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Abstract

Background and Purpose: ApTOLL is an aptamer selected to antagonize toll-like
receptor 4 (TLR4), a relevant actor for innate immunity involved in inflammatory
responses in multiple sclerosis (MS) and other diseases. The currently available thera-
peutic arsenal to treat MS is composed of immunomodulators but, to date, there are
no (re)myelinating drugs available in clinics. In our present study, we studied the
effect of ApTOLL on different animal models of MS.

Experimental Approach: The experimental autoimmune encephalomyelitis (EAE)
model was used to evaluate the effect of ApTOLL on reducing the inflammatory
component. A more direct effect on oligodendroglia was studied with the cuprizone
model and purified primary cultures of murine and human oligodendrocyte precursor
cells (OPCs) isolated through magnetic-activated cell sorting (MACS) from samples of
brain cortex. Also, we tested these effects in an ex vivo model of organotypic cul-
tures demyelinated with lysolecithin (LPC).

Key Results: ApTOLL treatment positively impacted the clinical symptomatology of
mice in the EAE and cuprizone models, which was associated with better preserva-
tion plus restoration of myelin and oligodendrocytes in the demyelinated lesions of
animals. Restoration was corroborated on purified cultures of rodent and
human OPCs.

Conclusion and Implications: Our findings reveal a new therapeutic approach for the
treatment of inflammatory and demyelinating diseases such as MS. The molecular
nature of the aptamer exerts not only an anti-inflammatory effect but also neuropro-
tective and remyelinating effects. The excellent safety profile demonstrated by

ApTOLL in animals and humans opens the door to future clinical trials in MS patients.

Abbreviations: CC, corpus callosum; CPZ, cuprizone; dpl, days post lesion; EAE, experimental autoimmune encephalomyelitis; haOPC, human adult oligodendrocyte precursor cell; LPC,

lysolecithin; OPC, oligodendrocyte precursor cell; TLR4, toll-like receptor 4.
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1 | INTRODUCTION

Multiple sclerosis (MS) is a primary demyelinating, chronic, neurode-
generative, inflammatory and autoimmune disease of the central ner-
vous system (CNS). As in other primary demyelinating diseases, the
main pathophysiological feature of MS is the loss of oligodendrocytes
and myelin in the CNS, both in the white and grey matter (Trapp &
Nave, 2008). This process is associated with the activation of macro-
phages and microglia, causing a background of inflammatory reactions
(Baufeld et al., 2018). After damage, endogenous oligodendrocyte pre-
cursor cells (OPCs) spontaneously migrate to lesion sites, where they
can differentiate into new myelin-forming mature oligodendrocytes
(de Castro et al., 2013; Franklin & ffrench-Constant, 2017). The cur-
rently available treatments to manage MS are based on the use of
immunosuppressive and immunomodulatory agents, although there is
still no approved compound to successfully induce disease-reversing
remyelination (Gudi et al., 2014; Kremer et al., 2015).

The family of toll-like receptors (TLRs) participates in innate immu-
nity, modulating a wide variety of inflammatory responses. Specifically,
toll-like receptor 4 (TLR4) has been implicated in several pathologies
with a significant inflammatory component, including MS (Bsibsi
et al,, 2002; Kerfoot et al., 2004; Zhang et al., 2019). TLR4 activation
increases the expression and nuclear translocation of nuclear transcrip-
tion factor kappa-B (NF-kB), leading to the release of proinflammatory
cytokines such as tumour necrosis factor-o (TNF-a), interleukin-18
(IL-1B) or interleukin-6 (IL-6), as well as chemokine and lymphocyte
recruitment (Liu et al., 2017). In this regard, TLR4 inhibition is known to
enhance the survival of oligodendrocytes and OPCs (Hayakawa
et al, 2016; Taylor et al., 2010). Therefore, the possibility of down-
regulating immune responses with specific TLR4 antagonists, inhibiting
specific intracellular proteins involved in these signalling pathways, has
raised great interest. This is the case of ApTOLL (also called aptamer
#4FT), an innovative antagonist selected against TLR4 with the poten-
tial to achieve an immunomodulatory and anti-inflammatory effect.

ApTOLL is a single-stranded DNA aptamer, selected using the
systemic evolution of ligands by exponential enrichment (SELEX) tech-
nology. Aptamers offer several advantages over antibodies to make
them ideal for future therapeutic applications, such as their high speci-
ficity and affinity and their ease to enter biological compartments
given their small size and lack of immunogenicity, as well as their dem-
onstrated safety in animals and humans (Zhou & Rossi, 2017). Based
on its pharmacokinetic characteristics and its very low level of toxic-
ity, ApTOLL has been positioned as a potential therapeutic option for
the treatment of different diseases. In fact, ApTOLL has been success-
fully tested in preclinical models of ischaemic stroke and myocardial

infarction, producing an excellent protective effect (Fernandez

aptamer, immunomodulation, myelin, neuroprotection, oligodendrocyte, OPC, TLR4

What is already known

o ApTOLL offers protective effects and good safety profile

in clinical trials in other diseases.

What does this study add

o ApTOLL decreased inflammation and promoted remyeli-

nation in different models of MS.

What is the clinical significance

e ApTOLL can act as a therapeutic agent to treat MS.

et al., 2018; Paz-Garcia et al., 2023; Ramirez-Carracedo et al., 2020).
In clinical studies, ApTOLL has a very good safety profile in a com-
pleted first-in-human clinical trial in healthy subjects (Hernandez-
Jiménez et al., 2022) and has successfully completed a phase Ib/lla
trial (APRIL trial) to determine its safety and biological effects in acute
ischaemic  stroke patients (Hernandez-Jiménez, Abad-Santos,
Cotgreave, Gallego, Jilma, Flores, Jovin, Vivancos, Hernandez-Pérez,
et al, 2023; Hernandez-Jiménez, Abad-Santos, Cotgreave, Gallego,
Jilma, Flores, Jovin, Vivancos, Molina, et al., 2023).

In the present work, we demonstrate the beneficial effect of
ApTOLL in the experimental autoimmune encephalomyelitis (EAE)
and cuprizone (CPZ) models of MS. These in vivo results were com-
pleted with a detailed in vitro study of the effects of ApTOLL on pri-
mary cultures of OPCs, as well as the (de)myelination in organotypic
cultures of cerebellar slices. Altogether, our present proof-of-concept
study positions ApTOLL as a therapeutic agent to treat MS to obtain

immunomodulatory, cytoprotective and neuroreparative effects.

2 | METHODS

21 | Animals

Female and male C57/BL6 mice (7 weeks old) were purchased from
Charles River Laboratories (Wilmington, MA, USA). Animals used in
in vivo studies were transferred to the animal facility of the Instituto
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Cajal—CSIC, where the mice were acclimatized for a week under the
appropriate environmental conditions with ad libitum access to food
and water prior to performing experimental procedures. Animals were
randomly and blindly distributed into different groups designed to be
of equal size and sufficient for comparison prior to treatment designa-
tion; however, in some cases, the groups were unequal due either to
unexpected loss of mice or no illness in the EAE model. P7 Wistar rats
from the animal facility of the Instituto Cajal—CSIC were used for pri-
mary cultures. All experimental procedures were performed in accor-
dance with European Council Guidelines (63/2010/EU) and Spanish
National and Regional Guidelines for Animal Experimentation and Use
of Genetically Modified Organisms (RD 53/2013 and 178/2004, Ley
32/2007 and 9/2003, Decree 320/2010). The generation of different
MS models was approved by the relevant institutional and regional
ethics committees of CSIC (440/2016, Madrid, Spain). Animal studies
are reported in compliance with the ARRIVE guidelines (Percie du Sert
et al., 2020) and with the recommendations made by the British Jour-
nal of Pharmacology (Lilley et al., 2020).

