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Introduction

Abstract

Objective: Dimethyl fumarate (DMF) is a fumaric acid ester approved for the
treatment of relapsing-remitting multiple sclerosis (RRMS). In both the brain
and periphery, DMF and its metabolite monomethyl fumarate (MMF) exert
anti-inflammatory and antioxidant effects. Our aim was to compare the effects
of DMF and MMF on inflammatory and antioxidant pathways within astro-
cytes, a critical supporting glial cell in the central nervous system (CNS). Direct
effects of fumarates on neural progenitor cell (NPC) differentiation toward the
oligodendrocyte lineage were also assessed. Methods: Primary astrocyte cultures
were derived from both murine and human brains. Following pretreatment
with MMF, DMF, or vehicle, astrocytes were stimulated with IL-1f for 24 h;
gene and microRNA expression were measured by qPCR. Cytokine production
and reactive oxygen species (ROS) generation were also measured. NPCs were
differentiated into the oligodendrocyte lineage in the presence of fumarates and
immunostained using early oligodendrocyte markers. Results: In both murine
and human astrocytes, DMF, but not MMF, significantly reduced secretion of
IL-6, CXCL10, and CCL2; neither fumarate promoted a robust increase in
antioxidant gene expression, although both MMF and DMF prevented intracel-
lular ROS production. Pretreatment with fumarates reduced microRNAs -146a
and -155 upon stimulation. In NPC cultures, DMF increased the number of
04" and NG2" cells. Interpretation: These results suggest that DMF, and to a
lesser extent MMF, mediates the anti-inflammatory effects within astrocytes.
This is supported by recent observations that in the inflamed CNS, DMF may
be the active compound mediating the anti-inflammatory effects independent
from altered antioxidant gene expression.

as direct binding of fumaric acid esters to the Nrf2
repressor KEAP1.>®7 The antioxidant effects of DMF

Multiple sclerosis (MS) is a chronic inflammatory disease
characterized by demyelination of the central nervous sys-
tem (CNS). Dimethyl fumarate (DMF) (Tecfidera®) is an
orally available drug that has emerged as an effective ther-
apy for the treatment of relapsing-remitting multiple scle-
rosis (RRMS).' The therapeutic mechanism of action for
DMF has been attributed to both immunosuppression
and induction of antioxidant pathways.> * The induction
of antioxidant response element (ARE) genes by DMF is
attributed to the activation of the Nrf2 transcription fac-
tor that leads to subsequent reductions in oxidative stress
and increased neuroprotection in vivo.”> The induction
of Nrf2 is achieved through glutathione depletion as well

were initially considered to be the primary mechanism of
action for this disease-modifying treatment (DMT), as
mice lacking Nrf2 did not respond to treatment with
DMF in the EAE model.”

In addition to its antioxidant effects, DMF has also
been known to be immunosuppressive and was initially
used as an effective therapy for psoriasis patients. DMF
can induce apoptosis in circulating immune cells, includ-
ing lymphocytes and monocytes,> and exerts anti-
inflammatory effects on both peripheral and CNS-resident
immune cells.>'®'! Recent reports have demonstrated
that the Nrf2-dependent induction of AREs by DMF may
be dispensable for neuroprotection, and the influence of
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DMF on both the innate and adaptive immune response
may be the principle mechanism of action.'? Further-
more, it has been demonstrated that the anti-inflamma-
tory effects of fumarates may be restricted to DMF, with
other fumarate metabolites having little influence on
inflammation.”'®'>!* A recent report has demonstrated
that DMF, but not metabolite monomethyl fumarate
(MMF), is a potent inhibitor of NF-xB signaling within
immune cells through the modification in cysteine resi-
dues.” This is consistent with findings that DMF pro-
motes an  anti-inflammatory  shift in  activated
microglia.”'® In contrast to the theory that DMF is not
able to penetrate the CNS following oral administration,
the presence of DMF-glutathione conjugates have been
detected in the CNS of animals dosed with DMF, suggest-
ing the brain is directly exposed to DMFE.'®

