Contributes to the Atypical Experimental
Autoimmune Encephalomyelitis Phenotype

Yudong Liu, Andrew T. Holdbrooks, Gordon P. Meares, Jessica A. Buckley,

Etty N. Benveniste, and Hongwei Qin

The JAK/STAT pathway is critical for development, regulation, and termination of immune responses, and dysregulation of the

JAK/STAT pathway, that is, hyperactivation, has pathological implications in autoimmune and neuroinflammatory diseases. Sup-

pressor of cytokine signaling 3 (SOCS3) regulates STAT3 activation in response to cytokines that play important roles in the path-

ogenesis of neuroinflammatory diseases, including IL-6 and IL-23. We previously demonstrated that myeloid lineage–specific

deletion of SOCS3 resulted in a severe, nonresolving atypical form of experimental autoimmune encephalomyelitis (EAE),

characterized by lesions, inflammatory infiltrates, elevated STAT activation, and elevated cytokine and chemokine expression

in the cerebellum. Clinically, these mice exhibit ataxia and tremors. In this study, we provide a detailed analysis of this model,

demonstrating that the atypical EAE observed in LysMCre-SOCS3fl/fl mice is characterized by extensive neutrophil infiltration

into the cerebellum and brainstem, increased inducible NO synthase levels in the cerebellum and brainstem, and prominent

axonal damage. Importantly, infiltrating SOCS3-deficient neutrophils produce high levels of CXCL2, CCL2, CXCL10, NO, TNF-a,

and IL-1b. Kinetic studies demonstrate that neutrophil infiltration into the cerebellum and brainstem of LysMCre-SOCS3fl/fl mice

closely correlates with atypical EAE clinical symptoms. Ab-mediated depletion of neutrophils converts the atypical phenotype to

the classical EAE phenotype and, in some cases, a mixed atypical/classical phenotype. Blocking CXCR2 signaling ameliorates

atypical EAE development by reducing neutrophil infiltration into the cerebellum/brainstem. Thus, neutrophils lacking SOCS3

display elevated STAT3 activation and expression of proinflammatory mediators and play a critical role in the development of

atypical EAE. The Journal of Immunology, 2015, 195: 841–852.

M
ultiple sclerosis (MS) and experimental autoimmune
encephalomyelitis (EAE), the most extensively studied
mouse model of MS, are considered T cell–mediated

demyelinating diseases of the CNS (1). It is now appreciated that
myeloid cells, including dendritic cells, macrophages/monocytes,
and activated microglia, as well as astrocytes, are important
components of disease initiation and progression (2–6). Increasing
evidence suggests an important role of neutrophils in MS/EAE. In
EAE, neutrophils facilitate disease development in both the ini-

tiation phase and effector phase (7–11). CXCR2 signaling in
neutrophils plays a pivotal role in this process, as blockade of
CXCR2 signaling abrogates blood-brain barrier breakdown, CNS
infiltration by leukocytes, and the development of clinical symp-
toms (8, 9). In the cuprizone-induced demyelination model, mice
lacking CXCR2 are resistant to demyelination, and adoptive
transfer of CXCR2-positive neutrophils into CXCR22/2 mice
reverses this protection (12). CXCR2 ligands, CXCL1 and
CXCL2, are C-X-C chemokines with potent chemotactic proper-
ties for neutrophils, and expression of these two chemokines is
increased with EAE disease development (8, 13, 14). In MS
patients, neutrophils exhibit a primed state with reduced apoptosis;
higher expression of TLR2, fMLP receptor, IL-8R, and CD43; and
enhanced degranulation and oxidative burst (15). Neutrophil-
attracting chemokines such as IL-8 (murine homolog of CXCL1
and CXCL2) are found in the cerebrospinal fluid of opticospinal
and conventional Asian MS patients, indicating the important
involvement of these chemokines in the pathogenesis of MS (16).
In addition, neutrophil infiltration is prominent in early active
demyelinating spinal cord (SC) lesions of neuromyelitis optica
patients (17). Furthermore, a recent study demonstrated that sys-
temic expression of neutrophil-associated factors, including
CXCL1, CXCL5, and neutrophil elastase, correlated with mea-
sures of MS lesion burden and clinical disability (18), further
supporting the involvement of neutrophils in neuroinflammatory
diseases.
MS is a heterogeneous disease in terms of inflammatory lesions

(19, 20). For example, most MS patients have lesions in the brain
with little SC involvement (19, 20). However, a small number of
patients have lesions in the SC and optic nerves (opticospinal MS)
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(16, 21). Thus, it is important to determine the mechanism(s) that
leads to different sites of lesion localization, as this may tailor
current therapies to individualized treatments. The spatial distri-
bution of lesions has also been observed in EAE models. In
classical EAE, lesions are predominantly localized in the SC (22),
although inflammatory changes in the brainstem (BS) and cere-
bellum (CRB) are also observed, whereas, in atypical EAE
models, inflammatory demyelination is predominantly in the CRB
and BS (23–27). Therefore, determining the mechanisms that in-
fluence brain versus SC inflammation is clinically relevant, as
most MS patients have lesions in the brain.
We previously demonstrated that mice with a specific deletion of

the suppressor of cytokine signaling 3 (SOCS3) gene in myeloid
cells (LysMCre-SOCS3fl/fl) develop early onset of a severe and
nonresolving disease with features of atypical EAE, which is
characterized by involvement of the CRB, rather than the SC, and
ataxia, significant weight loss, axial rotation, and tremors (3).
Importantly, we found that there was a striking neutrophil infil-
tration in the brain. Of interest, several groups have reported other
atypical EAE phenotypes in mice with dominant brain involve-
ment and prominent neutrophil infiltration (23–27). Neutrophils
are critical for recruiting mononuclear cells to various extravas-
cular sites and initiating chronic inflammation. They produce
a diverse array of proinflammatory mediators, including TNF-a,
IL-1b, IL-6, IL-22, IL-23, IFN-g, and IL-17A (11, 28–32). The
potential of neutrophils in orchestrating mononuclear cell re-
cruitment as well as their production of proinflammatory media-
tors may have important implications in the development of
atypical EAE. The purpose of this study was to investigate the
potential pathogenic role of neutrophils in atypical EAE devel-
opment in LysMCre-SOCS3fl/fl mice.

Materials and Methods
Mice

SOCS3-floxed transgenic (SOCS3fl/fl) mice (33) were a gift of W. Alexander
(Walter and Eliza Hall Institute of Medical Research, Victoria, Australia),
and were bred at University of Alabama at Birmingham. SOCS3 conditional
knockout (LysMCre-SOCS3fl/fl) mice were generated by serial breeding of
SOCS3fl/fl mice with mice expressing Cre-recombinase under the control of
the LysM promoter (3). All experiments were reviewed and approved by the
institutional animal care and use committee of University of Alabama at
Birmingham.

