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Neurobiology of Disease

Brain Glycolipids Suppress T Helper Cells and Inhibit
Autoimmune Demyelination

Marcin P. Mycko,'* Beata Sliwinska,* Maria Cichalewska,' Hanna Cwiklinska,' Cedric S. Raine,’

and Krzysztof W. Selmaj’

Department of Neurology, Laboratory of Neuroimmunology, Medical University of Lodz, 90-153 Lodz, Poland, and 2Departments of Pathology
(Neuropathology), Neuroscience and Neurology, Albert Einstein College of Medicine, Bronx, New York 10461

The CNS is considered an immune privileged site because its repertoire of highly immunogenic molecules remains unseen by the immune
system under normal conditions. However, the mechanism underlying the inhibition of immune reactions within the CNS environment
is not known, particularly in regions containing myelin, which contains several potent proteins and lipids that are invariably recognized
as foreign by immune system cells. Sulfatides constitute a major component of myelin glycolipids and are known to be capable of raising
an immune response. In this study, the effect of sulfatides on mouse T cell function and differentiation was analyzed in vitro and in vivo.
We found profound inhibition of sulfatide-dependent T cell proliferation which was particularly pronounced in naive T helper (Th) cells.
The inhibitory effect of sulfatides on T cell function was CD1d-independent and was not related to apoptosis or necrosis but did involve
the induction of anergy as confirmed by the upregulation of early growth response 2 transcription factor. A glycolipid 3-sulfate group was
essential for the T cell suppression, and the T cell inhibition was galectin-4-dependent. Sulfatide stimulation in vitro led to prominent
suppression of Th17 differentiation, and this was related to a decrease in susceptibility to disease in a mouse model of multiple sclerosis,
experimental autoimmune encephalomyelitis. Thus, we have defined a novel mechanism of negative regulation of T cell function by
endogenous brain-derived glycolipids, a family of molecules traditionally deemphasized in favor of myelin proteins in studies of CNS

autoimmunity.
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Introduction

The CNS is an immunologically privileged site where inflamma-
tory reactions are blocked or blunted at the blood—brain barrier
to minimize collateral damage (Ransohoff and Brown, 2012). In
multiple sclerosis (MS), a putative autoimmune disease of the
CNS manifested by inflammation and demyelination, T helper
cell (Th)-mediated autoimmunity to myelin antigens, usually
proteins, has long been thought to be a major effector on its
pathogenesis (Nylander and Hafler, 2012). Disturbances of vari-
ous Th populations, such as Th1, Th2, and Treg, have been linked
to MS susceptibility. Recently, another subtype, Th17 cells, char-
acterized by the expression of the transcription factors retinoic
acid receptor-related orphan receptor a and yt (ROR-« and

Received Jan. 15, 2014; revised May 5, 2014; accepted May 10, 2014.

Author contributions: M.P.M. and K.W.S. designed research; M.P.M., B.S., M.C., and H.C. performed research;
M.P.M., B.S., and K.W.S. analyzed data; M.P.M., C.S.R., and K.W.S. wrote the paper.

This work was supported in part by National Science Centre Poland Grant PRELUDIUM 2011/01/N/NZ4/04962 to
B.S., Polish-Swiss Research Programme Grant PSPB-007/2010 to M.P.M., National Center for Research and Devel-
opment Grant ERA.NET-RUS/04/2012 to M.P.M., National Science Centre Poland Grant MAESTRO to K.W.S., National
Science Centre Poland Grant PRELUDIUM to M.C., and National Multiple Sclerosis Society Grant RG 1001-K-11 to
C.S.R. We thank Patricia Cobban-Bond for preparation of the manuscript.

The authors declare no competing financial interests.

*M.P.M. and B.S. contributed equally to this work and are the co-first authors.

Correspondence should be addressed to Dr. Krzysztof W. Selmaj, Department of Neurology, Laboratory of
Neuroimmunology, Medical University of Lodz, Kopcinskiego 22, 90-153 Lodz, Poland. E-mail:
kselmaj@afazja.am.lodz.pl.

DOI:10.1523/JNEUR0SCI.0885-14.2014
Copyright © 2014 the authors ~ 0270-6474/14/348646-13$15.00/0

ROR-yt), and the production of interleukin-17A (IL-17A), have
been demonstrated as pivotal for autoimmune demyelination
(Bettelli et al., 2008). However, why immune-privileged mech-
anisms in the CNS fail to protect the tissue from autoimmune
reactions that lead to the development of MS remains an
enigma.

