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Abstract

Resveratrol (3,5,4’-trihnydroxy- trans-stilbene) (RES) is a naturally-derived phytoestrogen found in
the skins of red grapes and berries and has potential as a novel and effective therapeutic agent. In
the current study, we investigated the role of microRNA (miRNA) in RES-mediated attenuation of
experimental autoimmune encephalomyelitis (EAE), a murine model of multiple sclerosis.
Administration of RES effectively decreased disease severity, including inflammation and central
nervous system immune cell infiltration. miRNA microarray analysis revealed an altered miRNA
profile in encephalitogenic CD4+ T cells from EAE mice exposed to RES treatment. Additionally,
bioinformatics and in silico pathway analysis suggested the involvement of RES-induced miRNA
in pathways and processes that regulated cellular proliferation. Additional studies confirmed that
RES affected cell cycle progression and apoptosis in activated T cells, specifically in the
brain.RES treatment significantly upregulated miR-124 during EAE, while suppressing associated
target gene, sphingosine kinase 1 (SK1), and this too was specific to mononuclear cells in the
brains of treated mice, as peripheral immune cells remained unaltered upon RES treatment.
Collectively, these studies demonstrate that RES treatment leads to amelioration of EAE
development through mechanism(s) potentially involving suppression of neuroinflammation via
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alteration of the miR-124/SK1 axis, thereby halting cell-cycle progression and promoting
apoptosis in activated encephalitogenic T cells.
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Introduction

Multiple sclerosis (MS) is a neurodegenerative disease caused largely by T cell-mediated
autoimmune destruction of the protective myelin sheaths surrounding neurons in the central
nervous system (CNS). While there is no cure for MS, there are modestly effective disease-
modifying treatments. However, because such treatments are immunosuppressive, they often
predispose patients to opportunistic infections and in many cases, patients are non-
responsive or develop tolerance. Thus, the importance for developing better treatments for
MS is immediately obvious. Experimental autoimmune encephalomyelitis (EAE) is a
laboratory mouse model of multiple sclerosis and its pathogenesis is characterized by
proinflammatory Th1 and Th17 CNS infiltration and subsequent demyelination and
inflammation. Adoptive transfer of encephalitogenic CD4+ T cells from diseased mice
induces EAE in recipient mice, indicating a pivotal role for CD4+ T cells in mediating
disease (Batoulis et al. 2011).

Resveratrol (3,5,4"-trihydroxy- trans-stilbene) (RES) is a naturally occurring, plant-derived
phytoestrogen initially drawing interest for its ability to promote disease resistance in plants
(Gautam and Jachak 2009). In addition to its fungitoxic and protective properties, other
pharmacological actions have been assigned including antioxidant, anticarcinogenic and
anti-inflammatory (Weiskirchen and Weiskirchen 2016). While RES is extensively studied in
cancer and cardiovascular disease, it has recently emerged as a potential therapeutic for the
treatment of various inflammatory diseases. RES acts as an anti-inflammatory agent through
its antioxidant properties and through inhibition of lipoxygenase and cyclo-oxygenase
formation (Gautam and Jachak 2009). Moreover, RES regulates specific cell functions
including apoptosis and cell cycle progression (Quoc Trung et al. 2013). In models of MS,
RES has well-established neuroprotective effects (Pallas et al. 2013) and it negatively
regulates pro-inflammatory immune cell function. RES attenuates EAE severity by altering
T cell phenotype (Imler Jr. and Petro 2009), and by aryl hydrocarbon and estrogen receptor-
mediated T cell apoptosis (Singh et al. 2007), although the mechanisms of apoptosis are
unclear. RES and other polyphenolic compounds regulate pro- and anti-inflammatory
miRNA expression and considering the established neuroprotective effects, along with its
rapidly growing anti-inflammatory properties, RES is emerging as an ideal candidate for the
treatment of neuroinflammatory diseases like MS.

Epigenetic regulation of gene expression is a major mechanism by which numerous cellular
processes occur and drives both normal physiological and pathophysiological events.
MicroRNAs are small non-coding RNAS that influence gene expression by binding to
complimentary sequences in target genes and, in most cases, negatively regulating their
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expression. miRNAs are involved in basic cell functions including metabolism, molecule
transport and signaling, as well as in coordinated events such as differentiation, growth and
proliferation and apoptosis. miRNAs regulate T cell differentiation by directing expression
of cytokines and transcription factors. For example, miR-31 negatively regulates generation
of anti-inflammatory T regulatory cells (Fayyad-Kazan et al. 2010) and let-7e positively
regulates pro-inflammatory Thl and Th17 differentiation (Guan et al. 2013). Likewise,
miRNAs have a role in regulating macrophage polarization and function, as miR-146a drives
M2 macrophage polarization by inhibition of Notchl signaling (Wang et al. 2016) and
miR-155 drives M1 polarization in a model of viral myocarditis (Zhang et al. 2016).
Furthermore, identifying miRNAs involved in processes key for immune cell differentiation,
activation and function will shed light on the still unclear epigenetic mechanisms by which
immune cell plasticity is regulated. In addition to roles in immune cell function, miRNAs,
have been identified in several pathologies including cancer and autoimmune diseases
(Lekka and Hall 2018). miRNA expression studies carried out in MS patients and in EAE
animals have identified miRNAs that differ in disease vs normal states, classifying them as
potential bio-markers of disease (Thamilarasan et al. 2012).

In this study, we hypothesized that treatment with naturally-occurring RES prevents
neuroinflammation via miRNA-mediated modulation of activated CD4+ T cell survival. Our
data demonstrated that treatment of EAE mice with RES diminished disease severity with
concurrent alterations in the expression of a number of miRNAs in brain infiltrating T cells.
Furthermore, we found that RES altered the miR-124/SPHK1 axis, as well as induced
apoptosis specifically in immune cells found in the brains but not in peripheral lymphoid
organs of diseased mice. Overall, our studies indicate that RES attenuates
neuroinflammation seen in EAE potentially through modulation of key miRNAs involved in
cell cycle progression and apoptosis in activated encephalitogenic T cells.