2.2 | Induction of active EAE

EAE was induced in female mice (Melero-Jerez et al., 2021). Briefly,
the mice were anaesthetized with 40 ul of an anaesthetic/analgesic
solution containing ketamine (40 mg:ml~%: Anesketin) and xylazine
(2 mg-ml~1: Rompun) injected intraperitoneally (i.p.). An emulsion of
myelin oligodendrocyte glycoprotein (MOG3s_55 peptide, 250 ug in a
final volume of 200 ul: GenScript) and complete Freund's adjuvant
containing inactivated Mycobacterium tuberculosis (4 mg: BD Biosci-
ences) was introduced subcutaneously into animals' groin and armpits.
Next, pertussis toxin (400 ng per mouse: Sigma-Aldrich) was adminis-
tered intravenously (i.v.) through the tail vein on the day of immuniza-
tion and 48 h later. The animals used as controls for the validation of
the EAE model (the sham group) were immunized in the same way
except for MOGg;s_s5 peptide, which was replaced by sterile
phosphate-buffered saline (PBS). The mice were weighed and evalu-
ated double-blind on a daily basis until killed, scoring the animals as
follows: 0, asymptomatic; 1, loss of muscle tone throughout the tail;
2, weakness or unilateral partial hind limb paralysis; 3, bilateral paraly-
sis of the hind limbs; 4, tetraplegia; and 5, death. In all cases, mice

were killed 10 days after the onset of symptoms.

221 | ApTOLL treatment

ApTOLL (045, 0.91, 1.82 or 3.6 mg‘kgfl, diluted in sterile PBS - 1
mM MgCl,) or vehicle (PBS - 1mM MgCl,) was administered i.v. to
mice through a single injection at the onset of the symptoms (defined
as a clinical score between 0.5 and 1.5) randomly. For the study of the
therapeutic window, independent groups were established, and a sin-
gle 0.91 mg-kg™! dose was injected 24 h after the onset and at the
peak of the symptoms. In all cases, the animals were evaluated for

10 days after onset.
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2.3 | CPZ-induced model

Male, 8-week-old C57/BL6é mice were randomly separated into three
groups: control-untreated, ApTOLL-treated, and vehicle-treated.
While the control animals received a normal diet, the remainder of the
mice were fed with chow containing CPZ (bis(cyclohexanone) oxaldi-
hydrazone: Sigma-Aldrich) at 0.25% (w/w) ad libitum for 6 weeks, as
previously described (Medina-Rodriguez et al.,, 2017). This copper
chelator induces apoptosis in mature oligodendrocytes, which leads to
robust demyelination, particularly in the corpus callosum (CC; Gudi
et al., 2014). The body weight of each mouse was measured weekly,
and ApTOLL or the vehicle alone was injected i.v. once weekly from
the beginning of the experiments to the time of killing. To study
CPZ-induced oligodendroglial proliferation, we add 5-ethynyl-2'-
deoxyuridine (EdU; Invitrogen), a direct measure of de novo DNA syn-
thesis, into the drinking water at 0.2 mg-ml~* the week before killing.
Finally, to assess remyelination, CPZ was removed from the diet at
the end of the sixth week and animals were fed with normal chow for
two more weeks (6 + 2 weeks). The treatment (vehicle or ApTOLL at
0.91 mg-kg™1) was injected once a week after CPZ withdrawal, based
on the fact that a single dose of ApTOLL has demonstrated strong
effects in reducing inflammation for long times in experimental
models of ischaemia (Fernandez et al, 2018; Ramirez-Carracedo
et al., 2020), as well as in the described weekly dependent pattern of
inflammatory response and oligodendrocyte maturation and survival
expression genes in the CPZ model after the sixth week (Gharagozloo
et al., 2022; Zhang et al., 2022).

2.3.1 | Motor coordination test (rotarod)

At the end of the 6-week experimental period, animals were tested on
a rotarod to evaluate their locomotor coordination. For training, mice
were subjected to pre-test trials the day before, placing them on the
rod at constant speed (30 r.p.m.). Each mouse performed the pre-test
twice under the same conditions, and the latency to fall was measured.
The distribution of the animals for the different experimental groups
(ApTOLL/vehicle) was conducted in a double-blinded way. Animals for
all groups were collected from the same boxes (same housing condi-
tions) and the same provider, being animals from the same litter. With
this approach, we avoided the undesirable variability among experi-
ments as well as the possibility of including differences in animal skills.

24 | Tissue sampling

Animals were killed by ip. administration of a lethal dose of
pentobarbital, and perfused transcardially with 4% paraformaldehyde
(PFA) in 0.1-M phosphate buffer (PB, pH 7.4). The brain and spinal
cord were excised and post-fixed in 4% PFA for 4 h at room tempera-
ture (RT). The tissue was cryoprotected by immersion in an increasing
sucrose gradient, and coronal cryostat sections (20 um) were obtained
using a CM1900 cryostat (Leica).
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2.5 | Eriochrome cyanine (EC) staining

To analyse CNS demyelination, EC staining was performed as
described previously (Medina-Rodriguez et al., 2017). In brief, the his-
tological sections were dried for 2 h at RT and for 2 h at 37°C before
being immersed in acetone for 5 min, dried and submerged in the EC
solution (Sigma) for 30 min. To differentiate the samples, iron alum at
5% (w/v) was used for 5-10 min followed by a second differentiation
step with borax-ferricyanide solution for 5 min at RT. For conserva-
tion, the sections were dehydrated in ethanol solutions of increasing

concentration and mounted with a mounting medium (DPX, Sigma).

