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Abstract: Dimethyl fumarate (DMF) is an oral agent for relapsing-remitting multiple sclerosis
(RRMS). In this study, we investigated the therapeutic mechanism of DMF using experimental
autoimmune encephalomyelitis (EAE). DMF treatment decreased the proliferation of T cells and
the production of IL-17A and GM-CSF. DMF treatment also decreased the development and/or
infiltration of macrophages in the central nervous system (CNS), and reduced the ratio of iNOS*
pro-inflammatory macrophage versus Ym1l* immunomodulatory macrophages. Furthermore, DMF
treatment suppressed the deposition of complement C3 (C3) and development of reactive C3*
astrocytes. The decrease in iNOS*™ macrophages, C3*astrocytes, and C3 deposition in the CNS
resulted in the reduction in demyelination and axonal loss. This study suggests that the beneficial
effects of DMF involve the suppression of iNOS* pro-inflammatory macrophages, C3* astrocytes,
and deposition of C3 in the CNS.

Keywords: dimethyl fumarate; experimental autoimmune encephalomyelitis; INOS* macrophage;
Ym1* macrophages; reactive C3* astrocytes; complement C3; proinflammatory; immunomodulatory;
demyelination; axonal loss; neuroprotection; multiple sclerosis

1. Introduction

Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous
system (CNS). Infiltration of pathogenic immune cells such as Th1 and Th17 cells, B-cells,
and macrophages into the CNS cause disease initiation and progression [1,2]. Among
the FDA-approved disease modifying agents for relapsing-remitting multiple sclerosis
(RRMS), dimethyl fumarate (DMF) is an oral drug with neuroprotective and immunomod-
ulatory effects [3-5]. Although the mechanism of action of DMF therapy is not completely
understood, its therapeutic effect involves both nuclear factor erythroid 2-related factor
2 (Nrf2) dependent [6] and independent pathways [7]. Nrf2 is a transcription factor, which
maintains oxidant homeostasis inside the cell by inducing an antioxidant response element
(ARE)-containing gene, hemoxygenase-1 (HO-1) [8]. DMF confers neuroprotection during
neuroinflammation through the induction of the Nrf2 anti-oxidative pathway in glial cells
and neurons [6]. Recent studies also showed that anti-inflammatory effects of DMF are
observed in a wide range of immune cells, including B cells, natural killer (NK) cells, T cells,
dendritic cells (DCs) and macrophages through multiple targets such as hydroxycarboxylic
acid receptor 2 (HCAZ2), interleukin-1 receptor-associated kinase 4 (IRAK4), glyceraldehyde
3-phosphate dehydrogenase (GAPDH), and nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) [9-12]. Therefore, DMF can suppress the development of
pathogenic immune cells in the periphery, migration of pathogenic immune cells into the
CNS, and induction of neuroinflammation through several different pathways.
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Demyelination and axonal loss are hallmark characteristics of MS, and glia cells in-
cluding microglia and astrocytes play a pivotal role in demyelination and axonal loss. In
particular, the development of macrophages/microglia expressing nitric oxide synthase
(INOS) and reactive C3* astrocytes in the CNS is highly involved in disease progres-
sion [13-17]. Proinflammatory cytokines produced by infiltrated immune cells and TLR
ligands promote the development of iNOS* macrophages and C3™ astrocytes [13,16,18].
Importantly, C3 produced in glia cells plays an important role in the development of
pro-inflammatory macrophages and reactive astrocytes [13,19,20]. Ewe investigated the
effect of DMF treatment on the development of iNOS* pro-inflammatory macrophages,
Ym-1* immunomodulatory macrophages, reactive C3* astrocytes, and C3 deposition in
the CNS.

2. Materials and Methods
2.1. Induction of EAE and DMF Treatment

C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and
housed in a specific pathogen-free facility at the Rutgers Robert Wood Johnson Medical
School (Piscataway, NJ, USA). MOG-EAE; Experimental autoimmune encephalomyelitis
(EAE) was induced by the subcutaneous immunization of 7-week-old C57BL/6 mice with
200 pL emulsions of 200 g MOG35-55 peptide (MEVGWYRSPFSRVVHLYRNGK; Protein
and Nucleic Acid Core Facility, Stanford University, Stanford, CA) in Complete Freund’s
Adjuvant (CFA). Additionally, animals received an intraperitoneal injection of 100 ug
pertussis toxin (List Biologicals, St. Louis, MO) on Day 0 and Day 2. Then, mice were orally
administered with dimethyl fumarate (Biogen Idec, MA, USA) dissolved in 0.8% methocel
at 100 mg/kg every day from one day post immunization. The control group received 0.8%
methocel by oral gavage. Clinical signs of EAE were assessed according to the following
scale: 0: no signs of disease; 1: limp tail; 1.5: paresis of one hindlimb; 2: paresis of both
hindlimbs; 2.5: paralysis of one hindlimb; 3.0: paralysis of both hindlimbs; 3.5: paralysis
of both hindlimbs and one forelimb paresis; 4: hindlimb paralysis and both forelimb
paresis; 5: no mobility /moribund. All animal studies were conducted in accordance with
Institutional Animal Care and Use Committee (IACUC) guidelines and were approved by
Rutgers Robert Wood Johnson Medical School Animal Care and Use Committee (IACUC
approval number: PROT0999900129).

2.2. ELISA and T Cell Proliferation Assay

Spleen and lymph node cells were cultured at 2 x 10° cells/mL with anti-CD3 mAb
(1 pg/mL) and anti-CD28 mAb (1 pg/mL), or MOG35-55 (10 pg/mL) at 37 °C for 72 h.
The production of IFN-y, IL-17A, GM-CSF and IL-10 was measured by ELISA (eBioscience,
San Diego, CA, USA). To measure the proliferation of cells, [*H]-thymidine (1 pCi) was
added to each well for 15 h, and cells were harvested and counted on a TriLux Liquid
Scintillation Counter (Wallac, Boston, MA, USA). Proliferation was examined by [*H]
thymidine uptake.