Results

Resveratrol Diminishes EAE Severity

In this study, we evaluated the role of microRNAs (miRNASs) in mediating the protective
effects of the natural plant-derived phytoalexin resveratrol (RES) on myelin oligodendrocyte
peptide (MOG3s_s55)-induced autoimmune encephalomyelitis (EAE), a mouse model of the
neuroinflammatory disease, multiple sclerosis (MS). EAE was induced in C57BL/6 mice
using MOG3s_sg5 as previously described (Chitrala et al. 2017). Vehicle (VEH) or RES at
100 mg/kg was given daily, beginning on day 2 following immunization. Mice were
evaluated daily for disease severity and clinical scores were assigned. As evidenced by
clinical scores, mice given RES exhibited significantly less-severe motor impairment relative
to VEH-treated mice (Fig. 1a). Furthermore, mononuclear cell infiltration into the brains of
EAE mice was significantly reduced in RES-treated mice when compared to VEH-treated
mice (Fig. 1b). Additionally, serum samples taken from VEH-and RES-treated mice on days
7 and 15 post-immunization indicated lower levels of circulating pro-inflammatory
cytokines TNFa and IFNvy, a hallmark cytokine of EAE, in RES-treated mice relative to
VEH-treated mice (Fig. 1c and d). Moreover, upon ex vivo MOG restimulation of brain
infiltrating mononuclear cells, those derived from RES-treated mice produced significantly
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less pro-inflammatory cytokines IL-6 and IL-17A, also hallmark EAE cytokines (Damsker
et al. 2010), when compared to VEH-treated mice (Fig. 1e and f).

Resveratrol Alters Immune Cell Distribution and Activation in EAE

To evaluate the effect of RES on brain resident or infiltrating immune cells, mononuclear
cells were isolated from brains of VEH- or RES-treated EAE mice and stained with
antibodies representative of varying immune cells and activation states. There was a
significant decrease in infiltrating CD4+ T helper cells, as well as CD11b + resident
microglia or infiltrating macrophages (Fig. 2a and b). Additionally, mononuclear cells
derived from the brains of RES-treated mice had significantly lower expression of the T cell
co-stimulatory molecule CD28 and the T cell activation marker CD69 (Fig. 2c¢). Important in
antigen presenting cell-mediated activation of T cells, co-stimulatory molecules CD80 and
CD86 were also significantly decreased in cells derived from brains of RES-treated EAE
mice relative to VEH-treated EAE mice (Fig. 2d).

Next, in an effort to distinguish between brain-resident microglial cells and infiltrating
monocytes/macrophages, cells from the brains of VEH- or RES-treated EAE mice were
stained with antibodies against CD11b and CD45. CD11b+/CD45 low cells are
representative of brain-resident resting microglia, while CD11b+/CD45 high cells represent
activated infiltrating monocytes/macrophages and may also include activated resident
microglia (Ponomarev et al. 2006). Activated infiltrating monocytes/macrophages or
activated resident microglia made up a large portion of cells derived from brains of VEH-
treated EAE mice with approximately 50% being CD11b+/CD45 high, while substantially
fewer cells (p < 0.0001) from VEH-treated mice represented resting microglia, with <20%
being CD11b+/CD45 low (Fig. 2e). On the other hand, cells derived from the brains of RES-
treated EAE mice were represented by nearly equal proportions of CD45 high and CD45
low cells, with approximately 30% each of resting microglia and activated microglia or
activated infiltrating monocytes/macrophages. Additionally, the proportion of activated
monocytes/macrophages (CD45 high) from the brains of VEH-treated mice (51.5 = 4.7%)
was significantly higher (p < 0.001) than the proportion from RES-treated mice (31.2

+ 5.0%); meanwhile, RES-treated mice (32.8 = 3.8%) had a significantly higher proportion
(0 < 0.05) of resting microglia (CD45 low) relative to VEH-treated mice (16.5 £ 2.9%).
Taken together, these data indicated that RES diminishes clinical symptoms of EAE as well
as decreases immune cell infiltration and activation in the brains of EAE mice.

Resveratrol Treatment Leads to Cell-Cycle Arrest and Apoptosis

Given that RES-treatment significantly reduced brain mononuclear cells in numbers and
percentages in EAE (Figs.1 and 2), (Singh et al. 2007) we evaluated the effect of RES on
brain mononuclear cell apoptosis and cell cycle. To this end, brain mononuclear cells from
VEH- or RES-treated EAE mice were isolated and stained with a propidium iodide/RNase
solution and subjected to flow cytometry (Fig. 3a). Cells derived from VEH-treated mice
had detectable GO/G1, S and G2/M phases at 45%, 20% and 35%, respectively, when
analyzed using ModFit LTsoftware; meanwhile, only GO/G1 and G2/M were detected at
95% and 5%, respectively, in RES-treated mice, with no cells detected in S phase (Fig. 3a).
Furthermore, when data from multiple experiments were combined and analyzed for cell
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cycle, there was a significant increase in the proportion of cells in GO/G1 phase (p < 0.001)
and a decrease in cells in S phase (p < 0.01) and G2/M phase relative to VEH-treated mice
(Fig. 3b), indicating that RES-treatment led to GO/G1 arrest of brain mononuclear cells in
EAE. Moreover, cells derived from RES-treated EAE brains underwent significantly (o <
0.0001) more apoptosis than those derived from VEH-treated EAE mice with 35.2% (+12%)
apoptosis in RES-treated mice and 4.2% (+2.2%) in VEH-treated mice (Fig. 3c).

Resveratrol Alters microRNA Expression in Encephalitogenic CD4+ T Cells

There is ample evidence to support a role for miRNA in the regulation of many cellular
processes, including apoptosis and proliferation, as well as in driving T cell phenotype
(Guan et al. 2013) and in pathogenesis of clinical disorders, such as MS and EAE. We
therefore hypothesized that RES-mediated protection from EAE may result from miRNA-
mediated modulation of encephalitogenic CD4+ T cell function. In order to investigate the
role of miRNASs in inhibiting EAE by RES, miRNA expression in CD4+ T helper cells from
the brains of VEH- or RES-treated EAE mice was evaluated using an Affymetrix miRNAL.0
array. miRNA values are expressed as fold change (RES- vs VEH-treated EAE mice) and
data for 609 miRNAs are presented in a heat map (Fig. 4a). We identified 13 significantly
down-regulated and 52 significantly up-regulated miRNAs with a greater than 1.5-fold
change with RES treatment (Fig. 4b). The top five up- and down-regulated miRNAs detected
by array analysis upon RES treatment were miR-124, miR-132, miR-128, miR-138,
miR-127 and miR-16*, miR-466j, miR-574, miR-1187, miR-1196, respectively, and are
shown as fold change in Fig. 4c and indicated on MA plot in Fig. 4b. In multiple
independent experiments, qRT-PCR was performed to validate the top up-regulated miRNAs
detected by microarray analysis (Supp. Fig. 1). These data indicated that RES differentially
regulates expression of miRNA in encephalitogenic CD4+ T in EAE.