A hallmark of MS is loss of myelin, insulating membrane laid
down in segments along axons. Myelin is composed mostly of
lipids assembled with proteins, including myelin/oligodendro-
cyte glycoprotein (MOG) (Aggarwal et al., 2011). Although my-
elin proteins are minor constituents of the membrane complex,
historically, they have attracted the majority of attention by neu-
roimmunology investigators resulting in myelin lipids being less
extensively studied. Sulfatides are glycolipids that form a major
component of myelin (Aggarwal et al., 2011). Mice lacking sul-
fatides display myelin dissolution, progressive loss of nerve con-
duction, and early death (Bosio et al., 1996; Coetzee et al., 1996).
Apart from myelin-related functions, sulfatides have been dem-
onstrated to be endogenous lipid antigens recognized in the con-
text of the major histocompatibility complex (MHC) class 1-like
molecule, CD1d by a subset of T cells, and sulfatide-specific T
cells have been implicated in the pathogenesis of experimental
autoimmune encephalomyelitis (EAE), the major model for MS
(Jahng et al., 2004; Zajonc et al., 2005; Kanter et al., 2006; Girardi
et al., 2012). Furthermore, sulfatides have been found to influ-
ence a variety of immune cells, such as neutrophils, dendritic
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Figure1. Inhibitory effect of sulfatide on T cell proliferation. A-C, Splenocytes were stimulated with plate-bound anti-CD3 (4) with plate-bound anti-CD3 and plate-bound anti-CD28 (B), or with
ConA (C) for 3 d at the sulfatide concentrations indicated, and proliferative responses were measured. Representative results (mean == SEM) from five independent experiments are shown. D, Myc
gene family expression was analyzed for 3 d in splenocytes stimulated with plate-bound anti-CD3 and with indicated concentrations of sulfatides or left unstimulated. Representative results
(mean * SEM) from two independent experiments are shown. E, Splenic (D4 * and (D8 * T cells were sorted and stimulated with plate-bound anti-CD3 and with indicated concentrations of
sulfatides for 3 d, and proliferative responses were measured. Results represent mean == SEM of the percentage of responses from three separate experiments compared with cultures without added
sulfatides. F, Naive splenic and memory (D4 * T cells were sorted and stimulated for 3 d with plate-bound anti-CD3 plus indicated concentrations of sulfatides, and proliferative responses were
measured. Results represent mean == SEM of the percentage of the responses from three separate experiments compared with cultures without sulfatides. G, Splenocytes from miceimmunized with
MOG,;_c. restimulated for 3 d in vitro with MOG,5_< and with indicated concentrations of sulfatides, and proliferative responses were measured. Representative results (mean = SEM) from three
independent experiments are shown. H, I, Splenocytes from 2D2 MOG;;,_s TCR transgenic mice were stimulated in vitro either with MOG;;_s; (H) or with plate-bound anti-CD3 or plate-bound
anti-(D3 and plate-bound anti-CD28 (/) and with indicated concentrations of sulfatides for 3 d, and proliferative responses were measured. Representative results (mean = SEM) from three
independent experiments are shown. *p << 0.01 (one-way ANOVA). **p < 0.001 (one-way ANOVA).
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cells, B cells, and microglia (Konno et al., 1996; Jeon et al., 2008;
Yamada et al., 2011; Kanamori et al., 2012). Thus, sulfatides may
represent an important, relatively unexplored component of im-
mune regulation in the CNS.

In MS, sulfatides have been reported to be substantially re-
duced both in lesions and in normal appearing adjacent white
matter (Cuzner and Davison, 1973; Suzuki et al., 1973; Woelk
and Borri, 1973; Yahara et al., 1982; Wilson and Tocher, 1991).
To gain insight into the role of lipids during immunologic re-
sponses of relevance to MS, we have analyzed the impact of sul-
fatides on specific functions of Th cells, the major orchestrators of
autoimmune demyelination, and have identified a potent, CD1d-
independent inhibitory effect of sulfatides on the proliferation of
Th cells, in particular naive Th cells. In addition, sulfatides im-
paired the development of Th17 cells and suppressed EAE. Thus,
we draw attention to the possibility of a novel, distinct pathoge-
netic role for sulfatides in autoimmune demyelination.

Materials and Methods

Mice. C57BL/6, C57BL/6-Tg(Tcra2D2,Tcrb2D2)1Kuch/] (2D2 mice),
and B6.129S6-Cd1d1/Cd1d2 *™!P* (CD1d-deficient mice) female mice
were purchased from The Jackson Laboratory and maintained for the
duration of experiments. All animal protocols were approved by the
Institutional Animal Care and Use Committee of the Medical University
of Lodz.

Antibodies, cytokines, peptides, and other reagents for functional assays.
These consisted of the following: fluorochrome-conjugated antibodies
specific for CD3, CD4, CD8, CD25, CD44, CD62L, CD69, B220, IL-17A,
interferon-y (IFN-v), and the active form of caspase-3, which were
purchased from BD Biosciences; anti-CD62L antibody (MEL-14) and
control Ig from Santa Cruz Biotechnology; anti-galectin-4 polyclonal
antibody and control Ig from R&D Systems; MOG;;_s5 peptide from
Peptide 2.0; IL-2, IL-4, IL-6, and IL-12 from PeproTech; IL-1b from
Sigma; TGF-B and IL-23 from R&D Systems; aryl-sulfatase from Sig-
ma; Z-VAD-FMK from Calbiochem; and AMD 3100 from Tocris
Bioscience.