2.3. Immunohistology

Animals were anesthetized and perfused intracardially with 30 mL ice-cold PBS and
100 mL of 4% paraformaldehyde. Spinal cords were removed and soaked in 30% su-
crose/PBS for 3 days. Frozen spinal cord sections (cervical, thoracic, lumbar, and sacral re-
gions) were cut at a thickness of 20 pm by cryostat and stained with rabbit anti-myelin basic
protein (MBP) and rat anti-neurofilament monoclonal antibodies (Abcam, Cambridge, MA,
USA) to study demyelination and axonal loss, respectively. Rabbit anti-Ym-1 Ab (Abcam,
Cambridge, MA, USA) was used to investigate immunomodulatory macrophages, while
rabbit anti-INOS Ab (Abcam) was used as a marker for pro-inflammatory macrophages.
Rat anti-CD68 Ab (Biorad, Hercules, CA, USA) was used to detect macrophages. Mouse
anti-GFAP-Alexa fluor 488 Ab (Biolegend, San Diego, CA, USA) and rabbit anti-C3 Ab
(Novus Biologicals, Littleton, CO, USA) were used to investigate reactive C3" astrocytes.
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Primary antibodies were visualized with the following fluorescent secondary antibodies;
donkey anti-rabbit IgG Alexa 488, goat anti-Rat IgG Rhodamine, goat anti-rabbit IgG
Rhodamine, and chicken anti-rat IgG Alexa488 (Jackson Immunoresearch Laboratories,
Inc., West Grove, PA, USA). Cell nuclei were counterstained with DAPI. Digital images
of spinal cord sections were taken with an Axiovert 200 (Zeiss, Jena, Germany) and Leica
DMi8 (Leica, Wetzlar, Germany) microscope. Areas of demyelination and axonal loss, as
well as the total area of spinal cord, were determined by Image-] software. The percentage
of lesions was calculated using the following equation: (lesion area/total spinal cord area)
x100. The area of pro-inflammatory macrophage was identified as CD68"iNOS™ cells;
immunomodulatory macrophages were identified as CD68*Ym-1*; reactive C3* astrocytes
were identified as GFAP*C3* cells using the threshold color setting in Image-J software
(NIH, Bethesda, MD, USA) to identify double positive cells. The development and/or
infiltration of iNOS* macrophages, Ym-1* macrophages, and reactive C3* astrocyte were
determined by measuring the infiltrated area within the total spinal cord area (um? /mm?).

2.4. Flow Cytometric Analysis

Briefly, 1 x 10° cells were washed twice with staining buffer (0.1% NaN3, 2%FCS in
PBS) and stained with antibodies against F4/80, iNOS, and CD206 (eBioscience, San Diego,
CA, USA) according to the manufacturer’s instructions. The stained samples were analyzed

by a Gallios Flow Cytometer using Kaluza analysis software (Beckman Coulter, Inc., Brea,
CA, USA).

2.5. Statistical Analyses

GraphPad Prism 7 Software (GraphPad Software, Inc., San Diego, CA, USA) and R
version 4.0.2 was used for statistical analyses. EAE clinical score was evaluated by the
non-parametric Mann—-Whitney U test. Student’s t-test (unpaired) was used to assess the
differences between the two groups. Spearman correlation test was used to investigate
correlation. p-values < 0.05 were considered statistically significant.

2.6. Materials

MOG35-55 peptide (MEVGWYRSPFSRVVHLYRNGK) was purchased from Protein
and Nucleic Acid Core Facility Stanford University, Stanford, CA, USA. Pertussis toxin
was purchased from List Biologicals, St. Louis, MO, USA. Methocel was purchased from
Sigma Aldrich, St. Louis, MO, USA. Rabbit anti-MBP Ab, rat anti-neurofilament Ab, rabbit
Anti-Ym-1 Ab, rabbit anti-iINOS Ab for immunohistology were purchased from Abcam,
Cambridge, MA, USA. Rat anti-CD68 Ab was purchased from Biorad, Hercules, CA, USA.
Mouse anti-GFAP-Alexa fluor 488 Ab was purchased from Biolegend, San Diego, CA, USA.
Rat anti-C3 Ab was purchased from Novus Biologicals, Littleton, CO, USA.

Donkey anti-rabbit IgG Alexa 488, goat anti-rat IgG Rhodamine, goat anti-rabbit IgG
Rhodamine, and chicken anti-rat IgG Alexa488 were purchased from Jackson Immunore-
search Laboratories, Inc., West Grove, PA, USA. Antibodies against F4/80, iNOS, and
CD206 for flow cytometry and ELISA kits for IFN-y, IL-17A, GM-CSF and IL-10 were
purchased from eBioscience, San Diego, CA, USA.

3. Results
3.1. Effect of DMF on Cytokine Production

To examine the effects of DMF treatment on the development of EAE, we employed
MOG35-55-induced EAE [21]. We treated the mice with DMF at 100 mg/kg on Day 1 post-
immunization and continued this regimen until the early chronic stage (25 dayspost-
immunization). As a control, a DMF-solvent (methocel) was orally administered. The prophylactic
treatment with DMF delayed disease onset and reduced the clinical severity (Figure 1).
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Figure 1. Effect of dimethyl fumarate (DMF) on MOG-EAE. EAE was induced in C57BL/6 mice by
immunization with MOG35-55/CFA and injection of pertussis toxin, as described in Materials and
Methods. The immunized mice were treated orally with DMF (n = 7) at 100 mg/kg or 0.8% methocel
as a control (n =7) every day from 1-day post-immunization until the end of the experiment. Data
shown are the mean clinical score == SEM. * p-value < 0.05 compared to a control.

