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Studies have correlated excessive S100B, a small inflammatory molecule, with demyelination and associated inflammatory processes
occurring in multiple sclerosis. The relevance of S100B in multiple sclerosis pathology brought an emerging curiosity highlighting its
use as a potential therapeutic target to reduce damage during the multiple sclerosis course, namely during inflammatory relapses. We
examined the relevance of S100B and further investigated the potential of S100B-neutralizing small-molecule pentamidine in chronic
experimental autoimmune encephalomyelitis. S100B depletion had beneficial pathological outcomes and based on promising results
of a variety of S100B blockade strategies in an ex vivo demyelinating model, we choose pentamidine to assay its role in the in vivo
experimental autoimmune encephalomyelitis. We report that pentamidine prevents more aggressive clinical symptoms and improves
recovery of chronic experimental autoimmune encephalomyelitis. Blockade of S100B by pentamidine protects against oligodendro-
genesis impairment and neuroinflammation by reducing astrocyte reactivity andmicroglia pro-inflammatory phenotype. Pentamidine
also increased regulatory T cell density in the spinal cord suggesting an additional immunomodulatory action. These results showed
the relevance of S100B as a main driver of neuroinflammation in experimental autoimmune encephalomyelitis and identified an un-
characterized mode of action of pentamidine, strengthening the possibility to use this drug as an anti-inflammatory and remyelinating
therapy for progressive multiple sclerosis.
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calcium-binding adapter molecule 1; IFN= interferon; IL= interleukin; iNOS= inducible nitric oxide synthase; LPC=
lysophosphatidylcholine; MBP=myelin oligodendrocyte glycoprotein; MOG=myelin oligodendrocyte glycoprotein; NAWM=
normal-appearing white matter; NG2=neuron-glial antigen 2; OCSC=organotypic cerebellar slice cultures; P=plaque;
PCR= polymerase chain reaction; Pnt= pentamidine; PP= periplaque; Ptx=pertussis toxin; RAGE= receptor for advanced
glycation endproducts; Th=T helper; TNF= tumour necrosis factor; Treg= regulatory T cells

Graphical Abstract

Introduction
Multiple sclerosis is an autoimmune and chronic demyelinat-
ing disorder of the CNS that causes motor and cognitive
disability among young and middle-aged adults.1,2

Pathologically, it is known that immune cells become overac-
tivated against self-myelin proteins accompanied by in-
creased activation of resident glial cells that exacerbate
neuroinflammation.3

Inside the inflammatory environment, S100B, a small
Ca2+ binding protein highly expressed by astrocytes, was de-
scribed to be a potential biomarker of disease pathology.4,5

Despite its neurotrophic effects at nanomolar concentra-
tions, S100B has detrimental consequences under patho-
logical conditions, including glial activation, enhanced
inflammation and oligodendrogenesis impairment that ham-
pers possible remyelination.6 In addition, S100Bmay act as a
damage-associated molecular pattern molecule (DAMP), or
alarmin, in a variety of disorders being released to microen-
vironments to trigger tissue reaction.7 Particularly, in mul-
tiple sclerosis, S100B levels in both CSF and blood have
been shown to reflect disease severity and progression.4,5,8

We recently showed a direct correlation between augmented
S100B levels in human CSF and serum samples at the time
of diagnosis of relapsing–remitting multiple sclerosis pa-
tients, and its high secretion by astrocytes in active and
chronic-active lesions in post-mortem brain samples.9

Several attempts to target S100B toxic levels through
antibody-mediated neutralization (e.g. anti-S100B,

anti-S100 or anti-soluble S100B receptor, the receptor for
advanced glycation end products, RAGE),9–11 specific
S100B receptor antagonists (e.g. FPS-ZM1)12 and inhibitors
of S100B synthesis (e.g. arundic acid)13 were already tested
using ex vivo and in vivo models. Furthermore, the use of
the S100B inhibitor pentamidine, an approved antiprotozoal
drug, was shown to reduce S100B and RAGE expression in
an Alzheimer’s disease animal model and elicit a neuropro-
tective role in hippocampal neurons.14 Recently, a study de-
monstrated that pentamidine partially ameliorates disease
progression in the relapsing–remitting in vivomodel of mul-
tiple sclerosis, the experimental autoimmune encephalomy-
elitis (EAE), by slightly improving EAE paralysis and
cerebellar neuroinflammation, although its effect on spinal
cord injury and CNS immunity was not explored.15

Here, we initially explored the effects of S100B deletion
and then investigated the pharmacological value of pentami-
dine in the blockade of S100B toxic effects in chronic EAE, a
preclinical mouse model of chronic multiple sclerosis.
Induction of EAE in S100B knockout (KO) mice ameliorated
clinical symptoms with reduced number of lesions and glial
reactivity, corroborated by reduced inflammation in a de-
myelinating ex vivo model. Furthermore, treatment with
pentamidine changed disease course and outcome, amelior-
ating disease severity and reducing locomotor impairment.
Pathologically, pentamidine prevented lesion formation
and oligodendrocyte impairment, in parallel with a decrease
in astrocytic reactivity, and increased recruitment of
non-pro-inflammatory microglia/macrophages cells possibly
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favouring remyelinating processes. In addition, pentamidine
enhanced CNS infiltration by regulatory T (Treg) cells in op-
posite to T helper (Th)1 and Th17. Altogether, this study
strengthened the crucial role of S100B in multiple sclerosis
pathology and highlighted the possibility to use pentamidine
as a therapy to reduce damage and improve recovery of mul-
tiple sclerosis lesions, with high drug repurposing potential.

Materials and methods
Animals
S100B KO mice progenitors were purchased from the
Jackson Laboratory. The colonies were established in
Instituto de Medicina Molecular João Lobo Antunes
(Lisbon, Portugal), and the genotyping was done by poly-
merase chain reaction (PCR), in which three pairs of primers
were used to amplify different DNA regions according to the
manufacturer’s instructions (Wellcome Trust Sanger
Institute, Hinxton Cambridge, UK). Female C57BL/6 mice
were acquired from Instituto Gulbenkian Ciência (Oeiras,
Portugal) and maintained at Instituto de Medicina
Molecular João Lobo Antunes (Lisbon, Portugal). All ani-
mals were maintained under specific pathogen-free housing
conditions, on a reverse 12h–12 h light/dark cycle and fed
with regular chow andwater ad libitum. Training and testing
began between 8 and 11 weeks of age, after 1 week of accli-
matization to the housing conditions.

Animal care followed the recommendation of the
European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific
Purposes (Council Directive 86/609/EEC) and National
Law 1005/92 (rules for the protection of experimental ani-
mals). All animal procedures were approved by the
Institutional Animal Care and Use Committee, and the na-
tional animal affairs regulatory office (Direção Geral de
Alimentação e Veterinária). Every effort wasmade tominim-
ize the number of animals used and their suffering.