2.6 | Immunohistochemistry in CNS tissue

To detect antigens present in the spinal cord of EAE mice and the CC
from CPZ-treated animals, sections were first pre-treated with 10%
methanol in 0.1-M PB at RT for 15 min, and after several washes with
0.1-M PB and PB saline (PBS), they were incubated for 1 h at RT
with blocking solution to avoid non-specific binding: 5% of normal
donkey serum (NDS) and 0.02% of Triton X-100 (Sigma-Aldrich) in
PBS. The sections were then incubated overnight at 4°C with the pri-
mary antibodies (1:1000 rabbit polyclonal anti-NFH [Abcam, Cat#
ab8135, RRID:AB_306298]; 1:500 guinea pig monoclonal anti-lbal
[Synaptic Systems, Cat# 234308, RRID:AB_2924932]; 1:200 mouse
monoclonal anti-CC1 [Millipore, Cat# OP80, RRID:AB_2057371];
1:200 goat polyclonal anti-PDGFRa [R&D Systems, Cat# AF1062,
RRID:AB_2236897]; 1:900 rabbit polyclonal anti-Caspr [Abcam, Cat#
ab34151, RRID:AB_869934]; 1:500 mouse monoclonal anti-GFAP
[Millipore, Cat# MAB3402, RRID:AB_94844]; 1:250 mouse monoclo-
nal anti-CD68 [Thermo Fisher, Cat# 14-0688-82, RRID:AB_
11151139]; 1:200 goat polyclonal anti-CD206 [Thermo Fisher, Cat#
PA5-46994, RRID:AB_2607366]; 1:500 rat monoclonal anti-MBP
[Bio-Rad, Cat# MCA409S, RRID:AB_325004]; and 1:200 rabbit poly-
clonal anti-Olig2 [Millipore, Cat# AB9610, RRID:AB_570666])
(Table 1); after washing, they were probed for 1 h at RT with fluores-
cent secondary antibodies. The secondary antibodies used were as
follows: 1:1000 Alexa Fluor 488 donkey anti-rat IgG (A-21208,
Thermo Fisher); 1:1000 Alexa Fluor 488 donkey anti-goat 1gG (A-
11055, Thermo Fisher); 1:1000 Alexa Fluor 488 goat anti-guinea pig
1gG (A-11073, Thermo Fisher); 1:1000 Alexa Fluor 594 donkey anti-
rat 1gG (A-21209, Thermo Fisher); 1:1000 Alexa Fluor 568 donkey
anti-rabbit 1gG (A10042, Thermo Fisher); 1:1000 Alexa Fluor 647 don-
key anti-rabbit IgG (A-31573, Thermo Fisher); and 1:1000 Alexa Fluor
647 donkey anti-mouse 1gG (A-31571, Thermo Fisher). Cell nuclei
were stained with Hoechst 33342 (10 ug-mli~%: Sigma-Aldrich) and,
finally, the tissue was washed and mounted with Fluoromount®
mounting medium (SouthernBiotech). We also used FluoroMyelin
Green fluorescent myelin stain (Invitrogen) for quick and selective
labelling of myelin in brain cryosections. As such, the samples were
rehydrated with PBS and incubated with the staining solution for
20 min at RT. Subsequently, the sections were rinsed in PBS three

times and mounted with Fluoromount®. To visualize cell proliferation,

an EdU detection cocktail (Click-iT EAU Alexa Fluor 488 HCS assay,
Invitrogen) was used according to the manufacturer's instructions.
The Immuno-related procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology (Alexander
etal., 2018).

2.7 | Primary OPC cultures
OPCs from the cerebral cortex of P7 Wistar rats and P7 mice
(C57/BL6) were isolated using magnetic-activated cell sorting (MACS)
(Miltenyi; Dincman et al., 2012; Melero-Jerez et al., 2021). First, the
animal's brain was extracted, and then the meninges were removed in
a Petri dish containing cooled Hank's balanced salt solution with Ca®*
and Mg?* (HBSS™™: Gibco) to maintain OPC metabolism. According
to the manufacturer's instructions, the brain cortices were then
mechanically triturated in HBSS™/~ and enzymatically digested for
25 min at 37°C with enzymes provided in the Neural Tissue Dissocia-
tion Kit (P) (Miltenyi) under mild and continuous agitation. After add-
ing the second mix, the tissue was dissociated using a 5-ml pipette.
The suspension was passed through a 70-um nylon cell strainer
(BD Falcon), centrifuged at 300 g for 10 min and incubated for 25 min
at 4°C with the primary antibody for A2B5 (Millipore) and/or O4
hybridoma cells (Developmental Studies Hybridoma Bank [DSHB],
lowa) diluted 1:1 in Miltenyi wash buffer (MWB—2-mM sodium pyru-
vate, 0.5% bovine serum albumin [BSA] and 2-mM ethylenediaminete-
traacetic acid [EDTA] adjusted to pH 7.3). Thereafter, cells were
washed with MWB and exposed to the secondary rat anti-mouse IgM
antibody (anti-mouse IgM microbeads: Miltenyi) for 15 min at
20 ul/107 cells. Next, the cell suspensions were washed and passed
through an MWB-coated medium-size column (MS, Miltenyi) coupled
to a magnet and eluted with Neuro Medium (Miltenyi) supplemented
with 2% MACS® NeuroBrew-21 w/o vitamin A (Miltenyi), 0.6% peni-
cillin/streptomycin (10,000-U-mI~?* penicillin and 10-mg-ml~* strepto-
mycin: Sigma), glutamine (200 mM, Gibco), b-glucose (25 mM,
Normapur) and 10 ng:-ml~! of platelet-derived growth factor-AA
(PDGF-AA: Merck) and fibroblast growth factor-2 (FGF-2: Pepro-
Tech). Finally, the cells were counted and seeded on coverslips coated
with poly-L-lysine (0.1 mg:ml~? in borate buffer, pH 8.5: Sigma) and
laminin (10 pg-mi~* in PBS: Sigma). A purity of ~90% was obtained.
Human adult OPCs (haOPCs) were isolated from biopsies of the
adult cerebral cortex following surgery in traumatic brain injury
patients, obtained from the Neurosurgery Service of the Hospital
12 de Octubre (Madrid) and conserved immediately in Hibernate-A
(Gibco) at 4°C up to the isolation process. The study was conducted
according to the guidelines and the Research Ethics Committee-
approved protocol of the Instituto Cajal—CSIC (440/2016 and
2016/049/CEI3/20160411) and CSIC (073/2021). To obtain OPC
cells, the same procedure as above was applied with some modifica-
tions. After filtration, the pellet was passed through a 20% Percoll
(GE HealthCare) gradient and centrifuged at 800 g for 20 min. The
cells were then exposed to a Red Blood Cell Removal Solution
(Miltenyi) diluted in ddH,O for 10 min at 4°C. An anti-O4 MicroBead
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TABLE 1 List of primary antibodies used.

Use Antibody Target

IHC NFH Neurofilaments

IHC lbal Microglia

IHC CC1 Mature oligodendrocytes

IHC PDGFRax  OPCs

IHC Caspr Paranodes

IHC GFAP Astrocytes

IHC CDé68 Macrophages and microglia with phagocytic

activity

IHC CD206 Anti-inflammatory microglia

IHC/ MBP Myelin
ICC

IHC/ Olig2 Oligodendroglial lineage
ICC

ICC BrdU Proliferating cells
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Dilution  Species Supplier
1:1000 Rabbit Abcam
(polyclonal 1gG) (Cat# ab8135, RRID:AB_306298)
1:500 Guinea pig Synaptic Systems
(monoclonal (Cat# 234308, RRID:AB_2924932)
1gG)
1:200 Mouse Millipore
(monoclonal (Cat# OP80, RRID:AB_2057371)
18G)
1:200 Goat R&D Systems
(polyclonal 1gG) (Cat# AF1062, RRID:AB_2236897)
1:900 Rabbit Abcam
(polyclonal 1gG) (Cat# ab34151, RRID:AB_869934)
1:500 Mouse Millipore
(monoclonal (Cat# MAB3402, RRID:AB_94844)
1gG)
1:250 Mouse Thermo Fisher
(monoclonal (Cat# 14-0688-82,
18G) RRID:AB_11151139)
1:200 Goat Thermo Fisher
(polyclonal 1gG) (Cat# PA5-46994, RRID:AB_2607366)
1:500 Rat Bio-Rad
(monoclonal (Cat# MCA409S, RRID:AB_325004)
18G)
1:200 Rabbit Millipore
(polyclonal IgG) (Cat# AB9610, RRID:AB_570666)
1:1000 Rat Abcam
(monoclonal (Cat# ab6326, RRID:AB_305426)
IgG)

