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Abstract
Lipids comprise 70% of the myelin sheath, and autoantibodies against lipids may contribute to the
demyelination that characterizes multiple sclerosis (MS). We used lipid antigen microarrays and
lipid mass spectrometry to identify bona fide lipid targets of the autoimmune response in MS
brain, and an animal model of MS to explore the role of the identified lipids in autoimmune
demyelination. We found that autoantibodies in MS target a phosphate group in
phosphatidylserine and oxidized phosphatidylcholine derivatives. Administration of these lipids
ameliorated experimental autoimmune encephalomyelitis by suppressing activation and inducing
apoptosis of autoreactive T cells, effects mediated by the lipids’ saturated fatty-acid side chains.
Thus, phospholipids represent a natural anti-inflammatory class of compounds that have potential
as novel therapeutics for MS.
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INTRODUCTION
In multiple sclerosis (MS) aberrant adaptive immune responses target and destroy the
myelin sheath. Although MS is classically considered a disease driven by T cells, it is now
known that autoantibodies also contribute to its pathogenesis (1,2). Several studies on MS
demonstrate T-cell and antibody reactivity to lipids (3–6), which comprise over 70% of the
myelin sheath. Synthesis of anti-lipid antibodies within the central nervous system (CNS) is
associated with an aggressive disease course in MS (7), and, in an experimental model of
MS, anti-lipid antibodies both induced demyelination and prevented remyelination (8).
Despite recent interest in the potential pathogenicity of antibodies directed against brain
lipids, the specificities of the anti-lipid antibody responses in MS remain undefined.

Here we report a “functional lipidomics” approach to discovering autoimmune targets and
developing novel therapeutic strategies for MS. We used lipid autoantigen microarrays and
lipid mass spectrometry to identify targets of the adaptive autoimmune response in MS
patients. We then explored these results in an animal model of MS, experimental
autoimmune encephalomyelitis (EAE), in order to define the biological role of the
autoantibody-targeted lipids in the pathogenesis of autoimmune demyelination.
Unexpectedly, we found that several of the autoantibody-targeted lipids—phospholipids
naturally present in the brain —could attenuate EAE. Our findings suggest that
phosphatidylserine and oxidized phosphatidylcholine derivatives containing saturated fatty-
acid side chains serve as natural brakes on inflammatory responses in the CNS and that this
protective mechanism is compromised in MS, as these guardian lipids are attacked by the
adaptive arm of the immune system. These naturally occurring myelin lipids may have
therapeutic potential in MS and other inflammatory brain diseases.

RESULTS
Anti-lipid-antibody reactivity differentiates between MS patients and controls

We printed lipid antigen arrays containing over 50 brain lipids and used these arrays to
profile autoantibodies in cerebrospinal fluid (CSF) samples derived from MS and control
patients. An anti-IgG+IgM secondary antibody was used to detect anti-lipid antibody
binding. The Significance Analysis of Microarrays (SAM) (9) algorithm identified 17 lipids
that had significantly greater reactivity with autoantibodies in CSF from the 33 individuals
with MS (18 with relapsing remitting MS [RRMS], 14 with secondary progressive MS
[SPMS], and 1 with primary progressive MS [PPMS]) versus the 26 controls (21 with other
(non-inflammatory) neurological diseases [OND], and 5 healthy controls [HC]) (false
discovery rate [FDR] = 0.048); patient demographics and clinical characteristics are listed in
Supplementary Table 1. We used a hierarchical cluster algorithm (10) to discern
relationships between patient samples and SAMidentified lipids. Most MS samples clustered
together based on the similarity of their anti-lipid autoantibody profiles (Fig. 1A).
Specifically, the PPMS sample, and half of the RRMS and SPMS samples, clustered in the
group with the highest anti-lipid autoantibody reactivity, whereas only 3 of the 21 OND and
none of the HC samples were represented in this group. Most of the controls (15 of 21 OND
and 3 of 5 HC) clustered in the group with the lowest anti-lipid autoantibody reactivity,
whereas only one SPMS sample and 4 of the 18 RRMS samples clustered in this group.
ELISA analysis showed that levels of total IgG were higher than levels of total IgM in both
RRMS and OND CSF (Fig. S1A and B), and, as expected, levels of total IgG were
significantly higher in RRMS and SPMS CFS than in OND CSF (Fig. S1C).
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PGPC reduces EAE severity
To determine whether the autoantibody-targeted lipids have a role in autoimmune
demyelination, we tested the effect of select lipids on EAE, a mouse model of MS. In our
initial antigen array experiment (Fig. 1A), we screened lipids that fell into 4 categories: 1)
brain and myelin lipids, e.g. cerebrosides, sulfatides, and gangliosides; 2) membrane lipids,
e.g. cholesterol, phosphatidylcholine, and sphingomyelin; 3) oxidized lipids, e.g. 1-
Palmitoyl-2-Glutaroyl-sn-Glycero-3-Phosphocholine (PGPC) and its derivatives; and 4)
microbial lipids, e.g. LPS and lipoteichoic acid. From our set of 17 lipid hits, we selected
several lipids from categories 1–3 that exhibited higher autoantibody reactivity in MS
samples than in OND or HC samples. We tested the effects of these lipids in T-cell
proliferation assays and in EAE. We found that cerebrosides and gangliosides were unable
to suppress MBPAc1–11-specific T-cell proliferation, that administration of cerebrosides or
gangliosides did not affect EAE, and that oxidized cholesterol had only a minimal effect on
EAE (data not shown). We previously tested sulfatides, which worsened EAE (3).