Within the CNS, astrocytes are the most abundant glial
cell and carry out many functions including providing
metabolic support for neurons, regulating the blood—
brain barrier (BBB), aiding in synapse formation, and
secreting soluble factors that can promote oligodendro-
cyte differentiation. Astrocytes also contribute to the
pathology of neuroinflammatory disorders, reacting to
inflammatory stimuli and undergoing distinct changes in
both morphology and gene expression'” that can either
limit or promote injury. The recruitment of inflammatory
cells and modulation of the local inflammatory milieu
implicate the astrocyte as an important regulator of neu-
roinflammation.'® As such, DMTs capable of influencing
astrocyte activation may be beneficial in the context of
MS. DMF has previously been demonstrated to reduce
the activation of astrocytes, highlighting multiple poten-
tial mechanisms through which DMF may reduce neu-
roinflammation.' "> Although these studies demonstrated
an effect of DMF in vitro, differential effects of MMF and
DMEF, as well as any potential species effects between
humans and mice have not been investigated to date. Fur-
thermore, studies into the effects of fumarates have not
taken into account the role of microRNAs, which have
emerged as critical regulators of MS neuroinflammation.

Within MS lesions, there is a marked decrease in the
remyelination process that is considered to be due to the
failure of oligodendrocyte progenitor cells (OPCs) to dif-
ferentiate into functional myelinating oligodendrocytes.'’
In the cuprizone model, mice receiving DMF displayed
reduced demyelination,?® a result that has been suggested
to be due to reduced microglia activation. These results
were similar to EAE results, which demonstrated reduced
demyelination associated with reduced immune cell infil-
tration, astrocyte activation, and increased cytoprotec-
tion.” In MS patients, DMF treatment significantly
increased brain magnetization transfer ratio, suggesting
increases in myelin density.” Furthermore, in vitro
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studies have demonstrated that DMF increases NPC self-
renewal and protects both NPC and oligodendrocytes
from oxidative stress.”>*’

The goal of our study was to measure and contrast the
anti-inflammatory and antioxidant effects of both DMF
and MMF on human and murine astrocytes. We have
demonstrated that DMF, but not MMF, reduces proin-
flammatory cytokine and chemokine secretion production
by astrocytes and is independent of changes in antioxi-
dant gene expression. Changes in the expression of micro-
RNAs previously implicated in both astrocyte activation
and MS were also observed in response to treatment with
fumarates, particularly, miR-155 and mir-146a. We also
demonstrated that treatment of DMF leads to increased
numbers of oligodendrocyte lineage cells using both
mouse and human NPCs. Taken together, these results
support the hypothesis that in addition to MMF, DMF
can also directly contribute to the anti-inflammatory and
regenerative effects of this DMT. These results align with
recent findings that have been previously observed in
peripheral immune cells”'®"> and  brain-resident
microglia.”'®

Methods

Human and murine astrocyte isolation and
culture

Human primary astrocytes were derived from human fetal
CNS tissue (cortex, gestational age 10-20 weeks). CNS
tissue was dissociated in DNase/trypsin prior to being
passed through a nylon mesh to obtain a single cell sus-
pension. Cells were then plated in tissue culture flasks in
DMEM containing 5% FBS, penicillin/streptomycin and
glutamine. Cells were passaged every 7-14 days or until
confluent. Experiments were conducted on astrocytes
between passages 3 and 5. Purity of astrocytes was con-
firmed by GFAP immunocytochemistry. Murine primary
astrocytes were derived from the cortex of P2-5 C57BL/6
mouse pups, dissociated in DNase/trypsin and triturated
to a single cell suspension. Cells were plated in tissue cul-
ture-treated flasks and grown in DMEM containing 10%
FBS, penicillin/streptomycin, and glutamine. Murine
astrocytes were maintained and utilized according to the
same protocols described for human fetal astrocytes.

Human and murine NPC isolation and
culture

Human primary A2B5" cells were cultured as previously
described.** Briefly, A2B5" progenitors were purified from
human fetal CNS tissue by immunomagnetic bead isola-
tion (Miltenyi) following DNase/Trypsin digestion and
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passage through a nylon mesh filter. Following isolation,
10° cells were plated into each well of a PLL/Matrigel
coated 48-well dish in DMEM-F12 containing N1 supple-
ment (Sigma-Aldrich, Oakville, ON, Canada), 0.01% BSA,
penicillin/streptomycin, B27 supplement (Invitrogen,
Burlington, ON, Canada), PDGF-AA (10 ng/mL), FGF2
(10 ng/mL), and T3 hormone (2 nmol/L). Medium was
changed every 2-3 days for 7-10 days to expand NPCs.
Cells were differentiated for 5 days in A2B5" media with-
out PDGF-AA or FGF2. Murine neurospheres were
derived from P0-P2 C57BL/6 mouse pups as previously
described.”® Briefly, cortical neurospheres were grown in
DMEM-F12 containing penicillin/streptomycin, B27 sup-
plement, EGF (20 ng/mL), FGF2 (20 ng/mL), and hep-
arin (2 pg/mL). After 1 week in culture, neurospheres
were plated on 12-mm laminin-coated coverslips in wells
of a 24-well culture dish and differentiated for 7 days in
DMEM containing 1% FBS and N1 supplement.

