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Abstract
Multiple sclerosis is an inflammatory disease of the central nervous system that begins as a relapsing-
remitting disease (RRMS) and is followed by a progressive phase (SPMS). The progressive phase
causes the greatest disability and has no effective therapy, but the processes that drive SPMS are
mostly unknown. Here we found higher serum concentrations of 15α-hydroxicholestene (15-HC) in
patients with SPMS and in mice with secondary progressive experimental autoimmune
encephalomyelitis (EAE) but not in patients with RRMS. In mice, 15-HC activated microglia,
macrophages and astrocytes through a pathway involving Toll-like receptor 2 (TLR2) and poly(ADP-
ribose) polymerase 1 (PARP-1). PARP-1 activity was higher in monocytes of patients with SPMS,
and PARP-1 inhibition suppressed the progression of EAE. Thus, the TLR2–PARP-1 pathway is a
potential new therapeutic target in SPMS.

Multiple sclerosis is the leading cause of neurological disability in young adults1. In 85% of
patients, multiple sclerosis initially follows a relapsing-remitting course (RRMS) in which
acute autoimmune attacks against the central nervous system (CNS) are followed by a complete
recovery2. Most patients with RRMS go on to develop secondary progressive multiple sclerosis
(SPMS), characterized by the progressive and irreversible accumulation of neurological
disability2. The progressive disease course that characterizes SPMS generally occurs in the
absence of new inflammatory lesions, which suggests that other mechanisms are involved in
this stage of multiple sclerosis3. Indeed, treatments that halt the adaptive inflammatory
response have beneficial effects on RRMS but are usually ineffective in SPMS4. Thus, it is
important to characterize the pathological processes that drive SPMS and to identify new
therapies for progressive multiple sclerosis and biomarkers to monitor disease progression.

Both acute and chronic CNS inflammation and demyelination result in axonal damage5 that
can be detected early in the course of RRMS6. Progressive irreversible disability, however,
does not occur during these early stages of RRMS, probably as a result of compensatory
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mechanisms operating in the brain5. Thus, it has been suggested that the clinical transition to
SPMS occurs when the accumulated neuronal loss reaches a threshold that cannot be
compensated for by the plasticity of the CNS.

A change in the nature of the CNS inflammation has also been linked to the transition to SPMS.
Dendritic cells from patients with SPMS secrete more interleukin 12 (IL-12) and IL-18 than
do dendritic cells from healthy control subjects or patients with RRMS7–10. Moreover,
dendritic cells from patients with SPMS have higher expression of the costimulatory molecule
CD80 and lower expression of the inhibitory molecule PDL1 and are more efficient in
activating T helper type 1 cells11. On the basis of those observations and the limited efficacy
of therapies that target the adaptive immune response on SPMS, it has been proposed that
whereas both adaptive and innate immune responses drive RRMS, mainly sustained innate
immunity is involved in SPMS12.

Studies using antigen microarrays13,14 have detected higher concentrations of antibodies to
15-oxysterols, oxidized derivatives of cholesterol, in the serum of patients with multiple
sclerosis15. It has been shown that 7-ketocholesterol (7-KC), an oxidized derivative of
cholesterol that is not a 15-oxysterol, activates microglia by a mechanism dependent on the
nuclear enzyme PARP-1 (poly(ADP-ribose) polymerase 1) that results in neuronal damage in
vitro16. As neuronal loss is thought to contribute to the pathogenesis of progressive multiple
sclerosis5, we investigated the function of 15-oxysterols in multiple sclerosis and experimental
autoimmune encephalomyelitis (EAE). We found higher serum concentrations of the 15-
oxysterol 15α-hydroxicholestene (15-HC) in SPMS and in mouse secondary progressive EAE.
In vitro and in vivo, 15-HC activated macrophages, microglia and astrocytes by a signaling
pathway dependent on Toll-like receptor 2 (TLR2; A002294) and PARP-1. Moreover,
inhibition of PARP-1 suppressed axonal loss and disability in secondary progressive EAE.
Thus, 15-HC is a potential biomarker for monitoring disease progression in multiple sclerosis,
and the TLR2–PARP-1 axis is a potential new therapeutic target for SPMS.

