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Abstract

The development of neuroprotective therapies is a sought-after goal. By screening combinatorial chemical libraries using in vitro
assays, we identified the small molecule BN201 that promotes the survival of cultured neural cells when subjected to oxidative
stress or when deprived of trophic factors. Moreover, BN201 promotes neuronal differentiation, the differentiation of precursor
cells to mature oligodendrocytes in vitro, and the myelination of new axons. BN201 modulates several kinases participating in the
insulin growth factor 1 pathway including serum—glucocorticoid kinase and midkine, inducing the phosphorylation of NDRG1
and the translocation of the transcription factor Foxo3 to the cytoplasm. /n vivo, BN201 prevents axonal and neuronal loss, and it
promotes remyelination in models of multiple sclerosis, chemically induced demyelination, and glaucoma. In summary, we
provide a new promising strategy to promote neuroaxonal survival and remyelination, potentially preventing disability in brain

diseases.
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Introduction

Brain diseases represent a significant clinical challenge due to
the known sensitivity of the central nervous system (CNS) to
damage and its limited capacity for repair and regeneration.
Brain injury and brain diseases are notorious for significant
long-term disability [1, 2]. After insult, damage to neurons and
axons may induce several forms of neuropathology including
necrosis, apoptosis, autophagia, necroptosis, and pyroptosis.
Further, brain injury may disrupt the connections between
neurons, as what occurs following axon degeneration (anter-
ograde or Wallerian degeneration, retrograde degeneration or
dying-back, or even transynaptic degeneration), synaptic loss,
or dendritic pruning [3—5]. Although some of these processes
take place early after insult, others may be delayed for weeks,
months, or even years. For these reasons, the discovery of
agents that promote neuroprotection is a health priority.

In multiple sclerosis (MS), the autoimmune attack and
chronic inflammation produces a massive destruction of mye-
lin, with loss of oligodendrocytes and their precursors in the
long term, as well as relative axonal loss. Long-term disability
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is mainly dependent on axonal loss, which is the result of the
acute inflammatory damage and degeneration of chronically
demyelinated axons. Because current immunotherapy de-
creases the frequency of autoimmune attacks but chronic in-
flammation persists, neuroprotection is being pursued as com-
bination therapy to prevent high levels of disability [6]. On the
other hand, glaucoma is a neurodegenerative disease of the
visual pathway, with high intraocular pressure being 1 of the
most common predisposing factors and the only 1 targeted with
approved therapies. However, in most cases, even though treat-
ed with ocular pressure-lowering drugs, the disease keeps
progressing, and for this reason, neuroprotection is defined as
a high priority for preventing blindness due to this condition [7].

In order to develop new therapies for prevention of brain
damage [1-6], we screened combinatorial libraries of small
chemicals in order to identify compounds that favor the sur-
vival or differentiation of neuronal precursors and the survival
of mature and immature neurons in the presence of stressors
(including oxidative stress or trophic factor deprivation). We
also assessed the capacity of such compounds to promote the
survival and differentiation of myelin-forming cells. The
screening included in vitro cell assays and in vivo models of
neuroinflammation and neurodegeneration. We describe the
small chemical BN201 that displays an array of neuroprotec-
tive effects in neurons and myelin-forming cells, and is being
developed at present as a neuroprotective therapy for MS and
optic neuritis (NCT03630497).

Material and Methods
Chemical Libraries

Two different chemical libraries developed at the Institute of
Medical Advanced Chemistry of Catalonia, CSIC, Barcelona,
Spain (Prof Angel Messeguer), were tested: first, N-
alkylglycine trimers (peptoids), and second, cyclic
tetralkylammonium salts. The cyclic tetraalkylammonium
salts library was composed of 66 master compounds (44 com-
pounds contained a 6-membered ring, whereas 22 contained a
7-membered ring) [8]. The peptoid (oligomers of N-
alkylglycine units) library consisted of controlled mixtures
constructed under the positional scanning format, and it was
composed by 5120 compounds [9, 10]. The lyophilized com-
pounds were dissolved in H,O with 5% DMSO for the in vitro
assays and were tested in controlled mixtures at 1 to 5 mg/ml.

Cell Lines

All cell lines were obtained from the American Tissue Culture
Collection (Manassas, VA, USA) and were tested and con-
trolled for a number of expansion cycles. All in vitro experi-
ments were repeated twice.

PC12 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 2.5% fetal bo-
vine serum (FBS), 15% horse serum (HS), and penicillin/
streptomycin (P/S). The SH-SYSY cell line was maintained
in 50% Ham’s F12 medium and 50% Earle’s minimal essen-
tial medium, supplemented with 10% FBS, 2 mM L-gluta-
mine, and 1% P/S. The NSC-34 cell line was cultivated in
DMEM with 10% FBS and 1% P/S. The rat Schwannoma
RN22 cell line was cultured in DMEM with 10% FBS and
P/S. All the cell cultures were maintained at 37 °C in 5% CO,
and they were grown in 60 and 100 mm tissue culture dishes
(Beckton Dickinson, Franklin Lakes, NJ).

PC12 Differentiation Assay

PC12 cell differentiation and survival was measured by plat-
ing cells onto collagen-coated 24-well plates and adding NGF
(100 ng/ml, [11]) or the small chemicals to the cultures at
different concentrations (2-20-100 ng/ml and 2-20-
50 pg/ml) (see additional details in Fig. S1). The number of
differentiated cells with neurite processes greater than 2 cell
bodies in length were counted after 5 days of treatment,
counting 100 cells in 3 randomly selected fields in each well
(at least 300 cells were assessed at random in each experi-
ment) [11].

In Vitro Oxidative Stress Survival Assays

RN22 cells were plated in 24-well plates (20,000 cells/well) in
DMEM alone and after allowing the cells to adhere for 3 days,
and copper sulfate (CuSOy, 150 pM) was added in the pres-
ence or absence of NGF (100 ng/ml) or BN201 (1-10-50 ng/ml
or 1-10 pg/ml [12]. After 24 h, cell viability was studied by
determining the amount of MTT (Sigma, St Louis, MI, USA)
that was reduced to insoluble purple formazan. After remov-
ing the medium, the water-insoluble formazan was solubilized
in DMSO (Sigma) and the dissolved material was measured
on a spectrophotometer at a wavelength of 570 nm,
subtracting the background at 650 nm.