Mouse cortical neuron culture

Cortical neurons were cultured from E15-E17 C57BL/6
embryos as previously described.”® Briefly, cortices were
dissected from embryos before dissociation in 0.25% tryp-
sin/EDTA. Cortical neurons were then cultured on poly-
L-lysine 96-well plates in Neurobasal medium containing
B27 supplement, N2 supplement, penicillin/streptomycin,
and glutamine. Cultures were aged for 5 days in vitro
prior to usage.

In vitro drug treatments

A total volume of 20 mmol/L stock solutions of MMF and
DME (Sigma Aldrich, Oakville ON, Canada) was prepared
in dimethyl sulfoxide (DMSO) and stored at —20°C.
DMSO vehicle was aliquoted and stored under similar
conditions. Cell cultures were grown to approximately
70% confluency prior to either drug treatment or IL-1f
stimulation. Astrocytes (human and murine) were pre-
treated with either MMF or DMF at concentrations of
10 umol/L or 25 pumol/L for 8 h prior to 24-h stimulation
with recombinant human or mouse IL-1§ (10 ng/mL).
For treatment of NPC cultures, DMF, MMF (25 pumol/L),
or vehicle was added to the differentiation medium and
remained in culture for the duration of the experiment.

Quantification of cytokine and chemokine
secretion

Supernatants were collected and stored at —80°C before
being used for enzyme-linked immunosorbent assay
(ELISA). ELISAs for human and murine IL-6, CXCL10,
and CCL2 were performed following manufacturer’s
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directions (BD Biosciences, Mississauga ON, Canada).
The murine CXCL10 ELISA kit was obtained from R&D
Systems (R&D Systems, Inc., Minneapolis MN) and per-
formed according to company specifications. All samples
were assayed in technical duplicates with each n-value
representing biological replicates.

Quantification of Gene and microRNA
expression

Cell pellets were lysed in Trizol® reagent and stored at
—80°C. Total RNA was isolated by column extraction
with a DNase treatment step (Qiagen, Valencia, CA).
RNA was quantified using a Nanodrop 2000. For gene
expression assays, RNA was reverse transcribed using
MMLV reverse transcriptase (Invitrogen). Individual gene
expression assays were done using specific TaqMan®
probes and normalized to the endogenous control gene
18S. For microRNA expression assays, microRNA-specific
reverse transcription primers were multiplexed and RNA
was reverse transcribed following the TagMan® Micro-
RNA Reverse Transcription kit protocol. MicroRNA
expression was normalized to RNUA48, an abundant
small-nuclear RNA. Fold changes were calculated accord-
ing to the AACt method.

Viability and proliferation

Astrocyte viability was determined following pretreatment
with drugs or vehicle using the XTT assay (Thermo Sci-
entific). Following a 2-h incubation with XTT, absorbance
was read at 450 nm wusing a microplate reader
(Cytation5®, BioTek). Neuronal viability was assayed fol-
lowing 48-h incubation with resting or activated astro-
cyte-conditioned media. For generation of astrocyte-
conditioned media, astrocytes were grown and treated in
serum-free ultraculture medium (Lonza). Proliferation
was assessed by CFSE staining of astrocyte cultures.
Briefly, astrocytes were serum starved for 24 h to induce
synchronization of cell cycle. Astrocytes were then labeled
with 5 umol/L CFSE (Molecular Probes) for 15 min prior
to being returned to serum-containing medium for 72 h
in the presence of treatment conditions. Cells were har-
vested and fluorescence intensity was measured by flow
cytometry using the MoFlo® Astrios™ flow cytometer
(Beckman Coulter, Inc.). Proliferation was quantified by
loss of CFSE fluorescence.