PGPC, one of the oxidized lipids tested in this screen, was of particular interest because it is
a derivative of oxidized phosphatidylcholine, and antibodies to oxidized
phosphatidylcholine are present in MS brain lesions (11). Indeed, phosphatidylcholine
comprises 30.1% of the lipids in the gray matter and 15.0% of the lipids in the white matter
of the adult human brain (12), lipid peroxidation occurs in MS brain lesions (13), and
oxidized phosphatidylcholine is present in MS brain lesions (11). We used two treatment
regimens to test the effect of exogenous PGPC on EAE. In the first regimen, we
subcutaneously administered PGPC together with the proteolipid protein (PLP)139–151 that
we use to induce EAE in SJL/J mice, and then we intraperitoneally administered PGPC on
its own four and seven days after the immunization. In contrast to sulfatide, a myelin
glycosphingolipid that exacerbated EAE when delivered in this prophylactic regimen (3),
PGPC unexpectedly reduced the severity of EAE throughout the disease course (Fig. 1B and
Fig. S2A). In the second regimen, we started administering PGPC 10 days after the
immunization, i.e. at the time of disease onset (Fig. S2B), and found that PGPC could also
attenuate EAE that was already established. Sphingomyelin composes 6.9% and 7.7% of the
lipids in the gray and white matter, respectively, of an adult human brain (12) but exhibited
only moderate reactivity to antibodies in MS CSF (Fig. 1A). Sphingomyelin also attenuated
EAE when administered during the immunization (Fig. S2A). However, when administered
10 days after the immunization, sphingomyelin exacerbated EAE (Fig. S2B). Thus, unlike
the other lipids tested, PGPC attenuated the development of EAE and ameliorated
established EAE (Fig. S2).

A reduction in T-cell activation, a process important in MS pathogenesis, accompanied the
PGPC-induced attenuation of EAE. The proportion of CD4+ T cells expressing the early
activation marker CD69 was reduced among lymph node cells isolated from EAE mice
treated prophylactically with PGPC. Specifically, 14.2% of the cells isolated from vehicle-
treated mice were CD4+CD69+, compared to 7.96% of the cells isolated from PGPC-treated
mice (Fig. S3A). Moreover, compared to cells from vehicle-treated mice, lymph node cells
from PGPC-treated mice proliferated less (Fig. S3B) and splenocytes from PGPC-treated
mice secreted less IFN-γ and less TNF (Fig. S3C) upon stimulation with the
encephalitogenic PLP139–151 peptide.

Phosphocholine head group confers antigenicity
The commonality of the phosphatidylcholine backbone in lipids targeted by autoantibodies
in MS prompted us to explore this structure as a potential determinant of antigenicity. We
investigated autoantibody targeting of 7 lipids that have a glycero-3-phosphocholine
backbone in common with PGPC, as well as targeting of other structurally similar lipids
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from the lipid array used in the previous experiments (Fig. 1A)—such as those containing
features in common with PGPC, e.g., a phosphate head group with one or two non-polar side
chains.

We used Mini Array I, comprising 17 lipids (Supplementary Table 2), to profile
autoantibody responses in CSF samples from RRMS patients and OND controls. SAM
analysis revealed autoantibody reactivity to 3 of the 7 glycerol-3-phosphocholine-containing
lipids (Fig. 2A). All 8 of the lipids identified as targets with the lowest FDR (0.029) had a
phosphate group linked to a nitrogen moiety through two carbons (Fig. 2B). The non-polar
portion of the targeted lipids contained either one or two side chains; the second side chain
in some cases contained a terminal carboxyl group (Fig. 2B). This suggests that
autoantibodies present in RRMS CSF target the phospholipids’ phosphate head group, and
that the affinity of antibody-lipid binding is not specific to a particular phospholipid. In
support of this idea, autoantibodies in MS consistently targeted sphingomyelin (3) (Figs. 1A,
2A and B) but did not target ceramide, which is sphingomyelin without the phosphate polar
head group (data not shown).

To further investigate the structural basis of the lipids’ antigenicity, we examined
autoantibody reactivity to an additional 14 lipids that contain various head-group and side-
chain modifications of PGPC. The lipids in this Mini Array II are listed in Supplementary
Table 2. We probed Mini Array II with CSF samples from RRMS and OND control patients
using a sample set similar to that used in the previous array experiments, and identified
autoantibody reactivity to many PGPC-related lipids using an anti-IgG secondary antibody
(Fig. 2C). We noted that 6 of the 7 targeted lipids had a phosphate group, in most cases
attached through two carbons to another polar moiety such as nitrogen or oxygen (Fig. 2D).
One such lipid, 1-Palmitoyl-2-Oleoyl-sn-Glycerol, contained only a hydroxyl group at this
position. Although several of the targeted lipids are endogenously synthesized in human
brain, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), a synthetic cationic surfactant
that possesses the same head group as PGPC, was also targeted. Of the lipids that were not
targeted, 1,2-Dipropionoyl-sn-Glycero-3-Phosphocholine (DGPC, right column, 5th lipid)
had a phosphate head group with a structure similar to that of the targeted lipids. Unlike the
targeted lipids, however, DGPC did not contain long side chains, suggesting that the lipid
side chain may also facilitate antibody binding. Despite having only short side chains,
DGPC bound to the PVDF membrane on our array (Fig. S4). The other 6 lipids that were not
targeted either lacked a phosphate group or contained a phosphate group connected to a
bulky group, e.g., a ring structure or a phosphate group linked to 4 carbons (Fig. 2, C and
D). Using ELISA analysis to validate our array results, we found that PGPC, 1-hexadecyl-2-
azelaoyl-sn-glycero-3-phosphocholine (azPC), 1-Palmitoyl-2-Azelaoylsn-Glycero-3-
Phosphocholine (azPC ester), and 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-[Phospho-L-Serine]
(POPS) are indeed targeted by autoantibodies in CSF, and that the levels of these
autoantibodies are significantly higher in CSF from patients with RRMS than in CFS from
patients with OND (Fig. S5).