Results
More 15-HC in SPMS and secondary progressive EAE

To investigate the function of 15-oxysterols in multiple sclerosis, we measured the
concentrations of 15-ketocholestene (15-KE), 15-keto-cholestane (15-KA) and 15-HC in sera
from patients with RRMS or SPMS and healthy control subjects (clinical characteristics,
Supplementary Table 1). We detected higher concentrations of 15-KE and 15-KA in RRMS
samples (Fig. 1a) and a further upregulation of 15-KE and 15-KA in SPMS samples (Fig. 1a).
Notably, 15-HC concentrations were higher only in SPMS serum samples (Fig. 1a).

Ten-week-old nonobese diabetic (NOD) mice immunized with a peptide of amino acids 35–
55 of myelin oligodendrocyte glycoprotein (MOG(35–55)) develop a form of EAE that
resembles SPMS17. In this model, a self-limited acute neurological syndrome peaks at day 18
after immunization, followed by a phase of irreversible progressive neurological
impairment17. We used this model of secondary progressive EAE to analyze the concentrations
of 15-oxysterols at the peak of the acute EAE attack (day 18) and during the progressive phase
of EAE (day 55). We found that both 15-KA and 15-KE were upregulated both during the
acute attack and the progressive phase of EAE (Fig. 1b). However, 15-HC concentrations were
upregulated only during the progressive phase of EAE (Fig. 1b), which suggests that 15-HC
is linked to progressive neurological impairment both in human SPMS and mouse secondary
progressive EAE.
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PARP-1 activation promotes EAE progression
The ketocholesterol 7-KC damages DNA and activates PARP-1 (ref. 16). Thus, we investigated
the effect of 15-HC on the activity of PARP-1 in a cell-free system. Incubation of recombinant
PARP-1 with either undamaged DNA or 15-HC alone did not have a significant effect on
PARP-1 activity. However, preincubation of DNA with 15-HC resulted in activation of
PARP-1 to a degree similar to that achieved with 7-KC or DNA with single-strand breakage
(Fig. 2a). Thus, 15-HC can activate PARP-1 by a DNA damage–dependent mechanism.

To investigate the function of PARP-1 in the progressive multiple sclerosis model, we used
the PARP-1-specific inhibitor 5-aminoiso-quinolinone (AIQ)18 in NOD secondary progressive
EAE. We administered AIQ intraperitoneally at a dose of 3mg per kg body weight daily from
day 20 (after the mice recovered from the first peak of disease) to the end of the experiment.
Administration of AIQ resulted in inhibition of the clinical signs of secondary progressive EAE
(Fig. 2b and Supplementary Table 2).

In the NOD model of secondary progressive EAE, the progressive accumulation of clinical
disability is linked to extensive demyelination and axonal loss17. Histological analysis of
control and AIQ-treated mice showed that inhibition of PARP-1 with AIQ resulted in
significantly less demyelination and axonal loss (Fig. 2c). Thus, activation of PARP-1
promotes the progression of secondary progressive EAE in NOD mice.

Activation of PARP-1 during progressive disease
To understand the mechanistic basis for the function of PARP-1 in secondary progressive EAE,
we first studied the adaptive encephalitogenic response in AIQ-treated mice. Splenocytes from
control and AIQ-treated mice showed similar proliferative responses after activation with
MOG(35–55) or mitogenic antibody to CD3 (anti-CD3; Supplementary Fig. 1a). Furthermore,
we found no differences in the secretion of proinflammatory cytokines (interferon-γ and IL-17)
or anti-inflammatory cytokines (IL-10 and transforming growth factor-β1) triggered by MOG
(35–55) or mitogenic anti-CD3 (Supplementary Fig. 1b). Thus, suppression of the progressive
phase of NOD EAE by AIQ does not result from its influence on the adaptive encephalitogenic
response.

Activation of microglia, CNS-infiltrating macrophages and astrocytes has been linked to the
progressive phase of NOD EAE17; thus, we analyzed the expression of Iba1 and GFAP
(markers of microglia and CNS-infiltrating macrophages, and of astrocytes, respectively) in
the CNS of NOD mice during the progressive phase of NOD EAE. Similar to what has been
described before17, the progressive phase of NOD EAE was associated with intense staining
for Iba1 and GFAP in the CNS (Fig. 3a). Administration of AIQ resulted in significantly fewer
Iba1+ microglia and CNS-infiltrating macrophages and GFAP+ astrocytes (Fig. 3a).