Abbreviations: ICC, immunocytochemistry; IHC, immunohistochemistry; OPCs, oligodendrocyte precursor cells.

antibody (2.5 pl: Miltenyi) was resuspended in 97.5 ul of MWB and
used to label up to 107 total cells by incubating for 15 min at 4°C in
the dark with mild agitation. Culture purity was at least 85%. Due to
the intrinsic difficulties of obtaining neurosurgical samples from
adult human tissue, as well as isolating viable haOPCs from these
usually small biopsies and the lower survival rate of haOPCs com-
pared to those isolated from rodents, the number of valid indepen-
dent experiments in the present work was less than 5. Therefore,
although exploratory, we consider the inclusion of these results
interesting because of their potential relevance for future clinical

translation.

2.7.1 | Viability/survival assay

The viability of the OPCs after the different treatments was tested
with a thiazolyl blue tetrazolium bromide (MTT) assay that measured
the mitochondrial activity of the cells by quantifying the conversion of
the tetrazolium salt to its formazan product. Cells were seeded in
96-well plates at a density of 15,000 cells per well in a final volume of
200 ul and treated the day after the culture with ApTOLL (20 and
200 nM), the vehicle alone or 5% H,0, as a cell death control. After

24 h, MTT (5 mg-ml~%: Sigma) was added to the plates, and the cells
were left in the incubator for 4 h, after which the medium was
removed, dimethyl sulfoxide (DMSQO; Invitrogen) was added to dis-
solve the formazan formed, and the absorbance of this solution was
measured. Likewise, the survival of OPCs was determined by terminal
deoxynucleotidyl transferase dUTP nick-end labelling (TUNEL) stain-
ing (see Melero-Jerez et al., 2021). To this end, the cells were seeded
in 24-well plates at 30,000 cells per coverslip in a final volume of
500 pl, treated with ApTOLL or its vehicle alone on the following day
and then fixed in 4% PFA after 48 h.

2.7.2 | Proliferation assay

To analyse OPC proliferation, the cells were seeded, as previously
described, at a density of 30,000 cells per coverslip (Melero-Jerez
et al.,, 2021) and, after 24 h, the medium was replaced with medium
containing the corresponding treatments. A pulse of 5-bromo-
2-deoxyuridine (BrdU, 50 uM; Sigma-Aldrich) was given to the neona-
tal cells for 6 h (from 24 to 30 h in vitro). At the end of this time, the
medium was refreshed and the cells were fixed in 4% PFA on

the following day.
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2.7.3 | Differentiation assay

Cells were seeded at 30,000 cells per coverslip, and 24 h later, the
medium was replaced with a new medium without growth factors
(PDGF-AA and FGF-2). The following day, the treatments were added,
and the cells were fixed and immunolabelled at the end of the fifth

day in vitro.

2.8 | Immunocytochemistry of in vitro cultures
After fixing the cells with 4% PFA, they were washed with PBS and
maintained for 1 h under shaking in the blocking solution (5% NDS
and 0.02% Triton X-100). The cells were then incubated overnight
with the corresponding primary antibodies (anti-MBP, anti-Olig2, anti-
CC1 and 1:1000 rat monoclonal anti-BrdU [Abcam, Cat# ab6326,
RRID:AB_305426]) in a humid chamber at 4°C and, after washing,
exposed to secondary antibodies for 1 h at RT in the dark. The nuclei
were stained with Hoechst (1:20) for 10 min in the dark, and the cov-
erslips were mounted in Immu-Mount (Thermo Fisher).

To study proliferation, BrdU labelling was performed after Olig2
staining. After washing the cells, they were denatured with HCI 2 N
for 45 min at RT, washed with borate buffer and blocked for 3 h at
RT with PBS containing 5% fetal bovine serum (FBS), 0.03% Triton
X-100, 0.2% gelatine and 0.2-M glycine. They were then incubated
overnight at 4°C with an anti-BrdU rat antibody (Abcam) diluted in
blocking solution, and after several washes, they were exposed to
the secondary antibody for 4 h before Hoechst staining. TUNEL
staining was performed with the ApopTag Plus Fluorescein In Situ
Apoptosis Kit (Merck Millipore, Sigma-Aldrich) following the manu-
facturer's instructions. Briefly, cells were equilibrated with the corre-
sponding buffer and incubated for 1 h at 37°C in 50% terminal
deoxynucleotidyl transferase (Tdt) in reaction buffer. The reaction
was stopped, and after washing, the coverslips were exposed for
30 min to 47% anti-digoxigenin diluted in the blocking buffer.
Finally, the standard protocol was applied to label additional

markers.

2.9 | Organotypic cultures of cerebellar slices

Cerebellar slices from neonatal wild-type (WT) mice were cultured fol-
lowing standard protocols (Birgbauer et al., 2004; Medina-Rodriguez
et al., 2017; Melero-Jerez et al., 2021). In brief, mice were decapitated
and their brain and cerebellum were deposited in a Petri dish filled
with HBSS*/* and on ice. The cerebellum was separated, immediately
placed on a Teflon base and cut automatically into 350-um slices on a
Mcllwain Tissue Chopper (Mickle Laboratory Engineering Co. Ltd).
Cerebellar parasagittal slices were transferred under sterile conditions
to 30-mm-diameter Millicell inserts with a pore size of 0.4 um
(Millipore), placed in a six-well plate with 1 ml of culture medium con-
sisting of 25% HBSS™*, 50% Basal Medium Eagle (BME: Gibco), 25%
inactivated horse serum (Gibco), 28-mM b-glucose, 1% penicillin/

streptomycin solution and 0.25-mM GlutaMAX (Gibco). The medium
was refreshed every other day, and a demyelinating toxin, lysolecithin
(LPC, 0.5 mg-ml~*: Sigma), was added after 7 days in vitro (DIV) for
15 h. Subsequently, the medium was removed, and the slices were
treated with ApTOLL (20 nM) or the vehicle alone in fresh culture
medium. The cultures were maintained until 6 days post-lesion (dpl),
refreshing the medium and treatment every other day, fixing samples
with 4% PFA for 15 min at both O dpl as an internal control for the
effectiveness of LPC and 6 dpl. Finally, cultures were stained for mye-
lin basic protein (MBP), neurofilament heavy chain (NFH) and Ibal as
described above.