Peptides, Abs, and cytokines

Myelin oligodendrocyte glycoprotein (MOG)35–55 peptide was synthesized
by New England Peptide. LPS was from Sigma-Aldrich. Abs against
murine CD11b, CD45, Ly-6C, Ly-6G, and TNF-a used for flow
cytometry were from BioLegend. Ab against murine p-STAT3 used for
flow cytometry was from Cell Signaling. Abs against inducible NO
synthase (iNOS) and CCL2 used for flow cytometry were from BD
Biosciences. LIVE/DEAD Fixable Aqua Stain kit was from Invitrogen.
Ab against SMI-32 was from Covance, and Ab against GAPDH was
from Abcam. Neutralizing anti–Ly-6G Ab (clone 1A8) and isotype control
Ab (rat IgG2a, clone 2A3) were from Bio X Cell (West Lebanon,
NH). CXCR2 antagonist SB 225002 was from Cayman Chemical (Ann
Arbor, MI).

EAE induction and assessment

Active EAE was induced as previously described (3, 34). Eight- to 12-wk-
old SOCS3fl/fl or LysMCre-SOCS3fl/fl mice were immunized s.c. with 100
mg MOG35–55 emulsified in CFA (supplemented with 2 mg/ml Mycobac-
terium tuberculosis) and injected i.p. on days 0 and 2 with 500 ng pertussis
toxin. Assessment of classical EAE was as follows: 0, no disease; 1, de-
creased tail tone; 2, hind limb weakness or partial paralysis; 3, complete
hind limb paralysis; 4, front and hind limb paralysis; and 5, moribund state.
Assessment of atypical EAE was as follows: 0, no disease; 1, hunched
appearance, stiff tail; 2, staggered walking, scruffy coat; 3, head tilt, ataxia,
obvious impaired balance/ambulation, body lean; 4, inability to maintain
upright posture, severe axial rotation, severe body lean; and 5, moribund.

Mixed EAE was defined as mice that exhibited both classical and atypical
symptoms. All mice were scored by the two scoring systems separately.
For neutrophil depletion, mice were treated i.p. at the indicated time points
with 200 mg anti–Ly-6G or isotype control. For CXCR2 blockage, SB
225002, a selective nonpeptide inhibitor of CXCR2 (dissolved in 10%
DMSO, 5% Tween 20, 10% PEG 400, 75% saline, and 200 mg/mouse)
(35), or vehicle control was administered i.p. at the indicated time points.
Mice were sacrificed and perfused, and mononuclear cells were isolated
from the CNS (CRB, BS, and SC) by a 30/70% Percoll gradient, or from
draining cervical lymph nodes and spleen (SP), and cell phenotype was
determined by surface and intracellular staining by flow cytometry, as
previously described (3, 34).

Preparation of neutrophils from bone marrow and blood

Total bone marrow (BM) cells were recovered from the femur and tibia by
flushing with RPMI 1640 medium with an 18-gauge needle, and RBCs were
lysed. Blood was collected, serum was removed, and RBCs were lysed. Then
cells from BM and blood were stained with CD45, CD11b, Ly-6G, and
Ly-6C, and neutrophils were sorted as CD45+CD11b+Ly-6C2Ly-6G+.

Flow cytometry

Neutrophils were stimulated for 4 h with LPS (10 ng/ml) plus GolgiStop
(BD Pharmingen) and were analyzed for intracellular production of TNF-a
and CCL2. For iNOS-producing neutrophils, cells were fixed with 4%
paraformaldehyde after surface staining for CD45, CD11b, Ly-6C, and Ly-
6G, followed by 90% methanol permeabilization and intracellular staining
with anti-iNOS Ab. Cells were acquired on a LSRII flow cytometer (BD
Biosciences, San Jose, CA), and data were analyzed using FlowJo software
(Tree Star, Ashland, OR).

Immunohistology analysis

Mice were transcardially perfused with ice-cold PBS and 4% parafor-
maldehyde in PBS under deep anesthesia. CNS tissues were postfixed in the
same fixative overnight at 4˚C, followed by cryoprotection in 30% (w/v)
sucrose in PBS overnight at 4˚C. Cryoprotected brains were embedded in
Optimal Cutting Temperature compound (Fisher Scientific) and cryosec-
tioned at 8 mm. Sections were stained with H&E and/or immunofluores-
cence. For immunofluorescence, sections were rinsed in PBS,
permeabilized with 0.4% Triton X-100, blocked with 10% donkey
serum, and then incubated in a mixture of primary Abs diluted in PBS
containing 2% donkey serum and 0.1% Triton X-100 overnight at 4˚C. The
sections were washed extensively with PBS and then incubated for 30 min at
room temperature in species-specific secondary Abs (all raised in donkey)
conjugated to Alexa Fluor 488 or Alexa Fluor 596. Sections were washed
again and mounted using Prolong antifade medium (Invitrogen). All fluo-
rescent and confocal images were acquired with an Olympus FV1000 Laser
Confocal Scanning microscope and were subsequently analyzed using the
FV10-ASW software. Images were collected at the same time using identical
settings with respect to image exposure time and image compensation
settings, as described (3).

Nitrite assay

Supernatants were collected and analyzed for nitrite, a stable end product of
NO, using the Griess reaction, as previously described (36). Briefly, 50 ml
supernatant was incubated with 50 ml Griess reagent in 96-well flat-bottom
tissue culture plates. Samples were then read at 540 nm to measure nitrite
levels.

RNA isolation, RT-PCR, and TaqMan gene expression assays

Total RNA was isolated from the CRB, BS, and SC of mice, and reverse-
transcriptase reactions were performed, as described (3, 34). Five hundred
nanograms RNA was used to reverse transcribe into cDNA and subjected
to quantitative RT-PCR. The data were analyzed using the comparative
cycle threshold method to obtain relative quantitation values.

Immunoblotting

Total of 40 mg cell lysate or brain homogenate was separated by electro-
phoresis and probed with Abs, as described previously (3, 34).

Statistical analysis

Levels of significance for comparison between two groups were determined
by one-sided two-sample Mann–Whitney rank sum test and the Student
t test distribution. A p value ,0.05 was considered statistically significant.
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Results
Mice with deletion of SOCS3 in myeloid cells develop atypical
EAE that mainly affects the CRB and BS

We first confirmed and extended our previous observation that mice
with deletion of SOCS3 in cells of the myeloid lineage develop
early onset of a severe and nonresolving disease with features of
atypical EAE (3). As shown in Fig. 1A, pure atypical EAE
symptoms were only observed in LysMCre-SOCS3fl//fl mice, and
the majority of SOCS3fl//fl mice exhibited classical EAE symp-
toms. Interestingly, 23.1% of SOCS3fl//fl mice and 11.1% of
LysMCre-SOCS3fl//fl mice developed a mixed phenotype, which is
characterized by signs of atypical EAE accompanied by ascending
paralysis. Next, we examined the pattern of mononuclear cell
infiltration into different CNS compartments of SOCS3fl//fl mice
that exclusively had classical EAE or of LysMCre-SOCS3fl//fl

mice that exclusively had atypical EAE during disease develop-
ment. We consistently observed a substantial mononuclear cell
infiltration into the CRB and BS after onset of disease in LysM-
Cre-SOCS3fl//fl mice with atypical EAE, with minimal mononu-
clear cell infiltration into the SC (Fig. 1B). In contrast,
mononuclear cell infiltration into the SC of SOCS3fl//fl mice with
classical EAE was observed (Fig. 1B). H&E staining also con-
firmed the increased level of mononuclear cells in the BS of
LysMCre-SOCS3fl//fl mice compared with SOCS3fl//fl mice
(Fig. 1C). Levels of proinflammatory mediators, including IL-1b,