Ex vivo model of demyelination
Organotypic cerebellar slice cultures (OCSCs) treated with ly-
sophosphatidylcholine (LPC) were prepared and analysed as
described.10 Cerebella were obtained from S100B WT and
S100B KOmice at postnatal Day 10 and cut into parasagittal
slices with 400-μm thickness using aMcIlwain tissue chopper.
Four slices from different animals were placed into a 0.4-µm
pore membrane culture insert (BD Falcon) in 6-well cell cul-
ture plates, in an air–liquid interface, at 37°C and 5% CO2

conditioned atmosphere and kept in culture until 7 days in vi-
tro (DIV) to allow the clearance of debris and fullmyelination.
For the first 3 days, sliceswere culturedwith a culturemedium
consisting of 50% minimal essential media (Gibco, Life
Technologies), 25% of both heat-inactivated horse serum
(Gibco) and Earle’s balanced salt solution (Gibco), 6.5 mg/
ml glucose (Gibco), 36 mM 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES) (Biochrom AG) and 1% of

both L-glutamine (Sigma-Aldrich) and antibiotic–antimycotic
(Sigma-Aldrich). The culture media was renewed every day.
At 4DIV, to improve neuronal viability, culturemedia was re-
placed by a serum-free media, containing Neurobasal-A (NB,
Gibco), supplemented with 2% B-27 (Gibco), 1%
L-glutamine, 36 mM glucose, 1% of antibiotic–antimycotic
and 25 mM HEPES. Again, the media was daily replaced.
After 7 DIV, slices were incubated with 0.5 mg/ml LPC in
serum-free culture media for 18 h, at 37°C, after which the
medium was changed into serum-free media. Cultures were
maintained for 30 h and then slices were collected and stored
for RNA extraction or fixed for immunohistochemistry
assays.

Experimental autoimmune
encephalomyelitis induction
Female C57BL/6 mice with 11 weeks were EAE-induced
using a commercial kit (Hooke Laboratories), according to
the manufacturer’s instructions. Animals were subcutane-
ously injected in the upper and lower back with a total of
0.2 ml (100 µl per site) of the myelin oligodendrocyte glyco-
protein (MOG) 35–55 peptides emulsified in complete
Freund’s adjuvant (CFA). In addition, to achieve full immun-
ization, animals were administered intraperitoneally with a
total of 100 ng (100 µl per animal) of pertussis toxin (PTx)
in PBS on the first day of immunization and repeated on
the following day (1-day post-EAE induction, dpi). During
the EAE procedure, the mice were not submitted to anaesthe-
sia, and all the procedures were performed by the same per-
son among all experimental groups.

After EAE induction, all animals were weighed and mon-
itored daily. Clinical signs of EAE were also assessed using a
scale ranging from 0 to 5 grades that are, briefly, character-
ized by an ascending paralysis beginning at the tail (Score 1),
followed by limb and forelimb paralysis (Score 2 and 3,
respectively), leading to quadriplegia (Score 4) and complete
paralysis (Score 5). Paralyzed animals were granted easier
access to food and water. Importantly, the EAE model was
generally considered a success if it exceeds a score of
2. Moreover, animals that had to be sacrificed taking into
account humane end-point, were given the last clinical evalu-
ation for the rest of the experiment.

Experimental groups and
pentamidine treatment
For initial studies, female S100B KO and S100B WT mice
with the same genetic background were EAE-induced, with
five to eight animals per group. For pharmacological studies,
female C57BL/6 mice were randomly divided into three dif-
ferent experimental groups in two independent experiments,
5–15 animals per group. Non-induced animals (or naïve
group) were injected subcutaneously with an emulsion of
PBS in CFA and were injected with PTx at the same concen-
tration and timepoints, as previously described. The
EAE-induced animals (or EAE group) were treated daily
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with vehicle solution, PBS, as well as the naïve group.
Pentamidine, an antiprotozoal drug, was obtained from
Sigma-Aldrich. Pentamidine treatment (or EAE+ Pnt group,
4 mg/kg of body weight, based on studies for acute colitis16)
was given daily by intraperitoneal injection, one time per
day, beginning on the day of disease induction for prophylac-
tic studies and at the first day of clinical symptoms for indi-
vidual mice (clinical score equal to 0.5 or 1) for therapeutic
studies. EAE groupswere sacrificed at 17 and 30 dpi together
with the naïve group.

Motor coordination testing
Mouse motor assessment by pole test and rotarod protocols
was performed and registered at 8, 11 and 14 dpi to assess
disease progression. The animals were placed in a behaviour
room and habituated for 30 min under dim yellow light be-
fore the tests. To remove any olfactory clues, the apparatuses
were cleaned with a 30% ethanol solution between each ani-
mal for all tests. The experimenter remained in the room
while the animals were being tested.

For the pole test, the system was composed of a square
base with a rough-surface pole (height 50 cm; diameter
2 cm) fixed on a square wood base. The apparatus was
placed on a cage covered with animals’ bedding material
and paper rolls. Four trials with a minimum of 15 min inter-
val between each were done. Mice were placed facing up on
top of the pole and the time the animals took to turn down
and reach the cage was evaluated. If the animal fell or did
turn down and up again, this was considered a failed trial.
To register the tests, the animals were videotaped for further
analyses blinded to the evaluator.

Regarding the rotarod test, the mice were tested in a rotar-
od apparatus (Panlab, Harvard Apparatus, Barcelona,
Spain) specific for mice to evaluate their motor performance.
In the first day, animals experienced an habituation period,
where they were placed on the rotating rod at 7 rotations
per minute (rpm). This habituation period was considered
over when the animals were able to stay on the rod without
falling for a minimum of 2 min. Then, the animals were sub-
jected to 3 trials on an accelerating protocol (a gradual in-
crease from 4 to 40 rpm, during 5 min) with a minimum of
30 min between each trial. The latency to fall and respective
rotation was registered automatically by the apparatus.

Preparation of mononuclear cells and
flow cytometry
Experimental groups were sacrificed at disease peak, 17 dpi.
Animals were anaesthetized with a non-lethal dose of isoflur-
ane and intracardially perfused with cold PBS. The spinal
cordwasmechanically dissociated and digestedwith collage-
nase Type VIII (0.2 mg/ml; Sigma-Aldrich) in PBS at 37°C
for 30 min. To isolate mononuclear cells, tissue passed
through a 70-µm strainer, followed by a 30% Percoll gradi-
ent and centrifugation for 20 min at 2000 rpm. Cells were

recovered, resuspended in a complete medium and used for
intracellular staining.

For staining, cellswere stimulated for 4 h in a complete culture
medium containing 50 ng/ml PMA, 500 ng/ml ionomycin,
10 µg/ml brefeldin A and Golgi Stop (Sigma-Aldrich). Staining
with LIVE/DEAD Fixable Dead Cell Stain kit (Life
Technologies) was performed before fixation to allow gating
onviable cells.Cellswereblocked for20 minand stained for anti-
bodies targeting specific surface markers for different lympho-
cytes (CD19-PerCPCy5.5, CD4-PECY7, CD25-APCeF780,
CD8-BV421, CD44-BV605; all from eBioscience). After staining
of surface markers, cells were treated with fixation and perme-
abilization kit (eBioscience) and stained with interferon (IFN)-γ-
fluorescein isothiocyanate (FITC) (XMG1.2), interleukin
(IL)-17A-PE (ebio 17B7) and Foxp3-APC (FJK165) antibodies
from BD Biosciences and eBioscience according to the manufac-
turers’ recommendations.