ROS production assay

Murine astrocytes were cultured to 70% confluence in
96-well plates and pretreated for 8 h with drug treat-
ments. Following pretreatment, cells were loaded with
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10 umol/L Carboxy-H,DCFDA (Molecular Probes), a cell
permeable dye that becomes fluorescent after cleavage to
dichloroflourescin (DCF) by reactive oxygen species
(ROS). Following a 1 h incubation with dye, cells were
cultured in the Cytation5® live cell imager/plate reader
(BioTek) in the presence of IL-1f (10 ng/mL) and IFNy
(10 ng/mL) to promote inflammatory ROS production.”’”
Fluorescence intensity was read hourly over a 24-h per-
iod. For measurement of ROS production in human fetal
astrocytes, pretreated cells were activated with IL-1f
(20 ng/mL) and IFNy (20 ng/mL) for 24 h prior to incu-
bation with CellROX® Deep Red reagent (5 umol/L;
30 min). Cells were washed and fluorescence intensity
was measured using a plate reader (Cytation5®; Biotek).

Immunocytochemistry and image analysis

A2B5" cultures were stained with anti-O4 (1:50; IgM
purified from hybridoma culture) for 30 min prior to fix-
ation with 4% PFA for 20 min at room temperature fol-
lowed by goat antimouse IgM Cy3 (Millipore; 1:200).
Murine neurospheres were fixed in 4% PFA for 20 min at
room temperature followed by rabbit anti-NG2 (Milli-
pore; 1:500) and mouse anti-GFAP (Sigma; 1:1000) for
1 h at room temperature. Cells were incubated with
appropriate secondary antibodies (Sigma; 1:1000) for 1 h
at room temperature. DAPI (1:1000) was used as a
nuclear counterstain for 5 min. All slides were imaged by
fluorescence microscopy and quantified by a blinded
observer. Cells for each donor/biological replicate were
plated in duplicate, and multiple fields of view (6-8 per
biological replicate) were imaged. Quantification was per-
formed using manual (NG2" and O4" cells) and auto-
matic (DAPI" Nuclei) counter plugins within the Image]
(imagej.nih.gov/ij/) software.

Statistical analysis

Statistics were performed using Prism 6 (GraphPad Soft-
ware). All values reported are the mean £ sem. All ana-
lyzes utilized an alpha = 0.05. One-way or two-way
ANOVAs with either Dunnett’s or Tukey’s post hoc com-
parisons were used to compare samples where appropri-
ate, as indicated in the figure legends.

Results

DMF, but not MMF, significantly decreased
proinflammatory cytokines and chemokines
in murine and human astrocytes

Following pretreatment with DMF, a significant reduction
in IL-6, CXCL10, and CCL2 secretion by human fetal
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astrocytes was observed following stimulation with IL-1f
compared to vehicle (Fig. 1A—C). Reduced chemokine/cy-
tokine secretion was also observed in mouse astrocytes
following pretreatment with DMF (Fig. ID-F). The
observed reductions in cytokine secretion were dose
dependent and restricted to DMF; pretreatment with
MMF did not significantly reduce cytokine/chemokine
production. As fumarates have been previously shown to
alter viability and proliferation of peripheral and
CNS-resident cells,>*® we assessed whether the changes in
cytokine and chemokine levels were due to changes in
viability or proliferation. Following pretreatment with
DMF, MMF, or vehicle no reductions in viability or pro-
liferation were observed (Fig. SIA-C). Based on reduced
secretion of inflammatory factors, we performed
experiments that investigated whether a pretreatment of
astrocytes with fumarates (both MMF and DMF) would
reduce neurotoxicity by the activated astrocytes. Follow-
ing culture of cortical neurons for 48 h with either
“resting” or “activated” astrocyte-conditioned media
(ACM), we observed that activated ACM significantly
reduced viability of neuronal cultures, which was partially
rescued by pretreatment with DMF (Fig. S2).

Fumarates did not significantly alter
antioxidant gene expression in murine and
human astrocytes

Next, we measured the expression of ARE gene expression
in IL-1f-stimulated astrocytes treated with DMF or
MME. In human fetal astrocyte treated with DMF, there
appeared to be a trend toward increased expression of
Nrf2-controlled genes, particularly HMOXI and NQOI,
however, these results were not statistically significant
from the vehicle control (Fig. 2A—C). Additionally, no
significant changes in ARE gene expression (Hmoxl,
Osginl, Nqol) were detected in mouse astrocytes pre-
treated with DMF or MMF (Fig. 2D-F).