Activated microglia, CNS-infiltrating macrophages and astrocytes produce tumor necrosis
factor (TNF) and nitric oxide, which have direct neurotoxic effects19–21 that have been linked
to axonal loss in secondary progressive EAE17. The chemokine CCL2 contributes to this
pathogenic process by recruiting peripheral macrophages to the CNS22. We thus analyzed the
expression of TNF, inducible nitric oxide synthase (iNOS) and CCL2 in the CNS of NOD mice
during the progressive phase of NOD EAE. We detected substantial quantities of TNF, iNOS
and CCL2 in the CNS, which were diminished by treatment with AIQ (Supplementary Fig. 2).
Hence, inhibition of PARP-1 resulted in substantial suppression of the activation of microglia,
CNS-infiltrating macrophages and astrocytes during the progressive phase of NOD EAE.

PARP-1 activation results in the poly(ADP) ribosylation of its target proteins16; thus, PARP-1
activity can be studied in situ with antibodies to poly(ADP-ribose) (PAR). To study the function
of PARP-1 in the activation of microglia, CNS-infiltrating macrophages and astrocytes during

Farez et al. Page 3

Nat Immunol. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the progressive phase of NOD EAE, we used anti-PAR in combination with anti-Iba1 and anti-
GFAP. We found that PARP-1 was activated in microglia, CNS-infiltrating macrophages and
astrocytes during the progressive phase of NOD EAE (Fig. 3b); PARP-1 activation was lower
in AIQ-treated mice (data not shown). We obtained similar results when we measured PARP-1
enzymatic activity: CD11b+ CNS cells isolated from PBS-treated mice during the progressive
phase of secondary progressive EAE showed significant upregulation in PARP-1 activity (Fig.
3c) which was significantly diminished by treatment with AIQ (Fig. 3c). Together these results
indicate that PARP-1 activity is linked to the activation of microglia, CNS-infiltrating
macrophages and astrocytes during the progressive phase of NOD EAE.

To investigate the relevance of our findings for human multiple sclerosis, we measured PARP-1
activity in patients with multiple sclerosis. We found that PARP-1 activity was higher in the
peripheral blood monocytes of patients with RRMS or SPMS, with significantly higher activity
in patients with SPMS (Fig. 3d). Thus, PARP-1 activation is linked to both human SPMS and
secondary progressive EAE.

PARP-1 activation by 15-HC promotes neuroinflammation
We next studied the direct effects of 15-HC on microglia, macrophages and astrocytes.
Incubation of macrophages, microglia or astrocytes with 15-HC resulted in a dose-dependent
activation of PARP-1 that could be inhibited with AIQ (Fig. 4a,b). We obtained similar results
when we used 7-KC as a positive control (Supplementary Fig. 3 and Supplementary Table 3).
Incubation of microglia, macrophages or astrocytes with 15-HC resulted in the secretion of
nitric oxide, CCL2 and TNF that was inhibited by coincubation with AIQ (Supplementary
Table 4). Thus, 15-HC activates microglia, macrophages and astrocytes by a PARP-1-
dependent mechanism.

To determine if 15-HC contributed to neuroinflammation in a PARP-1-dependent way in
vivo, we studied PARP-1-deficient mice. We induced EAE in PARP-1-deficient and wild-type
mice by injecting an emulsion of MOG(35–55) and complete Freund's adjuvant (CFA) and
administered 15-HC during the induction of EAE and then again intraperitoneally on days 4,
7 and 10 as described23. We then monitored the mice for clinical signs of the disease. The
administration of 15-HC resulted in significant worsening of EAE in wild-type mice but not
in PARP-1-deficient mice (Fig. 4c and Supplementary Table 5). CD11b+ cells isolated from
the CNS of 15-HC-treated wild-type mice showed significant upregulation in PARP-1 activity
(Fig. 4d). The activation of PARP-1 in CD11b+ CNS cells correlated with higher expression
of CCL2, iNOS and TNF mRNA, as measured by real-time PCR (Fig. 4e); this upregulation
was absent in 15-HC-treated PARP-1-deficient mice (Fig. 4e). We detected no effects of 15-
HC on the encephalitogenic recall response to MOG(35–55) or anti-CD3 in wild-type or
PARP-1-deficient mice (data not shown). Thus, 15-HC enhanced neuroinflam-mation in
vivo by a PARP-1-dependent mechanism.