Mononuclear cells cytokine
production assay
Draining lymph nodes were removed and red blood cells
were eliminated using the ACK method. Cell suspensions
were prepared and plated in 96-well flat-bottom plates in
complete medium [RPMI 1640 with GlutaMAX, supple-
ment with 10% fetal bovine serum (FBS), 1% HEPES, 1%
penicillin/streptomycin, 1% sodium pyruvate, 0.1% 2-ME;
all Invitrogen]. The culture was stimulated with 20 µg/ml
of MOG35–55, at 37°C. After 72 h, the supernatants were re-
covered for quantification by enzyme linked immunosorbent
assay (ELISA) Kits (Invitrogen) of IFN-γ, IL-17A and IL-10.

Immunohistochemistry and data
analysis
The lumbar spinal cord was post-fixed in 4% paraformalde-
hyde and then transferred to 30% sucrose solution. Then,
the tissue was embedded in Tissue-Tek O.C.T compound
(Sakura Finetek) and cross-sectioned in serial coronal cryo-
stat sections with 20-µm thickness (Cryostat Leica CM
S3050). Frozen sections were defrosted at room temperature
(RT). After fixation, the tissue was permeabilized with
0.25% Triton X-100 in PBS for 10 min and then incubated
for 1 h with blocking solution [5% bovine serum albumin
(Sigma-Aldrich), 5% FBS and 0.1% Triton X-100 (Roche
Diagnostics) in PBS]. Then, the sections were incubated
with primary antibodies diluted in a blocking solution for
48 h at 4°C. The following antibodies were used: myelin ba-
sic protein (MBP, 1:200, BioRad) for mature oligodendro-
cytes, neuron-glial antigen 2 (NG2, 1:100, Millipore) for
oligodendrocyte precursor cells, glial fibrillary acidic protein
(GFAP, 1:100, Novocastra) for astrocytes, ionized calcium-
binding adapter molecule 1 (Iba1, 1:250, WAKO), inducible
nitric oxide synthase (iNOS, 1:100, BD Biosciences), CX3
chemokine receptor 1 (CX3CR1, 1:200, Abcam), as well
as S100B (1:250, DAKO). Following incubation, slices
were washed three times for 10 min with PBS before
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incubation for 2 h at RT with the following secondary anti-
bodies: anti-rabbit Alexa Fluor 488, anti-rat Alexa Fluor
594, anti-mouse Alexa Fluor 488 and 647 (1:500,
Invitrogen, in blocking solution). Slices were washed three
times for 10 min each, incubated for 5 min with DAPI
(1:1000), washed three times for 5 min each with PBS and
mounted with Fluoromount-G (Southern Biotech).
Fluorescent images were obtained by confocal microscopy
using Leica DMi8-CS inverted microscope with Leica LasX
software (Leica Application Suite X), with 20× and 40×
magnification. Approximately, 18–20 z-stacks were taken
per slice per condition, reducing variation in image acquisi-
tion, and all analyses were done in the merged z-stacks.
Demyelination and inflammation were analysed in white
and grey matter. Furthermore, the percentage of area occu-
pied by NG2, GFAP, S100B, iNOS, CX3CR1 and Iba1 in
the absence of MBP was measured using Fiji software in
each section. To correlate the glial activation, cell infiltration
and the recruitment of oligodendrocyte precursor cells with
white matter lesions, the areas of lesion plaque (P), periplaque
(PP) and normal-appearing white matter (NAWM) were deli-
mitated. The lesion plaque was identified by the loss of MBP
staining and increase in cell nuclei with DAPI staining. The
immediately adjacent area was defined as PP, selecting the
100 µm radius surrounding the plaque, and also a 100 µm ad-
jacent radius to this PP area was defined as the NAWM.
Results are given by averaging values determined in three dif-
ferent slices from each of five mice per group.

Semi-quantitative qReal-Time PCR
Total RNA was extracted from the thoracic spinal cord and
cerebellar slices from each experimental group, using
RiboZol™ reagent method, according to the manufacturer’s
guidelines (VWR Life Science). Total RNA was quantified
using NanoDrop ND-100 Spectrophotometer (NanoDrop
Technologies) and reversibly transcribed into complemen-
tary DNA (cDNA) with the Xpert cDNA Synthesis
Mastermix Kit (GRiSP), under recommended conditions.
Quantitative Real-Time PCR (qReal-Time PCR) was per-
formed using β-actin as an endogenous control to normalize
the expression level of: S100B, F- 5′ TGTAGACCCTAA
CCCGGAGG 3′ and R- 5′ TGCATGGATGAGGAAGG
CAT 3′; tumour necrosis factor (TNF)α, F- 5′ TACTGAAC
TTCGGGGTGATTGGTCC 3′ and R- 5′ CAGCCTTGT
CCCTTGAAGAGAACC 3′, IL-1β, F- 5′ CAGGCTCCGA
GATGAACAAC 3′ and R- 5′ GGTGGAGAGCTTTCAGC
TCATA 3′ and IL-10, F- 5′ ATGCTGCCTGCTCTTACT
GA 3′ and R- 5′ GCAGCTCTAGGAGCATGTGG 3′.
cDNA samples were amplified by qRT-PCR on a 7300
Real-Time PCR System (Applied Biosystem) by the excita-
tion and emission of Xpert Fast SYBR MasterMix
(GRiSP). The PCR was performed in 384-well plates, in
which each sample was in duplicate and a no-template control
was included. The cycle conditions were previously optimized:
50°C for 2 min, 95°C for 10 min followed by 40 cycles at 95°C
for 15 s and 64°C for 1 min. To verify the specificity of the

amplification, a melt-curve was performed immediately after
the amplification protocol. Non-specific products of PCR
were found in any case. Relative messenger RNA (mRNA)
concentrations were calculated using the Pfaffl modification
of the ΔΔCt equation cycle number at which fluorescence
passes the threshold level of detection (Ct) Δ, taking into ac-
count the efficiency values of individual genes. The results
were normalized to the endogenous gene, β-actin, andwere ob-
tained by the formula 2−ΔΔCt. ΔCt is the value obtained, for
each sample, by performing the difference between the mean
Ct value of each gene of interest and the mean Ct value of
β-actin. ΔΔCt of one sample is the difference between its ΔCt
value and the ΔCt of the sample chosen as reference.

ELISA
Mouse TNFα, IL-1β, IFN-γ, IL-17A and IL-10 were measured
in the serum and in the supernatant of non-stimulated/stimu-
lated mononuclear cells isolated from draining lymph nodes
by ELISA, following manufacturers protocol (Invitrogen).

Statistical analysis
All results are presented as mean+ SEM. Data analysis was
performed using PRISMGraphPad 7.0 (GraphPad Software,
San Diego, CA, USA). Significant differences between the
two groups were determined by unpaired two-tailed
Student’s t-test; otherwise, Mann–Whitney U-test was ap-
plied. To assess significant differences between more than
two groups and between parameters, one-way and two-way
ANOVA with Tukey post-test for multiple comparisons
were performed. Statistical significance was ranked *P,

0.05, **P, 0.01 and ***P, 0.001.

Data availability
The authors confirm that the data supporting the findings of
this study are available within the article and its supplemen-
tary material.