Ontology and Pathway Analysis of Genes Targeted by Resveratrol-Altered miRNAs

Because the miRNAs which were up-regulated with RES treatment were more differentially
expressed (4-10-fold increased) than the miRNAs that were down-regulated with RES
treatment (<3-fold decreased), highly-predicted and previously-validated target mMRNAs
were indexed for the 5 most-highly up-regulated miRNAs and used for gene ontology
enrichment and biological function analyses. In order to gain insight into the potential
functional roles of the target genes and using bioinformatics software, Cytoscape, gene
ontology enrichment analysis of target genes was performed and mapped for the specific
biological process, /mmune System Processing. A global analysis revealed significant
overlap between highly-predicted and previously-validated miRNA target genes and
pathways involved in Hematopoiesis or Lymphoid Organ Developmert (p= 1.1 x 107°),
Immune Response (p= 1.6 x 10™), and Lymphocyte-mediated Immunity (p = 0.02) with
37%, 24% and 18% associated genes, respectively (Fig. 5a). A detailed analysis of target
genes revealed significant overlap with pathways related to Regulation of Activated T Cell
Proliferation (p = 0.03), with 28% of target genes associated with the biological function
(Fig. 5b).

Using Ingenuity Pathway Analysis software, further pathway analysis of the top five RES-
induced miRNAs and associated highly-predicted or previously-validated target genes
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revealed significant overlap with molecular and cellular processes involved in Cellular
Development (p= 2.5 x 10715-2.6 x 1074, Cellular Growth and Proliferation (p = 2.9 x
10716-2.6 x 1074) and Cellular Death and Survival (p= 4.5 x 10712-3.0 x 10~4), with 885,
798 and 690 target genes identified within each biological process, respectively (Fig. 5¢).
Importantly, these results support a role for RES-up-regulated miRNAs in the negative
regulation of T cell proliferation, which may result in cell-cycle arrest and apoptosis, like
that shown previously in Fig. 3.

Resveratrol Alters the miR-124/Sphingosine Kinase 1 Axis Specifically in the Brain

Because miR-124 was the most highly up-regulated miRNA (+8.3 fold-change) in
encephalitogenic CD4+ T cells in EAE mice treated with RES relative to VEH-treated mice,
and given that miR-124 is the most abundantly expressed miRNA in the brain (Mishima et
al. 2007) and its dysregulation has been linked to central nervous system (CNS) disorders
such as EAE (Ponomarev et al. 2011), we focused our further efforts on miR-124. In order to
validate miRNA array findings, we isolated CD4+ T helper cells from the brains and spleens
of VEH- or RES-treated EAE mice and evaluated miR-124 expression using qRT-PCR.
Interestingly, we found a robust and significant increase in miR-124 in CD4+ Tcells from
the brains of RES-treated EAE mice when compared to VEH-treated mice; however, there
was no difference in miR-124 expression in CD4+ cells from the spleens of RES- and VEH-
treated mice, suggesting a potential CNS micro-environmental component involved in RES-
mediated up-regulation of miR-124 in encephalitogenic CD4+ T cells (Fig. 6a).

Next, we sought to identify miR-124 target genes that may be responsible for RES-induced
cell-cycle arrest and apoptosis of encephalitogenic CD4+ cells in EAE. SK1 was identified
in our in silico analysis (Fig. 5¢) and because it has been previously identified as a bona fide
target of miR-124 and has a well-established role in cellular proliferation (Zhao et al. 2017;
Xia et al. 2012; Zhou et al. 2017), we chose to further evaluate this gene in our model. CD4+
T cells derived from VEH- or RES-treated EAE brains and spleens were isolated and SK1
expression assessed using qRT-PCR. In line with miR-124 expression levels detected in
brains of VEH- and RES-treated EAE mice, SK1 was significantly down-regulated in
encephalitogenic CD4+ cells isolated from RES-treated EAE mice when compared to VEH-
treated EAE mice (Fig. 6b). Furthermore, and also in agreement with spleen miR-124
expression, there was no detectable difference in SK1 mRNA in CD4+ cells isolated from
spleens of VEH- and RES-treated EAE mice, again indicating a potential brain-specific
effect of RES.

In order to further determine if RES-protective effects occur primarily through miRNA-
mediated apoptosis of brain infiltrating immune cells, we evaluated spleens from VEH-and
RES-treated EAE mice for cellular composition, cell cycle and apoptosis. There was no
difference in absolute cell number in spleens from VEH- and RES-treated mice, primarily
indicating that RES does not induce apoptosis of splenic cells (Fig. 6¢). Furthermore, unlike
the decrease in CD4+ and CD11b + cells which was observed in the brains of RES-treated
mice, there was no significant difference in the percentages of these cell types in spleens
from VEH- and RES-treated mice (Fig. 6d and e). In order to further confirm that RES was
not affecting peripheral immune cells, mononuclear cells were isolated and stained with PI/
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RNase in order to assess cell-cycle and apoptosis. Interestingly, there was no difference in
any of phases of the cell-cycle (Fig. 6f) or in apoptosis (Fig. 6g) in splenocytes derived from
EAE mice treated with RES relative to VEH. Taken together, these data suggest that the
protective effects of RES may be mediated by alteration of the miR-124/Sphingosine Kinase
1 axis, specifically in activated encephalitogenic T cells.

Discussion

Multiple Sclerosis (MS) is a neurodegenerative disease characterized by immune cell-
mediated destruction of the myelin sheaths insulating neuronal axons in the central nervous
system (CNS) (Compston and Coles 2002) and can lead to the loss or impairment of vision,
hearing, cognition, locomotion and acute or chronic pain. The etiology of MS remains
unclear; however, a combination of factors is thought to contribute: immunologic,
environmental, infectious and genetic. Microarray studies from MS patients and laboratory
models have identified genetic components, with overwhelming evidence for alterations in T
cell-mediated immune mechanisms (International Multiple Sclerosis Genetics, C 2011).
Experimental autoimmune encephalitis (EAE) is a well-established, T cell-mediated animal
model of neuroinflammatory demyelinating disease, whereby immunization with myelin
oligodendrocyte peptide (MOGg3s_ 55) and pertussis toxin-mediated breakdown of the blood-
brain barrier lead to CD4+ T helper cell-mediated inflammation and consequent
demyelination. In the current study, we investigated the mechanism by which naturally-
occurring,plant-derived resveratrol protects from an experimental model of MS and
identified a potential role for miRNA in mediating RES-conferred protection from EAE.