210 | Image and data analysis

Optical images of EC staining were acquired, and mosaics were built
using the bright-field camera of a THUNDER microscope (Leica) at
20x and 40x magnification. Fluorescence images of tissue samples
were taken on an inverted Leica SP-5 confocal microscope at the
Microscopy and Image Analysis Unit of the Instituto Cajal—CSIC. In
the EAE model, mosaics of three spinal cord samples were obtained
per animal at 40x magnification and at a resolution of 512 x 512
pixels, with a separation between z planes of 3 um. Demyelinated
areas and MBP/NFH staining were assessed using the ImageJ applica-
tion, and the cell counts were analysed with the microscopy software
for 3D and 4D Imaging (IMARIS). The results of the analysis of these
markers are shown in the graphs with respect to the mean value of
the vehicle. Similarly, the central zone of the CC was evaluated in the
CPZ model. Images were acquired with the same confocal microscope
at a 40x magnification (for Caspr labelling a 63x objective was used),
at a resolution of 1024 x 1024 pixels and with a separation of 0.5 um
between the z planes. The same parameters were applied for micro-
photographs of cerebellar slices, including a digital zoom of 1.7. The
quantification of the different markers was performed using ImageJ
software. Images of primary cultures were obtained using a Leica AF
6500-7000 microscope (five random photos per coverslip at 20x
magnification), and cells were counted manually with the LAS X Life
Science software. The absorbance for the viability assay was mea-
sured with a fluorometer FLUOstar OPTIMA (BMG Labtech) at
595 nm.

2.10.1 | Morphometric analysis of microglia

We studied the morphological complexity of microglia, to determine
their functionality in organotypic slices under inflammatory conditions
(when exposed to LPC). A minimum of 10 cells per condition were
randomly analysed and processed with ImageJ software, following the
previously published protocol (Young & Morrison, 2018). In summary,
for the skeleton analysis, the image was first adjusted for brightness/
contrast if necessary and processed to remove background noise. It
was then converted to a binary image, and the AnalyzeSkeleton (2D/

3D) plugin was run.
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211 | Materials
Details of materials and suppliers are provided in specific subsections
in Methods.

212 | Statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analy-
sis in pharmacology (Curtis et al., 2022). The data are expressed as the
means + SEM throughout, and they were analysed with GraphPad
(GraphPad Software, La Jolla, CA, USA). In the text, (n) represents bio-
logical replicates; each n-value denotes individual mice or independent
experiments. Statistics were undertaken for studies where each group
size was at least n = 5. First, a D'Agostino and Pearson normality test
was used to check if the values followed a Gaussian distribution. To
compare pairs of independent groups, the Student's t-test was used
or the Mann-Whitney U-test used for non-parametric data. The com-
parison of the clinical score between two treated groups (EAE-Veh
and EAE-ApTOLL) was performed on each day from onset to the time
of animal killing (10 days after onset) using Student's t-test. For multi-
ple comparisons, a one-way analysis of variance (ANOVA) test was
carried out in conjunction with the corresponding post hoc tests
(if the ANOVA was significant): Tukey's test for parametric samples
and Dunn's test for non-parametric samples. The threshold for statisti-

cal significance is set at P < 0.05.

213 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in https://www.guidetopharmacology.org and are
permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander et al., 2021).

3 | RESULTS

3.1 | ApTOLL treatment reduces EAE severity and
demyelination in the spinal cord

For EAE, a T cell-driven inflammation and demyelination model of the
highly inflammatory early phase of MS (Lassmann & Bradl, 2017), we
determined the optimal dose of ApTOLL for reducing the clinical score
by assessing four different concentrations (0.45, 0.91, 1.82 and
3.6 mg-kg™L; Fernandez et al., 2018), administered through a single
i.v. injection at the onset of EAE symptoms. The recovery of the clini-
cal scores reached was significantly lower when the two intermediate
doses were used. Differences between the EAE-Veh and EAE-
ApTOLL-treated groups were observed from the beginning of the
treatment, because there was a clear reduction in the slope of

the curve and the disease scores obtained for the latter were
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significantly lower from Day 4 onwards (Figure 1a). The EAE-
ApTOLL-treated mice showed a high recovery rate at the endpoint
compared with the vehicle mice (dose 0.91 mgkg™!: 67.2 + 2.4%;
dose 1.82 mg-kg™%: 66.7 + 7.9%) or with their own clinical scores at
the peak of the disease (ApTOLL recovery at the endpoint vs. peak:
61.8 + 4.9% for the dose 0.91 mg-kg~* and 60.6 + 5.8% for the dose
1.82 mg-kg™2). Importantly, the sham group did not present any path-
ological manifestations in these studies.

The histological study showed significantly less demyelination
after administration of the 0.91 and 1.82 mg-kg™* doses. In accor-
dance with these results, EAE-ApTOLL-treated animals had fewer and
relatively smaller demyelinated lesions (mainly ventrolateral) in the
white matter than in EAE-Veh mice (Figure 1b). Indeed, the total
demyelination diminished significantly (by at least 75%) in the animals
that received ApTOLL (Figure 1c). These results were in line with data
obtained from the areas of well-preserved myelin and neurofilaments
(expressing MBP and NFH, respectively) that were larger in EAE-
ApTOLL-treated animals than in EAE-Veh animals (data normalized
with respect to the EAE-Veh group; Figure 1d,e). In addition, an
increase in the number of cells of oligodendroglial lineage (Olig2™
cells) was observed following ApTOLL treatment (Figure 1f,g),
although the effects were particularly noticeable for OPCs
(PDGFRat/Olig2* cells) and mature oligodendrocytes (CC11/Olig2*
cells: Figure 1g). The comparison between these two doses for all
these markers led us to choose the dose of 0.91-mg-kg~? ApTOLL as
optimal for our purposes (and used in the rest of our study).

Similarly, we determined the therapeutic window for the single
dose of ApTOLL. Although there was a reduction in clinical severity in
each of these three treatment groups, the effects of ApTOLL were
strongest when it was administered at the onset of the EAE symptoms
and 24 h after onset, but not at the peak reached by the clinical score
(Figure 2a). Demyelination was significantly lower in the three groups
treated with ApTOLL when compared with EAE-Veh animals,
although this effect was particularly stronger when this agent was
administered at the onset of EAE symptoms (Figure 2b,c), as it was in
general for the rest of the histological parameters studied
(Figure 2d-g). Altogether, we decided to choose the onset as the

moment to treat the animals for the rest of our study.

3.2 | Treatment with ApTOLL decreases
inflammation in the murine EAE model

Because inflammation is one of the main characteristics of MS, and
due to the central role of TLR4 in the activation of microglia, we
determined the presence of Ibal™ cells in the spinal cord of EAE mice
that had been injected with ApTOLL at the onset of symptoms. A sig-
nificant decrease was detected for Ibal™ cells, to approximately half
the number of these inflammatory cells, especially in the lesion areas
(Figure 3a,b). To identify different microglial/macrophage states
within demyelinating lesions of EAE mice, we used CDé8 to recognize
microglia/macrophages reactive to damage and CD206 to identify a

maintenance/repair phenotype (Paolicelli et al., 2022). We observed
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FIGURE 1 Legend on next page.
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that ApTOLL-treated animals expressed significantly less microglia/
macrophages in a reactive state but more in a reparative state
(Figure 3c-e). Moreover, this process that seemed to be favoured by
the shift of these cells towards repair phenotypes was noticed
through their morphology (larger number and longer length of
branches) (Orihuela et al., 2016), after exposure to a demyelinating
insult and subsequent treatment with ApTOLL (Figure S1).