Human SH-SYS5Y neuroblastoma cells were first differen-
tiated to a neuronal phenotype with retinoic acid (10 uM) for
6 days and they were then pretreated for 3 days with BN201 at
different doses (0.03, 0.1, 0.5, 1, 3, 5, 10, 20, and 100 uM) in
fresh medium, with or without K252a (200 nM). MPP™*
(100 uM) or H,O, (100 uM) was then added after 30 min
and the number of surviving cells was determined by quanti-
fying the MTT staining 48 h later as described above [13, 14].

Trophic Factor Deprivation In Vitro Assay
NSC-34 cells were seeded in 24-well poly-lysine-coated

plates (30,000 cells/well) and preincubated for 24 h in
DMEM plus 10% FBS with various doses of BN201 (0.2,
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0.1, 2, 20, and 50 pg/ml), or with granulocyte-colony stimu-
lating factor (G-CSF) (2 pg/ml) or brain-derived trophic factor
(BDNF) (20 ng/ml) as positive controls [15]. The medium was
then removed and replaced with fresh DMEM without FBS,
and after 48 h, cell viability was assayed by the MTT assay.

In Vitro Remyelination Assays

Purified retinal ganglion cells (4000/well) from P7 rats were
cultured in 96-well plates for 10 days in culture media in order
to produce newly generated axons. Then, oligodendrocyte
precursor cells (OPCs) (Olig2+) from P8 rats were plated on
top of the retinal ganglion cells (RGCs), and stimulus was
added, including placebo (5% DMSO), positive control (gam-
ma secretase inhibitor DAPT (2,4-diamino-5-phenylthiazole)
(1 uM)) [16], and increasing concentrations of BN201 (0.05,
0.13,0.41, 1.2,3.7, 11, 33, and 100 uM). OPCs were allowed
to maturate for 6 days, and by the end of the experiments,
cultures were stained with anti-MBP antibody. Automatic mi-
croscopy quantification was performed assessing the percent-
age of differentiated oligodendrocytes (OLs) and percentage
of myelinating OLs wrapping RGC axons (defined as the
presence of linear myelin basic protein (MBP*) structures)
[17]. Quantification was done with the GE InCell software,
with custom morphological analyses written at the Myelin
Repair Foundation to identify and quantify the stringy mor-
phology in mature OLs/MBP staining denoting axonal align-
ment. Assays were performed in duplicate and repeated twice.

Binding Assays

Binding assays were performed using the KINOMEscan for
kinases, the tk\MAX Biosensor Panel for tyrosine kinase re-
ceptors (RTKSs), and the GPCRmax panel for G protein recep-
tors (all from DiscoverX, Freemont, CA, USA) and the CNS
Receptor Express profile (CEREP, Celle I’Evescault, France).
BN201 was tested at 10 uM. The KINOME tested 456 human
kinases and the kAMAX scans tested 19 RTK. The results are
expressed as percentage relative to the Control (Ctr). Values of
% Ctr higher than 35 are not considered as relevant binding.
The GPCRmax panel uses the PathHunter 3-arrestin assay
that monitors the activation of a G protein—coupled receptor
(GPCR) using the enzyme fragment complementation (EFC)
with [3-galactosidase (3-Gal) as the functional reporter.
Compound activity was analyzed using CBIS data analysis
suite (ChemInnovation, San Diego, CA). For agonist mode
assays, percentage activity was calculated using the following
formula: % Activity = 100% % (mean RLU of test sample —
mean RLU of vehicle control) / (mean MAX control ligand —
mean RLU of vehicle control). For antagonist mode assays,
percentage inhibition was calculated using the following for-
mula: % Inhibition = 100% % (1 — (mean RLU of test sample
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—mean RLU of vehicle control) / (mean RLU of EC80 con-
trol —mean RLU of vehicle control)).

The CNS receptor assay is based in the binding to a radio-
actively labeled CNS receptor. Compound binding was calcu-
lated as percentage inhibition of the binding of a radioactively
labeled ligand specific for each target. Results showing an
inhibition or stimulation higher than 50% are considered to
represent significant effects of the test compounds.

The CETSA assay was conducted by Pelago Biosciences
Inc. (Solna, Sweden) in the SH-S5Y'5 cell line.

Western Blot Phosphorylation Assays

Subconfluent cells (SH-SYS5Y or Hela cells) were grown over-
night in medium containing 2% FBS and 1% HS, and they
were stimulated with BN201 at 2 doses (10 and 100 uM) and
time points (0.5, 1, and 4 h). Cells were then washed with cold
PBS and briefly sonicated in RIPA buffer with phosphatase
and protease inhibitors. Lysates (20 png of total proteins) were
separated by SDS-PAGE and transferred to nitrocellulose
membranes (Whatman, Dassel, Germany). After blocking
with 5% nonfat milk in TBST buffer (10 mM Tris pH 7.5/
150 mM NaCl/0.2% Tween 20), the membranes were probed
overnight at 4 °C with specific antibodies against phosphory-
lated proteins: p-NDRG1 (Thr346, 1/1000, Cell Signaling,
Danvers, MA), p-Tau (pSer214, 1/700, Thermo-Fisher,
Waltham, MA), p-Nedd4-2 (S448, 1/1000, Abcam,
Cambridge, UK), p-GSK3b (Ser9, 1/1000, Cell Signaling),
and p-Foxo3 (Ser253, 1/700, Abcam). Staining with anti-
glyceraldehyde-3phosphate dehydrogenase (GAPDH) mono-
clonal antibody (1/5000, Chemicon, Fisher Scientific,
Hampton, NH) was used as reference. The membranes were
then incubated with HRP-conjugated IgG (Cell Signaling) for
2 h at room temperature, and the phosphorylated species were
detected by enhanced chemiluminescence (ECL, Bio-Rad,
Hercules, CA) and quantified.

Cytometry Phosphorylation Assays

Phosphorylation of AKT and p70S6K was assessed in the SH-
SYSY cell lines using the Millipore’s FlowCellect PI3K-
mTOR Signaling Cascade Mapping Kit (Millipore, Billerica,
MA, USA, FCCS025210) following the manufacturer’s
instructions.

SGK Blocking Assays

Blocking of SGK2 activity was assessed by inhibiting SGK2
expression using iRNA (Dharmacon Accell siRNA assay: #E-
004673-00-0005, GE Healthcare, Chicago, IL) (see Fig. S2)
[18] or blocking its kinase activity using the SGK-1/2 inhibi-
tor GSK650394 (Tocris Biosciences, Bristol, UK: catalog #
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3572; 2 uM) [19]. Dexamethasone (1 uM) was used as a
positive control.