We found that RES-treatment led to attenuation in clinical parameters of disease including
reduced clinical scores reflective of motor impairment, reduced brain mononuclear cell
infiltration and decreased circulating pro-inflammatory cytokines, consistent with our
previous findings (Singh et al. 2007)(Fig. 1). Additionally, EAE mice treated with RES
exhibited decreased proportions of CD4+ and CD11b + cells in the brain, as well as
decreased markers of T cell activation and co-stimulatory molecules (Fig. 2). RES-induced
changes in cell numbers and proportions of CD4+ and CD11b + cells were specific to the
brain, as there were no differences observed in these parameters in the spleens of RES- and
VEH-treated mice (Fig. 6). Furthermore, RES significantly decreased the proportion of
activated infiltrating monocytes/macrophages/activated resident microglia in the brains of
EAE mice, while considerably increasing the proportion of resting brain-resident microglia
(Fig. 2). We found that the decreases in cellular populations in the brains of RES-treated
mice were likely due to GO/G1 cell-cycle arrest and apoptosis, as RES significantly
increased the positive proportion of cells in these categories relative to VEH-treated EAE
mice (Fig. 3). RES-induced apoptosis was found to occur specifically in brain mononuclear
cells from diseased mice, as the proportions of cells in the phases of the cell cycle and those
undergoing apoptosis in the spleens of RES-treated mice were unchanged when compared to
those derived from spleens of VEH-treated mice (Fig. 6). These data are consistent with our
previous studies in which we found that RES induces enhanced apoptosis in activated T cells
when compared to naive T cells (Singh et al. 2007).
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In silico analysis of the differentially up-regulated miRNAs detected by array analysis and
their respective highly predicted and experimentally-validated target genes in
encephalitogenic CD4+ T cells from the brains of RES-treated mice revealed significant
overlap with cellular and biological functions including Regulation of Activated T Cell
Proliferation, Cell Development, Cell Growth and Development, and Cell Survival and
Death (Figs. 4 and 5). Upon further evaluation of the most significantly up-regulated miRNA
by RES treatment, we identified miR-124, whose expression was significantly increased in
mononuclear cells isolated from the brains of EAE mice treated with RES with a
concomitant decrease in target gene, SK1 (Fig. 6). These findings were specific to the brains
of RES-treated mice, the site of active inflammation, as spleens from VEH- and RES-treated
diseased mice showed no differences in expression of miR-124 or SK1 (Fig. 6).

RES is a naturally-occurring, non-flavonoid polyphenolic compound that is important in
plant defense against microbial pathogens (Gautam and Jachak 2009). RES has humerous
beneficial effects on human health and understanding the mechanisms by which RES
mediates these effects can lead to novel, innovative therapeutic approaches. RES has been
shown to possess anti-inflammatory properties in numerous inflammatory and autoimmune
diseases, including MS, and while complex and pleiotropic, the mode of action of RES’s
anti-inflammatory effects have been attributed to inhibition of immune cell function through
various mechanisms. Studies from our laboratory have shown that RES protects mice from
EAE by inducing aryl hydrocarbon (AhR) and estrogen receptor-mediated apoptosis,
primarily in activated T cells (Singh et al. 2007). The current study has identified a potential
epigenetic-mediated mechanism involving microRNA by which RES may induce immune
cell apoptosis and suppress inflammation in the CNS of mice with EAE. RES and other
polyphenolic compounds have been shown to directly and indirectly modulate AhR activity,
inhibiting downstream transcriptional events as well as leading to apoptosis. In one study,
RES was found to induce apoptosis is EL4 cells through AhR-mediated upregulation of FAS
and FASL (Singh et al. 2011), while in others, RES promoted apoptosis of breast cancer
(Venkatadri et al. 2016) and prevented lung cancer progression (Yu et al. 2013) via
regulation of miRNA expression. Moreover, many AhR effects are known to occur through
regulation of mMiRNA. In a model of delayed-type hypersensitivity, our group identified
AhR-mediated regulation of miRNA expression as the mechanism of protection by indoles
(Singh et al. 2016), while another group found that dioxin-mediated alleviation of EAE
occurred through AhR up-regulation of miR-132 and associated down-regulation of
acetylcholinesterase and cholinergic inflammation (Hanieh and Alzahrani 2013). Thus, it is
plausible that RES induces miR-124 expression in brain infiltrating mononuclear cells
through modulation of AhR activity. Furthermore, there are numerous reports indicating that
AhR inhibition prevents EAE and other forms of CNS inflammation. For example, a study
from our lab demonstrated that dietary indoles I13C and DIM protected from EAE via AhR-
mediated inhibition of Th17 T helper cells and promotion of regulatory T cells (Rouse et al.
2013). Other studies have found that the drug Laquinimod, currently under investigation for
the treatment of MS and other neuroinflammatory diseases, prevented development of EAE
and this was dependent on AhR, as the protective effects were abolished in AhR knockout
mice (Berg et al. 2016). Because AhR activation in antigen-primed T cells is also known to
induce apoptosis (Singh et al. 2012a), it is likely that RES, which is known to act as AhR
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ligand, may attenuate EAE by inducing apoptosis in activated immune cells as seen in the
current study.