Thus, binding of RRMS CSF autoantibodies to these lipids is dependent on the presence of
(i) a non-bulky polar head group such as a phosphate group and (ii) at least one long
hydrocarbon side chain.

Antibody targets are natural brain lipids
To determine whether the lipids identified as targets of the autoantibody response (Figs. 1A,
2, S5) are present in MS brain lesions, we performed lipidomic mass spectrometric analysis
of pathological specimens taken at autopsy from the brains of MS patients, as previously
described (14). Lipids detected in MS brain lesions included phosphatidylcholines,
phosphatidylethanolamines, phosphatidylinositols, phosphatidylglycerols,
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phosphatidylserines, phosphatidic acids, sphingomyelins, sulfatides, cerebrosides,
ceramides, and lysophosphatidylcholines (Supplementary Table 3).

We next asked whether PGPC, azPC, azPC ester, and POPS, specific lipid targets of the
autoantibody response in MS (Figs. 1A, 2, S5), are present in MS brain lesions. Mass
spectrometric analysis demonstrated the presence of POPS at 0.5–1.3 nmol per mg protein
(Fig. 3A and B) in MS brain lesions. Because PGPC, azPC, and azPC ester were not
detected in our initial mass spectrometric analysis, we used single reaction monitoring
(SRM) to test for the presence of these specific lipids in healthy brain tissue and MS brain
lesions. Using SRM, we detected azPC, azPC ester, and PGPC at 5–20 pmol per mg of
protein (Fig. 3B). All four lipids were detected both in MS samples and in age-matched
control samples, and levels of azPC, azPC ester, PGPC, and POPS were significantly lower
in MS samples (Fig. 3B and Supplementary Table 4), consistent with the observed decrease
in phosphatidylcholine levels (Supplementary Table 3). We further confirmed the presence
of PGPC (Fig. S6), azPC (Fig. S7), and azPC ester (Fig. S8) in human brain extract by liquid
chromatography high-resolution mass spectrometry (LC-HRMS), using three criteria:
accurate mass agreement with calculated mass (Figs. S6A, S7A, S8A), retention time on the
column in comparison to authentic standards (Figs. S6B, S7B, S8B), and MS/MS
fragmentation patterns in comparison to authentic standards (Figs. S6C, S7C, S8C).

POPS and oxidized phosphatidylcholine derivatives treat established EAE
Because PGPC attenuated both T-cell proliferation (Fig. S3B) and EAE (Figs. 1B, S2), we
performed a second T-cell proliferation screen to determine whether any other oxidized
phosphatidylcholine derivatives from our Mini Arrays (Supplementary Table 2) could
suppress T-cell proliferation as effectively as PGPC. On the basis of the results from this
screen (Fig. S9), we selected the oxidized phosphatidylcholine derivatives azPC and azPC
ester, and the phosphatidylserine, POPS, for testing in EAE.

To investigate the therapeutic potential of these autoantibody-targeted lipids in EAE, we
administered the initial dose of POPS, PGPC, azPC, or azPC ester to mice with established
EAE. We administered the lipids systemically to establish a delivery modality appropriate
for future translational studies in humans. The first dose of 100 µg of lipid was injected
intravenously into the tail of mice once they developed tail or hind-limb paralysis, and the
lipid treatment was repeated every other day, such that 10 injections were administered
intravenously during the course of EAE. POPS, PGPC, azPC, and azPC ester were all able
to ameliorate established EAE (Fig. 4A).

POPS and oxidized phosphatidylcholine derivatives directly suppress T-cell activity
To investigate the mechanisms by which the autoantibody-targeted lipids provide
therapeutic benefit in EAE (Figs. 1B, 4A), we determined whether the lipids could directly
inhibit the T-cell-mediated inflammatory responses that underpin EAE. We assessed the
effect of these lipids on myelin basic protein (MBP)Ac1–11-induced production of cytokines
by naïve splenocytes from mice transgenic for the MBPAc1–11-specific T-cell receptor (15).
azPC reduced MBPAc1–11-induced T-cell production of the inflammatory cytokines IFN-γ,
TNF, and IL-6. POPS also reduced TNF and IL-6 levels but did not significantly reduce
IFN-γ levels. PGPC and azPC ester reduced levels of some of the cytokines, but these
effects were less dramatic than the effects of POPS or azPC (Fig. 4B). Neither POPS nor the
oxidized phosphatidylcholine derivatives affected production of IL-12p40. These lipids had
similar inhibitory effects on PLP139–151-induced production of IL-17, IL-6, IFN-γ, and TNF
by splenocytes from PLP139–151-immunized mice (Fig. S10A).
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To determine whether the lipids affect T-cell proliferation, we measured 3H-thymidine
incorporation in splenocytes stimulated with MBPAc1–11 in the presence of the different
lipids. Sulfatide, which worsened EAE, and sphingomyelin, which could not treat
established EAE ((3) and Fig. S2B), were used as controls in these assays. POPS, PGPC,
azPC, and azPC ester reduced T-cell proliferation in response to MBPAc1–11, whereas
sulfatide and sphingomyelin did not (Fig. 4C). We obtained similar results with PLP139–151-
stimulated splenocytes from mice immunized with PLP139–151 (Fig. S10B), as well as with
T cells stimulated with anti-CD3 and anti-CD28 antibodies (Fig. S11). Studies using T cells
from mice deficient in CD1 showed that the lipid-mediated suppression of T-cell responses
occurred through a CD1-independent mechanism (Fig. S11).