3.3 | ApTOLL also promotes myelin preservation
and remyelination in the murine CPZ model of MS

To better evaluate the effects of ApTOLL on oligodendroglial biology,
we took advantage of the CPZ in vivo model, because this copper
chelator induces reversible demyelination in the CNS, particularly in
the CC (Kipp et al., 2009). Mice were maintained on a CPZ diet for
6 weeks with a weekly dose of ApTOLL throughout (Figure 4a).
Because myelin destabilization and loss in the CC begin to be evi-
denced 2-3 weeks after CPZ administration, accompanied by robust
astrogliosis and microgliosis in this model, we therefore aimed to
study the effect of ApTOLL on these last two processes in an acute
phase. While inflammation (Figure S2AB) and astrogliosis
(Figure S2C,D) decreased in the ApTOLL-treated animals, OPC prolif-
eration at the end of Week 3 (by quantifying the co-immunolabelling
of Olig2 -oligodendroglial lineage- and EdU incorporation-proliferating
cells; Gudi et al., 2014) was promoted (Figure S2E,F). After 6 weeks
on the CPZ diet, when the peak of demyelination occurs (Hibbits
et al., 2009), animals were tested using a rotarod. The motor coordina-
tion, as well as the latency to fall, were severely affected in the CPZ-
Veh mice when compared with control mice, but the administration of
ApTOLL improved their motor function, closely resembling the control
animals (Figure 4b). In agreement with previous reports (Gudi
et al., 2009; Skripuletz et al., 2008), a 6-week diet with CPZ induced
almost complete loss of myelin in the CC in the CPZ-Veh group, while
weekly ApTOLL injections partially protected this tissue against demy-
elination (Figure 4c,d). ApTOLL treatment also reflected a decrease in
the density of both microglia/macrophages and GFAP-expressing
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astrocytes (Figure S2G-I). A role for this compound in the preserva-
tion of mature myelinated axons also was suggested by the number of
nodes of Ranvier. While this number was markedly reduced in CPZ-
Veh demyelinated animals, ApTOLL treatment doubled their number,
although remaining significantly below the control group (Figure 4c,e).
In addition, the number of OPCs was recovered after ApTOLL admin-
istration, and although the number of mature oligodendrocytes dou-
bled with the treatment, they remained lower (just about one fourth)
than in the control mice (Figure 4c,f,g). Finally, we studied the effect
of ApTOLL on remyelination 2 weeks after the removal of CPZ from
the diet (6 + 2 weeks; Figure 4h). These groups received treatment
once a week after CPZ withdrawal and were fed with normal chow.
Results showed an increase in both myelin area and the number of
CC17%/0lig2™ cells in the CPZ-ApTOLL group (Figure 4i-k), suggesting

a promotion of the remyelination process.

3.4 | ApTOLL treatment enhances OPC
proliferation and differentiation in vitro without
affecting their survival

The in vivo data obtained previously in these animal models of MS
suggest that ApTOLL affects different pathogenic aspects, possibly
including the promotion of spontaneous remyelination. To further elu-
cidate whether ApTOLL would exert a direct effect on OPCs, we
tested the effects of the aptamer at two different concentrations
(20 and 200 nM, as tested previously by Fernandez et al., 2018) on
the survival, proliferation and differentiation of OPCs in purified pri-
mary cultures. Neither OPC viability in MTT assays (Figure S3A) nor
their survival in TUNEL assays (Figure 5a,b) was affected by ApTOLL;
however, exposure to this aptamer did significantly induce OPC prolif-
eration (Figure 5c¢,d). Regarding the maturation of OPCs towards mye-
linating phenotypes and their myelin production, we maintained cells
in culture for 5 days under different experimental conditions. Expo-
sure to ApTOLL produced a significant increase not only in the num-
ber of mature oligodendrocytes expressing the MBP marker
(Figure 5e,f) but also in the area occupied by this antibody relative to

FIGURE 1 ApTOLL dose-response study in EAE. (a) Clinical course of the animals treated with each dose of ApTOLL compared to vehicle
groups. There is a significant reduction in the clinical score of EAE after the injection of ApTOLL at the time of the onset of symptoms, both at a
dose of 0.91 and 1.82 mg-kg™*. Demyelinated areas are indicated with white arrows (b) and quantified with respect to the white matter area in
each experimental group (c). The optimal doses for ApTOLL treatment in the murine EAE model of MS are the intermediate ones. (d, ) Images of
the different markers in the lesions (dashed white lines): MBP (red) and NFH (grey) (d). Graphs representing the recovery rate of ApTOLL-treated
mice relative to the vehicle group (MBP: dose 0.91 mg-kg ™! of EAE-Veh vs. EAE-ApTOLL, P < 0.05; dose 1.82 mg-kg~* of EAE-Veh vs. EAE-
ApTOLL, P < 0.05; NFH: dose 0.91 mg~kg*1 of EAE-Veh vs. EAE-ApTOLL, n.s.; dose 1.82 mg-kg*1 of EAE-Veh vs. EAE-ApTOLL, n.s.) (e).
Magnified images (f) and histograms (g) of the oligodendrocyte studies at different stages of maturation (Olig2: dose 0.91 mg-kg ™! of EAE-Veh
vs. EAE-ApTOLL, n.s.; dose 1.82 mg-kg™! of EAE-Veh vs. EAE-ApTOLL, n.s.; PDGFRa: dose 0.91 mg-kg ™! of EAE-Veh vs. EAE-ApTOLL, P < 0.05;
dose 1.82 mg-kg~* of EAE-Veh vs. EAE-ApTOLL, n.s.; CC1: dose 0.91 mg-kg~* of EAE-Veh vs. EAE-ApTOLL, P < 0.05; dose 1.82 mg-kg~* of
EAE-Veh vs. EAE-ApTOLL, n.s.). The 0.91 mg-kg ™! dose is optimal for ApTOLL treatment in EAE. Scale bar: 200 um in (b), (d) and (f). EAE-
ApTOLL n = 6, EAE-Veh n = 5 and control n = 5 for a dose of 0.45 mg-kg™; EAE-ApTOLL n = 13, EAE-Veh n = 6 and control n = 10 for a dose
of 0.91 mg-kg™1; EAE-ApTOLL n = 8, EAE-Veh n = 7 and control n = 8 for a dose of 1.82 mg-kg™?; and EAE-ApTOLL n = 5, EAE-Veh n = 5 and
control n = 5 for a dose of 3.6 mg-kg~2. The clinical score data of the EAE-Veh and EAE-ApTOLL groups were compared by an unpaired
Student's t-test on each day (from onset to time of sacrifice). Results of the one-way ANOVA with a Tukey's post hoc test and of the unpaired