Glycolipid stimulation of T cell cultures. Brain sulfatides, brain cerebro-
sides, and synthetic glycolipids, N-tetracosanoyl-sulfatide, N-palmitoyl-
sulfatide, N-acetyl-sulfatide and lyso-sulfatide (Matreya), were dissolved
in vehicle (0.5% polysorbate 20 and 0.9% NaCl solution), at a concen-
tration 20 mg/ml. For cell culture stimulation, single-cell suspensions of
freshly isolated splenocytes or sorted T cells from C57BL/6, CD1d-
deficient, or 2D2 mice were cultured for 24 h in IMDM-based cell culture
medium in triplicate at a density of 2 X 10> cells per well in 200 ul
U-bottomed microtiter well plates with or without the addition of glyco-
lipids. Glycolipid stimulation caused no cell loss or death, as assessed by
trypan blue (Sigma) staining. Subsequently, cells were transferred to 200
ul U-bottomed microtiter well plates with plate-bound anti-CD3 (2 ug/
ml; 145-2C11), or plate-bound anti-CD3 and anti-CD28 (both at 2 ug/
ml), or stimulated with concanavalin A (ConA, 5 ug/ml), and with
glycolipids at the same concentration as for preincubation. CD4 ™ T cells,
CD8 ™ T cells, and naive and memory CD4 * T cells were isolated, either

<«

Figure 2.  The 3-sulfate group is critical for the glycolipid inhibitory effect on T cell prolifer-
ation. A, B, Splenocytes from CD1d-deficient mice were stimulated with plate-bound anti-CD3
(A) or with plate-bound anti-(D3 and plate-bound anti-CD28 (B) and with indicated concen-
trations of sulfatides for 3 d, and proliferative responses were measured. Representative results
(mean = SEM) from three independent experiments are shown. C, Structure of glycolipids
tested. D, Splenocytes from wild-type mice were stimulated with plate-bound anti-CD3 and
withindicated concentrations of glycolipids for 3 d, and proliferative responses were measured.
Results represent mean == SEM of the percentage of the responses from three separate exper-
iments compared with cultures without sulfatides. £, Sulfatides were preincubated for 24 hwith
concentrations of aryl-sulfatase at doses indicated and added to cultures of splenocytes from
wild-type mice stimulated with plate-bound anti-CD3 for 3 d, and proliferative responses were
measured. *p << 0.0 (one-way ANOVA). **p << 0.001 (one-way ANOVA).
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directly from splenocytes or from cell cultures, by indirect magnetic
sorting with CD4 ™ T Cell Isolation Kit IT, CD8 ™ T Cell Isolation Kit II, or
with CD4 *CD62L ™ T Cell Isolation Kit IT (Miltenyi Biotec). To assess
proliferation, after a 72 h culture, for the final 18 h of culture, 1 uCi/well
*H-labeled thymidine (PerkinElmer) was added and uptake measured
using a liquid scintillation B counter (PerkinElmer). Results were ex-
pressed as counts per minute.

Immunization and stimulation of T cell cultures with antigen. Eight- to
12-week-old C57BL/6 mice were immunized subcutaneously over the
abdominal flanks with 0.15 mg MOG;5_ss peptide in 150 pl complete
Freund’s adjuvant (Sigma) containing 0.75 mg Mycobacterium tubercu-
losis (Difco Laboratories). Splenocytes in single-cell suspensions were
cultured in triplicate as described above in the presence of glycolipid for
24 h followed by 72 h stimulation with MOG;5_ss antigen. For 2D2 T cell
responses, analogous cultures were set up from splenocytes from 8- to
12-week-old nonimmunized 2D2 mice.

CD4" T subpopulations: in vitro differentiation. Th1, Th2, Th17, and
Treg in vitro differentiation was performed on splenic naive CD4 * T cells
that had been cultured for 24 h with sulfatides and then stimulated with
plate-bound anti-CD3 (5 ug/ml) and anti-CD28 (10 ug/ml), polarized
for 6 d with the following: for Th1 IL-12 (10 ng/ml) in the presence of
anti-IL-4 (10 wg/ml; 11B11) and anti-IFN-7y (10 ug/ml; XMG1.2); for
Th2 IL-4 (40 ng/ml) in the presence of anti-IFN-y (10 ug/ml); for Treg
IL-6 (25 ng/ml), TGF-B (2 ng/ml), IL-1b (20 ng/ml), and IL-23 (20
ng/ml) in the presence of anti-IL-4 (10 ug/ml) and anti-IFN-y (10 ng/
ml) and with the addition of 40 mmNaCl for Th17; TGF-B (10 ng/ml)
and IL-2 (100 U/ml) in the presence of anti-IL-4 (10 wg/ml) and anti-
IFN-v (10 pg/ml); ThO conditions were maintained by naive CD4" T
cells cultured in the presence of anti-IL-4 (10 pug/ml) and anti-IFN-y (10
ug/ml). After 6 d of culture in Th17 polarizing conditions, cells were
assayed for cytokine production by intracellular flow cytometry.

Extraction of RNA and mRNA expression analysis. Extraction of total
RNA was performed using a mirVana kit (Ambion). For quantitative
analysis of RNA expression, we performed real-time qRT-PCR with Tag-
Man probes (Invitrogen), using a 7500 Real Time PCR System (Applied
Biosystems). mRNA expression data were normalized to that of the large
RNA polymerase subunit, RPA194 (POLR1A). Expression was evaluated
by the comparative cycling threshold (AAC;) method.

Flow cytometry. Four- to six-color flow cytometry analysis with LSR 1T
(Becton Dickinson) was performed according to standard procedures.
Annexin V and 7AAD staining was conducted using an Annexin V Apo-
ptosis Detection Kit (BD Biosciences). Detection of the active form of
caspase 3 was by intracellular staining using a BD Cytofix/Cytoperm Kit
(BD Biosciences). For intracellular detection of cytokine production, Th
cells were stimulated with 500 ng/ml phorbol dibutyrate and 500 ng/ml
ionomycin in the presence of brefeldin A for 6 h. Detection of IL-17A and
IFN-y-positive CD4 ™ T cells was by intracellular staining using a Mouse
Regulatory T cell Staining Kit (eBioscience). Flow cytometry data were
analyzed with FlowJo (Tree Star).