Results
S100B depletion partially protects
from EAE-associated paralysis
S100B is increased in the pro-inflammatory context of mul-
tiple sclerosis.4,5,9 Based on our previous findings9 and to ex-
plore the importance of S100B in multiple sclerosis
development, we used the EAE model, which mimics the
inflammation and demyelination of the CNS.17 For this,
homozygotic (S100B WT) and KO (S100B KO) mice were
obtained. After 11 weeks, female mice were EAE-induced
byMOG35–55 immunization (Fig. 1A). Tissue S100B expres-
sion in the S100B KO group was almost non-existent when
comparing to the S100BWT group (n.d. for gene expression;
P, 0.001 for protein expression, Fig. 1B). S100B deletion
delayed disease onset, reduced associated paralysis and
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accelerated animal recovery, mostly in chronic EAE stages (P
,0.05; Fig. 1C), with a slight improvement in mice body
weight (Fig. 1D). Regarding locomotor ability, in the pole
test, no alterations were observed between both conditions
before clinical symptoms (8 dpi, time to turn: 5.33+1.53
for S100B WT and 6.14+1.35 for S100B KO; 8 dpi, time
to descend: 4.67+0.71 for S100B WT and 5.14+1.86

for S100B KO). Pathologically (Fig. 1E), S100B KO mice
showed a significant (P,0.05) reduction in the total number
of demyelinating lesions (Fig. 1F), accompanied by a de-
crease in lesion area (Fig. 1G).

Our data suggest that S100B deletion mitigates some mo-
tor symptoms elicited by EAE and prevents myelin degrad-
ation and cell infiltration.

Figure 1 S100B KOmice are protected from EAE-induced paralysis. (A) Schematic representation of the study outline. Female S100B
WT and S100B KOmice were induced with EAE by MOG35–55 immunization and monitored until 30 days after EAE induction. (B) S100B gene and
protein expression levels were determined by qReal-Time PCR and western blot, respectively. (C) Clinical score observations and (D) body
weight were measured for both experimental groups, S100B WT and KO mice, for 30 days. Clinical score was given followed a 5-point scale,
establishing a numeric value to the disease severity. The EAE index represents the AUC that was also calculated for each animal. (E)
Representative images of spinal cord sections showing demyelinating lesions immunostained for mature oligodendrocytes (MBP) and
counterstained for cell nuclei (DAPI). Scale bar: 200 µm for slices and 50 µm for insets. Magnification: 20× for slice and 40× for insets. Number of
demyelinating lesions and respective area were detected. UnpairedMann–Whitney t-test was used for statistical significance (*P, 0.05, **P, 0.01
and ***P, 0.001 versus S100BWT). (C–D) n= 4 animals for S100BWT, and n= 9 animals for S100B KO; (F–G) n= 3 animals for S100BWT and
S100B KO.
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S100B KO mice show reduced CNS
glia reactivity and inflammation
following demyelination
To demonstrate that S100B deletion protects from EAE by re-

ducing CNS neuroinflammation, immunohistochemistry for

astrocytes and microglia/macrophages was analysed in spinal
cord sections of EAE-induced S100B WT and KO, and
respective naïve animals. As we observe in Fig. 2A and B, re-
duced expression of both the astrocyte marker GFAP (P,

0.05, Fig. 2C) and the microglia/macrophage marker Iba1
(Fig. 2D) was found in EAE KO mice when compared with
WT animals. Furthermore, there are no significant differences

Figure 2 S100B KOmice present a reduced CNS inflammation in the in vivo model of chronic multiple sclerosis and in the ex
vivo demyelinatingmodel. Thirty days post-EAE induction, mice were sacrificed, and the spinal cords were collected. Representative images of
spinal cord sections immunostained for microglia (Iba1) and for astrocytes (GFAP) for (A) EAEWT and for (B) EAE KO mice. Scale bar: 200 µm
for slices and 50 µm for insets. Magnification: 20× and 40× for insets. Graph bars represent the percentage of area stained for (C) astrocytes
(GFAP), (D) microglia/macrophages (Iba1), (E) iNOS and (F) CX3CR1 in the total slice of S100B WT and S100B KO groups. (G) Organotypic
cerebellar slice cultures were exposed to LPC for 18 h and allowed to recover for additional 30 h, being evaluated at 48 h post-LPC incubation.
Representative images of cerebellum sections immunostained for (H) microglia (Iba1) and for (I) astrocytes (GFAP). Scale bar: 50 µm. (J) Graph
bars represent relative TNFα, IL-1β and IL-10 mRNA expression levels determined by qReal-Time PCR. Results were normalized to β-actin.
One-way ANOVA with Tukey post-test was used to determined statistical differences (*P, 0.05, **P, 0.01 and ***P, 0.001 versus S100BWT
CTRL; #P, 0.05 versus respective S100B WT LPC). (C–F) n= 3 animals per group; (I): n= 3–6 animals for S100B WT and S100B KO.
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between naïve KO and EAE KO animals for both markers
(Fig. 2C andD). The same does not occur with theWT group.
Indeed, we observe a significant increase in both GFAP (P,

0.01, Fig. 2C) and Iba1 (P, 0.01, Fig. 2D) expression in
EAE-inducedWTanimalswhen compared to respective naïve.

Then, we also performed immunohistochemistry to
unveil microglia phenotypes using iNOS and fractalkine
receptor (CX3CR1) markers for pro-inflammatory and
homeostatic/phagocytic microglia, respectively. As shown
in Fig. 2E, a significant increase is observed in the iNOS ex-
pression in the entire slice of EAE WT (P, 0.01, Fig. 2E)
when compared with naïve WT and a slight but no signifi-
cant increase in the CX3CR1 expression in the total slice
(Fig. 2F). In agreement with the previous data, no changes
in iNOS expression were observed in S100B KO animals
when compared with the respective naïve group (Fig. 2E),
and although CX3CR1 expression was slightly increased in
EAE KO animals, no significant changes were obtained ver-
sus naïve S100B KO group (Fig. 2F).

Concordantly, demyelination of OCSC by LPC (Fig. 2G)
elicited a reduced Iba1 (Fig. 2H) and GFAP (Fig. 2I) immu-
noreactivity in tissue from S100B KO animals when com-
pared with S100B WT ones. TNFα (P, 0.05) and IL-1β (P
,0.001) were significantly increased in S100B WT cultures
as well as IL-10 (P, 0.05) after LPC-induced demyelination
when compared with respective naïve animals (Fig. 2J).
Attractively, in S100B KO cultures, both TNFα and IL-1β
(P,0.05) were downregulated, whereas IL-10 upregulation
was maintained when compared with demyelinated S100B
WT cultures (Fig. 2J).

Our data indicate that S100B deletion reverts the glial
scenario and the pro-inflammatory profile observed upon a
demyelinating insult.

Neutralization of S100B prevents
multiple sclerosis-like pathology in
the demyelinating ex vivo model
As S100B deletion was able to abrogate CNS neuroinflam-
mation, we hypothesized that S100B blockade could be an
effective approach to prevent CNS-associated damage. The
therapeutic efficacy of three different S100B blockade strat-
egies (anti-S100B, RAGE antagonist and pentamidine) were
compared in the ex vivo demyelinating model described pre-
viously. Previous and published data from our laboratory9,12

were plotted with data from pentamidine studies. S100B le-
vels, oligodendrogenesis, gliosis and inflammation were
measured and normalized to naïve group values.