DMF significantly decreased proinflammatory
microRNA expression in mouse and human
astrocytes

To further assess fumarate mechanisms of action, we
measured microRNA expression in IL-1f-stimulated
astrocytes pretreated with either DMF or MMF. Pretreat-
ment with either DMF or MMEF significantly reduced
miR-146a expression in mouse astrocytes; a similar trend
was also observed in human astrocytes (Fig. 3A and D).
The expression of miR-155 was significantly reduced by
pretreatment with DMF in both human and murine
astrocytes (Fig. 3B and E). No consistent effect was
observed for the anti-inflammatory miR-223 microRNA
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Figure 1. Effects of DMF and metabolite monomethyl fumarate (MMF) on cytokine and chemokine secretion by astrocytes. (A-C) DMF, not
MMF, significantly reduces IL-6 (A; n =7 for 10 umol/L DMF & MMF; n = 9 for all other conditions), CXCL10 (B; n = 7 for 10 pmol/L DMF &
MMF; n =9 for all other conditions) and CCL2 (C; n =5 for 10 umol/L DMF & MMF; n = 7 for all other conditions) by IL-1-stimulated human
fetal astrocytes in vitro (one-way ANOVA; Dunnet post hoc comparison). (D-F) DMF also reduces IL-6 (D; n = 5), CXCL10 (E; n = 5), and CCL2
(F; n=4) secretion by IL-18-stimulated murine astrocytes in vitro (one-way ANOVA; Dunnet post hoc comparison). Error bars represent
mean + SEM; *P < 0.05, ***P < 0.001 compared to vehicle treatment alone.

(Fig. 3C and F), although a trend for increased mir-223 activated human astrocytes, with DMF significantly
expression was observed in human astrocytes. reducing  inflammation-associated ROS  production
(Fig. 4C).

Fumarates reduced inflammatory ROS
production in astrocytes DMF increased differentiation of murine

. . and human oligodendrocyte progenitor cells
As fumarates have been shown to protect against oxida- 9 yte prog

tive stress, we assessed if pretreatment with fumarates
could reduce ROS production in activated astrocytes.
We observed significantly reduced ROS production by
fumarate-treated mouse astrocytes over a 24-h time
course of activation with IL-1f and IFNy (Fig. 4A and
B). We further similar effect in

demonstrated a
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To determine whether fumarates could directly influence
the differentiation of OPCs, mouse neurospheres and
expanded human A2B5" progenitors were differentiated in
the presence of vehicle, MMF, or DMF. After 7 days of
treatment, DMF-treated mouse neurospheres (Fig. 5A-D)
had a significant increase in the numbers of NG2" cells
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Figure 2. Fumarate treatment induces HMOXT antioxidant gene expression in human fetal astrocytes. (A-C) DMF significantly increased HMOX1
expression from no treatment (A) while expression levels of OSGINT (B) and NQOT (C) were not statistically significant (n = 5 per group; one-way
ANOVA,; Dunnett's post hoc comparison). (D-F) No statistically significant changes in Hmox7 (D), OsginT (E), or Ngol (F) expression were
observed in mouse astrocytes (n = 5 per group; one-way ANOVA; Dunnett’s post hoc comparison). Error bars represent mean + SEM.

compared to vehicle control (Fig. 5I). Additionally, human
A2B5" cells (Fig. 5E-H) cultured with DMF showed a
trend toward increased numbers of 04" cells (Fig. 5]).
Consistent with our astrocyte data, this effect was restricted
to DMF; MMF had little effect on differentiation. This
effect was not due to increased cell number, as the average
number of cells per field did not change (Fig. S3 A & B).

Discussion

In this report, we directly measured and compared the
anti-inflammatory effects of DMF and MMF on both
human and murine astrocytes and OPCs. To date, direct
comparisons of fumarates on human and murine glial cells
have not been performed. In addition, the biological role(s)

386

of the active metabolite of DMF treatment has been contro-
versial, with evidence supporting that both MMF>* and
DMF>'® modulate anti-inflammatory and antioxidant
effects. Although the debate against DMF has been widely
attributed to previous reports citing the inability to mea-
sure biologically significant concentrations in the brain and
periphery, a recent report has shown that DMF is indeed
present in the CNS following oral administration.'®

Consistent with previously published reports,
our data demonstrate that fumarates significantly reduce
inflammatory cytokine and chemokine secretion in
response to proinflammatory stimuli. We further demon-
strate that the reduction in cytokine and chemokine
production by fumarates within astrocytes is limited to
DMF, as MMF had no significant effect on cytokine and

6,11,13,30

© 2017 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.