TNF-a, and iNOS, were examined in the different CNS com-
partments at different disease stages. Significantly increased levels
of these proinflammatory mediators were detected in the CRB
and, in some instances, the BS from LysMCre-SOCS3fl//fl mice
with atypical EAE at ongoing and peak of disease compared with
SOCS3fl//fl mice with classical EAE (Fig. 1D). Significantly in-
creased levels of IL-1b and iNOS were also observed in the SC of
LysMCre-SOCS3fl//fl mice with atypical EAE during ongoing
disease, but no differences were observed at the peak of disease.
When comparing the ratio of fold induction in these genes be-
tween CRB and SC or between BS and SC, significantly higher
CRB/SC ratios and BS/SC ratios were observed in LysMCre-
SOCS3fl/fl mice compared with SOCS3fl/fl mice (Supplemental
Table I). These data confirm and extend our previous observa-
tions that atypical EAE in LysMCre-SOCS3fl//fl mice affects both
CRB and BS and, in some instances, the SC, compared with
classical EAE that mainly affects the SC in SOCS3fl//fl mice.

Neutrophil infiltration into the CRB and BS is prominent in
atypical EAE

To determine the mechanisms that regulate development of atypical
EAE versus classical EAE, we performed a detailed analysis of the
cellular composition of leukocyte infiltration in different CNS
compartments of SOCS3fl//fl mice that exclusively had classical
EAE or LysMCre-SOCS3fl//fl mice that exclusively had atypical

FIGURE 1. Deletion of SOCS3 in myeloid cells causes atypical EAE. (A) SOCS3fl/fl (n = 26) or LysMCre-SOCS3fl/fl (n = 36) mice were immunized with

MOG35–55 peptide. The mice received i.p. injections of 500 ng pertussis toxin on days 0 and 2. Data were pooled from at least five experiments. (B)

Representative graph illustrating quantitative data for absolute numbers of total infiltrating mononuclear cells in the CRB, BS, and SC from SOCS3fl//fl mice

with classical EAE or from LysMCre-SOCS3fl//fl mice with atypical EAE during disease development. Preonset (clinical scores of 0–1 at days 9–10 for

classical EAE in SOCS3fl/fl mice or at days 5–6 for atypical EAE in LysMCre-SOCS3fl//fl mice), ongoing (clinical scores of 1–3 at days 11–13 for classical

EAE in SOCS3fl/fl mice or at days 7–10 for atypical EAE in LysMCre-SOCS3fl//fl mice), and peak (clinical scores of 3–4 in classical EAE at days 14–18 for

classical EAE in SOCS3fl/fl mice or at days 11–15 for atypical EAE in LysMCre-SOCS3fl//fl mice). Mean6 SD numbers of total infiltrating cells in different

CNS compartments were compared between SOCS3fl/fl and LysMCre-SOCS3fl/fl mice. (C) H&E staining of BS sections at the peak of disease from

SOCS3fl/fl mice with classical EAE or LysMCre-SOCS3fl/fl mice with atypical EAE, as well as BS sections from naive SOCS3fl/fl and LysMCre-SOCS3fl/fl

mice (original magnification310). Representative sections from each group are shown. (D) CRB, BS, and SC mRNAwere isolated at the indicated disease

stages for RT-PCR analysis of IL-1b, TNF-a, and iNOS. Data represent fold induction compared with naive SOCS3fl/fl CRB. Fold induction of indicated genes

in different CNS compartments was compared between SOCS3fl/fl and LysMCre-SOCS3fl/fl mice at the indicated disease stages. *p , 0.05, **p , 0.01.
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EAE, with an emphasis on myeloid cells. Importantly, we found
a much higher percentage of neutrophils (CD45+CD11b+Ly-6Clow

Ly-6G+) in total CNS-infiltrating mononuclear cells (CD45+ cells)
in the CRB and BS, but not in the SC in LysMCre-SOCS3fl//fl mice
with atypical EAE compared with SOCS3fl//fl mice with classical
EAE (Fig. 2A). The presence of neutrophils in the CRB was also
confirmed by morphological analysis (Fig. 2B), and neutrophils
within the CRB and BS were confirmed by immunohistochemical
staining for expression of the neutrophil-specific marker Ly-6G
(Fig. 2C). Next, we assessed the kinetics of neutrophil infiltration
into different CNS compartments during EAE development. In-
terestingly, at preonset of disease, modest neutrophil infiltration
was observed in all CNS compartments in both SOCS3fl//fl mice
with classical EAE and LysMCre-SOCS3fl//fl mice with atypical
EAE (Fig. 2D). However, during ongoing and peak disease, there
was a striking increase in neutrophil infiltration in the CRB and
BS of LysMCre-SOCS3fl//fl mice (Fig. 2D), and the levels of
neutrophils directly correlated with atypical EAE clinical symp-
tom development. In contrast, neutrophil levels decreased in the
CRB, and to a lesser extent, in the BS, of SOCS3fl//fl mice during
classical EAE development (Fig. 2D). The level of neutrophils in

the SC was similar between SOCS3fl//fl mice and LysMCre-
SOCS3fl//fl mice (Fig. 2D). More importantly, the ratio of the per-
centage of neutrophils to percentage of macrophages/monocytes in
the CRB and BS was significantly higher in LysMCre-SOCS3fl//fl

mice compared with SOCS3fl//fl mice (Fig. 2E). These data indicate
an increase of neutrophil frequency as well as a higher ratio of the
percentage of neutrophils to percentage of macrophages/monocytes
in the CRB and BS, which closely correlates with the clinical course
of atypical EAE.