In Vivo Studies in Models of MS and Glaucoma

All experiments were repeated twice, all trials included 10
animals per arm, and animals were randomly assigned to each
group and therapies were administered in a blinded manner
(evaluator was not aware of the treatment group). As placebo,
we used the same solution in which BN201 was dissolved
(physiological saline solution plus 5% DMSO). Therapy was
started after disease onset: in the experimental autoimmune
encephalitis (EAE) model, therapy started after animals
showed clinical signs; in the chemical demyelination model,
therapy started 1 h after lysolecithin challenge; and in the
glaucoma model, therapy started 1 week after induction of
ocular hypertension. All animal studies were approved by
the University of Barcelona Committee on Animal Care.

Experimental Autoimmune Encephalomyelitis

Female C57BL/6 mice from Harlan (8-12 weeks old) were
immunized subcutaneously in both hind pads with 300 pg
of a myelin oligodendrocyte glycoprotein (MOG3;s_ss,
Spikem, Florence, Italy) emulsified with 50 pg of
Mycobacterium tuberculosis (H37Ra strain; Difco, Detroit,
MI, USA) in incomplete Freund’s adjuvant (IFA) as described
previously [20]. Mice were injected intraperitoneally (i.p.)
with Pertussis toxin (500 ng, Sigma) at the time of immuni-
zation and 2 days later. The animals were weighed and
inspected for clinical signs of disease on a daily basis by an
observer blind to the treatments. The severity of EAE was
assessed on the following scale: 0 = normal; 0.5 = mild limp
tail; 1 = limp tail; 2 = mild paraparesis of the hind limbs,
unsteady gait; 3 = moderate paraparesis, voluntary move-
ments still possible; 4 = paraplegia or tetraparesis; 5 = mori-
bund state; 6 = death [21]. Therapy always started after dis-
ease onset, when animals reached an EAE clinical score > 1.0.
Animals were randomized to each treatment after reaching
such score and the clinical score was assessed blindly.
Clinical assessment extended for 30 days after randomization
in order to cover the early inflammatory and late
inflammatory/degenerative phases. Considering that on aver-
age animals reached the clinical score to start therapy by day
12, clinical follow-up was used to expand until day 40 (de-
pending on each animal). Pathology was done always in the
last day of the clinical assessment.

At the end of the study, mice were anesthetized and per-
fused intracardially with 4% of paraformaldehyde (PFA) in
0.1 M phosphate buffer (pH 7.6). The brain, spinal cord, optic
nerve, and retina of the animals were dissected out and fixed
or frozen until use; the spleen was collected for retrieving
immune cells; and serum was obtained from all animals

included in the study. Slides were stained with hematoxylin
and eosin (H&E), Luxol fast blue (LFB), and Bielschowsky’s
silver impregnation (BSI) to assess inflammation, demyelin-
ation, and axonal pathology. Pathology quantification was
conducted in the optic nerve and spinal cords because of the
relevance of such tracts in MS disease; in addition, their lon-
gitudinal anatomy allowed more systematic quantification.
Quantification of axonal loss was performed with BSI slides
and using the following scoring: 0, normal staining of axons;
0.5, traces of perivascular or subpial axonal loss; 1, marked
perivascular or subpial axonal loss; 2, confluent perivascular
or subpial axonal loss; 3, massive confluent axonal loss; and 4,
extensive axonal loss. Semiquantitative histological evalua-
tion of the inflammation and demyelination was scored blind
to the treatment using the following scale: 0 = normal; 1 =1 to
3/section perivascular cuffs with minimal demyelination; 2 =
3 to 10 perivascular cuffs/section accompanied by moderate
demyelination; and 3 = widespread perivascular cuffing, ex-
tensive demyelination with large confluent lesions [22].

Animals were given daily intraperitoneal injection of
BN201 (12.5-100 mg/kg), glatiramer acetate (GA) (5 mg/kg
[23], from Teva Pharmaceuticals, Petah Tikva, Israel), or oral
gavage of dimethyl fumarate (DMF) (15 mg/kg [24], from
Sigma) or fingolimod (FTY, 2 mg/kg [25], from Selleck
Chemicals, Munich, Germany) or the neurotrophin mimetics
gambogic amide (2 mg/kg [26], from Sigma) or xaliproden
(SR57746A, at 10 mg/kg [27], from Tocris, Bristol, UK), or
placebo (physiological saline solution plus 5% DMSO). All
drugs were as prepared in water with 5% DMSO.

Passive Transfer EAE

MOGg;s.ss-specific Th17 cell passive transfer EAE in C57BL6
mice was performed as previously described [28]. Animals
were treated with BN201 (25 and 50 mg/kg daily) or placebo
after immunization. Splenocytes and lymph nodes were col-
lected by day 12 (post-immunization) and restimulated in vitro
with MOGjs.55 and rmIL23 for 3 days and then infused
(intravenously) to recipient animals. Recipient animals (15
per group) were treated with BN201 (25 or 50 mg/kg daily)
or placebo for 30 days. Clinical score was recorded as de-
scribed above.

Lysolecithin Induced Chemical Demyelination
of the Optic Nerve

Chemical demyelination of the optic nerve in Sprague-
Dawley rats (male, 7-8 weeks old, 250-300 g) was induced
with lysolecithin as described elsewhere [29]. After exposing
the optic nerve from a random eye, Evans Blue dye (2 pl) was
placed under the dura mater to show the microinjection site in
order to identify the focal lesion for the histology.
Microinjections were performed with a Hamilton syringe
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inserted into the optic nerve as superficially as possible at
2 mm posterior to the globe and 0.8 ul of 1% lysolecithin
(with 0.02% Evans Blue) was slowly pressure-injected onto
the nerve for approximately 30 s. Sham control rats were
injected with 0.02% Evans Blue in 0.8 pl saline.

BN201 was tested at saturating doses (50 and 100 mg/kg in
mice correspond to 35 and 70 mg/kg in rats). All formulations
were prepared daily and dosed immediately for 6 days (days
0-5). The first dosage was given 1 h after lysolecithin injection
(curative treatment) and repeated once/day until the end of the
experiment (last treatment on day 5), and animals were sub-
sequently sacrificed on day 6 (24 h after the last treatment
dose). Optic nerves (from globe to chiasm) and eye were re-
moved and were fixed in 1% paraformaldehyde overnight.
Five-micrometer-thick (5 um) paraffinated transverse sections
were made at the site of injections (at the place of the dye).
Serial sections of each optic nerve were obtained (6 sections).
Histological stain and quantification was performed as ex-
plained above.