Along with the increased S100B expression, LPC-induced
demyelination led to a clear loss of myelinated fibers and al-
tered oligodendrogenesis, as well as worsening side effects
such as inflammation and gliosis when compared with the
naïve group. Furthermore, although substantially reducing
inflammation, protective effects following antibody treat-
ment (Fig. 3A) may be due to the blockade of excessive
S100B present in the extracellular spaces. Particularly,

RAGE antagonist (Fig. 3B) and pentamidine (Fig. 3C) treat-
ments were the most beneficial for restoring myelination
while reducing both neuroinflammation and S100B expres-
sion. These effects could be due to a more broaden effect ei-
ther at RAGE receptor through inhibition of other ligands
binding upon RAGE antagonist treatment, or blockade of
S100B effect at both extracellular and intracellular levels fol-
lowing pentamidine use.

Since RAGE is not a sole receptor of S100B and its binding
can have striking consequences on different cell types,18 we
envisioned that pentamidine could be the most promising
therapeutics for in vivo preclinical studies with a high trans-
lational potential for progressive multiple sclerosis clinics.

S100B inhibition by pentamidine
protects from EAE-associated
paralysis
First, we characterized S100B expression upon EAE induc-
tion. Immunohistochemistry data at 17 and 30 dpi showed
a clear transient phenomenon when comparing values be-
tween timepoints (Fig. 4). An initial significant increase of
S100B expression was observed in white (P, 0.001) and
grey (P, 0.01) matter in non-treated EAE group in compari-
son to the naïve group. Treatment with pentamidine signifi-
cantly reverted the effect elicited by EAE induction mainly in
the white matter (P, 0.01; Fig. 4A). At later stages, 30 dpi,
S100B was reduced, with no significant alterations from
naïve or pentamidine-treated animals (Fig. 4C). The in-
creased expression of local S100B was then followed by its
peripheric release to serum at both timepoints (Fig. 4B–D).

Several in vivo studies demonstrated the positive effects of
blocking S100B toxic levels using pentamidine in the context
of Alzheimer’s disease,14 acute colitis16 and sepsis.19 Here,
we clarify the effect of pentamidine as an effective approach
to prevent the onset and progression of chronic EAE. For
this, pentamidine treatment started on the day of EAE induc-
tion and was followed by 30 days. EAE mice typically demon-
strated the appearance of motor impairments around 11–
13 dpi, reaching the plateau at 16 dpi with a mean score of
3.26+ 0.37 (Fig. 4E). Pentamidine-treated animals exhibited
lower clinical scores, reaching a maximum mean score of
2.20+ 0.44. Attractively, the appearance of the first clinical
signs was significantly delayed in pentamidine-treated animals
(13.13 dpi+ 0.69,P,0.05)when comparedwith non-treated
ones (11.10 dpi+ 0.50). In addition, pentamidine significantly
reduced the clinical symptoms of chronic EAE at the end of the
experiment (P, 0.01) with some animals presenting a clinical
score equal to zero or one, which corresponds to normalmotor
function. A significant differencewas evident for the area under
the curve (AUC), which indicates the combined clinical scores
for the entire experimental period (0–30 days), i.e. EAE=
48.88 and EAE+ Pnt= 25.41 (P, 0.05). Regarding animals’
body weight, the non-treated EAE group suffered a significant
loss of bodyweight that wasmaintained until the end of the ex-
periment (Fig. 4F). Interestingly, treatment with pentamidine
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significantly prevented this weight loss (P, 0.05) when com-
pared with the non-treated EAE group (Fig. 4G).

To test whether pentamidine strategy can be translational-
ly applied to human multiple sclerosis relapses, we assayed

pentamidine treatment on the first day of clinical signs (clin-
ical score equal to 0.5–1) of individual mice. Mirroring the
previous preventive studies, pentamidine treatment tends
to delay symptoms appearance and mitigate paralysis until

Figure 3Neutralization of toxic S100B by different therapeutic approaches using the ex vivomodel of demyelination. Each graph
represents the therapeutic effects of each treatment. Each parameter was normalized to naïve group values (dashed line). For this, cerebellar
organotypic slice cultures were incubated with LPC at 7 day in vitro for 18 h to induce demyelination. The different treatments (A) antibody
anti-S100B, (B) RAGE antagonist—FPS-ZM1 and (C) pentamidine were incubated at the same time as LPC and maintained for the additional 30 h
of recovery. The percentage of myelinated fibers was calculated by the ratio between the area of co-localization of neurofilaments (NF-160) and
mature oligodendrocytes (MBP), and the total area occupied byNF-160. Oligodendrogenesis was evaluated by the quantification of precursor cells
(NG2) andMBP. Gliosis parameter includes positive cells for astrocytes (GFAP) and for microglia (Iba1). Relative levels of themRNA expression of
S100B and inflammatory cytokines (TNFα and IL-1β) were also determined by qReal-Time PCR.
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Figure 4S100B inhibition by pentamidine prevents its high expression and protects fromEAEparalysis. Female micewere induced
with EAE by MOG35–55 immunization. Treatment with pentamidine started at day of EAE induction and lasted for 30 days. Representative images
of spinal cord sections showing S100B expression and graph bars represent the percentage of area stained for S100B at (A) 17 and (C) 30 dpi. Scale
bar: 200 µm. Magnification: 20×. S100B was determined by ELISA in animals’ serum at (B) 17 and (D) 30 dpi. (E) Clinical observations for
prophylactic studies were measured for the experimental groups following a 5-point scale, establishing a numeric value to disease severity. The
EAE index is represented by the AUC calculated for each animal. (F) Body weight was also measured during the 30 dpi and (G) the percentage of
body weight was calculated at 30 dpi. (H) Clinical observation for therapeutic intervention was measured for the experimental groups following a
5-point scale. The EAE index is represented by the AUC calculated for each animal. Two-way ANOVA with multiple comparisons was used for
statistical significance for (A) (**P, 0.01, and ***P, 0.001 versus naïve; and ##P, 0.01 versus EAE). Unpaired Mann–Whitney t-test was used
for statistical significance for (E–G) (#P, 0.05, ##P, 0.01, and ###P, 0.001 versus EAE). (A–D) n= 5 animals per group; (E–G) n= 5 animals for
naïve, n= 10 animals for EAE and EAE+ Pnt; H: n= 10 animals for EAE and 5 for EAE+ Pnt.
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disease peak (17 dpi, mean score of 1.9+ 1.34) when com-
pared with the non-treated EAE group, which was corrobo-
rated by a reduction of the EAE index (Fig. 4H).

Overall, our results indicate that pentamidine is effective
in reducing paralysis during EAE progression and even in im-
proving animals’ recovery.