POPS and oxidized phosphatidylcholine derivatives induce apoptosis of immune cells
To assess whether programmed cell death contributed to the lipid-mediated reduction in
proliferation of activated T cells, we performed Annexin-V staining and 7-amino-
actinomycin D (7AAD) uptake assays, which enable identification of early apoptotic
(AnnexinV+, 7AAD-) and late apoptotic (AnnexinV+, 7AAD+) cells (Fig. 5A). At 48 hours,
azPC ester or PGPC increased T-cell apoptosis 2–3-fold, azPC increased apoptosis >4-fold,
and POPS >5-fold. The lipids had differential effects on other cell types, however. azPC and
azPC ester suppressed proliferation (Fig. S12A), while only azPC increased apoptosis (Fig.
S12B), of a mouse macrophage cell line (RAW 264.7) stimulated with LPS. In contrast,
azPC, azPC ester, and POPS modestly suppressed proliferation of purified B cells stimulated
with anti-IgM F(ab’)2 fragment and anti-CD40 antibodies (Fig. S13A), and only POPS
increased apoptosis of the B cells (Fig. S13B).

To determine whether lipid treatment induced apoptosis in vivo in the context of EAE, we
performed TUNEL staining on sections of brains and spinal cords from EAE mice treated
with azPC or POPS. POPS and azPC increased the number of TUNEL-positive cells with
lymphocyte morphology in the brain and spinal cord of mice with EAE (Fig. 5C and D).

POPS and oxidized phosphatidylcholine derivatives induce pro-apoptotic and
proinflammatory pathways

To investigate the molecular mechanisms underlying the lipid-mediated modulation of T
cells, we examined the effects of these lipids on inflammatory, survival, and apoptotic
signaling pathways. The transcription factor nuclear factor-kappaB (NF-κB) plays a crucial
role in the activation, survival, and proliferation of T cells (16) by driving the transcription
of proinflammatory cytokine genes (including IFN-γ, TNF, and IL-6 (17–19)), anti-apoptotic
genes (20), and genes involved in cell cycle progression (21). Deficiency in NF-κB
signaling suppresses the expansion of autoreactive T cells (22). Likewise, extracellular
signal-regulated kinase (ERK) activity is integral to cell proliferation and survival (23).
Costimulation of T cells with anti-CD3 and anti-CD28 antibodies (CD3/CD28) activated the
canonical NF-κB pathway, as indicated by an increase in phosphorylation of the activating
kinases IKKα and IKKβ; a decrease in levels of the NF-κB inhibitor IκBα; and an increase
in serine 536-phosphorylation of p65, the major transactivating subunit of NF-κB (Fig. 5B).
It also induced ERK activity. POPS, PGPC, azPC, and azPC ester each suppressed the CD3/
CD28-induced activation of the NF-κB and ERK pathways (Fig. 5B). These lipids also
suppressed the CD3/CD28-induced activity (phosphorylation) of B-cell lymphoma protein-2
(Bcl-2) (Fig. 5B), an important anti-apoptotic protein. Bcl-2-interacting molecule (Bim) and
Bad, pro-apoptotic members of the Bcl-2 family, antagonize the anti-apoptotic activity of
Bcl-2. Importantly, Bim plays critical roles in both activation and apoptosis of autoreactive
T cells in EAE (24). ERK-mediated phosphorylation of Bim at serine 69 suppresses the
apoptotic activity of Bim (25), while the NF-κB pathway suppresses Bim expression
(26,27). Similarly, ERK-mediated phosphorylation of Bad at serine 112 inhibits the
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apoptotic activity of Bad (28,29). Collectively, POPS, PGPC, azPC, and azPC ester
suppressed the CD3/CD28-induced phosphorylation of Bim and Bad at serines 69 and 112,
respectively. Sulfatide, which worsens EAE (3), neither inhibited the NF-κB and ERK
pathways, nor suppressed the phosphorylation of the apoptotic Bcl-2 family proteins (Fig.
5B).

Together, these results suggest that suppression of the NF-κB and ERK pathways, and the
resulting derepression of apoptotic pathways, underlies the anti-inflammatory and
antiproliferative effects of POPS and the oxidized phosphatidylcholine derivatives.

Saturated fatty-acid side chains mediate T-cell suppression
Unsaturated fatty-acid-derived mediators generated in resolving exudates can contribute to
the termination of an inflammatory response (30,31). We asked whether the saturated fatty-
acid side chains within POPS, PGPC, azPC, and azPC ester could modulate T-cell
proliferation and EAE. Fatty acids esterified to the phosphate head group at the sn-1
position, and the oxidizable fatty acids at the sn-2 position, were of particular interest in
light of their reported roles in modulating inflammation (32). We tested a variety of
structural analogs of these fatty-acid side chains, including palmitic acid, ethyl palmitate,
sebacic acid, octanoic acid, methyl octanoate, and suberic acid. These molecules form part
of the saturated, non-polar side chain of our lipids of interest, which may be cleaved from
the phospholipids by lipases that are upregulated in MS brain (14,33). Palmitic acid
suppressed T-cell proliferation as effectively as the phospholipids (Fig. 6B); ethyl palmitate,
sebacic acid, octanoic acid, methyl octanoate, and suberic acid also suppressed T-cell
proliferation, albeit to a lesser extent (data not shown). Palmitic acid also suppressed T-cell
production of the inflammatory cytokines IL-6, IL-17, IFN-γ and TNF (Fig. 6C), and
induced T-cell apoptosis (Fig. 6D). In vivo, administering palmitic acid at the time of disease
onset attenuated EAE, and disease relapsed once the palmitic acid treatment was halted (Fig.
6E), indicating that this fatty-acid side chain is itself therapeutically efficacious.