We investigated the effect of DMF treatment on the proliferation of T cells in the
spleen and mesenteric lymph node (MLN). DMF pre-treatment reduced the proliferation of
MOG35-55-specific T cells in the spleen and MLN (Figure 2). Pro-inflammatory cytokines
such as IFN-y, IL-17A, and GM-CSF play critical roles in the initiation and progression of
EAE, while IL-10 produced by regulatory T cells and innate immune cells plays a pivotal
role in disease suppression [22]. Therefore, we investigated the effect of DMF treatment
on the production of IFN-y, IL-17A, GM-CSF, and IL-10. We observed a trend toward
suppression of these cytokines in the spleen by DMF treatment (Figure 3). Production of
IL-17A and GM-CSF in MLN was also suppressed by DMF treatment; however, production
of IFN-y in MLN was not suppressed by DMF treatment. Interestingly, production of IL-10
in the MLN was increased by DMF treatment (Figure 3).
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Figure 2. Effect of DMF on T cell proliferation in MOG-EAE mice. Mice were orally treated with
DMF (100 mg/kg) or 0.8% methocel from day 1 to day 25 post-immunization. Cells isolated from
the (a) spleen (n = 3—4) and (b) mesenteric lymph nodes (MLNSs) (n = 3-4) were cultured with CD3
mADb and CD28mAb or MOG35-55 for three days and then examined for their proliferation by
[*H]-thymidine uptake. * p < 0.05, ** p < 0.01.
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Figure 3. Effect of DMF on cytokine production in EAE mice. Mice were orally treated with DMF or
0.8% methocel from day 1 to day 25 post-immunization. The cells isolated from the spleen (n = 34)
and MLNs (n = 3—4) were cultured with CD3 mAb and CD28 mAb or MOG35-55 for three days.
Production of IL-17A (a), GM-CSF (b), IFN-v (c), and IL-10 (d) was measured by ELISA.

3.2. DMF Treatment Decreased Demyelination and Axonal Loss

Demyelination and axonal loss are histopathological hallmarks of EAE and MS [23].
Therefore, we examined the effect of DMF on demyelination and axonal loss. Demyelina-
tion was predominantly observed in white matter around the areas of cellular infiltration,
and axonal loss was accompanied by demyelination (Figure 4a). Notably, demyelination
and axonal loss were significantly suppressed by DMF treatment (Figure 4b,c).
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Figure 4. Effect of DMF treatment on demyelination and axonal loss. (a) Mice were euthanized
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25 days after immunization, and demyelination and axonal loss were examined by staining with
anti-myelin basic protein (MBP) and anti-neurofilament (NF) Abs, respectively. Cell nuclei were
counterstained with DAPI (4’,6-diamidino-2-phenylindole). Areas of demyelination and axonal loss
are shown by white arrows and arrow heads, respectively. Demyelination (b) and axonal loss (c)
were estimated by measuring the MBP+, NF+, and total tissue areas as described in Materials and
Methods. n = 3-4. * p < 0.05, ** p < 0.01 compared to control. Scale = 50 um.

3.3. DMF Treatment Decreased iNOS* Macrophages and Ym1* Macrophages in the CNS

Pro-inflammatory iNOS™ microglia/macrophages are found in MS lesion and are
involved in demyelination and axonal loss [15,16,24]. Notably, iNOS is also expressed
by other glial and immune cells and can promote demyelination and axonal loss [15].
Conversely, Ym1* or CD206* macrophages are immunomodulatory macrophages involved
in neuroprotection [25-27]. Therefore, we examined the effect of DMF on the development
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of iNOS* macrophages and CD206* or Ym1* macrophages in the spleen and spinal cord,
respectively. Although we did not observe the effect of DMF treatment on the develop-
ment of F4/80" iNOS* and F4/80" CD206" macrophages in the spleen (Figure 5), DMF
treatment suppressed the development and/or infiltration of iNOS* macrophages and
Ym1* macrophages in the spinal cord (Figure 6). A higher number of macrophages (CD68*
cells) was detected in the spinal cord of control mice, and many of them expressed the
iNOS (Figure 6a,b). Enrichment of iNOS* macrophages in the spinal cord was significantly
reduced in DMF-treated mice compared to control mice (Figure 6a,b). We also observed
that the number of CD68* Ym-1" macrophages was reduced in the DMF-treated mice
compared to control mice (Figure 6¢,d). Importantly, the ratio of iNOS* macrophages
versus Ym1* macrophages was reduced in DMF-treated mice (Figure 6e).
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macrophages macrophages
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Figure 5. Effect of DMF treatment on development of macrophages in the spleen. (a) Development
of pro-inflammatory (F4/80*iNOS*) and immunomodulatory (F4/80*CD206") macrophages was
examined by staining the splenocytes with F4/80, iNOS, and CD206 antibodies. Representative flow
cytometry data are presented. (b) Quantification of iNOS* and CD206* macrophage population in
the spleen are presented.