Activation of PARP-1 by 15-HC via a TLR2-dependent pathway
We used reverse-phase protein array24 to characterize the signaling pathways involved in the
activation of PARP-1 by 15-HC. Preliminary kinetic studies showed that incubation of
macrophages or microglia with 15-HC for 5 min resulted in PARP-1 activation, whereas longer
incubation times were required for activation induced by 7-KC (Fig. 5a). Thus, we constructed
reverse-phase protein arrays by spotting microarrays with cell lysates prepared at various times
(0–30 min) after the activation of microglia or macrophages with 15-HC. We then probed the
arrays with antibodies specific for proteins or phosphorylated proteins linked to signaling
pathways of interest (Supplementary Table 6). Treatment of microglia or macrophages with
15-HC resulted in the phosphorylation of proteins known to mediate TLR signaling, including
TAK1, IRAK, Akt, p38, Pyk2, PKC, PI(3)K and Erk1/2 (ref. 25; Fig. 5b); we obtained similar
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results when we analyzed these proteins by immunoblot (Supplementary Fig. 4). We then used
specific inhibitors to investigate the functional relevance of the protein kinases identified above
in the activation of PARP-1 by 15-HC. Treatment of microglia or macrophages with 15-HC
in the presence of specific inhibitors of Erk1/2, Akt, PI(3)K, PKC or p38 resulted in significant
inhibition of PARP-1 activation (Fig. 5c).

The kinases Erk1 and Erk2 physically interact with PARP-1 and induce PARP-1 activation
through a mechanism independent of DNA damage26. Thus, we did coimmunoprecipitation
studies to better characterize the mechanisms by which 15-HC activates PARP-1. We activated
microglia and macrophages with 15-HC, used antibodies specific for phosphorylated Erk1/2
for immunoprecipitation and probed the immunoprecipitated material with anti-PARP-1.
Treatment of microglia and macrophages with 15-HC resulted in substantial interaction of
Erk1/2 with PARP-1 (Fig. 5d).

To confirm the involvement of TLR signaling in the activation of PARP-1 by 15-HC, we used
TLR-blocking antibodies. Anti-TLR2 inhibited the activation of PARP-1 by 15-HC, but anti-
TLR4 did not; we found no effect when we used isotype-matched control antibodies (Fig. 6a).
This inhibition of the activation of PARP-1 by 15-HC correlated with complete suppression
of the phosphorylation of TAK1, IRAK, Akt, p38, Pyk2, PKC, PI(3)K and Erk1/2
(Supplementary Fig. 5).

To further confirm the involvement of TLR2 in the activation of PARP-1 by 15-HC, we used
the human embryonic kidney cell line HEK293, which expresses PARP-1 but does not express
TLR2. Treatment of HEK293 cells with 15-HC had no significant effect on PARP-1 activity
(Fig. 6b). However, transfection of HEK293 cells with a plasmid encoding TLR2 resulted in
significant activation of PARP-1 by 15-HC (Fig. 6b).

To investigate the function of TLR2 in the promotion of PARP-1 activation and
neuroinflammation by 15-HC in vivo, we studied TLR2-deficient mice. We administered 15-
HC to TLR2-deficient and wild-type mice during the induction of EAE (induced with an
emulsion of MOG(35–55) and CFA) and then again intraperitoneally on days 4, 7 and 10 as
described23; we then monitored the mice for clinical signs of disease. The administration of
15-HC resulted in significant worsening of EAE in wild-type mice but not in TLR2-deficient
mice (Fig. 6c and Supplementary Table 2b). CD11b+ CNS cells isolated from 15-HC-treated
TLR2-deficient mice showed no upregulation of PARP-1 activity (Fig. 6d). Furthermore,
treatment of TLR2-deficient mice with 15-HC did not result in upregulation of the expression
of CCL2, iNOS or TNF by CD11b+ CNS cells (Fig. 6e). We detected no differences in the
encephalitogenic recall response to MOG(35–55) or anti-CD3 (data not shown). Thus, in
vivo, 15-HC might contribute to neuropathology by activating microglia, CNS-infiltrating
macrophages and astrocytes in a TLR2-dependent way.