Induction of EAE and treatment with sulfatides. Active EAE was induced
by subcutaneous immunization over the abdominal flanks of 8- to 12-
week-old CD1d-deficient mice with 0.15 mg MOG;5_- peptide in 150 ul
complete Freund’s adjuvant containing 0.75 mg M. tuberculosis. In addi-
tion, 0.2 ug pertussis toxin (Sigma) was injected intravenously on days 0
and 2. On days 0, 2, 4, 6, and 8 after EAE induction, mice treated with
sulfatides received intravenous injections of 200 pg sulfatides dissolved
in 200 wl of vehicle (0.5% polysorbate 20 and 0.9% NaCl solution), to a
total dose of 1 mg/sulfatides per mouse. On the same days, control mice
received intravenous injections of 200 ul vehicle alone. Mice were
checked daily for body weight and signs of EAE and scored on a scale of
0-5 as follows: 0, no disease; 1, weak tail or unsteady gait; 2, hind-limb
paresis; 3, hind-limb paralysis; 4, hind- and fore-limb paralysis; 5, death
or euthanasia.

Histopathology. Evaluation of inflammation during EAE was per-
formed on hematoxylin and eosin-stained paraffin sections. Spinal cords
were removed from 10% phosphate-buffered formalin-perfused mice
and fixed by immersion in 10% phosphate-buffered formalin. Trans-
verse sections for light-microscope analysis were cut at 5 um from
paraffin-embedded material and stained with hematoxylin and eosin.
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Representative areas of lumbar spinal cord were selected for histologic
evaluation.

Western blot analysis. Cells were lysed and total lysates were resolved
on SDS electrophoresis gels by standard procedures. Immunoblotting
was performed with mouse primary antibodies to early growth re-
sponse 2 transcription factor (EGR2) and GAPDH (Santa Cruz Biotech-
nology), and visualized by G:BOX Chemi (Syngene). Quantitative
densitometric analysis was performed using program G:BOX Chemi-
XRS5 (Syngene).

Statistical analysis. Results were compared using the program, Stat-
Graphics Centurion XV (StatPoint Technologies). Clinical data from
mice with EAE were compared using the Mann—Whitney U test. Results
of proliferation and qPCR were compared using one-way ANOVA. p <
0.05 was considered statistically significant.

Results

Sulfatides inhibit T cell proliferation

Splenocytes from naive mice were preincubated for 1 d with sul-
fatides (0-100 ug/ml) and stimulated for proliferation either
with plate-bound anti-CD3 (Fig. 1A), plate-bound anti-CD3 and
anti-CD28 (Fig. 1B), or with ConA (Fig. 1C), in the presence of
glycolipids. Increasing doses of sulfatides led to substantial inhi-
bition of proliferation (Fig. 1A—C). The suppressive effect of sul-
fatides on T cell proliferation was accompanied by a significant
decrease in expression of the myc gene family, important cell-
cycle regulators in T cells (Figure 1D) (Mycko et al., 2009; Guy et
al,, 2013).

Sulfatide-induced inhibition of T cell proliferation was pre-
dominantly seen in CD4 ™ T cells compared with CD8 " T cells
(Fig. 1E). Subsequently, we found that proliferation of sorted
naive Th cells was significantly more suppressed compared with
memory Th cells (Fig. 1F). Thus, naive Th cells were the most
susceptible T cell population to suppression of sulfatide-induced
proliferation.

To address the sulfatide effect on antigen-induced Th cell pro-
liferation, we used either splenocytes from mice that had been
immunized with MHC Class II antigen, MOG3;;_s5 peptide (Fig.
1G) or MOGg;5_s5 transgenic CD4 * T cells, 2D2 T cells (Fig. 1H).
As expected in both settings, MOGs;5_s5 induced vigorous pro-
liferation of T cells. However, when T cells were stimulated
with MOG;;_s5 in the presence of sulfatides, strong inhibition
of the proliferative response was seen. Similar to results ob-
tained from wild-type mice, 2D2 T cell proliferation induced
with plate-bound anti-CD3 or with plate-bound anti-CD3
and anti-CD28 was also diminished by sulfatides (Fig. 1I).
Thus, both antigenic and nonantigenic TCR-induced prolif-
eration using either monoclonal or polyclonal TCR was
strongly suppressed by sulfatides.