3.4. DMF Treatment Decreased Deposition of C3 and Development of Reactive C3* Astrocytes in
the CNS

Deposition of C3 has been reported to play a pathogenic role in neurodegeneration [13,28].
Since C3 is induced by TLR4/9-signaling and proinflammatory cytokines such as IL-1f3 and
TNF-« [13,29], we examined the effect of DMF treatment on the production of C3 in the CNS
of EAE mice. Although deposition of C3 was detected in the CNS upon development of
EAE, DMF treatment suppressed C3 deposition (Figure 7a,c). Importantly, C3 is induced in
astrocytes through exposure to proinflammatory cytokines, TNF-«, IL-1, and Clga, produced
by activated pro-inflammatory microglia and/or macrophages, and the reactive C3* astrocytes
are highly neurotoxic [13]. MOG-EAE is associated with expansion of pro-inflammatory Al
astrocytes in the spinal cord during the development of EAE, whereas development of anti-
inflammatory A2 astrocytes is not affected by EAE [30]. Therefore, we examined the effect of
DMF treatment on the development of reactive C3* astrocytes in the spinal cord. We used
GFAP as a marker for astrocyte and detected GFAP*C3* cells as pro-inflammatory reactive
astrocytes as shown previously [13]. Although there was no difference in the area of GFAP*
astrocytes between DMF treated and control groups (Figure 7a,b), DMF treatment suppressed
the development of reactive C3* astrocytes during the development of EAE (Figure 7a,d).
Notably, there was a trend toward an increase in reactive C3* astrocytes in the mice having a
higher population of INOS* macrophages (Figure 7e). These data suggest that suppression
in the development of reactive C3* astrocytes could be one of the important therapeutic
mechanisms of DMF treatment.
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Figure 6. Effect of DMF treatment on development and/or infiltration of macrophages in the central nervous system
(CNS). Mice were euthanized 25 days after immunization, and pro-inflammatory (CD68*iNOS™") and immunomodulatory
(CD68*Ym-1*) macrophages in the spinal cord were examined by immunohistology. (a) Effect of DMF treatment on
pro-inflammatory macrophages in the spinal cord. Pro-inflammatory macrophages were determined by co-staining with
anti-iNOS and anti-CD68 Abs. Cell nuclei were counterstained with DAPIL. An area of iNOS™ macrophage is shown by
white arrows. (b) Area of iNOS* macrophages was quantified as described in Materials and Methods. (c) Effect of DMF
treatment on immunomodulatory macrophages in the spinal cord. Immunomodulatory macrophages were examined by
co-staining with anti-Ym-1 and anti-CD68 Abs. Area of Ym-1* macrophage is shown by white arrows. (d) Area of Ym-1*
macrophages was quantified as described in Materials and Methods. (e) Effect of DMF treatment on the ratio between
iNOS* and Ym-1* macrophage in the spinal cord. n = 3-5. * p < 0.05, ** p < 0.01 compared to a control. Scale = 50 pm.
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Figure 7. Effect of DMF treatment on deposition of C3 and development of reactive C3* astrocytes in the CNS. (a) Mice
were euthanized 25 days after immunization, and spinal cords were co-stained with GFAP and C3 mAbs. Cell nuclei were
counterstained with DAPL GFAP™ astrocytes (b), C3 (c) and GFAP*C3* reactive astrocytes (d) were quantified as described
in Materials and Methods. (e) The correlation between iNOS* macrophages and reactive C3* astrocytes is presented. Inset
represents the magnified section of GFAP* astrocytes, C3 deposit, and GFAP*C3* reactive astrocytes. Scale = 50 pm.
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4. Discussion

DMEF is an oral disease-modifying treatment approved for RRMS patients [5]. Both
Nrf2-dependent and independent pathways are suggested to mediate the beneficial actions
of DMF treatment [6,7,31]. Several earlier reports have demonstrated the prophylactic effi-
cacy of DMF treatment on the development of EAE [6,7]. We also observed the prophylactic
effect of DMF on active EAE (Figure 1). Activation of myelin-specific T cells and production
of pro-inflammatory cytokines are the primary events in disease initiation and relapse.
DMF treatment decreased the proliferation of MOG-specific T cells (Figure 2) along with
the suppression of IL-17A and GM-CSF production (Figure 3). We also observed an increase
in production of IL-10 in the mesenteric lymph nodes (Figure 3). Orally administered DMF
may be able to promote the development of IL-10 producing immune cells in the gut, which
might migrate to the periphery and suppress the differentiation of pathogenic T cells [32].
Further experiments are needed to explore the effect of DMF on intestinal immune cells
involved in the suppression of CNS autoimmunity.

It has been demonstrated that fumaric acid esters are effective in the suppression
of EAE, possibly by reducing the infiltration of macrophages [33]. Pro-inflammatory
macrophages/microglia are highly involved in neurodegeneration [34], while immunomod-
ulatory macrophages/microglia are involved in neuroprotection [25]. Pro-inflammatory
microglia/macrophages commonly express iNOS and are often present in the MS le-
sions [15,35]. Demyelination and a higher degree of axonal damage are associated with
iNOS expression in macrophages during EAE [17]. Nitric oxide (NO) generated by the
iNOS contributes to the pathogenesis of MS. NO and its reactive derivative peroxynitrite
(ONOO-) are cytotoxic to oligodendrocytes and neurons by inhibiting the mitochondrial
respiratory chain [36,37]. On the other hand, Ym1* macrophages possess anti-inflammatory
and neuroprotective functions [25-27]. Therefore, we studied the effect of DMF treatment
on the development and/or infiltration of iNOS™ macrophages and Ym1* macrophages.
We showed that DMF treatment reduced both iNOS™ and Ym-1* macrophages/microglia;
however, the ratio of iNOS* versus Ym-1* macrophages/microglia in the spinal cord
was reduced by DMF treatment (Figure 6). Monomethyl fumarate was reported to con-
vert the pro-inflammatory phenotype to an anti-inflammatory one in a microglia cell
line through activation of the HCAR2 and AMPK/Sirt pathways and subsequent inhi-
bition of NF-kB pathway [31]. Therefore, DMF may be able to reduce the activation of
macrophages/microglia through HCAR2 and AMPK/Sirt pathways.

The complement system is involved in the pathogenesis of both EAE and MS. Espe-
cially, a deposition of C3 has been observed in a majority of MS lesions collected from the
MS patients [38—41]. C3 has been suggested to trigger antibody-dependent demyelination,
synapse loss, and neurodegeneration during the development of MS [42—-44]. Although C3
is produced in the liver and migrate into tissues, C3 is also induced in the tissues, including
the CNS. Since C3 is induced by pathogen-associated molecular patterns (PAMPs), such as
lipopolysaccharide (LPS), zymosan, and CpGs [45], and proinflammatory cytokines, such
as IL1p and TNF« [13,46], DMF treatment may reduce the deposition of C3 by suppressing
the production of proinflammatory cytokines and TLR signaling pathways [47]. C3 is
also a marker for reactive astrocytes [13]. In this study, we showed that DMF treatment
can suppress the development of C3* GFAP* astrocytes. Reactive C3* GFAP* astrocytes
harbor highly neurotoxic properties and are involved in induction of axonal loss and
suppression of remyelination [13,28,48]. Since C3* GFAP™ astrocytes are induced by IL-1,
TNFq, IL6, and Clq produced by activated microglia [13,29], DMF treatment may sup-
press the development of reactive C3* GFAP* astrocytes by reducing the development
and/or infiltration of iNOS* microglia/macrophages through the activation of both Nrf2-
dependent and independent pathways [31,47,49,50]. Interestingly, GFAP intensity is higher
in DMF-treated mice (Figure 7a,b). Since pro-inflammatory C3* astrocytes were barely
detected in DMF-treated mice (Figure 7a,d), DMF may be able to activate other types of
astrocytes including anti-inflammatory astrocytes. Since a certain population of astrocytes
does not express GFAP [51,52], a further experiment needs to be performed to investigate
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the effect of DMF on activation or suppression of each subtype of astrocytes during EAE. In
conclusion, our study suggests that suppression of pro-inflammatory iNOS* macrophages
and ratio of iNOS€ versus Ym-1* macrophages/microglia, C3 deposition, and development
of reactive C3* astrocytes in the CNS by DMF treatment could contribute to the reduction
in demyelination and axonal loss in MS.