RES has many well-established effects on diseases of the CNS. However, the mechanism(s)
by which RES acts in this context is not completely understood. In CNS inflammatory
conditions, RES is neuro- and glioprotective and this has been attributed to numerous
functions including stabilization of the blood-brain barrier (Wang et al. 2016), inhibition of
neuronal damage (Shindler et al. 2010), promotion of neurogenesis and increased expression
of neuronal SIRT1 (Shindler et al. 2007). RES-activation of SIRT1 is a crucial step in its
neuroprotective abilities (Cao et al. 2018), as activation of SIRT1 promotes neuronal growth
and differentiation as well as prevents neuronal apoptosis (Gomes et al. 2018). On the other
hand, RES-induced SIRT1 has been shown to inhibit NFxB and T cell activation in DSS-
induced colitis (Singh et al. 2010), as well as deacetylate c-jun, preventing activation of T
cells in a collagen-induced arthritis model (Zou et al. 2013); therefore, we cannot rule out a
role for SIRT1 in neurons or T cells in RES-mediated protection from EAE. Furthermore,
RES is known to lower the Michaelis constant of SIRT1 for acetylated substrates (Howitz et
al. 2003), including p53 (Vaquero et al. 2004). There is evidence that acetylation of SK1
increases its stability and function (Yu et al. 2012), therefore, the potential SIRT1-mediated
deacetylation of SK1 cannot be ruled out as mechanism by which RES protects from EAE,
in the current study. As an additional example of its direct effects on cells in the CNS, RES
was shown to inhibit LPS-induced NO, TNF-a., IL-1pB, IL-6, MCP-1 and C reactive protein
in primary mouse astrocytes (Wight et al. 2012). Independent of RES’s beneficial effects on
cells of the CNS in neuroinflammatory diseases, it is also known to act directly on cells of
the immune system. RES has been shown to epigenetically regulate the macrophage
inflammatory response, as well as survival and apoptosis, as levels of miR-Let7a were
increased in human THP-1 macrophages upon RES treatment and LPS-induced production
of pro-inflammatory signaling molecules TNF-a and I1L-6 were reduced, while anti-
inflammatory molecules IL-4 and IL-10 were increased upon RES treatment (Song et al.
2016). Furthermore, RES has been shown to inhibit LPS-induced microglial activation and
proliferation, while promoting apoptosis, and drive the anti-inflammatory M2 microglial
phenotype in conditions of neuroinflammatory injury (Yang et al. 2017), as well as promote
tolerogenic dendritic cell differentiation (Svajger et al. 2010). The aforementioned studies
are in line with our data indicating that RES-treatment leads to decreases in activated
infiltrating monocytes/macrophages and increases in resting microglia. While RES has been
shown to protect from Staphylococcal Enterotoxin B (SEB)-induced acute lung injury and
an IL10-knockout-model of chronic colitis by indirect inhibition of T cell function in part by
up-regulation of myeloid-derived suppressor cells (MDSCs) (Singh et al. 2012b), we found
RES had no effect on MDSCs in the CNS in our model (data not shown). In addition to its
effects on the innate immune system, RES can directly regulate T cell function. Treatment
with RES was shown to inhibit CD4+ T cell proliferation and induce apoptosis in a CD4+ T
cell line (Goldhahn et al. 2016), while the RES metabolite, piceatannol, inhibited T cell
receptor signaling, preventing T effector cell function in primary murine splenocytes (Kim et
al. 2015). Other mechanisms of action of RES on T cells include downregulation of NFxB
K(Rieder et al. 2012) and alteration of the CD28/CTLA-4 and CD80 co-stimulatory pathway
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(Sharma et al. 2007), which is in line with our findings of RES-mediated decrease in the
proportions of CD28+, CD80+, and CD86+ cells in the brains of EAE mice.

miR-124 is the most abundant miRNA in the brain and regulates neuronal differentiation by
targeting a negative regulator of neural gene expression programs (Jiang et al. 2016). While
miR-124 function is perhaps best understood in the context of the brain, it has also been
reported to be expressed in some immune cells, particularly in brain-resident microglial
cells. miR-124 has been shown to be a critical regulator of microglial function by
contributing to microglial maturity (Svahn et al. 2016), modulating microglial polarization
(Hamzei Taj et al. 2016), and by targeting CEBPa., a master transcription factor in myeloid
cell development (Ponomarev et al. 2011). Alternatively activated M2 microglial cells are
driven by miR-124 expression (Yu et al. 2017), while miR-124 inversely correlates with
classically activated, proinflammatory M1 microglial markers. For example, during the
active inflammation in the CNS during EAE, microglial cells (and infiltrating macrophages)
up-regulate M1 markers and this occurs in parallel with a decrease in miR-124 expression
(Ponomarev et al. 2007). Conversely, in normal CNS or in the CNS during recovery phases
of EAE, there is an increase in miR-124 with a concomitant decrease in M1 markers
(Ponomarev et al. 2011). Furthermore, Ponomerav, ét. a/. found that miR-124 expression in
microglia or peripheral macrophages, although miR-124 expression in peripheral myeloid
cells was absent or very low, resulted in a senescent phenotype and that systemic
administration of miR-124 in EAE led to marked suppression of EAE (Ponomarev et al.
2011). Furthermore, miR-124 has also been found to be protective in other CNS
neuroinflammatory diseases including models of stroke (Wang et al. 2017), Parkinson’s
disease (PD) (Dong et al. 2017) and Huntington’s disease (HD) (Lee et al. 2017). In fact,
treatment with miR-124-bearing nano-particles or —containing exosomes has emerged as a
potential therapeutic modality for the treatment of PD (Saraiva et al. 2016) and HD (Lee et
al. 2017). Our findings align nicely with what is currently known about miR-124 and
microglial function in models of CNS inflammatory diseases, as we found that RES-
treatment increased miR-124 expression, while it decreased activated microglia and/or
infiltrating macrophages along with markers of activation and co-stimulatory molecules,
including CD45 and MHCII (data not shown), as well as pro-inflammatory cytokines TNFa
and IL-6.

Experimentally-validated target genes of miR-124 include CCAAT/enhancer-binding
protein-a (CEBPa), small Cterminal domain phosphatase 1 (SCP1), Polypyrimidine tract-
binding protein 1 (PTBP1), Toll-Like Receptor 4 (TLR4), a BH3-only protein (BIM) and
Sphingosine Kinase 1 (SK1) (Zhao et al. 2017; Xia et al. 2012; Zhou et al. 2017; Gao et al.
2017), among others. In this study, we chose to focus on target gene SK1, as it was identified
in our in silico analyses and it plays a critical role in cellular growth and proliferation
(Gandy and Obeid 2013). SK1 is the enzyme responsible for phosphorylation of
sphingolipid molecule, sphingosine, to sphingosine 1-phosphate (S1P). Bioactive lipid-
signaling molecule S1P has a well-established role in driving pro-survival functions,
including cell proliferation and migration (Gandy and Obeid 2013; Hannun and Obeid
2008), as inhibition of SK1 (and subsequently it’s product, S1P) by genetic or
pharmacologic approaches leads to apoptosis and senescence (Hannun and Obeid 2008)
(Supp. Fig. 2). Furthermore, inhibition of SK1 results in a flux in the sphingolipid metabolic
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pathway, driving the production of pro-apoptotic ceramide (Hannun and Obeid 2008) (Supp.
Fig. 2). In fact, the role of SK1 in cell survival and proliferation is so well established that
SK1 is considered an oncogene because it is overexpressed in numerous cancers and its
expression is even used as a biomarker and prognostic indicator of disease and treatment
outcome (Cai et al. 2017). Complimentary to SK1’s role as an oncogene, miR-124 has been
shown to be dysregulated in many cancers with decreased levels correlating with poor
prognosis and metastasis and is therefore considered a tumor suppressor (Zhao et al. 2017).
It is well-established that inhibition of SK1 prevents cell proliferation and survival, as it has
been extensively shown to result in cell-cycle arrest and apoptosis, as well as senescence
(Taha et al. 2006) (Supp. Fig. 2). Thus, it is likely that RES-mediated down-regulation of
SPHK1 via miR-124 may serve as the mechanism by which apoptosis occurs in
encephalitogenic cells in EAE, in our study. Interestingly, RES is also known to directly
inhibit the catalytic activity of SK1 by occupying the substrate binding pocket (Lim et al.
2014), as well as by preventing localization to the plasma membrane (Tian and Yu 2015),
where it is able to access its sphingosine substrate. RES-inhibition of SK1 has also been
shown to decrease its expression and result in apoptosis (Abdin 2013). Furthermore, studies
have shown that SK1 is downstream of AhR and that AhR is a bona fide target of miR-124,
as well (Huang et al. 2011). This, along with our data, indicates that RES may employ
multiple mechanisms to negatively regulate AhR and SK1 function and it will be interesting
to evaluate the RES/miR-124/AhR/SK1 axis in mediating apoptosis and subsequent
protection from inflammatory diseases and other pathologies that possess an important SK1
component, of which there are many.