Increased levels of neutrophil- and macrophage/monocyte-
attracting chemokines in the CRB and BS in LysMCre-
SOCS3fl//fl mice with atypical EAE

CXCL1, CXCL2, and CCL2 are potent neutrophil and macrophage
chemoattractants (8, 37, 38). Given the increased levels of neu-
trophils and macrophages/monocytes infiltrating into the CRB and
BS in LysMCre-SOCS3fl//fl mice with atypical EAE compared
with SOCS3fl//fl mice with classical EAE (although the increase of
neutrophils is more prominent than that of macrophages/
monocytes in LysMCre-SOCS3fl//fl mice), we determined the ex-
pression pattern of these chemokines in the different CNS com-

FIGURE 2. Neutrophil infiltration into the CRB and BS is prominent in atypical EAE. (A) CRB-, BS-, and SC-infiltrating mononuclear cells were

isolated from SOCS3fl/fl mice with classical EAE (score of 3) or from LysMCre-SOCS3fl/fl mice with atypical EAE (score of 3). They were first gated on

CD45+, and then gated on CD11b, Ly-6C, and Ly-6G. Representative flow cytometry plot of neutrophils is shown (n = 10 mice/group). Neutrophils were

defined as CD45+CD11b+Ly-6ClowLy-6G+, and macrophages/monocytes were defined as CD45+CD11b+Ly-6ChighLy-6G2. (B) CRB-infiltrating mono-

nuclear cells isolated from LysMCre-SOCS3fl/fl mice at the peak of atypical EAE were cytospinned, and slides were stained with Diff Quik. (C) Immu-

nohistochemistry staining of CRB and BS sections at peak of disease from SOCS3fl/fl mice with classical EAE or LysMCre-SOCS3fl/fl mice with atypical

EAE. Sections were stained with Ly-6G Ab (green), SMI-32 Ab (red), and Hoechst (blue). Representative sections from each group are shown (n = 4 mice/

group). Bar size of 30 mm is shown. (D) Representative graph of three individual experiments illustrating quantitative data for percentage of accumulated

neutrophils in total CNS-infiltrating cells from CRB, BS, and SC at the indicated clinical phases from SOCS3fl/fl mice with classical EAE or LysMCre-

SOCS3fl/fl mice with atypical EAE (n = 3 mice/group). Mean 6 SD. Percentage of neutrophils in CNS-infiltrating cells in different CNS compartments was

compared between SOCS3fl/fl and LysMCre-SOCS3fl/fl mice at the indicated disease stages. (E) Representative graph from three individual experiments

illustrating ratio of percentage of accumulated neutrophils to percentage of accumulated macrophages/monocytes from the CRB, BS, and SC at the in-

dicated clinical phases from SOCS3fl/fl mice with classical EAE or LysMCre-SOCS3fl/fl mice with atypical EAE. Mean 6 SD (n = 3 mice/group).

*p , 0.05, **p , 0.01.
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partments throughout the course of disease. A significant increase
in CXCL1 expression was observed in all CNS compartments in
LysMCre-SOCS3fl//fl mice starting at preonset of disease and was
maintained throughout the course of disease, although levels were
higher in the CRB compared with BS and SC at the peak of
disease (Fig. 3A). The levels of CXCL1 were moderately in-
creased in SOCS3fl//fl mice. Interestingly, expression of CXCL2
and CCL2 in all CNS compartments from LysMCre-SOCS3fl//fl

mice was slightly increased at preonset of disease, and then in-
creased at later time points (Fig. 3A). Importantly, significantly
higher levels of CXCL2 and CCL2 expression were found in the
CRB and BS in LysMCre-SOCS3fl//fl mice with atypical EAE
compared with SOCS3fl//fl mice with classical EAE during ongo-
ing and peak of disease (Fig. 3A). When comparing CXCL2 and
CCL2 expression levels between CRB and SC, or between BS and
SC, ratios were significantly higher in LysMCre-SOCS3fl//fl mice
(Supplemental Table I), further confirming that atypical EAE is
mainly affecting the brain. We also confirmed significantly higher
levels of CXCL2 and CCL2 protein in the CRB and BS from
LysMCre-SOCS3fl//fl mice by ELISA (Fig. 3B).
As the kinetics of CXCL2 and CCL2 expression levels paralleled

the kinetics of mononuclear cell infiltration into the CRB and BS,
we determined whether these CNS-infiltrating cells contributed to
the increased levels of these chemokines. Mononuclear cells iso-

lated from the CRB, BS, and SC of SOCS3fl/fl mice and LysMCre-
SOCS3fl/fl mice at the peak of classical EAE or atypical EAE,
respectively, were cultured for 24 h, and supernatants were
assayed for CXCL2 and CCL2. We observed a significant increase
of CXCL2 and CCL2 levels in the supernatants from cultured
CRB-infiltrating mononuclear cells from LysMCre-SOCS3fl/fl

mice compared with SOCS3fl/fl mice (Fig. 3C). In contrast, sig-
nificantly higher levels of CXCL2 and CCL2 from cultured
SC-infiltrating mononuclear cells from SOCS3fl/fl mice were detected
(Fig. 3C).

Neutrophil depletion converts the atypical phenotype to mixed
and classical phenotypes

Our findings to date suggest that preferential neutrophil recruitment
to the CRB and BS correlates with the development of atypical
EAE. To further assess the functional relevance of neutrophils in
the pathogenesis of atypical EAE, we administered the neutrophil-
specific anti–Ly-6G Ab (clone 1A8), which has been widely used
to deplete neutrophils in vivo (26, 27), beginning on the day of
MOG immunization. As reported, injection of 1A8 Ab displayed
efficacy in depleting circulating neutrophils without affecting
other leukocyte populations (Supplemental Fig. 1). Importantly,
we observed that low levels of neutrophils were maintained for at
least 3 d after Ab injection (Supplemental Fig. 1). Treatment of

FIGURE 3. Increased levels of neutrophil- and macrophage/monocyte-attracting chemokines in the CRB and BS in LysMCre-SOCS3fl//fl mice with

atypical EAE. (A) SOCS3fl//fl or LysMCre-SOCS3fl/fl mice were immunized with MOG35–55 peptide. CRB, BS, and SC mRNAwere isolated at the indicated

disease stages for RT-PCR analysis of CXCL1, CXCL2, and CCL2. Data represent fold induction compared with naive SOCS3fl/fl CRB (n = 3 mice/group).

Data represent three individual experiments. (B) Supernatants obtained from CRB, BS, and SC homogenates at the peak of disease from SOCS3fl/fl mice

with classical EAE or LysMCre-SOCS3fl/fl mice with atypical EAE were subjected to ELISA for CXCL2 and CCL2. Levels of indicated protein in different

CNS compartments were compared between SOCS3fl/fl and LysMCre-SOCS3fl/fl mice at the indicated disease stages (n = 5 mice/group). (C) Total CRB-,

BS-, and SC-infiltrating mononuclear cells isolated at the peak of disease from SOCS3fl/fl mice with classical EAE or from LysMCre-SOCS3fl/fl mice with

atypical EAE were cultured for 24 h, and supernatants were analyzed for CXCL2 and CCL2 by ELISA. Mean6 SD. Levels of indicated protein in different