Student's t-test for two independent groups are represented by *P < 0.05.
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FIGURE 2 Determination of the therapeutic window with the optimal dose of ApTOLL. (a) Clinical course of the animals treated with
ApTOLL at different time points of the disease relative to their respective vehicle group: onset (EAE-Veh n = 6; EAE-ApTOLL n = 13), 24 h after
onset (EAE-Veh n = 4; EAE-ApTOLL n = 4) and peak (EAE-Veh n = 4; EAE-ApTOLL n = 5). Representative images of EC staining (b) and the
quantification of demyelination relative to their respective vehicle group (c). White arrows indicate lesions. The treatment is more effective when
injected at the onset of symptoms. Representative images (d) and a graphical representation of the recovery rate of MBP, NFH and Iba1 relative
to the vehicle group (e). Representative magnification of the oligodendrocyte labelling at different stages of maturation (f) and a graph of the
oligodendrocyte ratio at different times of injection (g). Scale bar: 200 um in (b), (d) and (f). The clinical score data of the EAE-Veh and EAE-
ApTOLL groups were compared by an unpaired Student's t-test on each day (from onset to time of sacrifice). The results of the one-way ANOVA
with a Dunn's post hoc test are represented by *P < 0.05.
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FIGURE 3 ApTOLL treatment reduces Ibal™ cells in EAE mice lesions and induces an anti-inflammatory transformation of microglia/
macrophages. (a) Representative images and magnifications of the lesions showing Iba1l™ labelling. (b) Quantification of the microglial/
macrophage cells in the spinal cord. A significant reduction was observed following the ApTOLL treatment. (c) Representative images of the main
microglia markers: CD68 to recognize activated microglia in red fluorescence and CD206 commonly used to identify anti-inflammatory
phenotypes in green fluorescence. Histograms showing a significant decrease in CD68 expression (d) and an increase in CD206 (e). Scale bar:

60 pum in (a) and (c) and 20 um in magnifications. An unpaired Student's t-test was used to compare the groups: *P < 0.05.

the control OPCs (MBP™ area in Veh 4711 + 1402 pm?, in ApTOLL
[20 nM] 8082 + 757 pm? and in ApTOLL [200 nM]
9871 + 1415 um?% one-way ANOVA Dunn's post hoc test Veh
vs. ApTOLL [20 and 200 nM] P < 0.05). Similar results were obtained
in murine OPCs (Figure S3B-H). Accordingly, we concluded that

ApTOLL exerts a direct pro-myelinating role in vitro.

3.5 | ApTOLL promotes remyelination ex vivo

To study the impact of ApTOLL on myelin regeneration after a demy-
elinating insult, ex vivo organotypic cerebellar slice cultures were pre-
pared from neonatal mice and tissue damage was evoked with LPC, a

membrane-disrupting chemical that provokes rapid loss of myelin and

oligodendrocytes (Figure 6a; Birgbauer et al, 2004; Melero-Jerez
et al., 2021). Demyelination with LPC was confirmed, after being
removed from the medium, with a 55%-60% reduction in both the
amount of myelin and its co-localization with neurofilaments. To study
the remyelinating effect of the aptamer, we maintained the slices for
6 dpl, and increased myelin production was evident in LPC slices that
received ApTOLL than in those that received the vehicle alone
(Figure 6b,c). Moreover, treatment with ApTOLL resulted in a signifi-
cantly higher proportion of remyelinated axons than when they were
exposed to the vehicle alone (Figure 6b,d), the latter only showing a
22% increase over the control at O dpl (LPC + control 22.6 + 3.0%,
LPC + Veh 27.6 + 6.8%: Student's t-test P > 0.05), whereas exposure
to ApTOLL produced a 130% increase (LPC + control 22.6 + 3.0%,
LPC + ApTOLL 51.8 + 6.7%: Student's t-test P < 0.05).
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FIGURE 4 Myelin and oligodendrocytes
increase in the CC of CPZ-ApTOLL mice.

(a) Scheme of the experimental procedure for the
demyelination study (n = 5). (b) Results from the
rotarod assay performed at the end of 6 weeks.
Animals that received ApTOLL weekly took longer
to fall off the rod than the mice that received the
vehicle alone. (c-g) Confocal images of the CC
after receiving CPZ for 6 weeks and quantification
of the staining for myelin (green, d), paranodes
(magenta, €), OPCs (cyan, f) and mature
oligodendrocytes (grey, g). A significant
enhancement in myelin and in the number of
oligodendrocytes was observed in CPZ-ApTOLL
animals. (h) Scheme of the experimental
procedure for the remyelination study (n = 5).
Representative images (i) and quantifications for
myelin (j) and mature oligodendrocytes (k) after
cuprizone withdrawal. Scale bar: 60 um in (c) and
(i) and 20 pum in Caspr staining. The results of the
one-way ANOVA test for multiple comparisons
are represented by *P < 0.05. An unpaired
Student's t-test was used to compare pairs of
conditions, represented by *P < 0.05.
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FIGURE 5 ApTOLL enhances murine OPC proliferation and differentiation. (a) Images of OPCs labelled for Olig2 (red) and apoptotic TUNEL-
stained cells (green) taken under epifluorescence microscopy. (b) The graph shows the percentage of apoptotic Olig2™ cells. There are no
differences in the survival of cells under the different conditions (n = 5). (c) Images showing proliferating cells that express BrdU (green) taken
under epifluorescence microscopy. (d) Histogram showing the proportion of Olig2"/BrdU™ cells. There is an increase with both doses of ApTOLL
when compared to the vehicle alone (n = 7). (e) Representative fluorescence images of differentiated OPCs expressing MBP (green). (f) Graph
showing the number of myelin-forming cells. There is an enhancement induced by ApTOLL in the culture medium (n = 10). Arrows indicate
double-labelled cells. Scale bar: 50 um. ApTOLL versus vehicle groups were compared using an unpaired Student's t-test, and the results are

expressed as *P < 0.05.

3.6 | ApTOLL enhances the maturation of haOPCs
towards myelinating phenotypes and increases myelin
production

Based on the data obtained from rat OPCs in vitro, we determined
whether ApTOLL exerted a pro-myelinating effect in primary cultures
of haOPCs isolated from non-tumour biopsies of the adult cerebral
cortex. As described previously (Medina-Rodriguez et al., 2017), it was
necessary to maintain these cells for at least 15 DIV to differentiate
them. Exposure to ApTOLL (20 nM) gave rise to more mature oligo-
dendrocytes (CC1%) than when the OPCs were cultured in control
conditions, and these differences were even more pronounced when
200-nM ApTOLL was used (Figure 7a,b). However, both treatments
gave similar results in terms of the myelin proteins generated by these

mature oligodendrocytes (measured as MBP* area) with respect to
the total number of cells quantified in each field (Figure 7a,c).
Together, these results show that, as seen with rodent cells, ApTOLL
may have a direct effect on promoting the production of proteins
needed for myelin formation by haOPCs, and they suggest that
ApTOLL may be a suitable agent to directly promote effective remye-

lination in MS in addition to its anti-inflammatory activities.