In Vivo Intraocular Hypertension Model of Glaucoma

Sprague-Dawley rats (4 months old) were anesthetized with
isobutane, and hypertonic saline solution was injected into the
episcleral vein of the right eye. Intraocular pressure was mea-
sured before the operation and it was monitored once weekly
using the TonoLab tonometer over 7 weeks. Topical applica-
tion of BN201 (200 and 400 pg/ml) or timolol (200 pg/ml)
eye drops began 1 week after the induction of intraocular
hypertension. NGF was used as a positive control
(200 pg/ml) and physiological solution was used as a placebo,
and the left eye was used as a control without glaucoma.
Seven weeks after glaucoma induction, the animals were
sacrificed by overdose of anesthesia and their eyes were fixed
in 4% PFA. Subsequently, paraffin sections of the eyes
(20 um) were used for histological quantification (H&E)
and the number of RGCs was counted in 10 different fields
for each eye.

Cerebellar Organotypic Culture Model
of Neuroinflammation

The model of neuroinflammation using cerebellar organotypic
cultures stimulated with LPS has been described previously
[30]. Briefly, cerebellum slices from P8 mice (400 wm) were
plated in 6-well plates (3 slices/well) containing a 30-mm
culture plate insert with 0.4 um pores (Millipore) in 1 ml full
culture medium (5% CO, in 50% basal medium with Earle’s
salt, 25% Hank’s buffered salt solution, 25% inactivated HS,
5 mg/ml glucose, 0.25 mM L-glutamine, and 25 pg/ml P/S) at
37 °C and 5% CO,. All experiments were performed after
1 week in culture, replacing the medium in each well and
adding BN201 (100 ng/ml) or a placebo (physiological
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solution) for 1 h prior to the LPS challenge (15 pg/ml). The
slices and culture supernatants were recovered at different
time points: 0, 1, 3, 6, 12, 24, and 48 h. At each time point,
we obtained untreated control slices, LPS/placebo-treated
slices, and a LPS/BN201-treated slices from 3 different exper-
iments. RNA extraction was obtained by freezing the slices
directly at — 20 °C in RNA Lysis Buffer (Qiagen, Chatworth,
CA). In another 3 experiments, slices were analyzed by im-
munofluorescence microscopy after fixation in 4% PFA for
45 min at room temperature. Culture supernatants were stored
at — 20 °C and used for measuring TNFo by ELISA and iNOS
gene expression by PCR. The g-ratio of myelin was measured
from electron microscopy images as explained elsewhere [31].

Immunohistochemistry in Rodent’s Brain

Immunohistochemical procedures were performed on 10 um
paraffin-embedded sections of brain and spinal cord as de-
scribed previously [22]. Primary antibodies were added at
the following concentrations: anti-Foxo3a antibody (1/100;
Bethyl Labs, Montgomery, TX), anti-iNOS antibody (1:200,
Abcam), anti-CD86 antibody (1:200, Abcam), anti-arginase- 1
antibody (1:200, Santa Cruz, Dallas, TX), and anti-CD206
antibody (1:1000, Abcam). The secondary fluorescence anti-
bodies were as follows: anti-goat 633 (1:200, Molecular
Probes, Eugene, OR), anti-rat 488 (1:200, Molecular
Probes), and anti-rabbit 488 (1:200, Fluoprobes, Interchim,
San Diego, CA). Immunohistochemical findings were quanti-
fied using Fiji software. The specificity of the immunoreaction
was determined by incubating sections without the primary
antibodies or using the corresponding isotype controls which
yielded no immunoreactivity.

Real-Time Polymerase Chain Reaction

Brains, spinal cords, and organotypic cultures were homoge-
nized in RNA lysis buffer (Qiagen) and the total RNA was
extracted using the RNeasy Mini Kit (Qiagen), including a
RNase-Free DNase treatment (Qiagen). Total RNA (35 ug)
was reverse transcribed at 37 °C for 2 h after an initial incu-
bation at 25 °C for 10 min using the Reverse Transcription
System (High Capacity cDNA Archive Kit; Applied
Biosystems, Foster City, CA). For RT-PCR, primers and
target-specific fluorescence-labeled TagMan probes were pur-
chased from Applied Biosystems (TagMan Gene Expression
assays), and we used the TagMan Universal Master Mix
(Applied Biosystems). Amplification of complementary
DNA was performed on a DNA Engine Opticon 2 Real-
Time System (MJ Research, Watertown, MA) using 0.9 uM
of each primer, 0.25 uM of the probes, and 20 ng complemen-
tary DNA. The reaction conditions were an initial 2 min at
50 °C, followed by 10 min at 95 °C, and 40 cycles of 15 s at
95 °C and 1 min at 60 °C. Each sample was run in triplicate,
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and in each plate, the target and the endogenous control were
amplified in different wells. The expression of the gene tested
was quantified relative to the level of the housekeeping gene
18S RNA, as explained previously [32].

Foxo3 Translocation Assessed
by Immunofluorescence in CNS Tissue

The brain of the mice was removed and dissected into 3
parts (anterior, medial, and posterior part), and 3 coronal
cross-sections of each part of the brain were obtained (4 pm
slices). The spinal cord was also cut into 3 parts (cervical,
thoracic, and lumbar), and 3 cross-sections of the lumbar
spinal cord (4 um slices) were mounted for observation.
The brain and spinal cord were stained with the primary
anti-Foxo3a antibody (1/100; Bethyl Labs), which was de-
tected with a secondary anti-rabbit Cy3 antibody. The study
focused on the gray matter as the region where the majority
of neuron’s somas lie. Quantification was performed at X
20 augmentation as the number of DAPI-stained nucleus
without overlapping Cy3 stain, with the Cy3 stain
(Foxo3) being located in the cytoplasm per section (cells
with translocation) per 10° cells. Representative images
were taken at x 100 magnification on an ApoTome.2
Zeiss microscope [33].