Author Contributions: Conceptualization, K.I., SK.Y., S.D.-J.; methodology, S.K.Y., N.I; formal
analysis, S.K.Y., KL, D.S,; writing—original draft preparation, S.K.Y., K.I; writing-review and editing,
K.I,S.D.-J; supervision, K.I., S.D.-]. funding acquisition, K.I,, 5.D.-J. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by an investigator-initiated grant from Biogen Idec. US-BGT-14-10690.

Institutional Review Board Statement: All animal studies were conducted in accordance with
Institutional Animal Care and Use Committee (IACUC) guidelines and were approved by Rutgers
Robert Wood Johnson Medical School Animal Care and Use Committee (IACUC approval number:
PROTO0999900129, Date: 30 March 2017).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Acknowledgments: We thank Shradha Suresh for review of this manuscript.

Conflicts of Interest: S.D-]. and K.I. received grant support from Teva Pharmaceuticals and Biogen Idec.

Abbreviations

ARE Antioxidant response element

c3 Complement 3

DMF Dimethyl fumarate

EAE Experimental autoimmune encephalomyelitis

GFAP Glial fibrillary acidic protein

HO-1 Hemoxygenase-1

HCAR2 Hydroxycarboxylic acid receptor 2

iNOS Inducible nitric oxide synthase

MLN Mesenteric lymph node

Nrf2 Nuclear factor erythroid 2-related factor 2
RRMS Relapsing-remitting multiple sclerosis

1. Yamasaki, R.; Lu, H.; Butovsky, O.; Ohno, N.; Rietsch, A.M.; Cialic, R.; Wu, PM.; Doykan, C.E.; Lin, J.; Cotleur, A.C.; et al.
Differential roles of microglia and monocytes in the inflamed central nervous system. J. Exp. Med. 2014, 211, 1533-1549. [CrossRef]

[PubMed]

2. Yadav, SK.; Mindur, J.E; Ito, K.; Dhib-Jalbut, S. Advances in the immunopathogenesis of multiple sclerosis. Curr. Opin. Neurol.
2015, 28, 206-219. [CrossRef]

3. Fox, RJ.; Miller, D.H.; Phillips, J.T.; Hutchinson, M.; Havrdova, E.; Kita, M.; Yang, M.; Raghupathi, K.; Novas, M.; Sweetser, M.T;; et al.
Placebo-controlled phase 3 study of oral BG-12 or glatiramer in multiple sclerosis. N. Engl. |. Med. 2012, 367, 1087-1097. [CrossRef]

[PubMed]

4. Gold, R; Kappos, L.; Arnold, D.L.; Bar-Or, A.; Giovannoni, G.; Selmaj, K.; Tornatore, C.; Sweetser, M.T.; Yang, M.; Sheikh, S.L; et al.
Placebo-controlled phase 3 study of oral BG-12 for relapsing multiple sclerosis. N. Engl. J. Med. 2012, 367, 1098-1107. [CrossRef]

[PubMed]

5. Bomprezzi, R. Dimethyl fumarate in the treatment of relapsing-remitting multiple sclerosis: An overview. Ther. Adv. Neurol.
Disord. 2015, 8, 20-30. [CrossRef]

6. Linker, R.A.; Lee, D.H,; Ryan, S.; van Dam, A.M.; Conrad, R.; Bista, P.; Zeng, W.; Hronowsky, X.; Buko, A.; Chollate, S.; et al.
Fumaric acid esters exert neuroprotective effects in neuroinflammation via activation of the Nrf2 antioxidant pathway. Brain
2011, 134, 678-692. [CrossRef]

7. Schulze-Topphoff, U.; Varrin-Doyer, M.; Pekarek, K.; Spencer, C.M.; Shetty, A.; Sagan, S.A.; Cree, B.A.; Sobel, R.A.; Wipke, B.T,;
Steinman, L.; et al. Dimethyl fumarate treatment induces adaptive and innate immune modulation independent of Nrf2. Proc.
Natl. Acad. Sci. USA 2016, 113, 4777-4782. [CrossRef]

8. Ma, Q. Role of nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401-426. [CrossRef]


http://doi.org/10.1084/jem.20132477
http://www.ncbi.nlm.nih.gov/pubmed/25002752
http://doi.org/10.1097/WCO.0000000000000205
http://doi.org/10.1056/NEJMoa1206328
http://www.ncbi.nlm.nih.gov/pubmed/22992072
http://doi.org/10.1056/NEJMoa1114287
http://www.ncbi.nlm.nih.gov/pubmed/22992073
http://doi.org/10.1177/1756285614564152
http://doi.org/10.1093/brain/awq386
http://doi.org/10.1073/pnas.1603907113
http://doi.org/10.1146/annurev-pharmtox-011112-140320

J. Clin. Med. 2021, 10, 857 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Chen, H.; Assmann, J.C.; Krenz, A.; Rahman, M.; Grimm, M.; Karsten, C.M.; Kohl, J.; Offermanns, S.; Wettschureck, N.;
Schwaninger, M. Hydroxycarboxylic acid receptor 2 mediates dimethyl fumarate’s protective effect in EAE. J. Clin. Investig.
2014, 124,2188-2192. [CrossRef]