RES is known to alter miRNA expression in cancer, yet there have been no direct
observations of RES-regulation of miR-124, or other up-regulated miRNAs detected in our
study, in the context of cancer. Although RES has not been shown to regulate miR-124 in
cancer, it has been shown to downregulate several oncogenic miRNAs and up-regulate tumor
suppressor miRNAs (miR-663) in human colon cancer cells (Tili et al. 2010). Furthermore,
RES was shown to inhibit tumorigenesis in a mouse model of colorectal cancer by
suppressing oncogenic KRAS (Saud et al. 2014), which is also known to activate the
SK1/S1P pathway in cancer (Gault et al. 2012). Given these studies, RES has the potential to
affect tumor suppressor miR-124, along with oncogenic SK1 in cancers, as it does in our
EAE studies. Moreover, there is evidence that RES suppresses the growth and proliferation
of glioblastomas, leading to cell-cycle arrest and subsequent apoptosis (Clark et al. 2017;
Zielinska-Przyjemska et al. 2017). Interestingly, miR-124 has also been shown to inhibit
proliferation and promote differentiation of glioblastoma (Silber et al. 2008; Qiao et al.
2017); while, targeting SK1 induces apoptosis and suppresses the growth of human
glioblastoma cells and xenografts (Kapitonov et al. 2009), supporting the ability of RES to
alter the miR-124/SK1 axis in cancer, as it does in our study.

Our findings indicate that RES alters the miR-124/SK1 axis specifically in the brains of
EAE mice, as there were no differences observed in spleens derived from VEH- or RES-
treated mice. The simplest explanation of the brain-specific effects of RES in our study is
that RES may accumulate at higher levels in the brain, relative to other organs. It is known
that RES accumulates in both the brain (Rege et al. 2014) and spleen (Asensi et al. 2002);
however, at what levels, in our model, remain to be determined. Additionally, while RES
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was shown to induce apoptosis in both unactivated and ConA- and antigen-activated
splenocytes, the proportion of cells undergoing apoptosis in activated Tcells was
significantly elevated when compared to that in unactivated cells (Singh et al. 2007).
Because the brain is the target organ in EAE and the source of the antigen, there are many
more activated cells present in the CNS of EAE relative to other organs. Furthermore,
studies from our lab have shown that other natural products induce apoptosis, specifically in
activated Tcells (Elliott et al. 2016). Thus, it is feasible that the apoptotic effects of RES in
our model are carried out on brain-localized, activated cells.

Interestingly, while in vitro RES treatment of splenocytes leads to apoptosis (Singh et al.
2007), it does not induce miR-124 in peripherally-derived immune cells (Supp. Fig. 3);
therefore in vitro RES-induced apoptosis in peripherally-derived immune cells may involve
miRNAs other than miR-124 and/or mechanisms distinct from regulation of miRNA
expression. One additional intriguing explanation for the brain-specific effects of RES in our
model is based on the well-established neuronal effects of RES. RES is known to act directly
onneurons and to promote neurogenesis, a process that is regulated by miR-124 (Jiang et al.
2016; Liu et al. 2016a). It is possible, therefore, that RES acts on cells in the CNS,
particularly neurons, to drive miR-124 expression and immune cells in the brains of EAE
mice may acquire miR-124 by virtue of being bystanders. Neurons are known to shed
miRNA-containing exosomes and micro vesicles (Pinto et al. 2017; Xu et al. 2017), and
infiltrating macrophages and/or activated brain-resident microglia (Pinto et al. 2017) are
capable of taking-up these structures; moreover, there is evidence for exosome transfer
during T cell activation (Domenis et al. 2017; Muller et al. 2016; Liu et al. 2016b),
suggesting that the three dominant immune cell types that drive EAE are capable of
acquiring miRNA-containing exosomes or vesicles that may potentially be released from
RES-stimulated-neurons or-some-other CNS-specific cell type. Likewise, neuronal-derived
miR-124-rich exosomes have been shown to drive microglial phenotype to that of
senescence (Pinto et al. 2017). Additionally, miR-124-loaded nano-particles and exosomes
have been evaluated for their therapeutic potential in mouse models of Parkinson’s (Saraiva
et al. 2016) and Huntington’s disease (Lee et al. 2017), with favorable outcomes. While
further in-depth studies of RES-mediated miR-124 expression and exosomal release from
neurons, as well as immune cell uptake in EAE are required, our results suggest a necessary
CNS microenvironmental component in mediating RES-induced miR-124 and cell-cycle
arrest and apoptosis in brain mononuclear cells in EAE.

In conclusion, the current study identifies a potential miRNA-mediated mechanism of RES’s
protective effects on EAE. We observed that RES alters miR-124/SK1 axis specifically in
encephalitogenic CD4+ T cells in the brains of EAE mice. Furthermore, we show that RES
treatment leads to cell-cycle arrest and apoptosis of mononuclear cells and that this occurs in
a brain-specific manner, as well. These findings provide insight into how the naturally-
occurring, plant-derived RES may be used to prevent CNS autoimmune and inflammatory
diseases.
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Materials and Methods

Animal Use and Care

Female, 8—-10-week-old C57BL/6 were purchased from The Jackson Laboratory (Bar
Harbor, ME) and were maintained at Association for Assessment and Accreditation of
Laboratory Animal Care (AALAC)-accredited University of South Carolina, School of
Medicine Animal Facility. Mice were kept in conventional housing under National Institutes
of Health guidelines and according to Institutional Animal Care and Use Committee-
approved protocols.