We identified palmitic acid as a fatty-acid side chain present in phosphatidylcholines and as
a free, unbound fatty acid in both MS and healthy brain (Supplementary Table 5). Because
phospholipases liberate fatty acids from lipids and are upregulated in MS brain (14,33), we
tested the effect of azPC on MBP-induced proliferation of T cells pretreated with small-
molecule inhibitors of the phospholipases PLC (inhibitor U73122), cPLA2α (EMD525143),
iPLA2 (FKGK11), sPLA2 Groups IIA, IID, IIE, V, X (YM 26734), sPLA2 Groups IIA, V
(LY 311727), sPLA2 Group V (CAY10590), or sPLA2 Group IIA (EMD525145). We found
that pre-incubating T cells with any of the four sPLA2 inhibitors suppressed the effects of
azPC (i.e. MBP-stimulated T-cell proliferation was partially restored), whereas pre-
incubating the T cells with various concentrations of the other phospholipase inhibitors had
no effect or, at high doses, killed the T cells (Fig. S14 and Supplementary Table 6).
Together, these results suggest that the non-esterified fatty-acid side chains of the targeted
lipids are responsible for their T-cell suppressive properties.

DISCUSSION
We report the use of two lipidomic technologies—lipid antigen arrays and lipidomic mass
spectrometry—to identify myelin lipids targeted by autoantibody responses in MS. We show
that these autoantibody-targeted phospholipids ameliorate disease in a mouse model of MS
by inhibiting the autoaggressive T-cell responses that underpin autoimmune demyelination.
Whereas the polar head groups are the lipid components targeted by the autoantibodies, the
fatty-acid side chains are the components that mediate the lipids’ anti-inflammatory effects.
Furthermore, we find that the levels of these autoantibody-targeted lipids are lower in
lesions from MS brain than in tissue from healthy brain. Autoantibody targeting may thus
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reduce the lipids’ anti-inflammatory effect by enhancing their clearance or inhibiting their
activity—and thereby compromise the lipid-mediated protection against neuroinflammation.

At the molecular level, the anti-inflammatory effects of the lipids were associated with the
inhibition of NF-κB and ERK, signaling molecules that promote inflammation and cell
survival, and the derepression of Bim and Bad, the molecular executors of programmed cell
death. It is possible that POPS, which contains the phosphoserine moiety detected by 7AAD,
could bind and/or integrate into cellular membranes and thereby exaggerate the staining
observed with 7AAD. Nevertheless, our observation that POPS induces T-cell apoptosis is
confirmed by our in vivo results demonstrating increased apoptosis of lymphocytes in the
perivascular cuffs of brain and spinal cord lesions of azPC- and POPS-treated mice with
EAE. Intriguingly, osteopontin, a protein that induces relapse and progression of EAE, has
the opposite effect: it promotes the survival of MBP-reactive T cells by activating the NF-
κB pathway and inhibiting Bim-mediated apoptosis (34). Indeed, T-cell apoptosis is a key
mechanism by which autoimmune attack on the CNS is kept in check, and it plays an
important role in spontaneous EAE remission (35).

In MS brain lesions, inflammation leads to an increase in nitric oxide, which can oxidize
lipid components of the brain (36). Using mass spectrometry, we demonstrated the presence
of oxidized phospholipids—and specifically of the autoantibody-targeted therapeutic lipids
—in normal and in MS brain. We found that levels of oxidized phosphatidylcholine
derivatives were lower in MS brain than in healthy brain. This may reflect the autoimmune-
mediated destruction of myelin lipids that occurs in MS, such that levels of oxidized
phospholipids are diminished despite an increase in lipid peroxidation. The destruction of
myelin involves anti-lipid autoantibodies, which can induce demyelination and prevent
remyelination in mouse models of MS (8). Through antigen array screening, we found that
the CFS of MS patients contains antibodies to oxidized phosphatidylcholine derivatives, and
antibodies to oxidized phosphatidylcholine have been detected in MS brain lesions (11),
supporting the idea that the antibodies to oxidized phosphatidylcholine derivatives that we
detect in CSF can bind their lipid targets in MS brain. Moreover, studies in EAE indicate
that antibodies to oxidized phosphatidylcholine are generated as part of the pathological
process of autoimmune demyelination (11). Apart from participating in the general
destruction of the myelin sheath, such autoantibody targeting of oxidized
phosphatidylcholine derivatives could conceivably contribute to MS pathogenesis by
reducing the levels or blocking the immunoregulatory activity of these protective lipids.

Oxidized phospholipids are generally considered proinflammatory and may exacerbate
inflammation-associated disease (37,38). Whereas oxidized phosphatidylcholine was
previously identified as a marker of neuroinflammation in MS (11), our findings suggest that
oxidized phosphatidylcholine derivatives in fact function as part of an endogenous feedback
mechanism that attenuates adaptive autoimmune responses in the brain. Indeed, oxidized
phospholipids are emerging as Janus-like molecules: whereas their pathogenic role in
atherosclerosis is well established (32), these lipids play a protective, anti-inflammatory role
in endotoxin-induced tissue damage by inhibiting Toll-like receptor-4 signaling (39). Thus,
the role of oxidized phospholipids in physiology and pathophysiology is context dependent.
In brain, oxidized phosphatidylcholine derivatives and POPS appear to be important
mitigators of autoimmune responses.