Zaro, BW.; Vinogradova, E.V.; Lazar, D.C.; Blewett, M.M.; Suciu, R.M.; Takaya, J.; Studer, S.; de la Torre, J.C.; Casanova, J.L.;
Cravatt, B.F; et al. Dimethyl Fumarate Disrupts Human Innate Immune Signaling by Targeting the IRAK4-MyD88 Complex.
J. Immunol. 2019, 202, 2737-2746. [CrossRef] [PubMed]

Kornberg, M.D.; Bhargava, P.; Kim, PM.; Putluri, V.; Snowman, A.M.; Putluri, N.; Calabresi, P.A.; Snyder, S.H. Dimethyl fumarate
targets GAPDH and aerobic glycolysis to modulate immunity. Science 2018, 360, 449-453. [CrossRef]

Gillard, G.O.; Collette, B.; Anderson, J.; Chao, J.; Scannevin, R.H.; Huss, D.J.; Fontenot, ].D. DMF, but not other fumarates, inhibits
NF-kappaB activity in vitro in an Nrf2-independent manner. J. Neuroimmunol. 2015, 283, 74-85. [CrossRef] [PubMed]
Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, EC.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Munch, A.E.; Chung, W.S,;
Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 2017, 541, 481-487. [CrossRef]
[PubMed]

Yun, S.P; Kam, T.L; Panicker, N.; Kim, S.; Oh, Y,; Park, J.S.; Kwon, S.H.; Park, Y.J.; Karuppagounder, S.S.; Park, H.; et al. Block of
A1 astrocyte conversion by microglia is neuroprotective in models of Parkinson’s disease. Nat. Med. 2018, 24, 931-938. [CrossRef]
Hill, K.E.; Zollinger, L.V.; Watt, H.E.; Carlson, N.G.; Rose, ].W. Inducible nitric oxide synthase in chronic active multiple sclerosis
plaques: Distribution, cellular expression and association with myelin damage. J. Neuroimmunol. 2004, 151, 171-179. [CrossRef]
[PubMed]

Okuda, Y.; Nakatsuji, Y.; Fujimura, H.; Esumi, H.; Ogura, T.; Yanagihara, T.; Sakoda, S. Expression of the inducible isoform of
nitric oxide synthase in the central nervous system of mice correlates with the severity of actively induced experimental allergic
encephalomyelitis. |. Neuroimmunol. 1995, 62, 103-112. [CrossRef]

Aboul-Enein, F; Weiser, P.; Hoftberger, R.; Lassmann, H.; Bradl, M. Transient axonal injury in the absence of demyelination:
A correlate of clinical disease in acute experimental autoimmune encephalomyelitis. Acta Neuropathol. 2006, 111, 539-547.
[CrossRef] [PubMed]

Salim, T.; Sershen, C.L.; May, E.E. Investigating the Role of TNF-alpha and IFN-gamma Activation on the Dynamics of iNOS
Gene Expression in LPS Stimulated Macrophages. PLoS ONE 2016, 11, e0153289. [CrossRef]

Lian, H.; Litvinchuk, A.; Chiang, A.C.; Aithmitti, N.; Jankowsky, J.L.; Zheng, H. Astrocyte-Microglia Cross Talk through
Complement Activation Modulates Amyloid Pathology in Mouse Models of Alzheimer’s Disease. J. Neurosci. 2016, 36, 577-589.
[CrossRef] [PubMed]

Liu, L.R; Liu, ]J.C; Bao, J.S.; Bai, Q.Q.; Wang, G.Q. Interaction of Microglia and Astrocytes in the Neurovascular Unit. Front.
Immunol. 2020, 11, 1024. [CrossRef] [PubMed]

Berard, J.L.; Wolak, K.; Fournier, S.; David, S. Characterization of relapsing-remitting and chronic forms of experimental
autoimmune encephalomyelitis in C57BL/6 mice. Glia 2010, 58, 434-445. [CrossRef] [PubMed]

Boppana, S.; Huang, H.; Ito, K.; Dhib-Jalbut, S. Immunologic aspects of multiple sclerosis. Mt. Sinai . Med. 2011, 78, 207-220.
[CrossRef]

Peterson, L.K.; Fujinami, R.S. Inflammation, demyelination, neurodegeneration and neuroprotection in the pathogenesis of
multiple sclerosis. |. Neuroimmunol. 2007, 184, 37-44. [CrossRef]

Oleszak, E.L.; Zaczynska, E.; Bhattacharjee, M.; Butunoi, C.; Legido, A.; Katsetos, C.D. Inducible nitric oxide synthase and
nitrotyrosine are found in monocytes/macrophages and/or astrocytes in acute, but not in chronic, multiple sclerosis. Clin. Diagn.
Lab. Immunol. 1998, 5, 438-445. [CrossRef]

Miron, VEE,; Boyd, A.; Zhao, ] W, Yuen, TJ.; Ruckh, ] M.; Shadrach, ].L.; van Wijngaarden, P; Wagers, A J.; Williams, A.; Franklin, R]M,; et al.
M2 microglia and macrophages drive oligodendrocyte differentiation during CNS remyelination. Nat. Neurosci. 2013, 16, 1211-1218. [CrossRef]
Raes, G.; Van den Bergh, R.; De Baetselier, P.; Ghassabeh, G.H.; Scotton, C.; Locati, M.; Mantovani, A.; Sozzani, S. Arginase-1 and
Ym1 are markers for murine, but not human, alternatively activated myeloid cells. J. Immunol. 2005, 174, 6561-6562. [CrossRef]
[PubMed]

Raes, G.; De Baetselier, P; Noel, W.; Beschin, A.; Brombacher, F; Hassanzadeh Gh, G. Differential expression of FIZZ1 and Ym1 in
alternatively versus classically activated macrophages. J. Leukoc. Biol. 2002, 71, 597-602. [PubMed]

Tassoni, A.; Farkhondeh, V.; Itoh, Y.; Itoh, N.; Sofroniew, M.V.; Voskuhl, R.R. The astrocyte transcriptome in EAE optic neuritis
shows complement activation and reveals a sex difference in astrocytic C3 expression. Sci. Rep. 2019, 9, 10010. [CrossRef]
[PubMed]