Pentamidine improved
EAE-associated motor impairment
and reduced the number of
demyelinating lesions
To corroborate clinical score data, we evaluated the animal’s
locomotor ability through rotarod and pole tests along the
course of disease manifestation and prior to the peak of symp-
toms (i.e. 8, 11 and 14 dpi; Fig. 5A). In the pole test, through-
out time, the EAE group started to take longer to turn and
walked slower when descending the pole, where the most
significant differences occurred at 14 dpi (P, 0.01 for time
to turn and time to descend), as showed in Fig. 5B.
Interestingly, pentamidine treatment significantly prevented
motor impairment (P, 0.001 versus EAE for time to turn
and P, 0.01 for time to descend), allowing treated animals
to turn and descend faster than the non-treated EAE group.
In the rotarod test, upon clinical manifestations (14 dpi), the
non-treated EAE animals presented a significant reduction
in the time to fall (P, 0.05) that was also accompanied by
a reduction in the rod speed at fall (P, 0.05)when comparing
to naïve group (Fig. 5C). Interestingly, once again, pentami-
dine treatment was able to significantly prevent such effects
(P, 0.05) improving animal motor abilities.

Along with motor impairment, the EAE model is character-
ized by the destruction ofmyelin sheaths resulting in the forma-
tion of demyelinating lesions, known as plaques.20,21 To assess
whether the beneficial effect of pentamidine was associated
with the prevention of lesion formation, we analysed the areas
of cell infiltrates in spinal cord sections at peak and chronic dis-
ease stages (17 and 30 dpi, respectively). As expected, the naïve
animals did not display any demyelinated white matter lesions
(Fig. 5D). The presence of plaques was detected at both time-
points in non-treated EAE animals, althoughmore pronounced
in chronic stages (.4 lesions per animal). Regarding pentami-
dine treatment, in both 17 and 30 dpi, the animals presented
significantly fewer demyelinating lesions (P,0.05) when com-
pared with the non-treated EAE group (Fig. 5E and F).

Altogether, these results demonstrate that pentamidine
treatment is able to reduce motor incapacity in parallel
with its positive role in spinal cord lesion formation during
EAE chronic progression.

Pentamidine favours
oligodendrogenesis at lesion plaque in
the chronic EAE phase
Previous results showed that toxic S100B levels affect oligo-
dendrogenesis and demyelination,22 which are key

pathological hallmarks of EAE and multiple sclerosis.3 So,
we examined whether the S100B blockade strategy could re-
duce demyelination and/or improve remyelination processes
in the spinal cord sections.

An initial loss of mature oligodendrocytes stained for
MBP was observed in both white and grey matter of non-
treated and pentamidine-treated EAE animals at the peak
of disease (Supplementary Fig. 1A); however, this loss be-
came more pronounced at the chronic phase in non-treated
EAE animals (P, 0.001) while stabilized for the pentami-
dine group (Supplementary Fig. 2A and B). Thus, at the end-
point, the pentamidine group had a significantly increased
MBP expression (P,0.05) when compared with the non-
treated EAE one (Supplementary Fig. 2A and B). Taking a
closer look into the lesion—plaque—and surrounding areas
as PP and NAWM, there was a decreased percentage of area
stained with MBP that was more pronounced in the plaque
and at the disease peak (17 dpi) for both non-treated EAE
and pentamidine-treated animals (Supplementary Fig. 1A).
However, at a chronic phase, the pentamidine-treated group
showed an increased MBP expression mainly at the PP and
NAWM (P, 0.05; Fig. 6A and B).

The recruitment of oligodendrocyte precursors to the le-
sion site is essential for remyelination,23 so we decided to
also evaluate the density of immature oligodendrocytes
that are NG2 positive. As expected, at the disease peak
(17 dpi) there were no clear differences between EAE and
naïve animals, even when lesions and surrounding areas
were evaluated in non-treated and pentamidine-treated
EAE animals (Supplementary Fig. 1B). Nevertheless, in
chronic stages (30 dpi; Supplementary Fig. 2C), there was a
massive increase of NG2 density in both white and grey mat-
ter of non-treated and pentamidine-treated animals (P,

0.01) that was even significantly higher at plaque (P,

0.01), PP (P, 0.01) and NAWM (P,0.05) of the
pentamidine-treated group (Fig. 6A and C).

These results demonstrate that pentamidine prevents oli-
godendrogenesis impairment inducing the recruitment of
progenitor’s cells mainly to lesion plaque area.

Pentamidine partially decreases
EAE-associated astrogliosis but
enhances microglia/macrophages
recruitment
To study the impact of elevated S100B levels in gliosis, im-
munohistochemistry for astrocytes and microglia/macro-
phages was analysed in spinal cord sections.

At EAE peak, 17 dpi, there was a significant increase of
GFAP density in the non-treated EAE group in both white
(P,0.05) and grey matter (P, 0.01) that was almost com-
pletely abrogated by pentamidine treatment (P, 0.05;
Supplementary Fig. 1C). This inhibitory effect was mainly
observed at PP and NAWM regions (P, 0.05). The astro-
gliosis was slightly exacerbated in the chronic disease phase,
30 dpi, namely for the pentamidine-treated animals (P,
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Figure 5 Pentamidine treatment prevents motor impairment and the formation of new demyelinating lesions during EAE
progression. (A) Schematic representation of the study outline. Locomotor tests were performed at 8, 11 and 14 dpi. (B) In the pole test, the
time to turn and the time to descend the pole were assessed. (C) In the rotarod test, the speed of the rod at the time of the fall and the time to fall
of the rotating rod were assessed. (D) Representative images of spinal cord sections showing delineated demyelinated lesions immunostained for
mature oligodendrocytes (MBP) and counterstained for cell nuclei (DAPI). Scale bar: 200 µm. Magnification: 20×. Number of demyelinated lesions
were assessed at (E) 17 and (F) 30 dpi in all experimental groups. One- and two-way ANOVA with multiple comparisons was used for statistical
significance (**P, 0.01 versus respective naïve; #P, 0.05, ##P, 0.01, and ###P, 0.001 versus respective EAE; and $P, 0.05, $$P, 0.01, $$$P,
0.001, $$$$P, 0.0001 versus EAE at different timepoints). (D–F) n= 5 animals per group.
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0.01 versus naïve; Supplementary Fig. 3A and B), although at
the lesion site it was still observed a significant suppressive
effect of pentamidine at plaque (P, 0.05) and PP (P,

0.01) regions (Fig. 7A and C).
Alongside, EAE induction elicited an increase in micro-

glia/macrophage density at disease peak, 17 dpi, that was
significant for the grey matter of non-treated EAE animals
(P, 0.05) (Supplementary Fig. 1D), and higher at plaque
region. This microgliosis was reduced at the chronic phase,
30 dpi, for non-treated EAE animals, although still
significant for white matter when compared with naïve an-
imals (P, 0.05; Supplementary Fig. 3C). Intriguingly, at
this phase pentamidine-treated animals showed a highly
enhanced microglia/macrophage density mainly in
white (P, 0.001 versus naïve) and in grey matter
(Supplementary Fig. 3C) that was significantly augmented
when compared with non-treated animals at plaque
(P, 0.01), PP (P,0.01) and NAWM (P, 0.05; Fig. 7B
and D).