Sulfatide-induced suppression of T cells is independent of
CD1d presentation

Sulfatides have been demonstrated to be potent inducers of im-
mune responses via CD1d presentation (Jahng et al., 2004; Za-

<«

Figure 3.  Sulfatide treatment of Th cells did not induce cell death. A-C, Splenocytes were
stimulated with plate-bound anti-CD3 and with the concentrations indicated of sulfatides and
percentages of intracellular active form of caspase 3 (A), annexin V-positive 7AAD-negative (B),
orannexin V-negative 7AAD-positive Th cells (€) were measured by flow cytometry aftera 24 or
72 h period in culture. Results are either representative (A) or mean = SEM (B, €) from four
independent experiments. Data for gated Th cells are presented. D, Sorted splenic Th cells were
stimulated with plate-bound anti-CD3 and with indicated concentrations of sulfatides and
Z-VAD-FMK for 3 d, and proliferative responses were measured. Results represent mean == SEM
of the percentage of the responses from two separate experiments compared with cultures
without sulfatides and without Z-VAD-FMK.
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jonc et al., 2005). To determine the role of CD1d in the process of
sulfatide-induced suppression of T cell proliferation, we used
CD1d-deficient mice. Intriguingly, in the presence of sul-
fatide, proliferation of CD1d-deficient T cells induced either
with plate-bound anti-CD3 (Fig. 2A), or plate-bound anti-CD3
and anti-CD28 (Fig. 2B), was profoundly diminished from levels
seen with CD1d-sufficient cells (Fig. 1 A, B). Therefore, the pres-
ence of CD1d was not required for the inhibitory effects of sul-
fatides upon T cell proliferation.

Chemical structure dictates activity of glycolipids on T

cell proliferation

Sulfatides are a mixture of 3-sulfate esters of cerebrosides varying
with regard to the position, length, and structure of the fatty acid
chain. To analyze how different moieties of sulfatides might
influence T cell proliferation, we compared the effect of gly-
colipids that differ from sulfatides either by lacking the
3-sulfate group (cerebrosides) or by having a shortened fatty
acid chain (Fig. 2C). We found that sulfatide analogs with a
truncated fatty acid chain still exerted suppressive effects on T
cell proliferation. In contrast, cerebrosides alone lacked any
effect on T cell proliferation, even at high concentrations (Fig.
2D). This suggested that the presence of the 3-sulfate group
was critical for sulfatide-induced inhibition of T cell prolifer-
ation, whereas the structure and length of fatty acid chains
were not involved in this process. To confirm this finding, we
preincubated sulfatides with aryl-sulfatase, an enzyme respon-
sible for 3-sulfate ester breakdown. Indeed, sulfatide treat-
ment with aryl-sulfatase led to the abrogation of suppression
of T cell proliferation (Fig. 2E). Thus, a critical role for the
3-sulfate group for sulfatide-mediated inhibition of T cell pro-
liferation was further confirmed.

Sulfatides do not induce apoptosis or necrosis of Th cells

To exclude the possibility that the suppressive activity of sul-
fatides on Th cell proliferation might be related to induction
of cell death, we searched by flow cytometry for the presence of
apoptotic and necrotic markers on Th cells stimulated for
proliferation in the presence of sulfatides. No differences in
frequency of apoptotic cells were found, characterized either
by the intracellular presence of active form of caspase 3 (Fig.
3A), or by an annexin V-positive 7AAD-negative phenotype
(Fig. 3B), in Th cells stimulated with or without sulfatides. In
addition, the percentages of necrotic cells, characterized as
annexin V-negative and 7AAD-positive cells (Fig. 3C), were
no different between Th cells cultured with or without sulfati-
des. Furthermore, a caspase inhibitor, z-VAD-FMK, did not
influence the suppressive capacity of sulfatides on Th cell pro-
liferation (Fig. 3D). These results did not support apoptosis or
necrosis as mechanisms responsible for sulfatide inhibition of
Th cell proliferation.

Sulfatide treatment of Th cells induces features of anergy

To further characterize sulfatide-mediated inhibition of T cell
proliferation, we tested markers of immunologic anergy. Clonal
anergy describes a phenomenon when clones of T cells can still be
found alive in the circulation but are ineffective at mounting
immune responses, in particular an inability to proliferate
(Chappert and Schwartz, 2010). Indeed, the expression of EGR2
was significantly upregulated in Th cells stimulated with plate-
bound anti-CD?3 in the presence of sulfatides, at both the mRNA
(Fig. 4A), and protein levels (Fig. 4B, C). Moreover, IL-2 treat-
ment of sulfatide-stimulated cultures led to significant attenua-
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independent experiments are shown. C, EGR2 expression was quantified by densitometry, normalized to the GAPDH levels, and

tion of the inhibitory effect on Th cell
proliferation (Fig. 4D). Reversal of the in-
hibition of proliferation rate with IL-2 is a
classical indicator of anergy (Chappert
and Schwartz, 2010). Collectively, these
data suggest that sulfatides are capable of
inducing anergy in stimulated Th cells.

Galectin-4 inhibition attenuates
suppression of Th cells by sulfatides
Naive Th cells were revealed to be the
most susceptible population to sulfatide-
induced inhibition of proliferation.
L-selectin (CD62L), a surface receptor for
sulfatides (Suzuki et al., 1993; Ogawa et
al., 2004), is also a marker for naive Th
cells. Therefore, we decided to test
whether CD62L mediated the effect of sul-
fatides on Th cell proliferation. Intrigu-
ingly, we found no evidence that CD62L
blockage with a specific CD62L blocking
antibody, MEL-14 (Gallatin et al., 1983),
diminished sulfatide suppression of Th
cell proliferation (Fig. 5A). Because
CD62L-mediated signals specifically en-
hance CXCR4 expression and function of
the chemokine receptor, CXCR4 (Duch-
esneau et al., 2007; Yamada et al., 2011),
we also tested for a potential role for
CXCR4 as a chemoattractant receptor in
the effect of sulfatides on proliferation.
Again, however, the presence of a specific
CXCR4 inhibitor, AMD3100 (Bridger et
al., 1995; Hatse et al., 2002), failed to in-
fluence sulfatide-induced inhibition of Th
proliferation (Fig. 5B).