4 | DISCUSSION AND CONCLUSIONS

The contribution of the inflammatory-immunological component to
MS pathogenesis has been extensively demonstrated, and it is known

that TLRs (including TLR4) play important roles in it (Andersson
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FIGURE 6 ApTOLL promotes remyelination ex vivo. (a) Scheme of the experimental procedure to maintain cerebellar slices in organotypic
culture. (b) Representative images of the parallel fibres (NFH, magenta) present in the cerebellar samples and of myelin (MBP, green) under the
different conditions after exposure to a demyelinating insult with LPC. Graphs show a significant increase in both the total myelin area (c) and co-
localization with neurofilaments (d) in the LPC-lesioned slices treated with ApTOLL. Scale bar: 50 um in (b). n = 6 independent experiments. An

unpaired Student's t test was used and represented by *P < 0.05.

et al., 2008; Gambuzza et al., 2011; Zhang et al., 2019). The new TLR4
antagonist aptamer (ApTOLL or 4FT-aptamer) is being studied in
preclinical models and clinical trials to treat ischaemic stroke and
myocardial infarction (Fernandez et al., 2018; Hernandez-Jiménez,
Abad-Santos, Cotgreave, Gallego, Jilma, Flores, Jovin, Vivancos, Her-
nandez-Pérez, et al., 2023; Hernandez-Jiménez, Abad-Santos, Cot-
greave, Gallego, Jilma, Flores, Jovin, Vivancos, Molina, et al., 2023;
Hernandez-Jiménez et al, 2022; Paz-Garcia et al, 2023;
Ramirez-Carracedo et al., 2020), and here, we propose that this
aptamer can also be a promising candidate for the treatment of
MS. Indeed, we not only reveal an anti-inflammatory response but
also demonstrate its neuroprotective activity and direct promotion of
OPC differentiation and myelin formation.

Aptamers are new therapeutic entities due to their high affinity
and specificity, as well as their advantages over conventional drugs or
antibodies (safety, stability, in vitro selection, ability to be modified
without structural alterations, chemical manufacturing, etc.; Kanwar

et al, 2015). Here, we show how a single injection of ApTOLL

resulted in a significant recovery of clinical symptoms in the EAE
model, which was associated with increased myelin and axonal preser-
vation. Interestingly, our results show a U-shaped dose-response
curve in the ability of ApTOLL to reduce clinical scores in the EAE
model. U-shaped dose-response curves (also called hormesis) have
been documented in numerous biological, toxicological and pharmaco-
logical investigations so far (Calabrese, 2018). Hormesis can be con-
sidered as an adaptive mechanism to compensate for any imbalance
in homeostasis caused by exposure to factors that mediate intermit-
tent mild stresses of biological, physical or chemical origin. There are
different mechanisms underlying hormesis, and they can involve a
wide range of biological pathways likely related to overcompensation
responses including inflammation (Calabrese & Baldwin, 2001). For
this reason, U-shaped responses raise important issues for toxicologi-
cal risk assessment and in the establishment of clinical endpoints
(Agathokleous & Calabrese, 2019). We detected maximal effects
when ApTOLL was administered at the onset of clinical symptoms,

consistent with the acute phase of EAE and the moment when the
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FIGURE 7 ApTOLL exerts a direct effect on the differentiation of OPCs from adult human biopsies. (a) Representative images of human
mature oligodendrocytes expressing CC1 (magenta) and MBP (green). Enhanced numbers of mature cells (b) and an increase in the area occupied
by MBP (c) are observed in the presence of ApTOLL. Scale bar: 50 um in (a).

initial proinflammatory modulators are being released (Borjini
et al., 2016). The aptamer notably reduced the number of microglia/
macrophages in vivo. However, those cells that remain active could
be participating in phagocytic functions of myelin or axonal debris
(Rajbhandari et al., 2014), as suggested by the changes in the expres-
sion of different markers (CD68 and CD206) and also in their mor-
phology, which is considered as a necessary process for proper
remyelination (Franklin, 2002; Lubetzki et al., 2020). Hence, the treat-
ment with ApTOLL in this MS model may produce a remarkable clini-
cal improvement, which could be due to the modulation of an
excessively strong immune response, preventing tissue damage. How-
ever, the effect of ApTOLL would not be limited to the inflammatory
component. In this sense, we have observed a remarkable effect on
the elements involved in the remyelination process, that is, on OPCs.
This effect goes beyond the fact that ApTOLL decreases inflammatory
conditions, to which elements of the oligodendroglial lineage are par-
ticularly sensitive (Li et al., 2014; Zhao et al., 2016). In a main demye-
linating scenario with a minor inflammatory component such as the
CPZ animal model of demyelination in vivo, treatment with ApTOLL

significantly promoted the number of OPCs (better survival plus

promoted proliferation) and mature oligodendrocytes and myelin dis-
tribution. Altogether, our observations could reflect the acceleration
of spontaneous remyelination, which could mean a new therapeutic
application of ApTOLL beyond the anti-inflammatory effect. This was
corroborated in OPC primary cultures. We can conclude that this pro-
myelinating effect of the aptamer would not be minor because it is
known that, for successful remyelination, quiescent OPCs must
actively proliferate and be properly recruited towards demyelinating
areas (Franklin et al., 2021; Saitoh et al., 2022).

Nevertheless, it is not only important to increase the number of
OPCs, but clinical benefits rely on their differentiation towards myelin-
forming phenotypes. It has been argued that the proliferation and dif-
ferentiation of OPCs are sequential events that cannot take place
simultaneously (Plemel et al., 2013); however, these results are in line
with others that show that the proliferation of OPCs and the matura-
tion process can coexist (Melero-Jerez et al., 2021; Wu et al., 2014;
Zhang et al., 2015). The present data from haOPCs strongly support
that this would be the case in human MS. In spite of the remarkable
heterogeneity of OPCs recently demonstrated (Hilscher et al., 2022;
Jakel et al., 2019), the present observations suggest that ApTOLL
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effects on these cells do not vary according to age or species, which
could help ulterior preclinical and clinical developments.

Finally, we showed that the treatment with ApTOLL promoted
the coating of axons that had been demyelinated in organotypic cul-
tures and then favoured remyelination. Previous data from various
authors indicate that signalling pathways such as Wnt / p-catenin and
Akt / mammalian target of rapamycin (mTOR) play important roles
during the differentiation of OPCs and the myelination process (Dai
et al, 2014; Ishii et al., 2019; Norrmén & Suter, 2013; Wang
et al,, 2021). These signalling pathways have been found to interact
and mutually regulate NF-kB, a product of the TLR4 pathway
(Gaesser & Fyffe-Maricich, 2016; Ma & Hottiger, 2016). However, the
relation between these signalling pathways is still unknown, and it
would be interesting to determine the concrete mechanisms by which
ApTOLL can act in non-inflammatory cells such as oligodendrocytes.

Together, our current findings suggest a new therapeutic
approach for the treatment of inflammatory and demyelinating dis-
eases such as MS. The molecular nature of the aptamer ensures
ApTOLL to exert a clear and safe anti-inflammatory effect, as well as
indirect/direct neuroprotective and remyelinating effects. This
confers advantages over other compounds. Importantly, ApTOLL
also exerts a clear safety profile, as demonstrated in the first-
in-human study (Hernandez-Jiménez et al., 2022), as well as efficacy
in reducing brain damage in stroke patients (Hernandez-Jiménez,
Abad-Santos, Cotgreave, Gallego, Jilma, Flores, Jovin, Vivancos,
Hernandez-Pérez, et al., 2023; Hernandez-Jiménez, Abad-Santos,
Cotgreave, Gallego, Jilma, Flores, Jovin, Vivancos, Molina,
et al, 2023). This opens the door to future clinical trials with this

aptamer in human MS patients.
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