To further decipher which type of microglia/macro-
phages were induced upon pentamidine treatment, we eval-
uated the expression of pro-inflammatory iNOS and the
resolution of damage CX3CR1-positive cells. We observed

a marked increase of iNOS expression in non-treated EAE
animals at disease peak, 17 dpi (Supplementary Fig. 4A),
that was maintained in the chronic phase, 30 dpi
(Supplementary Fig. 4B), when compared with naïve ani-
mals (P, 0.001 for white matter; P, 0.01 for grey matter).
Curiously, pentamidine treatment was able to prevent
EAE-induced iNOS expression at both timepoints, with a
more marked action at 30 dpi in both white (P, 0.01) and
grey (P, 0.05)matter (Supplementary Fig. 4B), and at plaque
(P,0.01), PP (P, 0.05) and NAWM (P, 0.05)
regions (Supplementary Fig. 4C and D). In addition, non-
treated EAE group showed increased serum levels of TNFα
and IL-1β when compared with the naïve group (P, 0.05;
Supplementary Fig. 4E and F) that was significantly reduced
in the pentamidine-treated group (P, 0.05) corroborating
the previous results.

Regarding CX3CR1 staining, the differences between
groups were mainly observed at chronic stages. A slight in-
crease of CX3CR1 expression was observed in non-treated
EAE animals at disease peak (Supplementary Fig. 5A) that
was maintained throughout time (Supplementary Fig. 5B).
Interestingly, this increase was significantly enhanced by pent-
amidine treatment at 30 dpi in bothwhite (P, 0.001) and grey

Figure 6 Pentamidine treatment preventsmature oligodendrocytes loss and induces recruitment of oligodendrocyte precursor
cells at chronic EAE stage. (A) Representative images of the three delineated regions: P, PP and NAWM immunostained for mature
oligodendrocytes (MBP) and oligodendrocyte progenitor cells (NG2). Scale bar: 50 µm. Magnification: 40×. Graph bars represent the percentage of
area stained for (B) MBP and (C) NG2. The analysis was performed in all experimental groups at 30 days post-EAE induction. Two-way ANOVAwith
Tukey’s multiple comparisons was used for statistical significance (#P, 0.05, and ##P, 0.01 versus EAE) with n= 5 animals per group.
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matter (P, 0.001). Although with no alterations at 17 dpi
(Supplementary Fig. 5C), we observed the same significant in-
crease in pentamidine-treated animals at lesion plaque (P,
0.01) and surrounding areas (P, 0.001) when comparing to
non-treated EAE group (Supplementary Fig. 5D).

These data are indicative of pentamidine efficacy in
ameliorating CNS neuroinflammation by reducing astro-
cytic reactivity and inducing a less inflammatory and
more regenerative/phagocytic microglia in demyelinating
lesions.

Pentamidine enhances CNS
infiltration of regulatory T cells
following EAE induction
Increased reactivity of immune cells (e.g.Th1/Th17), defect-
ive function of Treg cells and the presence of inflammatory
cytokines are key players in multiple sclerosis and EAE path-
ology.24,25 Next, we examined whether pentamidine treat-
ment could modulate the infiltration of immune cells at the
spinal cord.

Figure 7 Pentamidine treatment partially reduce astroglial reactivity and enhances microglia/macrophage recruitment at
chronic EAE phase. (A) Representative images of the three delineated regions: P, PP and NAWM immunostained for astrocytes (GFAP) and
microglia/macrophages (Iba1). Scale bar: 50 µm. Magnification: 40×. Graph bars represent the percentage of area stained for (B) GFAP and (C)
Iba1. The analysis was performed in all experimental groups at 30 days post-EAE induction. Two-way ANOVA with Tukey’s multiple comparisons
was used for statistical significance (#P, 0.05 and ##P, 0.01 versus EAE) with n= 5 animals per group.
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At EAE peak, pentamidine slightly reduced the number of
Th cell populations that express IFN-γ, the Th1 and IL-17A,
the Th17 (Fig. 8A and B), although with no alteration on in-
filtrating CD3+ population, identified in accordance with the
gating strategy (Supplementary Fig. 6A and B). However,
CD4+ Foxp3+ Treg density at the spinal cords of
pentamidine-treated animals was significantly higher (P,

0.05, Fig. 8A and B) resulting in a significant decrease in
Th/Treg ratio (P, 0.05, Fig. 8C) when compared with the
non-treated EAE group. To further corroborate these data,
we also evaluated cytokines released in vitro by the restimu-
lation of immune cells isolated from cervical lymph nodes
with MOG35–55 peptide. The ratio between stimulated and
non-stimulated immune cells from the treated EAE group
showed a significant decrease in IFN-γ (P, 0.05, Fig. 8D)
and IL-17A (P, 0.01, Fig. 8E), whereas a slight increase in
IL-10 (P= 0.05, Fig. 8F) when compared with the non-
treated EAE.

Our data indicated that pentamidine affects immune toler-
ance promoting a more regulatory and less inflammatory
response.

Discussion
Here, we describe for the first time the role of S100B in
chronic EAE development and how its therapeutic blockade

with pentamidine has beneficial outcomes in multiple
sclerosis-like CNS- and immune pathology in chronic EAE
mice. Indeed, we show that S100B is a crucial contributor
to EAE and spinal cord pathology. Furthermore, we
found that S100B blockade by pentamidine in the
chronic EAEmodel acts by preventing lesion formation, neu-
roinflammation and modulating immune infiltration, thus
reducing disease progression and fastening recovery. Our
preclinical data reinforce the involvement of S100B in path-
ology and the possibility to repurpose pentamidine as a novel
potential therapy for multiple sclerosis.

DAMPs, or alarmins, comprise a set of endogenous mole-
cules (e.g. S100B) that are released to the extracellular space
upon tissue injury.26 Cells of the innate immune system rec-
ognize and respond to these warming signals through specific
receptors (e.g. RAGE) which, depending on the cellular con-
text, can stimulate cell differentiation or death, or secretion
of inflammatory mediators.7,26 Particularly, toxic S100B le-
vels have been directly related to disease progression as in
acute brain injury,27 congenital/perinatal disorders,28 psy-
chiatric disorders29 and neurodegenerative diseases includ-
ing multiple sclerosis.30 Consequences of excessive S100B
in the CNS include the following: (i) neuronal death by react-
ive oxygen species activation;31 (ii) microglial and astrocyte
activation32,33 and (iii) impaired oligodendrogenesis.22

Previously, we have shown that S100B is upregulated in
both CSF and serum in multiple sclerosis diagnosis, as well

Figure 8 Pentamidine treatment enhances a spinal cordT cell regulatory phenotype. Seventeen days post-EAE induction, spinal cord
mononuclear cells were stimulated ex vivowith PMA/ionomycin in the presence of protein secretion inhibitors and the expression of IFN-γ, IL-17A
and Foxp3 was evaluated by intracellular flow cytometry. (A) Representative contour plots, (B) percentage of positive cells within parent
population and (C) Th/Treg ratio are shown. Sorting strategy is described in Supplementary Fig. 6. At the same timepoint, cells from cervical lymph
nodes were stimulated ex vivo with MOG35–55 and (D) IFN-γ, (E) IL-17A and (F) IL-10 were quantified in the culture supernatants after 72 h by
ELISA. Graph bars represent the ratio between stimulated and non-stimulated conditions. Unpaired Mann–Whitney t-test was used for statistical
significance (#P, 0.05, and ##P, 0.01 versus EAE) with n= 5–7 animals per group.
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as in the active multiple sclerosis lesions from post-mortem
tissues.9 In addition, S100B is highly overexpressed and re-
leased in demyelinating conditions, validating the disease
models used in the present study.9 We found that S100B de-
pletion mitigates motor symptoms associated with clinical
EAE and decreased cell infiltration, thus preventing the for-
mation demyelinating lesions. Furthermore, our results
show that S100B depletion from the beginning of EAE pre-
vented astrocyte and microglia/macrophages activation to-
gether with an increased cell population expressing
CX3CR1 resulting in decreased TNFα and IL-1β gene ex-
pression. This is known to be mediated by the RAGE recep-
tor after overexpression of S100B, which leads to the
activation of the nuclear factor (NF)-κB pro-inflammatory
cascade.34,35 In addition, S100B ablation was already de-
scribed to reduce gliosis in other pathologies,36 confirming
the beneficial outcomes and emphasizing the pejorative effect
of S100B on CNS inflammation.