Veerhuis, R.; Janssen, I.; De Groot, C.J.; Van Muiswinkel, FL.; Hack, C.E.; Eikelenboom, P. Cytokines associated with amyloid
plaques in Alzheimer’s disease brain stimulate human glial and neuronal cell cultures to secrete early complement proteins, but
not Cl-inhibitor. Exp. Neurol. 1999, 160, 289-299. [CrossRef]

Borggrewe, M.; Grit, C.; Vainchtein, I.D.; Brouwer, N.; Wesseling, E.M.; Laman, J.D.; Eggen, B.J.L.; Kooistra, S.M.; Boddeke, E.
Regionally diverse astrocyte subtypes and their heterogeneous response to EAE. Glia 2020. [CrossRef]

Parodi, B.; Rossi, S.; Morando, S.; Cordano, C.; Bragoni, A.; Motta, C.; Usai, C.; Wipke, B.T.; Scannevin, R.H.; Mancardi, G.L.; et al.
Fumarates modulate microglia activation through a novel HCAR? signaling pathway and rescue synaptic dysregulation in
inflamed CNS. Acta Neuropathol. 2015, 130, 279-295. [CrossRef]


http://doi.org/10.1172/JCI72151
http://doi.org/10.4049/jimmunol.1801627
http://www.ncbi.nlm.nih.gov/pubmed/30885957
http://doi.org/10.1126/science.aan4665
http://doi.org/10.1016/j.jneuroim.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/26004161
http://doi.org/10.1038/nature21029
http://www.ncbi.nlm.nih.gov/pubmed/28099414
http://doi.org/10.1038/s41591-018-0051-5
http://doi.org/10.1016/j.jneuroim.2004.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15145615
http://doi.org/10.1016/0165-5728(95)00114-H
http://doi.org/10.1007/s00401-006-0047-y
http://www.ncbi.nlm.nih.gov/pubmed/16718350
http://doi.org/10.1371/journal.pone.0153289
http://doi.org/10.1523/JNEUROSCI.2117-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/26758846
http://doi.org/10.3389/fimmu.2020.01024
http://www.ncbi.nlm.nih.gov/pubmed/32733433
http://doi.org/10.1002/glia.20935
http://www.ncbi.nlm.nih.gov/pubmed/19780195
http://doi.org/10.1002/msj.20249
http://doi.org/10.1016/j.jneuroim.2006.11.015
http://doi.org/10.1128/CDLI.5.4.438-445.1998
http://doi.org/10.1038/nn.3469
http://doi.org/10.4049/jimmunol.174.11.6561
http://www.ncbi.nlm.nih.gov/pubmed/15905489
http://www.ncbi.nlm.nih.gov/pubmed/11927645
http://doi.org/10.1038/s41598-019-46232-6
http://www.ncbi.nlm.nih.gov/pubmed/31292459
http://doi.org/10.1006/exnr.1999.7199
http://doi.org/10.1002/glia.23954
http://doi.org/10.1007/s00401-015-1422-3

J. Clin. Med. 2021, 10, 857 11 of 11

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Morton, A.M.; Sefik, E.; Upadhyay, R.; Weissleder, R.; Benoist, C.; Mathis, D. Endoscopic photoconversion reveals unexpectedly
broad leukocyte trafficking to and from the gut. Proc. Natl. Acad. Sci. USA 2014, 111, 6696-6701. [CrossRef]

Schilling, S.; Goelz, S.; Linker, R.; Luehder, F.; Gold, R. Fumaric acid esters are effective in chronic experimental autoimmune
encephalomyelitis and suppress macrophage infiltration. Clin. Exp. Immunol. 2006, 145, 101-107. [CrossRef]

Ajami, B.; Bennett, ].L.; Krieger, C.; McNagny, K.M.; Rossi, EM. Infiltrating monocytes trigger EAE progression, but do not
contribute to the resident microglia pool. Nat. Neurosci. 2011, 14, 1142-1149. [CrossRef]

Schuh, C.; Wimmer, 1.; Hametner, S.; Haider, L.; Van Dam, A.M.; Liblau, R.S.; Smith, K.J.; Probert, L.; Binder, C.J.; Bauer, ].; et al.
Oxidative tissue injury in multiple sclerosis is only partly reflected in experimental disease models. Acta Neuropathol. 2014, 128, 247-266.
[CrossRef]

Giovannoni, G.; Heales, SJ.; Land, ].M.; Thompson, EJ. The potential role of nitric oxide in multiple sclerosis. Mult. Scler. 1998, 4, 212-216.
[CrossRef] [PubMed]

Liu, J.S.; Zhao, M.L.; Brosnan, C.E; Lee, S.C. Expression of inducible nitric oxide synthase and nitrotyrosine in multiple sclerosis
lesions. Am. J. Pathol. 2001, 158, 2057-2066. [CrossRef]

Michailidou, I.; Willems, J.G.; Kooi, E.J.; van Eden, C.; Gold, S.M.; Geurts, ].J.; Baas, F.; Huitinga, I.; Ramaglia, V. Complement
C1qg-C3-associated synaptic changes in multiple sclerosis hippocampus. Ann. Neurol. 2015, 77, 1007-1026. [CrossRef] [PubMed]
Hammond, J.W.; Bellizzi, M.]J.; Ware, C.; Qiu, W.Q.; Saminathan, P,; Li, H.; Luo, S.; Ma, 5.A.; Li, Y.; Gelbard, H.A. Complement-
dependent synapse loss and microgliosis in a mouse model of multiple sclerosis. Brain Behav. Immun. 2020, 87, 739-750.
[CrossRef]

Ingram, G.; Loveless, S.; Howell, O.W.; Hakobyan, S.; Dancey, B.; Harris, C.L.; Robertson, N.P.; Neal, ] W.; Morgan, B.P.
Complement activation in multiple sclerosis plaques: An immunohistochemical analysis. Acta Neuropathol. Commun. 2014, 2, 53.
[CrossRef] [PubMed]