EAE Induction and Assessment and Resveratrol Treatment Regimen

EAE was induced in 8-10-week-old female C57BL/6 mice as previously described (Rouse
et al. 2013). Briefly,on day 0, mice were immunized via subcutaneous injection in each hind
flank of 75 pg myelin oligodendrocyte peptide (MOG3s—55) (for a total of 150 pg MOG35—
55) emulsified in 50 UL complete Freund’s adjuvant (CFA) (Difco, Detroit, MI) containing 6
mg/MI killed Mycobacterium tuberculosis H37Ra(Difco).Mice were given 200 ng and 400
ng pertussis toxin (List Biologicals, Campbell, CA) via intraperitoneal injection on day O
and day 2, respectively. Following immunization, mice were monitored daily and assigned
disease scores based on the severity of disease symptoms: 0 = no symptoms; 1 = partial loss
of tail tonicity; 2 = complete tail atony,clumsygait;3 = hind limb weakness, partial paralysis;
4 = complete hind limb paralysis, fore limb weakness; and 5 = tetraplegia, moribund. Myelin
oligodendrocyte glycol-protein (MOG35_g5) peptide and H-MEVGWYRSP
FSRVVHLYRNGK-OH from PolyPeptide Laboratories San Diego (San Diego,CA).
Additional measures were taken to ensure accessibility to fresh food and water for paralytic
animals. Moribund animals were euthanized, as indicated in IACUC- and AALAS-approved
protocols, by inhalant anesthetic isoflurane over dose. Death was not used as an index for
clinical scores. Beginning on day two post-immunization, 100 mg/kg RES was administered
as a suspension in 0 .2mL of water, and given daily for the duration of the experiement, as
previously described. (Singh et al. 2007)

Antibodies and Flow Cytometry

In order to evaluate cell surface markers, cells were stained with fluorescently-conjugated
antibodies and analyzed using the Beckman Coulter FC500 (Indianapolis, IN) The following
antibodies from Bio Legend (San Diego, CA) were used: allophycocyanin (APC)-conjugated
anti-CD11b (clone: M1/70), fluorescein isothiocyanate—conjugated anti-CD45 (clone: 30-
F11), anti-CD11b (clone: M1/70) and anti-CD80 (clone: 16—-10A1), phycoerthyrin (PE)-
conjugated anti-CD4 (clone: GK 1.5), anti-CD69 (clone: H1.2F3) and anti-CD86 (clone:
GL-1) and PE-Cy5-conjugated anti-CD28 (clone: 37.51).

Isolation of Brain Mononuclear Cells and MOG Restimulation

At peak of disease (approximately day 15 post-immunization), mice were perfused with 10
mL heparinized PBS via direct cardiac puncture and brains isolated. Brains from at least 10
mice were pooled and homogenized using Seward stomacher and mononuclear cells from

brains isolated using a 30% percoll (GE Healthcare Life Sciences; Pittsburgh, PA) gradient.
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Where stated, CD4+ T cells were isolated using Stem Cell Technologies (Cambridge, MA)
EasySep™ Mouse PE Positive Selection Kit and phycoerthyrin (PE)-conjugated anti-CD4
(clone: GK 1.5) (purity >90%). Where indicated, total brain mononuclear cells were cultured
for 72 h in the presence of 30 ug/mL MOG. Cultures were maintained in complete RPMI
1640 media supplemented with 10% heat-inactivated fetal bovine serum, 10 mM I-
glutamine, 10 mM HEPES, 50 uM gS-mercaptoethanol, and 100 pg/ml penicillin/
streptomycin at 37 °C and 5% CO».

Cytokine Detection

Mice were bled prior to sacrifice and serum isolated following centrifugation of blood.
Cytokine levels for TNFa and IFN-y were measured in serum and IL-17A and 1L-6 were
detected in cell culture supernatants following MOG restimulation. All cytokines were
measured using Biolegend ELISA Max kits (San Diego, CA) per manufacturer’s protocol.

Cell Cycle Analysis

Brain mononuclear cells or splenocytes were isolated from VEH- or RES-treated mice at
peak of disease. Cells were harvested and fixed with 70% ice cold ethanol overnight at 4 °C.
After washing with PBS, cells were incubated in a PI/ RNase solution (4087, Cell Signaling
Technologies) for 20min at 37°C. Cell-cycle analysis was performed using flow cytometry
in which samples were gated on live cells. Listmode (LMD) files were further analyzed
using ModFit LT (\Verity Software House, Topsham, ME).

MiRNA and mRNA Isolation, PCR and miRNA Array

Total RNA was collected from CD4+ T cells isolated from brain mononuclear cells or
splenocytes from VEH- or RES-treated EAE mice using miRNeasy minikit (Qiagen,
Valencia, CA), and quality and abundance of RNA was confirmed spectrophotometrically
(ThermoFisher Nanodrop 2000). Next, we performed expression profiling of miRNAs using
the Affymetrix Gene Chip miRNA 1.0 array platform (Affymetrix, Santa Clara, CA). The
array included 609 murine-specific probes from Sanger miRBase (v11). A heat map was
generated using a normalized log 2 expression value, i.e., normalized expression = [log2Exp
— average (log2Exp)]/average (log2Exp) *100, and hierarchical clustering was performed.
To visualize the differentially regulated miRNAs, we transformed the data onto M (log ratio)
and A (mean average) scales in an MA plot, generated in R. To validate miRNA expression,
the miScript cDNA synthesis kit (Qiagen) was used followed by quantitative real-time
polymerase chain reaction (QRT-PCR) using the miScript SYBR Green PCR kit (Qiagen).
Mean normalized expression (MNE) of miRNA and mRNAwas determined using Q-gene
processing software and expressed relative to Snord96a (MS00033733, Qiagen) or f-Actin,
respectively. MNE is directly proportional to the amount of RNA of the target gene relative
to the amount of RNA of the reference gene. For target mRNA validation, iQ SYBR Green
Supermix (Bio-Rad, Hercules, CA) was used to carry out qRT-PCR. miR-124-3p primers
were purchased from Qiagen (MS00029211) and p-Actin and SK1 primers purchased from
Integrated DNA Technologies: sequences SK1:(Forward, 5 TAT GCT GGG TAC GAG
CAG GT 3") (Reverse, 5 CAG GTT CAT GGG TGA CAG GC 3"); p-Actin (Forward,
GGC TGT ATT CCC CTC CAT G 3") (Reverse, 5" GTT GGT AAC AAT GCC ATG T 3').
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Bioinformatics and Pathway Analysis

The commercially available analysis software, Ingenuity Pathway Analysis (IPA) (Qiagen)
was used to analyze and sort a total 0f609 miRNAs. Pathways and mRNA targets were
selected and only strongly predicted or experimentally validated interactions in published
literature were used to create miRNA-mRNA pathways as previously described (Hegde et al.
2013). In addition, in silico analysis of mMiRNA target genes was conducted using the
Ingenuity knowledge base that combines data from miRBase (http://www.mirbase.org/),
TarBase (http://diana.cslab.ece.ntua.gr/tarbase/), and Target Scan Human (http://
www.targetscan.org/) target prediction softwares. Gene ontology enrichment analysis was
performed using Cytoscape (http://www.cytoscape.org/), an open-source bioinformatics
software.