Immunological Assays in Splenocytes from EAE Mice

Proliferation assays were conducted in splenocytes from im-
munized C57BL/6 mice participating in the dose—response
study (Fig. 3A) and collected by day 12 after immunization.
Proliferation assays were based on [H?] thymidine incorpora-
tion, as described previously [34]. Cytokine analysis (interleu-
kin (IL)-2, IL-4, IL-10, IL-17, and interferon v (IFNy)) was
done in the supernatants of cultures by ELISA following the
manufacturer’s instructions (ELISA kits Ready-SET-Go by
eBiosciences, Affimetrix, Santa Clara, CA).

Parallel Artificial Membrane Permeability Assay

Parallel artificial membrane permeability assay was used
as an in vitro model of passive blood-brain barrier
(BBB) permeability [35]. An artificial membrane
immobilized on a filter was placed between a donor
and an acceptor compartment. After BN201 was intro-
duced into the donor compartment and following a per-
meation period (18 h), its concentration in the donor and
acceptor compartments was measured on a UV spectros-
copy reader. The compound stock solutions were diluted
200-fold in a universal buffer at pH 7.4 and added to the
donor wells. The filter membrane was coated with por-
cine brain lipid in dodecane and the acceptor well was
filled with pH 7.4 buffer. The effective permeability (P,)

of the compounds was calculated with the pION PSR4p
software. Samples were analyzed in triplicate and the
average of the 3 runs was assessed. Quality control stan-
dards were run with each sample to monitor the consis-
tency of the analysis.

Cellular In Vitro Model of Transport
Across the Blood-Brain Barrier

The cellular model in vitro was established using a co-culture
of primary blood-brain endothelial cells and newborn rat as-
trocytes (see Fig. S4) as described elsewhere [36]. The culture
was performed in 24-well polycarbonate transwells with a
surface area of 0.33 cm”® and pore size of 0.4 um (Corning
Costar, Sigma), and the upper surface of the plate inserts was
coated with collagen type IV and fibronectin; 45,000 astro-
cytes and 45,000 bovine brain endothelial cells were plated
sequentially. On day 8 of co-culture, the transendothelial elec-
trical resistance (TEER) was measured using an ohmmeter
Millicell ERS system (Millipore). The TEER values represent
the integrity of the in vitro BBB, and the mean TEER for all
the wells was 141 +5.7 Q/cm? (mean + S.D.). To validate the
maturity of the model, permeability assays were done in par-
allel with lucifer yellow (LY, 20 uM) on the same day of the
experiment as a marker of the integrity of the in vitro barrier.
Permeability was calculated using following equation
[37-39]:

Pay = (dQ/dr)” (1/A)" (1/Cy) (em/s)

Where (dQ/d¢) is the amount of the compound present in
the acceptor compartment as a function of time (nmol/s), A is
the area of the insert (cm?), and Cy is the initial concentration
of the compound applied to the donor compartment
(nmol/ml).

High-Performance Liquid Chromatography

Brain Samples Brain homogenates (100 pl of brain homoge-
nate and 10 ul of the internal standard) were mixed with
250 ul of methanol, and after centrifugation, the supernatants
were transferred to a Captiva NDLipids plates (Varian, Palo
Alto, CA). The supernatants were filtered and the eluates were
evaporated under a steady stream of nitrogen (37 °C) and
redissolved with ACN:H,O (1:1) for analysis.

Plasma Samples Plasma (60 pl) was combined with 18 ul of
the internal standard (verapamil 0.125 uM in MeOH:H,0),
and an aliquot (25 ul) of each plasma sample (blank, calibra-
tion standards, and study samples containing internal stan-
dard) was processed on Sirocco Protein Precipitation plates
(Waters, Milford, MA, USA) with the addition of 375 ul of
ACN to each well of the Sirocco plate. The samples were
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filtered under vacuum (8-10 mmHg) for about 5 min, and the
filtrates were evaporated under a steady stream of nitrogen
(37 °C) and reconstituted with 150 ul of ACN:MeOH for
analysis. Prior to plasma sample preparation, some plasma
samples were diluted with PBS as the volume was insufficient
to perform the analysis. Samples were analyzed using
ACQUITY Ultra Performance LC with a Kinetex C18
2.6 pm, 2.1 x 50 mm column. Details of the pharmacokinetic
studies are provided in Supplementary Table S2 and Fig. S4.

Statistical Analysis

Statistical analyses were performed with ANOVA test with
Tukey post hoc analysis for the in vitro cell assays and the
2-tailed Mann—Whitney U test to assess differences in the
clinical score of in vivo studies. p values < 0.05 were consid-
ered to indicate a significant difference and the statistical anal-
yses were carried out using the SPSS 20.0 statistical software
(SPSS, Chicago, IL).

Results

Screening for Small Chemicals with Neuroprotective
Activity in Functional Cell Assays

We set out to identify small chemicals with neuroprotec-
tive activity aimed to prevent disability in MS and glau-
coma by screening a combinatorial chemical library of
peptoids (constructed in positional scanning format) and
another 1 of discrete 3-oxopiperazinium and perhydro-3-
oxo0-1,4-diazepinium compounds using functional in vitro
cell assays. The chemical libraries were developed at the
Institute for Advanced Chemistry of Catalonia IQAC-
CSIC, Barcelona, Spain (Prof Angel Messeguer). The cy-
clic tetraalkylammonium salts library was comprised of
66 master compounds (44 compounds contained a 6-
membered ring, whereas 22 contained a 7-membered ring)
[8]. The peptoid (oligomers of N-alkylglycine units) li-
brary, constructed under the positional scanning format,
was comprised of 5120 compounds [9, 10]. Screening of
the peptoid library was performed using controlled com-
binations of compounds from the same library. For the
combinations with positive signals, individual compounds
were synthesized and tested. The screening was per-
formed in the rat pheochromocytoma PC12 cell line to
evaluate the effects of these compounds on neuronal dif-
ferentiation [11], as well as in the human neuroblastoma
cell line SH-SYS5Y and in the rat schwannoma cell line
RN22 to assess cell survival in the presence of oxidative
stress (H,O, or CuSQy) [12, 14]. The cells were cultured
in the presence of different concentrations of the com-
pounds tested (from 2 to 20 pug/ml). From the screening,
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we found 3 tetraalkylammonium salts and 3 peptoids with
in vitro neuroprotective activity. All 6 compounds were
tested for safety and efficacy in an animal model of MS
(EAE). The tetraalkylammonium salts were discarded be-
cause of toxicity signals. From the peptoids, all were well
tolerated and 1 of them (G59) showed the highest efficacy
in a dose—effect manner in ameliorating the clinical course
of the disease. Therefore, G59 was select as the lead com-
pound. After chemical optimization of G59, we identified
the small molecule BN201 as the most effective com-
pound in terms of promoting PC12 differentiation, as well
as having the strongest activity in protecting SH-SYSY
and RN22 cells from oxidative stress (Fig. 1A-D and
Fig. S1 and Table S1), as well as displaying efficacy in
the EAE model (see below). The BN201 compound is a
peptoid of 491.5 Da, with high solubility and
biodistribution.