Discussion
In this work we have investigated the function of 15-oxysterols in SPMS in humans and
secondary progressive EAE in NOD mice. Published studies have detected higher serum and
cerebrospinal fluid concentrations of the oxysterol 7-KC in human and experimental multiple
sclerosis16,27, but 7-KC values are in the normal range in the chronic phase of EAE16. We
found higher serum concentrations of the 15-oxysterols 15-KA and 15-KE in RRMS and
further upregulation of their serum concentrations in SPMS. Notably, the serum concentrations
of 15-HC were upregulated only in the progressive phase of human SPMS and NOD EAE,
which suggests that stage-specific processes control the production of 15-HC. The transition
to SPMS has been linked to extensive microglia activation28. As the degradation of myelin by
microglia is an important source of oxysterols16,29, we speculate that changes in the CNS innate
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immune response alter the local catabolism of cholesterol and favor the generation of 15-HC
in SPMS. Regardless of the specific mechanisms that lead to the greater abundance of 15-HC
in the serum in SPMS, its association with human SPMS and secondary progressive EAE and
its contribution to disease pathogenesis by a TLR2–PARP-1 pathway suggest that higher serum
concentrations of 15-HC identify patients in the progressive phase of the disease. Because 15-
HC can be detected in serum, the measurement of 15-HC can be easily applied to clinical
samples.

Secondary progressive EAE recapitulates several features of SPMS. As in multiple sclerosis,
a self-limited acute neurological syndrome is followed by a phase of irreversible progressive
neurological impairment in secondary progressive EAE17. This clinical course resembles the
progressive accumulation of neurological disability that follows the relapsing-remitting phase
in patients with SPMS2. The spinal cords of NOD mice are characterized by pronounced axonal
loss and demyelination during the progressive phase of EAE but not during the acute phase of
EAE17. These pathological findings resemble the accumulation of neuronal loss found in
SPMS5. Moreover, both SPMS27 and the progressive phase of NOD EAE17 are characterized
by extensive microglial activation. Nonetheless, although NOD EAE resembles SPMS,
differences do exist. The progressive phase of NOD EAE follows a relatively short period of
acute CNS inflammation17, whereas the clinical transition to SPMS usually follows a relapsing-
remitting phase that generally spans 10–20 years (ref. 2). Furthermore, the progressive phase
of NOD EAE is linked to prominent axonal loss in the spinal cord but not in the brain17, whereas
there is brain axonal loss in SPMS. Thus, although NOD EAE does not mimic SPMS in all
ways, it models salient features of the clinical course and spinal cord pathology.

The administration of 15-HC led to worsening of EAE in a PARP-1-and TLR2-dependent way,
concomitant with higher expression of TNF, iNOS and CCL2 by CD11b+ CNS cells. In
contrast, treatment with the PARP-1-specific inhibitor AIQ suppressed the progressive phase
of NOD EAE and was linked to lower abundance of TNF, iNOS and CCL2 in the CNS. AIQ
and 15-HC, however, did not affect the adaptive encephalitogenic immune response. Together
these results suggest that activation of PARP-1 by 15-HC contributes to the progression of
multiple sclerosis by acting on the innate immune response in the CNS. Indeed, given the higher
15-HC serum concentrations and monocyte PARP-1 activity found in human SPMS, our data
suggest that 15-HC might contribute to the extensive activation of microglia that characterizes
human with SPMS and secondary progressive EAE17,28.

The oxysterol 7-KC can activate microglial PARP-1 by a DNA damage–dependent
pathway16. Although we found that 15-HC can use the same pathway to activate PARP-1 in a
cell-free system, our results have shown that TLR2 was required for the activation of PARP-1
by 15-HC in living cells in vitro and in vivo. Our experiments did not address whether 15-HC
binds directly to TLR2 or if it signals through TLR2 by an indirect mechanism. Nevertheless,
our experiments suggest that the DNA damage–dependent pathway of PARP-1 activation is
unlikely to be important in activation of the CNS innate immune response by 15-HC during
the course of neuroinflammation. Additional studies are needed to define the function in
vivo by TLRs and other surface receptors in the activation of the CNS innate immune response
by oxysterols other than 15-HC.