Sulfatides have been identified as high-
affinity ligands for galectin-4 in entero-
cytes and neurons (Delacour et al., 2005;
Stancic et al., 2012). Thus, we decided to
test for a role for galectin-4 in sulfatide
inhibition of Th cell proliferation. We
found that galectin-4 blockage with a
specific antibody led to significant attenu-
ation of sulfatide suppression of prolifer-
ation (Fig. 5C). Expression of the
galectin-4 gene, LGALS4, appeared to be
significantly higher in naive Th compared
with memory Th cells (Fig. 5D). These
data suggested that interaction between
galectin-4 and sulfatides played a func-
tional role in sulfatide-mediated inhibi-
tion of naive Th cells.

<«

compared with untreated Th cells levels. D, Sorted splenic Th
cells were stimulated with plate-bound anti-CD3 and with in-
dicated concentrations of sulfatides and IL-2 (50 U/ml) for 3 d,
and proliferative responses were measured. Representative
results (mean == SEM) from two independent experiments are
shown. *p << 0.01 (one-way ANOVA). **p < 0.001 (one-way
ANOVA).
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the gene expression pattern of naive Th
cells stimulated with plate-bound anti-
CD3 for 3 d (Fig. 6B). No change in ex-
pression of Gata3 (Th2 marker), Tbx21,
Ifng (both Thl markers), or Foxp3
(Treg marker) was seen between cells
stimulated with or without sulfatides,
suggesting no changes in Thl, Th2, or
Treg development. In contrast, levels of
IL17a and Rora, markers for Th17, were
clearly downregulated in cultures treated
with sulfatides, proportional to glycolipid
concentration (Fig. 6B). When naive Th
cells were actively polarized for 6 d with
a cytokine mixture favoring Thl, Th2,
Th17,and Treg, only Th17 cultures with
sulfatides showed a decrease of marker
gene expression (Fig. 6C). This finding
has been corroborated by an analysis
that revealed a gradual decrease of IL-
17A-positive Th cells in Th17-polarized
cultures with increasing concentrations
of sulfatides (Fig. 6D). These findings
demonstrated that sulfatide treatment
of Th cells in vitro strongly inhibited
Th17 differentiation.

Sulfatide administration in vivo

abrogates EAE

To translate the sulfatide effect on T cells
* in vitro into an in vivo paradigm, sulfatides
were administrated to mice that had been
sensitized for EAE. CD1d-deficient mice
on a C57BL/6 background are as suscepti-
ble to EAE as wild-type animals (Jahng et
al., 2001; Singh et al., 2001), and these
mice were used to avoid the influence of

Lgals4 relative expression

0 .

CD1d-mediated sulfatide presentation to
NKT cells during EAE. Vehicle-treated
CD1d-deficient mice were found to de-

0
0 25 50

sulfatides pg/ml

Figure 5.

from four independent experiments are shown. *p << 0.01 (one-way ANOVA).

Sulfatides inhibit Th17 cell differentiation

Using flow cytometry, the effect of sulfatides was examined on
the expression of early Th cell activation markers (Fig. 6A). No
difference was found in the frequency of CD69 * or CD25 * ex-
pressing Th cells stimulated with plate-bound anti-CD3 with or
without added sulfatides. These data suggested that early TCR
signaling in Th cells was not blocked by sulfatides. To assess
the later effects of sulfatides on TCR stimulation, we analyzed

memory Th cells naive Th cells

Galectin-4 is involved in the inhibitory effect of sulfatides on Th proliferation. A, Sorted splenic Th cells were
stimulated with plate-bound anti-CD3 and with indicated concentrations of sulfatides in the presence of anti-CD62L (3
g/ml) or control Ig for 3 d, and proliferative responses were measured. Representative results (mean = SEM) from two
independent experiments are shown. B, Sorted splenic Th cells were stimulated with plate-bound anti-(D3 and with
indicated concentrations of sulfatides in the presence of AMD 3100 for 3 d, and proliferative responses were measured.
Representative results (mean = SEM) from two independent experiments are shown. C, Sorted splenic Th cells were
stimulated with plate-bound anti-CD3 and with indicated concentrations of the sulfatides in the presence of anti-
galectin-4 (10 g/ml) or control Ig for 3 d, and proliferative responses were measured. Representative results (mean =
SEM) from two independent experiments are shown. D, Expression of galectin-4 gene, LGALS4, in sorted ex vivo naive and
memory splenic Th cells. Data normalized to expression levels of memory Th cells. Representative results (mean = SEM)

' velop typical clinical EAE beginning day
10, with a remission phase beginning day
40 after immunization (Fig. 7A). In con-
trast, CD1d-deficient mice treated with
sulfatides showed minimal and delayed
signs that cleared by day 30. Sulfatide-
treated mice also lacked weight loss, in
contrast to the vehicle-treated group (Fig.
7B). Pathology of the CNS of vehicle
treated animals showed typical infiltrates
of mononuclear cells in the spinal cord
and very few inflammatory cells in
sulfatide-treated mice (Fig. 7C). Thus, in
vivo data corroborated the immunosup-
pressive properties of sulfatides observed
in vitro and demonstrated their involvement in CDId-
independent control mechanisms.