To evaluate the neuroprotection afforded by BN201 in neu-
rodegenerative processes, we tested its ability to prevent the
death of human neurons (SH-SYS5Y cells) exposed to the mi-
tochondrial toxin MPTP (MPP™, 100 uM) [13] or to oxidative
stress (H,O,, 100 uM) [14] in vitro. MPTP-induced stress
diminished the viability of these cells (MPP stress 90.5 =
1.5%), whereas both BN201 (20 ng/ml) and BDNF almost
completely prevented neuronal loss (BDNF 104 +2.9%;
BN201=96.6 +£3.3%: Fig. 1D). The oxidative stress induced
by H,0, significantly reduced the viability of SH-SYS5Y cells
(40% survival), which was in part impeded in the presence of
the antioxidant compound sodium pyruvate (55% survival).
BN201 (from 0.03 to 5 nM) protected SH-SY5Y cells against
death (47-60% survival) (Fig. 1E). In addition, we tested the
efficacy of BN201 in protecting the mouse NSC34 motor-
neuron cell line from trophic factor deprivation [15]. BN201
(2 and 20 pg/ml) significantly enhanced the viability of these
cells relative to the untreated controls (BN201=98.11+
6.14%; control =69.64 +10.12%: p =0.02), and it produced
better protection than BDNF or G-CSF used as positive con-
trols (Fig. 1F).

Further, we assessed whether the protective effects ob-
served in RN22 (Schwann) cells might contribute to myelin
recovery, a key process in MS and more recently shown in
glaucoma [40]. We evaluated the effects of BN201 on the
differentiation of OPCs (Olig+ cells) to mature OLs (MBP™)
in vitro and on promoting the myelin ensheathing of axons
[17]. We cultured primary RGCs from P8 mice and allowed
them to differentiate and to produce axons in culture. Then,
we added OPCs in the presence of a positive control (the
gamma-secretase inhibitor DAPT, 1 uM), placebo, or increas-
ing concentrations of BN201 (from 50 nM to 100 uM). The
number of MBP™ cells formed in the presence of BN201 in-
creased in a dose-dependent manner, indicating differentiation
of the OPCs to mature OLs (ECs5o=6.3 uM) (Fig. 1G). In
addition, the quantification of linear MBP* structures
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<« Fig. 1 Neuroprotective activities of the small chemical BN201. All
assays were done in duplicate wells and repeated twice. We used
BN201’s dissolving solution as control (saline). Results are shown as
the mean + SEM. A BN201 chemical structure (mw 491 Da). B
Differentiation of PC12 cells to a neuronal phenotype expressed as the
percentage of cells with neurites compared to the positive control NGF
(100 ng/ml). C Survival of the myelin cell line RN22 (MTT assay) in the
presence of oxidative stress induced with CuSO,4 (150 uM). NGF
(100 ng/ml) was used as positive control for promoting Schwann cell
survival. D Survival of the human neuroblastoma cell line SH-SYSY
(MTT assay) in the presence of MPTP (100 uM)-induced oxidative
stress. BDNF (20 ng/ml) was used as a positive control for promoting
neuronal survival. E Survival of SH-SY5Y cells (MTT assay) in the
presence of H,O,-induced oxidative stress (100 uM). Sodium pyruvate
(10 uM) was used as a positive control for anti-oxidant activity. F
Survival of NSC34 cells (MTT assay) under trophic factor deprivation.
Positive controls used were the trophic factors G-CSF (2 pg/ml) or BDNF
(20 ng/ml). G Differentiation of mice oligodendrocyte precursor cell
(OPC) to mature (MBP*) oligodendrocytes (OLs). (a) Graph showing
the percentage of mature OLs. (b) Representative micrographs of the
MBP staining (arrows) of OPC cultures for placebo, the gamma secretase
inhibitor DAPT (1 uM) that promotes OPC differentiation, and BN201
(100 uM). (H) Percentage of myelinated axons in the presence of increas-
ing concentrations of BN201 or positive control (1 uM DAPT in dupli-
cate). Dose selection of positive controls is described in the methods. (a)
The graph shows the quantification of the assays. (b) The microphoto-
graph shows a representative picture of the co-cultures of differentiated
RGCs and OPCs, showing myelin (MBP*) in red, axons (neurofilaments,
NFL) in green, and nuclei (DAPI) in blue. Arrows indicate representative
linear MBP" structures quantified in the analysis. Comparisons between
groups were done using ANOVA test, with Tukey post hoc analysis.
*p <0.05 with respect to stressed control

indicative of the formation of myelin sheaths around axons
showed enhanced axon myelination in cultures treated with
BN201 or the positive control (ECso=16.6 uM) (Fig. 1H).
These results indicated that BN201 promoted the differentia-
tion of OPCs to mature OLs and that these mature OLs are
capable of myelinating newly formed axons in vitro.

BN201 Activates Neuronal Survival Pathways

In order to explore the mechanism of action of BN201, we
performed binding studies on a large panel of tyrosine kinases,
GPCRs, and CNS receptors as well as screening interaction
with the human neuronal proteome using thermal swift assays.
We found that BN201 has physical binding activity with a
reduced set of kinases, preferentially with serum—
glucocorticoid kinase (percentage of competitive binding with
respect to control (by order of efficacy) SGK2: 6.8; SGK1: 25,
and SGK3: 33; Kinome assay, DiscoverX). Binding screens
for CNS receptors (Express Profile assay from Cerep/
Eurofins, Celle L’Evescault), for tyrosine kinase receptors
(RTK tkMAX Biosensor Panel, DiscoverX), and GPCRs
(gpcrtMAX panel from DiscoverX) showed no other addition-
al binding for BN201. Indeed, we conducted additional
screening using the cellular thermal shift assay (CETSA) in
the human neuronal cell line SH-SY5Y, showing 2 clusters of
stabilized proteins: ribosomal proteins (annexins, translation
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initiation factors, RNA/DNA polymerases (TOP1) and
helicases (DDX19, DHX)) that are related with heat stress
and a cluster including midkine (MDK, also known as neurite
growth-promoting factor 2 (NEGF2)), the disulfide-
isomerases A3 and A4, and HSP90. Analysis of protein—
protein interaction databases pointed to the activation of the
midkine—nucleolin—-PTGES3 axis, like the SGK pathway,
which participates in the trophic factor pathway (PI3K—AKT
pathway) and protects neurons against damage (e.g., kainic
acid—induced seizures, ischemia, or amyloid beta toxicity)
[41].