Astrocytes, microglia and CNS-infiltrating monocytes influence the course of multiple
sclerosis through several mechanisms that include the direct destruction of neurons by
cytokines19,20 or nitric oxide21, the recruitment of peripheral cells to the CNS22 and the
secretion of cytokines that modulate peripheral adaptive immunity30. We found that activation
of microglia, macrophages and astrocytes by 15-HC resulted in the production of TNF, nitric
oxide and CCL2. TNF and nitric oxide have neurotoxic activities that might contribute directly
to axonal degeneration and disease progression19–21. The ensuing myelin degradation would
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result in the production of new 15-HC and additional axonal destruction, facilitating the
perpetuation of innate neuroinflammation. This cycle might be further amplified by the
production of CCL2, leading to the recruitment of additional proinflammatory cells to the
CNS22.

Our observations suggest that dysregulated CNS innate immunity promotes neurodegeneration
and the accumulation of disability in SPMS. Thus, new therapeutic approaches for SPMS
should target both specific mechanisms of neurodegeneration, such as glutamate toxicity17,
31,32, and the innate immune response that supports them. Here we have shown that PARP-1
is a potential therapeutic target for halting the CNS innate immune response that promotes
axonal loss and the accumulation of disability in human SPMS. Because the progressive phase
of multiple sclerosis causes the greatest disability and is the least responsive to therapy3,4,
investigation of the processes that drive SPMS is a priority in multiple sclerosis research.