Barnett, M.H.; Parratt, ].D.; Cho, E.S.; Prineas, ]. W. Immunoglobulins and complement in postmortem multiple sclerosis tissue.
Ann. Neurol. 2009, 65, 32-46. [CrossRef]

Hundgeburth, L.C.; Wunsch, M.; Rovituso, D.; Recks, M.S.; Addicks, K.; Lehmann, P.V.; Kuerten, S. The complement system
contributes to the pathology of experimental autoimmune encephalomyelitis by triggering demyelination and modifying the
antigen-specific T and B cell response. Clin. Immunol. 2013, 146, 155-164. [CrossRef]

Werneburg, S.; Jung, J.; Kunjamma, R.B.; Ha, S.K.; Luciano, N.J.; Willis, C.M.; Gao, G.; Biscola, N.P;; Havton, L.A.; Crocker, S.J.; et al.
Targeted Complement Inhibition at Synapses Prevents Microglial Synaptic Engulfment and Synapse Loss in Demyelinating
Disease. Immunity 2020, 52, 167-182e167. [CrossRef]

Aeinehband, S.; Lindblom, R.P; Al Nimer, F; Vijayaraghavan, S.; Sandholm, K.; Khademi, M.; Olsson, T.; Nilsson, B.; Ekdahl, K.N;
Darreh-Shori, T.; et al. Complement component C3 and butyrylcholinesterase activity are associated with neurodegeneration and
clinical disability in multiple sclerosis. PLoS ONE 2015, 10, e0122048. [CrossRef]

Song, W.C. Crosstalk between complement and toll-like receptors. Toxicol. Pathol. 2012, 40, 174-182. [CrossRef]

Andoh, A.; Fujiyama, Y.; Bamba, T.; Hosoda, S. Differential cytokine regulation of complement C3, C4, and factor B synthesis in
human intestinal epithelial cell line, Caco-2. J. Immunol. 1993, 151, 4239-4247.

McGuire, V.A.; Ruiz-Zorrilla Diez, T.; Emmerich, C.H.; Strickson, S.; Ritorto, M.S.; Sutavani, R.V.; Weibeta, A.; Houslay, K.F,;
Knebel, A.; Meakin, PJ.; et al. Dimethyl fumarate blocks pro-inflammatory cytokine production via inhibition of TLR induced M1
and K63 ubiquitin chain formation. Sci. Rep. 2016, 6, 31159. [CrossRef]

Brambilla, R.; Morton, P.D.; Ashbaugh, J.J.; Karmally, S.; Lambertsen, K.L.; Bethea, ].R. Astrocytes play a key role in EAE
pathophysiology by orchestrating in the CNS the inflammatory response of resident and peripheral immune cells and by
suppressing remyelination. Glia 2014, 62, 452—467. [CrossRef]

Wang, L.; Kondo, N.; Cano, M.; Ebrahimi, K.; Yoshida, T.; Barnett, B.P.; Biswal, S.; Handa, J.T. Nrf2 signaling modulates cigarette
smoke-induced complement activation in retinal pigmented epithelial cells. Free Radic. Biol. Med. 2014, 70, 155-166. [CrossRef]
Sigfridsson, E.; Marangoni, M.; Johnson, J.A.; Hardingham, G.E.; Fowler, ].H.; Horsburgh, K. Astrocyte-specific overexpression
of Nrf2 protects against optic tract damage and behavioural alterations in a mouse model of cerebral hypoperfusion. Sci. Rep.
2018, 8, 12552. [CrossRef]

Matias, I.; Morgado, J.; Gomes, EC.A. Astrocyte Heterogeneity: Impact to Brain Aging and Disease. Front. Aging Neurosci.
2019, 11, 59. [CrossRef] [PubMed]

Walz, W.; Lang, M.K. Immunocytochemical evidence for a distinct GFAP-negative subpopulation of astrocytes in the adult rat
hippocampus. Neurosci. Lett. 1998, 257, 127-130. [CrossRef]


http://doi.org/10.1073/pnas.1405634111
http://doi.org/10.1111/j.1365-2249.2006.03094.x
http://doi.org/10.1038/nn.2887
http://doi.org/10.1007/s00401-014-1263-5
http://doi.org/10.1177/135245859800400323
http://www.ncbi.nlm.nih.gov/pubmed/9762676
http://doi.org/10.1016/S0002-9440(10)64677-9
http://doi.org/10.1002/ana.24398
http://www.ncbi.nlm.nih.gov/pubmed/25727254
http://doi.org/10.1016/j.bbi.2020.03.004
http://doi.org/10.1186/2051-5960-2-53
http://www.ncbi.nlm.nih.gov/pubmed/24887075
http://doi.org/10.1002/ana.21524
http://doi.org/10.1016/j.clim.2012.12.007
http://doi.org/10.1016/j.immuni.2019.12.004
http://doi.org/10.1371/journal.pone.0122048
http://doi.org/10.1177/0192623311428478
http://doi.org/10.1038/srep31159
http://doi.org/10.1002/glia.22616
http://doi.org/10.1016/j.freeradbiomed.2014.01.015
http://doi.org/10.1038/s41598-018-30675-4
http://doi.org/10.3389/fnagi.2019.00059
http://www.ncbi.nlm.nih.gov/pubmed/30941031
http://doi.org/10.1016/S0304-3940(98)00813-1

	Introduction 
	Materials and Methods 
	Induction of EAE and DMF Treatment 
	ELISA and T Cell Proliferation Assay 
	Immunohistology 
	Flow Cytometric Analysis 
	Statistical Analyses 
	Materials 

	Results 
	Effect of DMF on Cytokine Production 
	DMF Treatment Decreased Demyelination and Axonal Loss 
	DMF Treatment Decreased iNOS+ Macrophages and Ym1+ Macrophages in the CNS 
	DMF Treatment Decreased Deposition of C3 and Development of Reactive C3+ Astrocytes in the CNS 

	Discussion 
	References