D. A. Galloway et al.

Anti-Inflammatory Effects of DMF on Astrocytes

Human Astrocytes
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Figure 3. Treatment of human fetal astrocytes with fumarates alters microRNA expression in vitro. miR-146a (A, D) and miR-155 (B, E) were
induced by IL-18 activation of human and murine astrocytes in vitro and were reduced by both DMF and metabolite monomethyl fumarate
(MMF) in vitro (n = 3—4 per group; one-way ANOVA; Dunnet post hoc comparison). Expression of miR-223 was unaltered by either IL-1f or
fumarate treatment (C, F) (n = 4-5 per group; one-way ANOVA; Dunnet post hoc comparison). Error bars represent mean + SEM; *P < 0.05,

**P < 0.01, ***P < 0.001 compared to vehicle treatment alone.

chemokine secretion. This is in agreement with recently
published reports suggesting that DMF, not MMF, is
anti-inflammatory in human myeloid cells.”>'>'* In
response to inflammation, astrocytes secrete chemokines
to recruit immune cells, a process further facilitated by
their position at the interface of the blood—brain barrier."®
Here, we demonstrated for the first time in astrocytes that
CCL2 and CXCL10, two chemokines secreted by astro-
cytes that influence MS pathology and oligodendrocyte
differentiation,”"** are reduced in the presence of DMF.
Additionally, we demonstrate that DMF also reduces IL-6,
a proinflammatory cytokine during acute inflammation.
The finding that DMF reduces astrocyte cytokine and
chemokine secretion is consistent between species and
highlights further mechanisms through which DMF may
limit CNS inflammation. Furthermore, these similarities

© 2017 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

between species suggest conserved mechanisms through
which mouse and human astrocytes respond to DMEF.
Our results therefore support the validity of studying the
mechanisms of action for DMF within murine systems
and are likely to translate to humans. Interestingly, MMF
(10 pmol/L) also increased IL-6 production by murine
astrocytes, an observation that has also been previously
observed in human fetal microglia®; this effect was not
observed for the other chemokines that were measured,
suggesting that this effect was restricted to IL-6, a highly
pleiotropic cytokine, but not reflective of an astrocyte in
a heightened proinflammatory state. Reductions in astro-
cyte chemokine and cytokine secretion may contribute to
the reduced leukocyte infiltration and activation seen
in vivo in animals treated with DMF.>**** Furthermore,
CXCL10 is to inhibit of OPC

since known
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in vitro. Time course of ROS production by murine astrocytes activated with IL-14 and IFNy (A) and 24-h time point (B) (n = 3 per group; two-way
ANOVA; Tukey post hoc comparison). ROS production by human fetal astrocytes following 24 h activation with IL-18 and IFNy (C) (n = 3 per

group; one-way ANOVA; Tukey post hoc comparison). Error bars represent mean + SEM; *P < 0.05, **P < 0.01,

*xkp < 0.001 compared to

vehicle treatment alone. In (A), P < 0.05 between MMF and Vehicle control; *P < 0.05 between DMF and Vehicle control.

differentiation,” DMF may impact CNS remyelination
indirectly through the astrocyte.

We also provide evidence that the induction of ARE
genes in astrocytes is independent of the immunosup-
pressive effects of DMF. While HMOXI and NQOI
expression was increased in human astrocytes in the pres-
ence of DMF, these results were not statistically signifi-
cant from the vehicle control and suggest that in
astrocytes, DMF may not be able to substantially induce
ARE genes in the presence of inflammation. Similar
results were observed in murine astrocytes. These results
differ from a previous report that has shown an increase
in the Nrf2-responsive genes in astrocytes following DMF
treatment®; however, it should be noted that in this pre-
vious report, the expression of ARE genes was not mea-
sured in the presence of a proinflammatory stimulus,
which is not representative of the acute inflammatory
milieu observed in MS lesions. While reports have
demonstrated that fumarates can activate the Nrf2 path-
way in vitro® and in vivo within the circulating immune
cells of MS patients treated with DMF,>** our results
support the emerging view that DMF exerts potent,
MS-relevant anti-inflammatory effects that may be cell
specific and/or Nrf2 independent.