Methods
Methods and any associated references are available in the online version of the paper at
http://www.nature.com/natureimmunology/.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Higher 15-HC serum concentrations in human SPMS and secondary progressive EAE. (a) Gas
chromatography–mass spectrometry analysis of the concentration of 15-oxysterols in healthy
control subjects (HC; n = 10), patients with RRMS (n = 12) and patients with SPMS (n = 10).
(b) Concentration of 15-oxysterols at the peak of the acute attack of NOD EAE (day 18) or
during the progressive phase of NOD EAE (day 55). P values, one-way analysis of variance
(ANOVA). Data are representative of two experiments (mean and s.e.m.).
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Figure 2.
Inhibition of PARP-1 suppresses axonal loss and progressive disability in secondary
progressive EAE. (a) Activity of recombinant PARP-1 (recPARP-1) incubated with DNA
pretreated with 15-HC (+; row 3) or 7-KC (+; row 4). DNA without pretreatment (N) serves
as a negative control; DNA with single-strand breakage (ssb-DNA) serves as a positive control.
P values, one-way ANOVA. Data are representative of three independent experiments (mean
and s.e.m.). (b,c) Clinical scores (b) and histopathological analysis of EAE (c) in 10-week-old
NOD mice in which secondary progressive EAE was induced by immunization with MOG
(35–55) in CFA (100 μg per mouse), with pertussis toxin (150 ng per mouse) given at the time
of immunization and 48 h later, and AIQ (3 mg per kg body weight) or PBS (control)
administered daily beginning on day 20. (c) Spinal cord sections at day 55, stained with Luxol
fast blue or Bielschowsky's silver stain (left) for analysis of demyelination or axonal loss (right),
respectively. P values, Student's t-test. Data are representative of two independent experiments
(mean and s.e.m.).
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Figure 3.
Activation of PARP-1 during human SPMS and secondary progressive EAE. (a) Microsopy
of spinal cords from PBS- or AIQ-treated mice for analysis of the presence of microglial cells,
CNS-infiltrating macrophages (Iba1) and astrocytes (GFAP); the DNA-intercalating dye DAPI
stains nuclei. Original magnification, ×200. Below, quantification of stained cells. P values,
Student's t-test. (b) Activation of PARP-1 in the spinal cords of NOD mice during the
progressive phase of NOD EAE, assessed as the accumulation of PAR (green) in Iba1+ or
GFAP+ (red) cells. Original magnification, ×200. (c) Enzymatic activity of PARP-1 in
CD11b+ CNS cells isolated from AIQ- or PBS-treated mice at day 55, during the progressive
phase of NOD EAE. P values, Student's t-test. (d) Enzymatic activity of PARP-1 in peripheral
blood monocytes isolated from healthy control subjects and patients with RRMS or SPMS.
P values, one-way ANOVA. Data are representative of two experiments (c) or two independent
experiments (a,b,d; mean and s.e.m.).
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Figure 4.
Activation of microglia, macrophages and astrocytes by 5-HC via PARP-1. (a) PARP-1 activity
in mouse microglia, macrophages or astrocytes incubated with 15-HC, presented relative to
activity in vehicle-treated cells. (b) Inhibition of PARP-1 activity in mouse microglia,
macrophages or astrocytes activated with 15-HC (1 μg/ml) in the presence of AIQ
(concentration, horizontal axis), presented relative to that in cells not treated with AIQ, set as
100%. (c) Disease scores of PARP-1-deficient (PARP-1-KO) mice and wild-type (WT) mice
treated with PBS or 15-HC (downward arrows) during the course of EAE. (d) PARP-1 activity
in CD11b+ CNS cells isolated from PARP-1-deficient and wild-type mice treated with PBS or
15-HC during the course of EAE. (e) Expression of TNF, iNOS and CCL2 mRNA in
CD11b+ CNS cells isolated from PARP-1-deficient and wild-type mice treated with PBS or
15-HC during the course of EAE. Expression is presented relative to that in PBS-treated cells
(d) or naive mice (e). P values, one-way ANOVA. Data are representative of three (a,b) or
two (c–e) independent experiments (mean and s.e.m.).
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Figure 5.
Signaling events mediating the activation of PARP-1 by 15-HC. (a) Time course of microglial
PARP-1 activation by 15-oxysterols or 7-KC. P value, two-way ANOVA. (b) Signaling
pathways activated in microglial cells stimulated with 15-HC and lysed at 1, 5 or 15 min;
signal-transduction arrays prepared with the lysates were probed with phosphorylation-specific
antibodies. Phosphorylated (p-) residues are in parentheses on vertical axes. P values, one-way
ANOVA. (c) Activation of microglial PARP-1 by 15-HC in the presence of kinase inhibitors.
P values, one-way ANOVA. (d) Coimmunoprecipitation of phosphorylated Erk1/2 and
PARP-1 in lysates of microglial cells treated with PBS (control) or 15-HC, immunoprecipitated
(IP) with antibodies to phosphorylated Erk1/2 and then analyzed by immunoblot (IB) with
anti-PARP-1. Below, immunoblot analysis of whole-cell lysates with anti-PARP-1 (loading
control). Right, ratio of PARP-1 immunoprecipitated with antibody to phosphorylated Erk1
(p-Erk–PARP-1) to total PARP-1 (t-PARP-1) in lysates. Data are representative of two (b) or
three (a,c,d) independent experiments (mean and s.e.m., a–c).
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Figure 6.
Activation of PARP-1 by 15-HC is mediated by TLR2. (a) PARP-1 activity in microglia,
macrophages and astrocytes activated with 15-HC in the presence of blocking anti-TLR2 or
anti-TLR4 or isotype-matched control antibody (IC). (b) PARP-1 activity in HEK293 cells left
untransfected (293-null) or transfected with plasmid encoding TLR2 (293-TLR2), then
activated with 15-HC or with LPS from Porphyromonas gingivalis (pgLPS) or Escherichia
coli (ecLPS). (c) Disease scores of TLR2-deficient (TLR2-KO) and wild-type mice treated
with PBS or 15-HC during the induction and course of EAE. (d) PARP-1 activity in
CD11b+ CNS cells isolated from TLR2-deficient and wild-type mice treated with PBS or 15-
HC during the course of EAE. P values, test. (e) Expression of TNF, iNOS and CCL2 mRNA
by CD11b+ CNS cells isolated from TLR2-deficient and wild-type mice treated with PBS or
15-HC during the course of EAE. P values, one-way ANOVA (a,b,d,e) or two-way ANOVA
(c). Data are representative of three independent experiments (mean and s.e.m.).
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