CNS compartments were compared between SOCS3fl/fl and LysMCre-SOCS3fl/fl mice (n = 4 mice/group). *p , 0.05, **p , 0.01.
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LysMCre-SOCS3fl//fl mice with 1A8 Ab significantly delayed
atypical EAE onset (8.1 6 0.7 versus 10.6 6 1.3) and lessened
atypical EAE clinical scores (Fig. 4A, 4B). Interestingly, neutro-
phil depletion significantly reduced the incidence of atypical EAE
(from 90 to 14.3%) and significantly increased the incidence of the
classical phenotype (from 0 to 57.1%) (Fig. 4A, 4B). Concordant
with the transition from the atypical phenotype to classical phe-
notype, 1A8 Ab treatment reduced mononuclear cell infiltration
into the CRB, and significantly increased mononuclear cell infil-
tration into the SC (Fig. 4C). Importantly, 1A8 Ab treatment
significantly reduced the level of neutrophils in the CRB (Fig.
4D). We also observed a trend of decreased levels of neutrophils in
the BS (Fig. 4D). Expression levels of CXCL1, CXCL2, CCL2,
IL-1b, CXCL10, and iNOS were significantly reduced in the CRB
from 1A8 Ab-treated mice and, in some instances, the BS (Fig. 4E).
Surprisingly, 1A8 Ab treatment had little effect on the development
of classical EAE; however, the incidence of mixed phenotype was
abrogated (Supplemental Fig. 2A, 2B). In addition, mononuclear
cell infiltration into the CRB and BS was significantly reduced
(Supplemental Fig. 2C). A trend of decreased percentage of neu-
trophils in the SC was also observed (Supplemental Fig. 2D).

Neutrophils are pathogenic in the development of atypical EAE
by producing proinflammatory chemokines and cytokines

During EAE development, the interplay between CNS-resident
cells and CNS-infiltrating cells generates a unique inflammatory

microenvironment in the brain, which may be different from that in

the periphery. A number of studies document that neutrophils

produce a diverse array of proinflammatory mediators, including

CXCL2, CCL2, TNF-a, IL-1b, and iNOS (11, 28, 39–41). As we

observed a close correlation between the kinetics of expression of

proinflammatory chemokines and cytokines and the kinetics of

CRB- and BS-infiltrating neutrophils, we focused on the gene

expression profiles of these chemokines and cytokines in neu-

trophils. We previously showed that neutrophils from LysMCre-

SOCS3fl//fl mice are deficient in the socs3 gene (3), and this

deletion leads to enhanced and prolonged activation of STAT3 in

response to stimuli such as G-CSF (Fig. 5A), as well as other

stimuli such as IL-6 (3). SOCS3-deficient neutrophils were sorted

(CD45+CD11b+Ly-6ClowLy-6G+) from mononuclear cells isolated

from CRB, BS, and SP of LysMCre-SOCS3fl/fl mice at the peak of

atypical EAE or from SP of naive LysMCre-SOCS3fl/fl mice, and

FIGURE 4. Neutrophil depletion converts the atypical phenotype to mixed and classical phenotypes. (A) LysMCre-SOCS3fl/fl mice were administered

200 mg 1A8 Ab (n = 21) or isotype control Ab (n = 20) i.p. on days 0, 3, and 6 postimmunization. Data were pooled from at least three experiments.

Incidence of different EAE phenotypes and day of disease onset were compared between isotype control group and 1A8 group. (B) Mean 6 SD of atypical

and classical EAE scores. Data were pooled from at least three experiments. Atypical EAE scores or classical EAE scores were compared between isotype

control group and the 1A8-treated group at the indicated time points. (C) Representative graph illustrating quantitative data for absolute numbers of total

infiltrating mononuclear cells in the CRB, BS, and SC from LysMCre-SOCS3fl//fl mice treated with isotype control or 1A8 Ab at the peak of disease.

Mean6 SD. Numbers of total infiltrating cells in different CNS compartments were compared between isotype control group or 1A8 group. (D) Representative

graph illustrating quantitative data for percentage of accumulated neutrophils in total CNS-infiltrating cells from CRB, BS, and SC from LysMCre-SOCS3fl//fl

mice treated with isotype control or 1A8 Ab at the peak of disease. Mean 6 SD. Percentage of neutrophils in CNS-infiltrating cells in different CNS

compartments were compared between isotype control group and 1A8 group. (E) CRB, BS, and SC mRNAwere isolated from LysMCre-SOCS3fl//fl mice

treated with isotype control or 1A8 Ab at the peak of disease for RT-PCR analysis of CXCL1, CXCL2, CCL2, IL-1b, CXCL10, and iNOS. Data represent

fold induction compared with isotype control CRB. Fold induction of indicated genes in different CNS compartments was compared between isotype

control group and 1A8 group. *p , 0.05, **p , 0.01.
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the sorted neutrophils were directly analyzed for mRNA expres-
sion. Importantly, we found that expression of CXCL2, CCL2,
CXCL10, iNOS, IL-1b, and TNF-a was significantly increased in
CRB- and BS-infiltrating SOCS3-deficient neutrophils compared
with SOCS3-deficient neutrophils from SP from EAE mice or SP
from naive mice (Fig. 5B). Using flow cytometry, we confirmed
the production of CCL2 and TNF-a by CRB-infiltrating SOCS3-
deficient neutrophils from LysMCre-SOCS3fl/fl mice at the peak of
atypical EAE (Fig. 5C). In addition, we confirmed higher levels of
TNF-a and CCL2 on a per-cell basis in CRB-infiltrating neu-
trophils compared with SP-derived neutrophils from LysMCre-
SOCS3fl/fl mice at the peak of atypical EAE (Fig. 5D). We also
confirmed the production of iNOS by CRB-infiltrating SOCS3-
deficient neutrophils from LysMCre-SOCS3fl/fl mice at the peak
of atypical EAE (Fig. 5E). These data suggest that the local in-
flammatory microenvironment contributes to the higher expres-
sion of proinflammatory mediators in CRB-and BS-infiltrating
neutrophils, compared with neutrophils from the SP.
Next, we performed a similar experiment by comparing gene

expression profiles of CRB- and BS-infiltrating neutrophils between
SOCS3fl/fl mice with classical EAE and LysMCre-SOCS3fl/fl mice
with atypical EAE. A significant increase of CXCL2, CXCL10,
iNOS, IL-1b, and TNF-a was noted (Fig. 6A). We then asked
whether the proinflammatory neutrophils observed in LysMCre-
SOCS3fl/fl mice were activated in the periphery and/or after entering
the brain. Neutrophils were sorted from BM, blood, and SP of

SOCS3fl/fl mice and LysMCre-SOCS3fl/fl mice throughout the
course of EAE and were directly analyzed for mRNA expression. A
moderate increase in CCL2 mRNA expression from neutrophils
from blood and SP was observed in SOCS3fl/fl mice at preonset of
disease, and then fluctuated during the ongoing and peak phases of
disease. The levels of CCL2 in neutrophils from BM were increased
at the peak of disease in SOCS3fl/fl mice. The expression of CCL2
in neutrophils from BM and SP was maintained at relatively stable
levels during the entire disease course in LysMCre-SOCS3fl/fl mice,
but a moderate increase of CCL2 expression was found in blood-
derived neutrophils at preonset, ongoing, and peak of disease in
LysMCre-SOCS3fl/fl mice (Fig. 6B). Interestingly, the levels of
TNF-a were decreased in neutrophils from BM, blood, and SP in
both SOCS3fl/fl mice and LysMCre-SOCS3fl/fl mice after the onset
of disease, although a slight increase in TNF-a expression was
observed in neutrophils from BM at preonset of disease in LysM-
Cre-SOCS3fl/fl mice (Fig. 6B). iNOS expression was strikingly in-
creased in neutrophils from BM, blood, and SP of both SOCS3fl/fl

mice and LysMCre-SOCS3fl/fl mice starting at preonset of disease.
A significantly higher level of iNOS expression was observed in
BM-derived neutrophils from SOCS3fl/fl mice at preonset of disease
compared with BM-derived neutrophils from LysMCre-SOCS3fl/fl

mice. The levels of iNOS in BM-derived neutrophils were de-
creased in both SOCS3fl/fl and LysMCre-SOCS3fl/fl mice at ongoing
and peak of disease. No significant difference in iNOS expression
was identified in neutrophils from BM, blood, and SP of SOCS3fl/fl