We find that the saturated, non-polar side chains mediate the protective effects of the
therapeutic lipids. Palmitic acid, representative of such fatty-acid side chains present within
the lipids, was able to reproduce the therapeutic effects of the lipids in vitro and in vivo. The
results of our inhibitor studies suggest that these fatty acids exert at least some of their
immunoregulatory effects following their release from lipids by sPLA2-mediated cleavage.
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Levels of sPLA2, and of several other phospholipases, are abnormally high in MS brain
lesions (14,40), and sPLA2 plays a key role in the excessive production of arachidonic acid
in MS (40). The increase in phospholipase expression in MS brain lesions could increase the
levels of anti-inflammatory free fatty acids as part of a feedback mechanism that protects
against neuroinflammation. Autoantibody targeting of POPS and oxidized
phosphatidylcholine derivatives may compromise this protective feedback mechanism by
eliminating the lipids containing the anti-inflammatory fatty acids or by preventing the
release of fatty acids from the lipids. Regardless of whether they act as free fatty acids or as
phospholipid components, these saturated fatty acids appear to serve a function similar to
that of the unsaturated fatty-acid derivatives resolvins and protectins, which mediate
resolution of inflammation in tissue exudates (30,31).

The use of lipidomics for drug discovery provides unique opportunities. The adaptive
immune system may target molecules that are aberrantly modified or expressed and
contribute to the autoimmune pathology (41). However, our results suggest that the immune
system may also drive autoimmune disease by abrogating the protective effects of molecules
involved in inflammatory homeostasis. Choosing the target of the antibody as a potential
therapeutic, in this case the lipids identified on an autoantibody array, provides a fresh
strategy for screening putative therapeutics. We found that the phosphocholine head group is
an important determinant of the antigenicity of brain lipids, a discovery that enabled the
identification of additional therapeutic lipids through stringent statistical analysis of lipid
microarray data combined with lipidomic mass spectrometric analysis. The identification of
lipids targeted by autoantibodies affords the opportunity to mine small lipid-soluble
molecules as potential new drugs for autoimmune disease.

MATERIALS AND METHODS
Reagents

We obtained POPS, PGPC, sphingomyelin, sulfatide, azPC, azPC ester, and all other
phosphatidylcholine derivatives listed in Supplementary Table 2 from Avanti Polar Lipids.
Palmitic acid was purchased from Sigma. Proteolipid protein (PLP)139–151
(HCLGKWLGHPDKF) and MBPAc1–11(ASQKRPSQRHG)were synthesized and HPLC-
purified (>97%) by the Stanford PAN facility.

Patient CSF samples
All human samples were collected and used under protocols approved by the Institutional
Review Boards of the Karolinska Institute and Stanford University. Patient demographics
and clinical characteristics are listed in Supplementary Table 1.

Lipid array analysis
Lipid arrays were generated and analyzed as previously described (3). Briefly, we used a
Camag Automatic TLC Sampler 4 robot to print 10 to 100 pmol of lipids on PVDF
membranes affixed to the surface of microscope slides. These lipid arrays were probed with
1:20 dilutions of human CSF, followed by 1:8000 dilutions of either anti-human IgG+IgM
or anti-human IgG (Jackson Immunoresearch) conjugated to horseradish peroxidase (HRP).
Bound HRP-conjugated antibodies were visualized by chemiluminescence (ECL Plus,
Amersham) and autoradiography. We used GenePix Pro 5.0 software (Molecular Devices)
to extract the net median pixel intensities for individual features from digital images of the
array autoradiographs. We applied the SAM (9) algorithm (version 1.21) to identify lipids
with statistically significant differences in array reactivity between groups of humans or
mice. The list of ‘significant lipids’ with the lowest q value (false discovery rate, FDR) is
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reported in each heatmap Figure. We arranged the SAM results into relationships by using
Cluster software and displayed the results by using TreeView software (10).

Lipidomic analysis of brain samples
Archived postmortem samples from MS brain and age-matched healthy brain were analyzed
by shotgun lipidomics as previously described (42–44) and as outlined in the Supplementary
Methods. The six MS brain samples analysed were as follows: MS 1, an active lesion from a
59-year-old female with relapsing-remitting MS; MS 2, an active lesion from a 72-year-old
male with secondary progressive MS; MS 3, a chronic active lesion from a 47-year-old
female with chronic MS; MS 4, a chronic active lesion from a 76-year-old male with chronic
MS; MS 5, an acute active lesion from a 31-year-old female in the relapsing phase of
relapsing-remitting MS; MS 6, a chronic active lesion from the same 31-year-old female
with relapsing-remitting MS. Control brain samples were thoroughly examined to rule out
the presence of neurological disease. Control samples were obtained from normal-appearing
white matter from the brains of the following individuals: C1, 23-year-old male; C2, 52-
year-old female; C3, 23-year-old male; C4, 52-year-old male; C5, 82-year-old male; and C6,
44-year-old female. Samples of healthy brain and samples of MS lesions were pulverized in
liquid nitrogen. Lipid extracts were generated and analysed by electrospray ionization mass
spectrometry (typically within 1 week) using a TSQ Quantum Ultra Plus triple-quadrupole
mass spectrometer (Thermo Fisher Scientific) equipped with an automated nanospray
apparatus (Nanomate HD, Advion Bioscience Ltd.) and Xcalibur system software (45).