Statistical Analysis

GraphPad Prism 7.03 was used for statistical analysis. Data are represented as mean values +
S.E.M. Where appropriate, a two-tailed Student’s t test or one-way ANOVA with Tukey’s
multiple comparisons was used to assess statistical significance. Brains pooled from a
minimum of 5 mice were used for each experiment, with 7= 3, as indicated in the figure
legends. Statistical significance for Gene Ontology analysis was assessed using Enrichment/
Depletion (Two-sided Hypergeometric test) with Benjamini-Hochberg correction. p < 0.05
was considered to be significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Resveratrol diminishes EAE severity and pro-inflammatory cytokines.
MOG3s_s5-immunized mice were treated daily, starting on day 2, with vehicle (VEH) or

resveratrol (RES) at 100 mg/kg by oral gavage. A) EAE clinical scores of VEH- and RES-
treated mice (7> 9). B) Absolute number of brain-infiltrating mononuclear cells (n= 4).
Data are representative (17> 9). (C) TNF-a and D) IFN-y serum cytokine levels detected by
ELISA on days 7 & 15 post immunization. Brain mononuclear cells were isolated from
VEH- or RES-treated mice and stimulated ex vivo with 30pg/mL MOG for 72 h.
Supernatants were analyzed for E) IL-17A and F) IL-6. Data presented as the mean + S.E.M.
of triplicates. Significance assessed using two-tailed student’s T test: *, p< 0.05; **, p<
0.01; *** p<0.001; **** p< 0.0001. BDL, below detection level
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Fig. 2. Resveratrol alters immune cell distribution and activation in the brains of EAE mice.
Infiltrating mononuclear cells were isolated from brains of VEH- or RES-treated EAE mice

and stained for the indicated cell surface markers and analyzed by flow cytometry.
Representative histograms and bar graphs of combined experiments (17> 3) displayed as
percent positive cells of A) CD4 and B) CD11b. C) Absolute cell numbers of T cell co-
stimulatory molecule CD28 and activation marker CD69 and D) co-stimulatory molecules
CDB80 and CD86. E) Representative dot plots of CD11b+/CD45hi and CDIlb+/CD45lo
mononuclear cells and bar graphs of combined experiments (/7> 3). Data is presented as the
mean + S.E.M. Statistical significance (A-D) evaluated using Student’s T test or (E) One-
way ANOVA with Tukey’s multiple comparisons: *, p < 0.05; ** p<0.01; ***, p< 0.001;
*xxx n<0.0001
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Fig. 3. Resveratrol induces apoptosis in brain-infiltrating cells.
Brain-derived mononuclear cells from VEH- or RES-treated EAE mice were stained with a

P1/Rnase solution and cell cycle analysis evaluated using flow cytometry. A) Flow cytometry
data from a representative experiment was analyzed and stages of the cell cycle modeled
using MODFit LT software. Inset, percentage of cells in stages of cell cycle displayed as pie
charts, data are representative. C) Percentage of cells in stages of cell cycle and D) apoptotic
cells as indicated by ModFit LT analysis from combined experiments (7> 3). Data
represented as the mean + S.E.M. Significance evaluated using Student’s T test: **, p<
0.01; *** p<0.001; **** p< 0.0001
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CDA4+ T cells were purified from the brain as described in Fig. 2 and analyzed for miRNA
expression. A) Heatmap representing miRNA fold change in enecphalitogenic CD4+ T cells
from VEH- or RES- treated EAE mice. B) Array analysis indicated 13 down- and 52 up-
regulated miRNAs in RES- vs VEH-treated EAE mice, changes greater than + 1.5 fold-
change, visualized on an MA plot, where the data was transformed onto M (log ratio) and A
(mean average) scales. C) The top 5 up-and down-regulated miRNAs determined by array

analysis
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Fig. 5. Gene Ontology and Pathway Analysis.
Gene ontology enrichment analysis of target genes was performed and mapped for

Biological Process: /mmune System Process using Cytoscape bioinformatics software. A)
Global analysis revealed significant overlap between target genes and pathways involved in
Hematopoiesis or Lymphoid Organ Development, Immune Response and Lymphocyte-
mediated Immunity. B) A more detailed analysis using Cytoscape revealed overlap between
target genes and Regulation of Activated T cell Proliferation. Statistical significance
assessed using Enrichment/Depletion (Two-sided Hypergeometric test) with Benjamini-
Hochberg correction. C) Ingenuity Pathway Analysis (IPA) software was used to evaluate
pathway analysis of the top 5 up-regulated miRNA target genes; Top Network: Ce//
Morphology, Development and Growth & Proliferation (p= 4.3 x 10-5-2.0 x 10-2);
Functional and Canonical Pathway Analysis statistical significance assessed using Fisher’s
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exact Test. (SPHK1, sphingosine kinase 1; p38, p38 MAP kinase; PDE10A,
phosphodiesterase 10A; CDK®, cyclin-dependent kinase 6; E2F, E2F transcription factor;
RBL1, retinoblastoma protein; FADD, FAS-associated protein with death domain; CCND1,
cyclin-D1)
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Fig. 6. Resveratrol alters the miR-124/SK1 axis specifically in the brain.
Spleen- or brain-derived CD4+ cells from VEH- or RES-treated EAE mice were evaluated

for levels of A) miR-124 and B) target gene SK1 by gRT-PCR (77> 6). Splenocytes were
isolated from VEH- or RES-treated EAE mice and analyzed for C) absolute cell number (7=
3), D) percent CD4+ T cells (and F) percent CD11b + monocytes/macrophages. Data
representative of >3 independent experiments. Splenocytes were also evaluated for cell-cycle
and apoptosis using Pl/Rnase staining and ModFit LT software (17> 4). MNE, mean
normalized expression. Statistical significance was evaluated using Student’s T test: p<
0.0001
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