Discussion

Neuroimmunologic studies on CNS autoimmune demyelinating
disease models have traditionally emphasized pathogenetic roles
for myelin protein-related molecules presented in the context of
Class I MHC molecules. In the present study, using similar par-
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Figure6. Sulfatide treatment of Th cells inhibits Th17 development. A, Sorted splenic Th cells were stimulated with plate-bound anti-CD3 for 24 h and without or with the sulfatides (50 r.g/ml)
orleft untreated, and the percentage of CD69- or (D25-expressing cells measured by flow cytometry. Representative results (mean == SEM) from four independent experiments are shown. B, Sorted
splenic Th cells were stimulated with plate-bound anti-(D3 and with the concentrations indicated of the sulfatides or left untreated for 3 d, and levels of expression (Figure legend continues.)
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adigms, we have focused on myelin-derived glycolipids and
MHC Class I molecules and have revealed a significant effect of
sulfatides on T cell proliferation and differentiation. Also, dose-
dependent suppression of T cell proliferation by these glycolipids
was shown for both antigen-specific and nonantigen-specific
TCR stimulation. Sulfatides failed to induce apoptosis or necrosis
in vitro. Instead, features of anergy after sulfatide stimulation of
Th cells were evident. Sulfatide-induced inhibition of T cell
proliferation was most pronounced in naive Th cells and was
mediated by galectin-4. In addition, sulfatides inhibited Th17
differentiation and suppressed the development of EAE. Thus,
sulfatides in several ways similar to protein antigens, can func-
tion as strong modulators of Th cell functions relevant to
autoimmune demyelination and CNS immune-protection
mechanisms.

In contrast to myelin protein antigens, which are largely pre-
sented by MHC Class II molecules, lipid antigens have been
shown to be presented to T cells by MHC Class I CD1 molecules
with a model antigen, sponge-derived a-galactosylceramide that
activates an invariant subset of T cells, Type I NKT cell (Adams
and Luoma, 2013). Sulfatides have been reported to be self-
antigens, recognized by another T cell subset, Type I NKT cells,
in the context of CD1d (Girardi et al., 2012; Patel et al., 2012).
These sulfatide-specific T cells have been implicated in the patho-
genesis of EAE, and sulfatide immunization in CD1d-sufficient
mice was found to be protective for development of EAE by direct
activation of Type II NKT cells (Jahng et al., 2004). Another study
reported that coimmunization of SJL/J mice with sulfatides plus
myelin peptide resulted in a more severe EAE via CD1d-mediated
induction of anti-sulfatide antibodies (Kanter et al., 2006). Inter-
estingly, when we tested CD1d-deficient animals, CD1d was
found to be dispensable for the suppression of T cell prolifer-
ation by sulfatides. These data indicate that, depending on
CD1d stimulation, sulfatides might have an opposite effect on
EAE. Interestingly, lyso-sulfatide, which lacks an acyl chain
and binds weakly to mouse CD1d (Roy et al., 2008), was still a
potent suppressor of Th cell proliferation. To further support
the CD1d-independent activity of sulfatides, we sensitized
CD1d-deficient animals for EAE and treated them with these
glycolipids. Sulfatide treatment led to almost complete protec-
tion from disease, both clinically and histologically. Interestingly,
a recent study has reported a similar, CD1d-independent phos-
pholipid inhibitory effect on T cell responses and the course of
EAE (Ho etal., 2012). Thus, a spectrum of brain lipids may exert
previously unappreciated CD1d-independent actions on T cell
function.

In a search for molecules other than CD1d that might mediate
the suppressive effect of sulfatide on Th cell proliferation, CD62L
expression was examined. CD62L has been reported to be an
independent surface receptor for sulfatides (Suzuki et al., 1993;