Given the significance of S100B as a therapeutic target,
some S100B blockade strategies as the anti-S100B, RAGE
antagonist and S100B inhibitors have been studied using
the ex vivo demyelinatingmodels. Particularly, recent studies
demonstrated that inhibiting S100B synthesis through arun-
dic acid was beneficial in lowering disease severity and in re-
ducing demyelination and astrocytosis, reinforcing the role
of S100B in chronic EAE.13 All strategies have shown prom-
ising results, but pentamidine, an approved drug by the Food
and Drug Administration and the European Medicines
Agency,37,38 was very appealing given its potential repurpos-
ing use. Attractively, pentamidine has also been shown to re-
duce inflammation in an Alzheimer’s disease mouse model14

and, more recently, to partially improve paralysis in relaps-
ing–remmiting EAE.15 We demonstrated that pentamidine
not only delayed disease onset in chronic EAE but also re-
duced disease incidence, in a more marked fashion than pre-
viously reported for relapsing–remmiting EAE.15 The
affinity and high specificity of pentamidine to inhibit
S100B activity by blocking the interaction of Ca2+/p53
site39 may explain the better disease outcomes, although
additional mechanisms should be explored. Moreover, the
potential toxicity of pentamidine in everyday use for long
periods40 must be taken into consideration. In addition,
pentamidine was also effective when given at the time of
EAE onset highlighting its potential usefulness as a new
pharmacological strategy for relapses, showing a broad
therapeutic action and reduced adverse effects than the
standard of care methylprednisolone.41 Importantly, al-
though themost prevalent form ofmultiple sclerosis is the re-
lapsing–remitting disease, patients frequently shift their form
to a progressive one where there are no effective therapeutic
options. So, our data show promising results in the use of
pentamidine for chronic/progressive forms of multiple scler-
osis being the first step towards clinical trials and further hu-
man application of pentamidine.

In the CNS, S100B is known to have a dual role.42 Under
EAE induction, S100B is upregulated, thus activating astro-
cytes and microglia, and creating a pro-inflammatory

environment that may favour demyelination and paralysis.
We showed that pentamidine treatment reduced the forma-
tion of white matter demyelinating lesions and induced oli-
godendrogenesis at chronic stages. These results confirm
the consequences of excessive S100B levels in impairing oli-
godendrogenesis22 and in delaying de novo myelination.
Nonetheless, it is important to preserve basal S100B for
proper differentiation of precursor cells intomyelinatingma-
ture oligodendrocytes. Indeed, it was demonstrated that the
total absence of S100B reduced/delayed oligodendrocyte
maturation in primary mixed glial cultures, whereas elicited
a lower maturation rate of newly generated oligodendrocyte
precursor cells in the in vivo cuprizone model.43

S100B is actively released by astrocytes under demyelinat-
ing circumstances behaving as a DAMP9 and their contribu-
tion to disease pathology has already been studied during
multiple sclerosis44,45 and in early EAE, as observed in the
present paper and by others.46 We demonstrated that astro-
cytic reactivity was prevented in the demyelinated lesions
and surrounding areas confirming pentamidine’s potential
beneficial effects on preventing glial scar formation.
Prevention of astrocyte migration and proliferation was pre-
viously reported following S100B silencing through a re-
duced activity of the Src kinase/phosphatidylinositol
3-kinase (PI3K) pathway.47 Furthermore, reduced astroglio-
sis by pentamidine was already described in other patholo-
gies and revealed to attenuate hippocampal gliosis via
RAGE-dependent manner.14,19

In parallel to increased S100B, we have shown an increase
of microglia proliferation and activation during demyelin-
ation9 via RAGE engagement.9,34 Concordantly, we ob-
served an increase of microglia/macrophage population
during the EAE course, whereas pentamidine enhanced their
recruitment to the lesions or near the proximity of plaques,
which is considered a multiple sclerosis-related pathological
hallmark.48 Alongside pentamidine ameliorated the
pro-inflammatory scenario by reducing iNOS expression,
which was already described in a mouse model of
Alzheimer’s disease,14 and increasing CX3CR1-producing
cells. Importantly, several studies have been demonstrating
the importance of CX3CR1 in neurodegeneration. Indeed,
knocking out CX3CR1 significantly impeded myelin clear-
ance, leading to the persistence of myelin debris further inhi-
biting proper remyelination in the in vivo demyelinating
model.49 These data suggest that the presence of microglia/
macrophages in the site of injury is related to their crucial
functions as phagocytic and regenerative cells and not with
their pathogenic functions. Indeed, we modulated microglia
towards amore phagocytic state that is able to clear the over-
accumulatedmyelin-toxic debris, which is essential for prop-
er remyelination.50

In EAE, the blood–brain barrier’s leakage allows the in-
filtration of activated lymphocytes and the recruitment of
inflammatory cells to the CNS, leading to increased disease
severity.3 We found that pentamidine promoted Treg cell
spinal cord infiltration with an IL-10-producing phenotype,
possibly favouring the recovery of treated animals.
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Moreover, the responsiveness of immune cells from drain-
ing lymph nodes to MOG35–55 restimulation was altered
in pentamidine-treated animals reinforcing that pentami-
dine potentiates immune regulatory mechanisms at the per-
ipheral level and therefore reduces the EAE-associated
inflammatory response. Attractively, we first described a
new immunomodulatory property of pentamidine; how-
ever, further studies are needed to clearly understand the
underlying mechanisms. Our results are in line with a pre-
vious study in myasthenia gravis where S100B-mediated
RAGE activation exacerbated the disease by enhancing T
cell pro-inflammatory responses and aggravating T helper
subset imbalance.51 Therefore, modulation of S100B
expression at both the CNS and peripheral level may be a
beneficial therapeutic strategy to reduce multiple sclerosis-
associated pathology.

Although a variety of drugs are available in the clinics, it is
demanding to identify new therapeutic targets and continue
the pursuit for safer and effective drugs for multiple sclerosis
treatment, namely for the short periods of relapses and pro-
gressive forms. Together, pentamidine may be used as a re-
purposing and innovative therapeutic strategy and showed
to be effective for chronic phenotypes or for clinical relapses
where inflammation is exacerbated and the blood–brain bar-
rier is highly permeable allowing the drug’s entrance. Our
study unveiled and explored the importance of the S100B
molecular targeting through pentamidine as a positive strat-
egy to prevent multiple sclerosis-driven neuroinflammation,
promote remyelination and therefore fasten recovery.
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