SGKs are expressed strongly in all types of neurons and it
is considered to be a stress sensor [42], promoting the expres-
sion of antioxidant enzymes and the modulation of ion chan-
nels [43], as well as participating in trophic factor pathways
(e.g., insulin growth factor 1 (IGF-1) receptor pathway), pro-
moting neuronal survival. Indeed, MDK also activates the
IGF-1 pathway. We hypothesized that BN201, by activating
the IGF pathway, would activate downstream proteins such as
NDRGI1 or Foxo3 [44-46]. Foxo3 is translocated from the
nucleus to the cytoplasm, suppressing apoptotic genes and
inducing the expression of anti-apoptotic, antioxidant, and
prosurvival genes [42]. Based on this background, we ana-
lyzed the effects of BN201 in Foxo3 activation, demonstrating
that BN201 induced a time-dependent translocation of Foxo3
out of the nucleus in SH-SYSY cells (Fig. 2Aa) and a repre-
sentative image is shown in Fig. 2Ab. Second, we assessed the
effects of BN201 in inducing the phosphorylation of NDGR1
in Hela cells. We observed a dose- (Fig. 2Ba) and time-
dependent (Fig. 2Bc) phosphorylation of NDRG1 induced
by BN201 (ANOVA test: F'=2.606, degree of freedom =6,
p=0.046, Dunnett’s post hoc test). A representative Western
blot is shown in Fig. 2Bb.

IGF-1 signaling is a prototypic pathway promoting neuro-
nal survival, which is mediated by AKT and mTOR activation
(and its downstream kinase p760SK), in addition to SGK or
MDK. For this reason, we analyzed whether BN201 activates
AKT or mTOR/p760SK. We tested whether SH-SY5Y cells
exposed to BN201 (1 or 10 pM) had altered the phosphory-
lation of AKT and p760SK compared with the phosphoryla-
tion induced by IGF-1 as a positive control. BN201 did not
induce AKT or p760SK phosphorylation in the absence of
fetal bovine serum. By contrast, IGF-1 (100 ng/ml) enhanced
the phosphorylation of AKT and, to a lesser extent, the
p70S6K kinase (Fig. 2C). Collectively, these results show that
BN201 does not induce AKT phosphorylation or mTOR/
p760SK activation, and for this reason, the cell survival effects
are not attributable to AKT activation.

Finally, we inhibited SGK gene expression using 2 tech-
niques: a) by administration of iRNA and b) by testing the
SGK inhibitor GSK650394 in Hela and SH-SYS5Y cells. We
evaluated NDRG1 phosphorylation under both of these mod-
ulators in response to BN201 activation. The SGK2 iRNA
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<« Fig. 2 Activation of the trophic factor pathways by the small chemical
BN201. All assays were repeated twice. Time series or dose increasing
concentrations assays are shown as the mean; and group comparisons as
the mean + SEM. A Translocation of Foxo3 from the nucleus to the
cytoplasm in SH-SYSY cells after stimulation with BN201 (100 ng/ml)
with respect to nonstimulated animals. (a) Time course of the ratio of cells
with Foxo3 in their cytoplasm (per million of cells). (b) Representative
image of cultured SH-SYS5Y cells before (left) and after (right) stimula-
tion with BN201 (blue: nucleus (DAPI); red: anti-Foxo3 antibody).
Cytoplasmic Foxo3 is observed as punctated stain in the cytoplasm
(arrows) compared with nuclear Foxo3 (arrowhead), which overlaps with
nuclear stain (purple). B (a) Normalized phosphoprotein levels of
NDRGI (with respect to GADPH) by Western blot after 30-min stimula-
tion with increasing concentrations of BN201 (results are shown as the
means of 4 repetitions). (b) Representative Western blot for phosphory-
lated NDRGI at different times after BN201 (10 uM) stimulation, posi-
tive control: dexamethasone (DEX) 1 uM, and other stimulus: insulin
(INS) 2 pg/ml or lipopolysaccharide (LPS) 10 uM). (¢) Quantification
of the Western blot: normalized levels of phosphorylated NDRG1 with
respect to GADPH in the presence of positive control dexamentasone,
stimulus INS or LPS, and BN201 10 uM (30 min, 1 h, and 4 h). C AKT
and p706SK phosphorylation assays by flow cytometry in the presence of
IGF-1 (100 ng/ml), BN201 (1-10 pg/ml), and 10% FBS or without (wo
FBS). D Effects of SGK2 inhibition by RNA interference: (a) represen-
tative image of Western blot gels; (b) Western blot quantification. E
Effects of SGK2 inhibition by blocking with the SGK1/2 inhibitor
GSK650394 (100 nM) in the phosphorylation of NDRG1 after BN201
(10 uM) stimulation: (a) representative image of Western blot gels and b)
Western blot quantification. *p < 0.05, ANOVA test

reduced the expression of SGK2 in Hela cells up to 60% at
24 h as measured by RT-PCR (Fig. S2). We found that in Hela
cells with decreased expression of SGK2, the phosphorylation
of NDRGI induced by either dexamethasone or BN201
(10 uM) was decreased (ANOVA test: F'=4.053, degree of
freedom =5, p=0.022, Dunnett’s post hoc test) (Fig. 2D).
Similarly, in Hela cells pretreated with the SGK inhibitor
GSK 650394, phosphorylation of NDRG1 in response to ei-
ther dexamethasone or BN201 (10 uM) was reduced as well
(ANOVA test: F=3.414, degree of freedom=8§, p=0.019,
Dunnett’s post hoc test) (Fig. 2E). Overall, these results sup-
port the concept that BN201 mediates its effects, at least in
part, by the activation of NDRGI.