<«

(Figure legend continued.) of Gata3 (Th2 marker), Tbx21, lfng (both Th1 markers), Foxp3 (Treg
marker), and Rora, I117a (both Th17 markers) measured. Data normalized to expression levelsin
untreated Th cell cultures. Representative results (mean == SEM) from four independent exper-
iments are shown. G, Splenic naive Th cells were polarized toward Th0, Th1,Th2, Th17,and Treg
for6 dinthe presence of indicated concentrations of sulfatides. Data represent expression levels
of indicated marker genes, normalized to expression levels of ThO cultures without sulfatide
stimulation. Representative results (mean == SEM) from three independent experiments are
shown. D, Naive splenic Th cells were polarized toward Th17 cells in the presence of indicated
concentrations of sulfatides and were assayed for the secretion of IL-17 and IFN--y by intracel-
lular flow cytometry. Representative results from four independent experiments are shown.
*p < 0.03 (ANOVA). **p < 0.001 (ANOVA).
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Laudanna et al., 1994; Ogawa et al., 2004; Delacour et al., 2005;
Merten et al., 2005). Sulfatide-induced activation of CD62L has
been linked to activation of the NFkB pathway in glial cells (Jeon
etal., 2008), and neutrophils (Turutin et al., 2003), in the inhibi-
tion of 5-lipoxygenase in polymorphonuclear granulocytes
(Sud’ina et al., 2001), and in the inhibition of Ig production by B
cells (Konno et al., 1996). Antibody blockage of CD62L failed to
modify sulfatide suppression of Th cell proliferation. These data
point to a CD62L-independent mode of action of sulfatides in Th
cell signaling (Ding et al., 1997, 2000). Because CD62L-mediated
signals enhance CXCR4 expression and function (Ding et al.,
2003; Duchesneau et al., 2007), Th cell proliferation was tested
with the specific inhibition of CXCR4. Again, blocking of this
chemoattractant receptor CXCR4 did not rescue proliferation of
Th cells upon stimulation with sulfatides. Finally, blocking of
another sulfatide receptor, galectin-4 (Delacour et al., 2005; Ideo
etal., 2007), resulted in a diminished inhibitory effect of sulfati-
des on Th cell proliferation. Galectin-4 belongs to a family of
carbohydrate-binding proteins that are able to target branch-end
epitopes of glycan chains and regulate diverse processes, such as
cell adhesion, differentiation, growth, and migration (Rabinov-
ichand Croci, 2012). Thus, galectin-4 has been found to be highly
expressed in the mammalian gastrointestinal tract where its main
function involves binding to clustered N-glycans of distinct glyco-
proteins enabling maintenance of epithelial polarity (Delacour et
al., 2005; Stechly et al., 2009). More recently, galectin-4 has been
found to be a critical component in the membrane of neurons
(Storan et al., 2004; Velasco et al., 2013). In particular, galectin-4
was found to regulate neuronal control over oligodendrocyte
maturation and myelination (Wei et al., 2007; Stancic et al.,
2012). Galectin-4 expression on Th cells has not been reported.
However, in this study, we found that naive Th cells expressed
significantly more mRNA for galectin-4 than memory Th cells.
Thus, interaction between sulfatides and galectin-4 may explain
the particular susceptibility of naive Th cells to sulfatide-induced
inhibition of proliferation. Further studies are warranted to un-
derstand more the function of galectin-4 in Th cell activity.
Regarding the effect of sulfatides on TCR signaling in Th cells,
we showed that early TCR signaling was unaffected, as demon-
strated by the normal upregulation of surface activation markers,
CD69 and CD25. However, upregulation of myc gene expression,
resulting from full activation of the TCR immunoreceptor
tyrosine-based activation motifs (Guy et al., 2013), was inhibited
by sulfatide stimulation. These data suggest selective modulation
of TCR activation as a mechanism of sulfatide action. Interest-
ingly, Th17 differentiation was particularly affected after sul-
fatide stimulation, as seen by downregulation of the Th17 marker
genes, Rora and I117a, and by inhibition in vitro of the develop-
ment of IL-17A-producing Th cells. Furthermore, sulfatides in-
duced features of Th cell anergy. These two effects of sulfatides
might be linked because induction of Egr-2, a transcription factor
essential for the induction of T cell anergy, has also been reported
to regulate Th17 development negatively (Iwasaki et al., 2013;
Miao et al., 2013). Because CD1d knock-out mice showed an
identical course of EAE after MOG;s_s5s immunization to wild-
type mice (Jahng et al., 2001; Singh et al., 2001; Mars et al., 2008)
and EAE is primarily driven by Th17 (Bettelli et al., 2008; Ghore-
schietal.,2011), our results showing EAE protection with sulfati-
des further supports our data in vitro on the impact of sulfatides
on Th cell differentiation. However, as we used T cells preincu-
bated with sulfatides before further EAE experimentations, we
are unable to conclude how sulfatides might affect fully differen-
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Sulfatide treatment suppresses EAE. A, B, (D1d-deficient mice sensitized for EAE with MOG,;_s; were treated with five intravenous injections of sulfatides or vehicle. Arrows

indicate days of sulfatide or vehicle treatment. 4, Clinical scores presented as mean == SEM. B, Body weight changes of mice during sulfatide or vehicle-treated EAE presented as mean
percentage == SEM, compared with weight on day 0. Five mice per group used. *p < 0.01 (Mann—Whitney U test). , Histopathology of CNS lesions in vehicle- and sulfatide-treated
(D1d-deficient mice sensitized for EAE with MOG;_ss, as described in A. B, Photomicrographs taken from 5 m sections of paraffin-embedded materials of lumbar spinal cord sampled
during acute EAE (day 30) stained with hematoxylin and eosin. In vehicle-treated mice, inflammatory infiltrates typical of EAE were seen within the meninges. The spinal cord surface is
glioticand demyelinated. In sulfatide-treated mice, inflammatory cells are scarce. Only a small number are seen within the meninges below, and there is some fragmentation of myelin.

Scale bars, 100 wm.

tiated encephalitogenic effector cells operating during the peak of
the disease.

Sulfatides constitute a major component of myelin lipids
within the CNS. Based on our results, we propose that, under
normal conditions, sulfatides present on the surface of the intact
myelin sheath serve as inhibitory signals for T cell activation and
thus prevent the potential induction of autoimmunity within the

CNS. In this way, sulfatides might contribute to the phenomenon
of immunologic privilege in the brain. However, under con-
ditions when CNS blood-brain damage occurs resulting in
myelin destruction and loss of sulfatide, the above mecha-
nisms might become impaired and significant and may lead or
contribute to the spectrum of neuroimmunologic events tra-
ditionally considered to be related to myelin protein antigens.
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These findings have potential novel implications of therapeu-
tic relevance to MS.
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