EAE induction
Animal experiments were approved by, and performed in compliance with, the National
Institute of Health guidelines of the Institutional Animal Care and Use Committee at
Stanford University. For induction of EAE, 8- to 12-week-old female SJL/J mice (Jackson
Laboratory) were immunized subcutaneously with 100 µg of PLP139–151 emulsified in CFA
(Difco Laboratories). Lipid co-immunization: Three injections of PGPC (6 µg/mouse/
injection) or vehicle (0.05% Tween-20 in PBS) were delivered on days 0, 4, and 7 after
immunization with PLP139–151. On day 0, the lipid or vehicle was emulsified together with
PLP139–151 in CFA and administered by subcutaneous injection. At subsequent time points,
lipid or vehicle was injected intraperitoneally. EAE was assessed as previously described
(3). Lipid and palmitic-acid treatment: Administration of lipid, palmitic acid, or vehicle was
initiated once the PLP139–151-immunized mice developed paralysis (representing clinical
EAE) and repeated every other day, for a total of ten separate injections. 100 µg of POPS,
PGPC, azPC ester, azPC, palmitic acid, or vehicle (0.05% Tween-20 in PBS) was
administered in 0.2 ml intravenously in the tail.

Proliferation and cytokine assays
Splenocytes were harvested from mice transgenic for the MBPAc1–11-specific T-cell
receptor (15) and stimulated with 2 µg/ml of MBPAc1–11 in the presence of 30 µg/ml of
lipid. Lymph nodes and spleens were also harvested from naive C57BL/6 mice, and CD3+

T-cell enrichment columns (R&D systems) were used to isolate CD3+ T cells. The purified
CD3+ T cells were stimulated with 5 µg/ml of plate-bound anti-CD3 antibodies and anti-
CD28 antibodies in the presence of 30 µg/ml of POPS, PGPC, azPC ester, brain sulfatides,
or azPC, 0.25 mM palmitic acid, or 100% ethanol (as the vehicle control). For assessment of
proliferation, 1 µCi of 3H-thymidine was added to each well for the final 18–24 hours of
culture, and incorporation of radioactivity was measured by using a Betaplate scintillation
counter. Cytokine assays were performed on culture supernatants after 24 (IL-12p40) or 48
hours (IFN-γ, IL-6, IL-17A and TNF) of culture by using the BD OptEIA™ Mouse ELISA
kits (BD Biosciences) or Mouse IL-17 DuoSet ELISA Development kit (R&D Systems).
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Flow cytometry
Cells were stained according to standard protocols, run on a FACScan flow cytometer (BD
Biosciences), and analysed with CellQuest software (BD Immunocytometry Systems). The
antibody conjugate used was FITC anti-CD4, clone GK1.5 (BDPharmingen). 7AAD
staining was performed by using the Annexin V-PE Apoptosis Detection Kit I (BD
Pharmingen).

Western blotting
CD3+ T cells were isolated from the lymph nodes of naïve C57BL/6 mice by using CD3+ T-
cell enrichment columns (R&D systems). T cells were pre-incubated with 30 µg/ml of lipid
for 1 hour at 37 °C degrees and then stimulated with plate-bound anti-CD3 and anti-CD28
antibodies (5 µg/ml, eBiosciences) in the presence of the lipids for 15 minutes or 24 hours.
Cells were washed with ice-cold PBS and lysed in RIPA lysis buffer containing 1× Halt
protease and phosphatase inhibitor cocktail (Pierce) with a Dounce homogenizer.
Immunoblotting was performed with antibodies against phospho-Bim (serine 69), phospho-
Bad (serine 112), phospho-Bcl-2 (serine 70), phospho-IKKα/β (serines 180/181), phospho-
p65 (serine 536), phospho-ERK1/2 (threonine 202/tyrosine 204), and IκBα from Cell
Signaling Technology.