In the brains of MS patients, microRNA expression is
significantly altered and has been suggested to signifi-
cantly influence inflammation and repair capacity.”>® In
astrocytes, both miR-155 and miR-146a are significantly
upregulated in active MS lesions; laser-captured astrocytes
from MS lesions express miR-155 in situ.”® Furthermore,
activation of astrocytes with various proinflammatory
stimuli upregulates the expression of miR-146a and miR-
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155 in vitro.”>”” The increase in miR-155 expression by
IL-18 was confirmed in our study, however, to further
elucidate on the mechanism of action for DMF, we
demonstrated that fumarates reduced miR-155 expression.
This finding has important clinical implications given
mir-155 expression is increased in active MS lesions.
Additionally, the validated miR-155 target SOCS1%® is a
potent regulator of astrocyte cytokine/chemokine secre-
tion,” suggesting that a miR-155/SOCSI axis could medi-
ate the anti-inflammatory effects of DMF. miR-146a is an
inflammation resolving microRNA whose expression is
upregulated in CNS lesions and peripheral immune cells
of MS patients.>>® As such, the reduced expression of
miR-146a in fumarate-treated astrocytes suggests an
MS-relevant resolution of inflaimmation. miR-223 is an
anti-inflammatory microRNA that targets a myriad of
proinflammatory genes,*” was also measured in fumarate-
treated astrocytes, and demonstrated an increase in
human but not murine astrocytes treated with DMF.

In addition to the effects of fumarates on astrocytes, we
also demonstrate that treatment of NPCs with DMF sig-
nificantly increases the number of immature oligodendro-
cytes in vitro in both murine and human cell cultures.
Previously, it has been demonstrated that DMF did not
increase remyelination within the cuprizone model or
increase the survival of the CG4 oligodendrocyte lineage
cell line in vitro.”* However, within mouse neurospheres,
DMEF has been previously shown to increase NPC self-
renewal and survival,” a result that supports our findings.
We further utilized human A2B5" cell cultures to demon-
increased OPC differentiation in vitro; similar
effects were observed between both murine and human

strate
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Figure 5. Treatment of human and murine NPCs with DMF promotes differentiation of immature oligodendrocytes. Representative images of
murine NG2* OPCs differentiated from cultured neurospheres following 7 days of treatment (A-D) and human O4 + immature oligodendrocytes
following differentiation from cultured A2B5* progenitors for 5 days (E-H). Graphs illustrate increases in NG2 (I) (n = 6-7 per group; one-way
ANOVA; Dunnet post hoc comparison) and O4 (J) (n = 3 per group) cell number. Scale bars, 50 microns. Error bars represent mean + SEM;

*P < 0.05 compared to vehicle treatment alone.

progenitors. Multiple potential mechanisms could lead to
increased OPC differentiation, such as the altered meta-
bolism that has been reported in oligodendrocytes
exposed to fumarates,”**' or perhaps the indirect effects
of astrocyte-derived growth factors that could be released
from astrocytes treated with DMF. Regardless, our results
suggest that DMF exerts beneficial regenerative effects in
CNS glia, in addition to the well-described anti-inflam-
matory mechanisms.

Conclusion

Our results demonstrate that fumarates reduce inflamma-
tory cytokine and chemokine secretion by activated astro-
cytes in vitro, which is coupled with changes in
microRNA expression. These effects were primarily medi-
ated by DMF with MMF exerting little effect, were consis-
tent between both human and mouse astrocytes, and

provide additional support for a direct mechanism of
action for DMF in the inflamed CNS.
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Supporting Information

Additional Supporting Information may be found online
in the supporting information tab for this article:

Figure S1. Pretreatment of astrocytes with DMF, MMF,
or vehicle produced no significant changes in viability as
measured by the XTT assay (Fig. SIA) (n = 2 per group;
one-way ANOVA) or proliferation measured by CFSE
staining (Fig. S1B, C) (n =2 per group; one-way
ANOVA).

Figure S2. Conditioned media from mouse astrocytes
pretreated with DMF, MMF, or vehicle and subsequently
stimulated with IL-1f were applied to neuronal cultures
for 48 h. IL-1p-activated astrocytes significantly reduced
neuronal viability compared to resting ACM, while pre-
treatment with DMF partially rescued this effect (n =3
per group; one-way ANOVA, Dunnett’s post hoc, Error
bars represent mean £ SEM; *P < 0.05.

Figure S3. Treatment of human and murine NPCs with
fumarates or vehicle did not alter total cell numbers.
DAPI" nuclei were quantified from both mouse neuro-
spheres (A, n =7) and human cultured A2B5" progeni-
tors (B, n = 3). Error bars represent mean + SEM.
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