FIGURE 5. Neutrophils are pathogenic in the development of atypical EAE by producing proinflammatory chemokines and cytokines. (A) Cells from the

bone marrow of SOCS3fl/fl or LysMCre-SOCS3fl/fl mice were treated with G-CSF (10 ng/ml) for 30 and 60 min, and then cells were stained with Abs to

CD11b, Ly-6G, and p-STAT3. (B) CD45+CD11b+Ly-6ClowLy-6G+ neutrophils were sorted from splenocytes of naive LysMCre-SOCS3fl/fl mice or from

splenocytes and CRB- and BS-infiltrating mononuclear cells at the peak of disease from LysMCre-SOCS3fl/fl mice with atypical EAE (n = 4 mice). mRNA

was isolated and analyzed for CXCL2, CCL2, CXCL10, iNOS, IL-1b, and TNF-a. Mean 6 SD. Data represent fold induction compared with neutrophils

isolated from naive LysMCre-SOCS3fl/fl splenocytes. Fold induction of indicated genes was compared between CRB- and BS-infiltrating neutrophils and

neutrophils from SP of naive mice or EAE mice. Data represent three individual experiments. (C) CRB-infiltrating mononuclear cells isolated from

LysMCre-SOCS3fl/fl mice at the peak of atypical EAE were stimulated in the presence of LPS (10 ng/ml) with GolgiStop for 4 h and stained for the surface

markers CD45, CD11b, Ly-6C, and Ly-6G (left panel), and by intracellular flow for TNF-a and CCL2 (right panel) (n = 4 mice). (D) CRB-infiltrating

mononuclear cells and splenocytes isolated from LysMCre-SOCS3fl/fl mice at the peak of atypical EAE were stimulated in the presence of LPS (10 ng/ml)

with GolgiStop for 4 h and stained for the surface markers CD45, CD11b, Ly-6C, and Ly-6G (left panel), and by intracellular flow for TNF-a (left panel) or

CCL2 (right panel) (n = 4 mice). (E) CRB-infiltrating mononuclear cells isolated from LysMCre-SOCS3fl/fl mice at the peak of atypical EAE were stained

with Abs to CD45, CD11b, Ly-6G, and iNOS. Cells were first gated on CD11b and CD45 (left panel), and then gated on Ly-6G and iNOS (right panel).

Representative flow cytometry plot of iNOS+ neutrophils (n = 4 mice). *p , 0.05, **p , 0.01.
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mice and LysMCre-SOCS3fl/fl mice at the peak of disease (Fig. 6C).
In contrast, the expression levels of IL-1b and CXCL2 mRNA in
blood-derived neutrophils were significantly increased at preonset,
ongoing, and peak of disease in LysMCre-SOCS3fl/fl mice com-
pared with SOCS3fl/fl mice. In addition, significantly increased
levels of IL-1b were observed in SP-derived neutrophils at ongoing
and peak of disease in LysMCre-SOCS3fl/fl mice compared with
SOCS3fl/fl mice (Fig. 6D). Interestingly, significantly increased
levels of CXCL10 in blood- and SP-derived neutrophils from
LysMCre-SOCS3fl/fl mice were observed at the peak of disease
compared with SOCS3fl/fl mice (Fig. 6D).

Blocking CXCR2 signaling suppresses atypical EAE
development by reducing neutrophil infiltration into the CRB
and BS

As CXCL2 is a major mediator in recruiting neutrophils (8, 13, 14),
we used SB 225002, a selective nonpeptide inhibitor of CXCR2,
the receptor for CXCL2, to investigate the effect of blocking
CXCR2 signaling in the development of atypical EAE. SB 225002
treatment significantly delayed disease onset and lessened disease
severity in atypical EAE (Fig. 7A, 7B). Importantly, SB 225002
treatment reduced the incidence of atypical EAE (from 60 to 25%)
and increased the incidence of the mixed phenotype (from 40 to

75%) (Fig. 7A, 7B). Consistent with the reduction of atypical EAE
development, blocking CXCR2 signaling significantly reduced
mononuclear cell infiltration into the CRB and BS, but not into the
SC (Fig. 7C). In addition, SB 225002 treatment significantly re-
duced the levels of neutrophils in the CRB and BS, whereas
a trend for reduced neutrophil accumulation in the SC was also
observed (Fig. 7D).

Overproduction of NO and axonal damage in atypical EAE

NO, which induces oxidative damage, is considered an important
proinflammatory mediator involved in the pathogenesis of EAE and
MS (42–45). As we observed higher mRNA level of iNOS in the
CRB and BS as well as in CRB- and BS-infiltrating neutrophils
from LysMCre-SOCS3fl//fl mice (Figs. 1D, 4E, 5B, 5E), we ex-
amined NO production in atypical EAE development. CRB-, BS-,
and SC-infiltrating mononuclear cells isolated at the peak of
classical EAE or atypical EAE from SOCS3fl/fl mice or LysMCre-
SOCS3fl/fl mice, respectively, were cultured for 24 h, and super-
natants were assayed for nitrite. A significant increase in nitrite
levels was observed in supernatants from CRB-infiltrating
mononuclear cells from LysMCre-SOCS3fl//fl mice (Fig. 8A), in-
dicating NO may contribute to cerebellar damage in atypical EAE
development. Axonal loss is the primary cause of clinical dis-

FIGURE 6. Higher expression of proinflammatory mediators from CRB- and BS-infiltrating neutrophils from LysMCre-SOCS3fl/fl mice with atypical

EAE. (A) CD45+CD11b+Ly-6ClowLy-6G+ neutrophils were sorted from CRB- and BS-infiltrating mononuclear cells at the peak of disease from LysMCre-

SOCS3fl/fl mice with atypical EAE or from SOCS3fl/fl mice with classical EAE, mRNA isolated, and analyzed for CXCL2, CXCL10, iNOS, IL-1b, and

TNF-a. Mean6 SD. Fold induction of indicated genes was compared between SOCS3fl/fl mice (n = 5) and LysMCre-SOCS3fl/fl mice (n = 4). Data represent

three individual experiments. CD45+CD11b+Ly-6ClowLy-6G+ neutrophils were sorted from BM, blood, and SP of LysMCre-SOCS3fl/fl mice with atypical