TUNEL assay
Mice with EAE were treated intravenously with 200 µg of azPC, 200 µg of POPS, or vehicle
(0.05% Tween-20 in PBS) on day 15 after immunization with CFA and PLP139–151 peptide.
Mice were treated with lipids for 12, 24, or 48 hours and then sacrificed and perfused with
4% paraformaldehyde. Brains and spinal cords were embedded in paraffin and sectioned.
TUNEL-positive cells were detected by using the In Situ Cell Death Kit, AP (Roche)
according to the manufacturer’s instructions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Autoantibody targeting of lipids is higher in MS CSF than in OND CSF and normal CSF,
and the autoantibody-targeted lipid PGPC attenuates EAE. (A) Lipid-array profiling of IgG
+IgM antibody reactivity in CSF samples from MS patients (RRMS, relapsing remitting
MS; SPMS, secondary progressive MS; PPMS, primary progressive MS), healthy controls
(HC), and other neurological disease (OND) controls. Lipid hits with the lowest FDR
(q=0.048) were clustered according to their reactivity profiles. Sample type and ID number
are shown above the heatmap, and the lipids targeted are shown to the right of the heatmap.
The patients’ demographics and clinical characteristics are presented in Supplementary
Table 1. (B) Clinical EAE scores of mice coinjected subcutaneoulsy with PLP139–151 and 6
µg/injection of PGPC (day 0); on days 4 and 7 after immunization, PGPC was injected
intraperitoneally. Arrows indicate when PGPC was administered. Each point represents the
mean ± SEM, and results are representative of 4 independent experiments. *P < 0.05 Mann-
Whitney test, vehicle control (n = 5) vs PGPC (n = 5).
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Fig. 2.
PGPC-related lipids with non-bulky polar head groups are targeted by antibodies in CSF of
MS patients. (A) Mini-Array I: IgG antibody reactivity to various glycero-3-phosphocholine
lipids in CSF samples from patients with relapsing remitting MS (RRMS) and from control
patients with other neurological disease (OND). Lipid hits with the lowest FDR (q=0.029)
were clustered according to their reactivity profiles. Sample type and ID number are shown
above the heatmap, and the lipids targeted are shown to the right of the heatmap. (B)
Structures of lipid hits in (A). (C) Mini-Array II: IgG antibody reactivity to lipids
constituting polar head-group and side-chain modifications of PGPC in CSF samples from
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RRMS patients and OND controls. Lipid hits with the lowest FDR (q=0.016) were clustered
according to their reactivity profiles. All of the lipids screened in Mini Array I and II are
listed in Supplementary Table 2. (D) Left column, structures of the lipid targets identified in
(C), with green boxes around the polar head group; right column, structures of the lipids that
were not targeted, with red boxes around the polar head group.
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Fig. 3.
Levels of POPS, PGPC, azPC, and azPC ester are higher in MS brain than in healthy brain.
(A) Negative-ion electrospray ionization mass spectrometric analyses of palmitoyl oleoyl
phosphatidylserine (POPS) in lipid extracts of normal-appearing white matter from an age-
matched healthy control brain (left panel) and of an active lesion from a brain afflicted with
relapsing remitting MS (right panel). DMPS, dimyristoryl phosphatidylserine; IS, internal
standard. (B) Single-reaction monitoring analysis of PGPC azPC ester, azPC, and POPS
levels in samples of MS brain lesions (n = 6) and healthy brain tissue (n = 6). Controls: age-
matched individuals with no signs of neurological disease; MS: 3 patients with relapsing
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remitting MS; 1 patient with secondary progressive MS; and 2 patients with chronic MS.
*P<0.05 by unpaired Student’s t-test.
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Fig. 4.
Administration of lipids that are targeted by autoantibodies and whose levels are decreased
in MS attenuate ongoing EAE and T-cell activation. (A) Clinical scores of PLP139–151-
immunized SJL mice treated at the peak of EAE with 100 µg/injection of POPS (n = 10),
PGPC (n = 10), azPC ester (n = 10), azPC (n = 10), or vehicle alone (n = 10). Arrows
indicate injections of lipid or vehicle. Each point represents the mean clinical score ± SEM
(* denotes time points at which P < 0.05 by Mann-Whitney test comparing vehicle treatment
vs. lipid treatment). (B) Cytokine production by and (C) proliferation of naive MBPAc1–11-
TCR transgenic splenocytes stimulated with 2 µg/ml MBPAc1–11 in the presence of 30 µg/ml
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of lipid (structures shown in D), as indicated. Values are the mean + SEM of triplicates.
Results are representative of 3 independent experiments. *P < 0.05 by Student’s t-test, each
lipid plus MBPAc1–11 vs. MBPAc1–11 alone.
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Fig. 5.
POPS, PGPC, azPC, and azPC ester induce apoptotic signaling pathways and T-cell
apoptosis. (A) Annexin V and 7AAD staining of CD3+ T cells purified from wild-type B6
mice and stimulated with plate-bound anti-CD3 and anti-CD28 antibodies for 48 h with or
without 30 µg/ml of lipid. Cells are gated on CD4+ T cells, and results are representative of
3 experiments. (B) Immunoblot analysis of phopsho-ERK1/2, phospho-ΙΚΚα/β, phospho-
p65, IκBα, phospho-Bcl-2, phospho-Bad, and phospho-Bim in lysates of wild-type CD3+ T
cells stimulated with plate-bound anti-CD3 and anti-CD28 antibodies for 15 min (left panel)
and 24 h (right panel) in the presence of 30 µg/ml of lipid, as indicated. Blots are
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representative of two independent experiments. (C) TUNEL staining of brain and spinal-
cord tissue from mice immunized with PLP139–151 peptide (to induce EAE) and treated for
12 h with azPC, POPS, or vehicle on day 15 after immunization. Arrows indicate TUNEL-
positive (bright pink/red) infiltrating cells in the perivascular cuffs of lesions from mice with
active EAE. Original magnification, ×400. (D) Quantification of TUNEL-positive
infiltrating cells in brain and spinal cord sections shown in panel (C).
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Fig. 6.
Palmitic acid, a non-polar side chain of 1-Palmitoyl phospholipids, suppresses T-cell
proliferation and inflammatory cytokine production, induces T-cell apoptosis, and attenuates
EAE. (A) Structure of palmitic acid. (B) Proliferation and (C) cytokine production of naive
T cells purified from wild-type B6 mice and stimulated for 48 h with 5 µg/ml of anti-CD3
and anti-CD28 antibody and either 30 µg/ml of lipid or 0.25 mM of palmitic acid. Values are
the mean + s.e.m. of triplicates. Results are representative of 3 independent experiments (*P
< 0.05 by Student’s t-test, compared to anti-CD3/anti-CD28 alone). (D) Apoptosis
(indicated by annexin V and 7AAD staining) of CD3+ T cells purified from wild-type B6
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mice and stimulated with plate-bound anti-CD3 and anti-CD28 antibodies for 48 h alone or
with ethanol (ETOH) or 0.25 mM of palmitic acid (PA). Cells are gated on CD4+ T cells.
(E) Clinical scores of PLP139–151-immunized SJL mice treated at the peak of EAE with 100
µg/injection of palmitic acid (n = 10), or vehicle alone (n = 10). Arrows indicate injections
of palmitic acid or vehicle. Each point represents the mean clinical score (*P < 0.05 by
Mann-Whitney test comparing vehicle treatment vs. palmitic acid treatment).
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