EAE or from SOCS3fl/fl mice with classical EAE at the indicated disease stages, mRNA isolated, and analyzed for CCL2, TNF-a (B), iNOS (C), IL-1b,

CXCL2, and CXCL10 (D). Mean 6 SD (n = 4 mice). Data represent fold induction compared with naive SOCS3fl/fl BM (n = 3 mice in each group). *p ,
0.05, **p , 0.01.
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ability of MS and EAE (46–48). Previous studies have suggested
that increased levels of NO mediate axonal degeneration (45, 49,
50); thus, we evaluated potential axonal damage in brain sections
from SOCS3fl//fl and LysMCre-SOCS3fl//fl mice at the peak of
classical EAE or atypical EAE disease, respectively. SMI-32 has
been widely used as a marker for indication of damaged axons
(51). Most strikingly, increased levels of SMI-32 staining in CRB
and BS sections from LysMCre-SOCS3fl//fl mice were detected,
compared with SOCS3fl//fl mice (Fig. 2C). Interestingly, most of
the SMI-32–positive staining was located in the neutrophil-rich
areas (Fig. 2C). Immunoblot analysis also revealed increased
levels of SMI-32 from CRB lysates of LysMCre-SOCS3fl//fl mice
at peak of disease (Fig. 8B). Thus, there is substantial axonal
damage in the CRB of LysMCre-SOCS3fl//fl mice, which may lead
to the symptoms observed in atypical EAE.

Discussion
Currently, there are multiple animal models that reflect the het-
erogeneity of MS pathology, helping to better understand disease
pathogenesis and develop therapeutic strategies. However, no
single model can recapitulate the complexity of MS in humans,
indicating a clear need for developing and characterizing new
animal models (52, 53). We recently demonstrated that deletion of
SOCS3 in myeloid cells was associated with a particularly severe
form of atypical EAE, characterized by prominent macrophage
and neutrophil infiltration into the CRB, enhanced STAT3 sig-
naling, and ataxia and tremors (3). Importantly, clinical studies
from MS patients have indicated that disease affecting the CRB
has a particularly poor prognosis and rapid progression, as well as
significant cognitive impairment (54, 55); thus, our atypical model
may represent a valuable model for the subset of MS patients with
prominent CRB dysfunction.

In our previous study, we noted prominent neutrophil infiltration
into the brain in LysMCre-SOCS3fl//fl mice with atypical EAE. As
several studies suggest a correlation between neutrophil infiltra-
tion into the brain and the atypical EAE phenotype, we investi-
gated the crucial factor(s) that determines the atypical EAE
phenotype in LysMCre-SOCS3fl/fl mice, with an emphasis on the
neutrophil population. We found that preferential infiltration and
accumulation of neutrophils in the CRB are essential for the
pathogenesis of atypical EAE. In addition, prominent axonal loss
in the CRB is associated with the development of atypical EAE.
Other atypical models share some common features with our
model, including predominant involvement of the brain and
prominent neutrophil infiltration (23–25, 56). However, there are
also substantial differences with these other atypical models. MBP
transgenic RAG2/2 3 IFN-g2/2 3 IL-52/2 mice spontaneously
develop a severe, atypical EAE ∼50 d after birth (24), whereas our
model requires immunization with MOG peptide. We immunized
both SOCS3fl/fl mice and LysMCre-SOCS3fl/fl mice with OVA323–339,
an irrelevant peptide for EAE, with the same immunization protocol.
No classical or atypical EAE was observed (data not shown). In
addition, both SOCS3fl/fl and LysMCre-SOCS3fl/fl mice have been
kept for .1 y, and no spontaneous EAE has been observed (data not
shown). These data collectively indicate that MOG35–55-specific
T cells are required for atypical EAE in LysMCre-SOCS3fl/fl mice.
Stromnes et al. (25) showed that when Th17 cells outnumbered Th1
cells in the brain, and IL-17 levels were high, C3HeB/Fej mice de-
veloped atypical EAE between 12 and 25 d after immunization. In
our LysMCre-SOCS3 fl/fl model, there is prominent involvement
of both Th1 and Th17 cells, and disease onset is more rapid (3).

FIGURE 7. Blocking CXCR2 signaling lessens atypical EAE develop-

ment by reducing neutrophil infiltration into the CRB and BS. (A)

LysMCre-SOCS3fl/fl mice were administered 200 mg SB 225002 (n = 4) or

vehicle control (n = 5) i.p. once per day from days 3 to 7 postimmunization

and twice per day from days 8 to 14. The incidence of different EAE

phenotypes was compared between the vehicle control and SB 225002-

treated groups. (B) Mean 6 SD of atypical EAE scores. Atypical EAE

scores were compared between vehicle control and SB 225002 groups at

the indicated time points. (C) Graph illustrating quantitative data for ab-

solute numbers of total infiltrating mononuclear cells in the CRB, BS, and

SC from LysMCre-SOCS3fl//fl mice treated with vehicle control or SB

225002 at day 17 postimmunization. Mean 6 SD. (D) Graph illustrating

quantitative data for percentage of accumulated neutrophils in total CNS-

infiltrating cells from CRB, BS, and SC from LysMCre-SOCS3fl//fl mice

treated with vehicle control or SB 225002 at day 17 postimmunization.

Mean 6 SD. *p , 0.05, **p , 0.01.

FIGURE 8. Overproduction of NO and axonal damage in atypical EAE.

(A) CRB-, BS-, and SC-infiltrating mononuclear cells isolated at the peak of

disease from SOCS3fl/fl mice with classical EAE or LysMCre-SOCS3fl/fl mice

with atypical EAE were cultured for 24 h, and supernatants were analyzed for

nitrite by the Griess reaction (n = 4 cultures/group). Mean 6 SD. (B) Protein

extracts from CRB of unimmunized (UN) or MOG35–55-immunized SOCS3fl/fl

with classical EAE or LysMCre-SOCS3fl/fl mice with atypical EAE were

immunoblotted with the indicated Abs. **p , 0.01.
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Interestingly, glial fibrillary acidic protein–IL-6 transgenic mice with
astrocyte-targeted production of IL-6 develop atypical EAE, char-
acterized by severe ataxia and extensive inflammation and demye-
lination in the CRB with increased proportions of neutrophils (56).
Disease onset in this model is similar to that in our model (∼day 7),
but is chronic in nature, whereas, in LysMCre-SOCS3fl/fl model,
disease is acute and nonresolving. Activation of the IL-6/STAT3
signaling pathway in the brain may be involved in early atypical
disease onset, but the lack of SOCS3 to suppress this activation is
likely to contribute to the nonresolving phenotype observed in
LysMCre-SOCS3 fl/fl mice.
Our findings are in agreement with aspects of two recent studies

that showed that IFN-gR2/2 mice developed atypical EAE upon
adoptive transfer of either IL-23–polarized or IL-12–polarized
MOG-specific CD4+ T cells (26, 27). In these studies, inflam-
matory demyelination was prominent in the SC, with a striking
increase of macrophages/monocytes in mice with classical EAE,
whereas lesion formation was identified primarily in the BS with
an increase of neutrophils in mice with atypical EAE (26, 27). In
addition, CXCL2 was upregulated in the brains of mice with
atypical EAE (26, 27), similar to our observations. Simmons et al.
(26) showed that IFN-g inhibited CXCL2 production in the brain,
but promoted its induction in the SC, whereas, in our study, we
found that neutrophils contribute to the increase of CXCL2 levels
in the CRB and BS.
Although correlations have been made between increased

levels of neutrophils in the brain and the atypical EAE phenotype,
the functional role of neutrophils in mediating this process is not
clear. We provide new insight that neutrophils are functionally
critical in the pathogenesis of atypical EAE in LysMCre-SOCS3fl/fl

mice. In the inflammatory microenvironment in the CRB and BS,
neutrophils secrete CXCL2 and CCL2, which may function in an
autocrine and paracrine fashion to recruit neutrophils and macrophages/
monocytes. In addition, neutrophils secrete IL-1b, which may stim-
ulate astrocytes to produce CXCL2 (8, 40). More importantly, neu-
trophils produce NO and other mediators, including TNF-a and
CXCL10, creating a proinflammatory CNS environment and directly
contributing to the high levels of NO in the CRB. Furthermore, our
data indicate that the proinflammatory environment in the periphery
in combination with a unique inflammatory microenvironment in
the CRB and BS may promote the highly proinflammatory phe-
notype in neutrophils from LysMCre-SOCS3fl/fl mice. When we
depleted neutrophils in the periphery or blocked their recruitment
into the CNS, a remarkable transition from atypical EAE to
classical EAE or mixed EAE was observed in LysMCre-SOCS3fl/fl

mice. Reduced levels of neutrophils in the CRB and BS accom-
panied the reduced atypical EAE incidence. Correlating with re-
duced levels of neutrophils, there were significantly decreased
levels of proinflammatory mediators, including CXCL2, CCL2,
CXCL10, iNOS, and IL-1b, further supporting the notion that
neutrophils are functionally critical for atypical EAE development
by producing these mediators.
We found that high levels of iNOS in the CRB of LysMCre-

SOCS3fl/fl mice were associated with axonal damage and atypical
EAE symptoms. Interestingly, a recent study showed that infil-
trating iNOS+ neutrophils contribute to ischemic brain injury, and
adoptive transfer of iNOS+/+ neutrophils is sufficient to offset, in
large part, protection in iNOS2/2 mice (57). In MS, NO is present
in enhanced levels in MS lesions as a result of the activity of iNOS
(58), and increased levels of NO most likely mediate axonal de-
generation (45, 49, 50). Of interest, elevated levels of NO
metabolites were detected in the cerebrospinal fluid during acute
MS relapse, and increased levels of NO metabolites correlated
with axonal degeneration and clinical disability score (59). We

demonstrate upregulation of iNOS expression in CRB- and BS-
infiltrating neutrophils from LysMCre-SOCS3fl/fl mice with atyp-
ical EAE, but not in CRB- and BS-infiltrating neutrophils from
SOCS3fl/fl mice with classical EAE, indicating that neutrophils
may have a direct role in axonal damage by producing NO. The
preferential upregulation of iNOS expression in SOCS3-deficient
neutrophils may be due to the proinflammatory microenvironment
in the CRB and BS of LysMCre-SOCS3fl/fl mice during atypical
EAE development.
Neutrophils have been shown to produce IL-1b to promote Th17

cell differentiation and EAE development (11). In addition, neu-
trophils can provide local cofactors that are required for the
maturation of myeloid cells into professional APCs (9). In BALB/c
mice with severe EAE, large numbers of TNF-a–secreting neu-
trophils were identified in the CNS, whereas only small numbers
of macrophages and CD4+ T cells could be detected, indicating
the important role of TNF-a–secreting neutrophils in EAE (31).
The Food and Drug Administration approved Tecfidera (dimethyl
fumarate) in 2013 for treatment of relapsing–remitting MS
(60, 61). Of interest, dimethyl fumarate reduces neurologic defi-
cits, immune cell infiltration, and demyelination in the EAE model
by interfering with neutrophil adhesion to endothelial cells and
chemotaxis (62). Taken together, these data indicate that neu-
trophils most likely have multiple functional roles in MS and
EAE.
The high levels of brain-infiltrating neutrophils are one of the

most striking features observed in LysMCre-SOCS3fl/fl mice. In
addition, high levels of neutrophils in peripheral blood were ob-
served (data not shown). A similar phenotype was reported in an
acute inflammatory arthritis model in SOCS32/Dvav mice, which
lack SOCS3 in hematopoietic and endothelial cell compartments
(63). In this model, SOCS32/Dvav mice developed a severe IL-1–
dependent inflammatory arthritis, characterized by a prominent
neutrophil synovial infiltrate, peripheral neutrophilia, splenomeg-
aly, enhanced granulopoiesis, and elevated systemic levels of
G-CSF and IL-6 (63). It has been reported that G-CSF promotes
survival and proliferation of SOCS3-deficient granulocytes (64),
and hypersensitivity of neutrophils to G-CSF could be one of the
major reasons for severe joint disease. Therefore, SOCS3 may
have a critical role in regulation of neutrophil responses during
inflammation.
We observed that atypical EAE disease progresses rapidly after

disease onset with no recovery. It has been suggested that axonal
loss is one of the major determinants of progressive neurologic
disability in patients with MS (46). Similarly, axonal damage is
also the primary cause for permanent disability in the EAE model
(47, 48). In LysMCre-SOCS3fl/fl mice, a prominent increase of
SMI-32+ axons, which is indicative of axonal damage, was ob-
served in the CRB, and the levels of SMI-32 increased in asso-
ciation with increasing atypical EAE disease scores. These data
indicate that axonal loss may be a characteristic hallmark of
atypical EAE in LysMCre-SOCS3fl/fl mice, and may also explain
the rapidly progressive and nonresolving disease process in
atypical EAE.
In summary, this study reveals a critical role for SOCS3-deficient

neutrophils and the CXCR2/CXCL2 axis in the pathogenesis of
atypical EAE in LysMCre-SOCS3fl/fl mice. SOCS3-deficient
neutrophils are hyperresponsive to cytokines such as IL-6 and
G-CSF, display elevated and sustained levels of activated STAT3,
and express prominent levels of iNOS, CXCL2, CCL2, CXCL10,
IL-1b, and TNF-a. These cells are able to promote their own
infiltration into the CRB as well as infiltration of macrophages.
Depleting SOCS3-deficient neutrophils in the periphery con-
verts the atypical EAE phenotype to mixed and classical EAE
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phenotypes. Experimental data indicate that neutrophils play an
important role in numerous autoimmune diseases (65); our
findings in the atypical EAE model provide evidence for the
importance of this cell type in EAE/MS pathogenesis.
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