BN201 Prevents Axon and Neuron Loss, and It
Promotes Remyelination /n Vivo in Models
of Neuroinflammation

We evaluated the effects of BN201 in protecting neurons and
myelin producing cells in vivo using an animal model of MS.
We made use of the most common model used for testing
therapies, such as the EAE induced in C57BL/6 mice by im-
munization with MOGs3s_s5. BN201 was administered intra-
peritoneally because it is able to cross the BBB by active
transport (see details in Fig. S3) and has good solubility. In
all EAE experiments, therapy always started after disease on-
set, when animals reached an EAE clinical score >1.0.
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Animals were randomized to each treatment after reaching
such score and assessed blindly (Fig. 3Aa). Clinical assess-
ment was extended for 30 days in order to cover the early
inflammatory and late inflammatory/degenerative phases.
Intraperitoneal administration of BN201 to animals after clin-
ical onset (curative trial) ameliorated the clinical course and
pathology in a dose-dependent manner, with clinical efficacy
starting at 12.5 mg/kg, with the maximum benefit at 50 mg/kg,
and with no further added benefit after this dose (up to
100 mg/kg) (Fig. 3Ab). BN201 has high biodistribution after
parenteral administration, with intermediate half-life and pen-
etration to the CNS (Table S2 and Fig. S4). We did not observe
signs of toxicity at the doses tested. Histological evaluation of
the CNS showed that BN201-treated animals displayed less
axonal loss and neuron loss in both the spinal cord and in the
optic nerve than the animals that received placebo. Moreover,
animals displayed significantly smaller areas of demyelination
although levels of inflammatory infiltrates did not differ sig-
nificantly from the placebo group (Fig. 3B).

In terms of defining the efficacy of BN201 in preventing
damage in neuroinflammation, we compared its efficacy in the
EAE model against other drugs approved for the treatment of
MS (GA (intraperitoneal), DMF (oral), or FTY (oral)) and
with the neurotrophin small molecule mimetics, xaliproden
(intraperitoneal) or gambodic acid (intraperitoneal). All treat-
ments commenced after clinical onset making these therapeu-
tic rather than merely preventive trials, once animals had
reached a clinical score > 1.0, and then were randomized to
each treatment and assessed in a masked fashion. BN201 pro-
duced a stronger amelioration of EAE than either the immu-
nomodulatory drugs GA or DMF or the neurotrophin mi-
metics xaliproden and gambogic acid and had similar levels
of efficacy to FTY (Fig. 3Ac, d).

Microglia are key mediators of the immune damage and
protection of the CNS, producing either pro-inflammatory
mediators (e.g., iNOS, CD86, or HLA class II for antigen
presentation) or tissue protection (arginase or mannose recep-
tor pathways) [47, 48]. For this reason, we analyzed the effects
of BN201 in microglia/macrophage pool from mice with EAE
at the end of the experiment in the late stages of the disease.
Microglia from animals treated with BN201 had decreased
gene expression of iNOS and arginase-1 and a significant
increase in Mrcl expression (CD206 or mannose receptor),
whereas there were no changes in CD86 gene expression
(Fig. 3Cb). At the protein level, there were also a significant
reduction in the iNOS protein levels and a significant increase
in the Mrcl protein, whereas CD86 and arginase-1 protein
levels were not altered by BN201 (Fig. 3Cc). Overall, treat-
ment of BN201 displayed a tissue protective phenotype.

We set out to assess the effect of BN201 on the autoimmune
response to define if BN201 might also modulate the immune
system. We analyzed the proliferative response against the im-
munizing antigen (MOGs;s.s5) in splenocytes of immunized
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animals by day 12, as well as the cytokine profile in the super-
natants of spleen cell cultures obtained from placebo and
BN201-treated animals. We did not observe a significant effect
of BN201 in the proliferative response in splenocytes from
animals that received BN201 either in vivo or in vitro
(Fig. 3Da). At the cytokine level, we observed a significant
increase in the levels of the IL-2, IFNy, TNF«, iNOS, and
IL-10 by ELISA in splenocytes from BN201-treated animals
relative to the placebo group, suggesting a pleiotropic effect in
lymphocytes (Fig. 3b—f). Finally, we evaluated whether BN201
modulates Th17-mediated neuroinflammation. T cells were
collected by day 12 after immunization with MOGss_55 from
C57BL6 mice treated with BN201 (25-50 mg/kg) or placebo
and were restimulated in vitro with the MOGss_s5 in the pres-
ence of IL-23 and in the presence or absence of BN201. The
passive transfer of MOG-specific Th17 cells generated from
mice treated with BN201 induced EAE with a similar frequen-
cy and severity compared with placebo. These results suggest
that BN201 did not modulate the encephalitogenic activity of
Th17 cells in vitro or in vivo (Fig. S5).

In order to assess the effects of BN201 on focal CNS in-
flammation, we made use of an in vitro model of neuroinflam-
mation using cerebellar organotypic cultures challenged with
LPS [49]. This model involves only microglia activation but
not infiltration of hematogenous macrophages, T or B cells.
We observed that cultures challenged with LPS have wide-
spread loss of the MBP stain as a marker of demyelination and
partial loss of neurofilament (NFL) stain as a marker of axonal
density (Fig. 3Ea, b). By contrast, cultures treated with BN201
have a significant preservation of the MBP stain as well as the
NFL stain by 24 h after challenge. The analysis of the g-ratio
(ratio of the inner to the outer diameter of the myelin sheath)
showed that the percentage of unmyelinated axons (g-ratio =
1) was decreased in the BN201-treated cultures (Fig. 3Ec).
Considering that such effects were observed 24 h after the
challenge, these findings suggest myelin preservation since
remyelination would require longer periods of observation.
The pretreatment of cultures with BN201 significantly damp-
ened the LPS-induced expression in microglia of pro-
inflammatory mediators such as TNFx and oxidative stress
(iNOS) (Fig. 3Eb, c). These results are concordant with the
observed effects in the EAE model, supporting a role of
BN201 in shutting down the pro-inflammatory microglia pro-
file, which can be beneficial for preventing CNS damage in
patients with MS.

Neuroprotective Effects of BN201 in Models
of Chemically Induced Demyelination and Glaucoma

To further distinguish whether the beneficial effects of BN201
might be due to a combination of both immunomodulatory
and neuroprotective effects, we tested the efficacy of BN201
in protecting neurons, axons, and myelin in models of

Fig. 3 In vivo effects of BN201 in animal models of neuroinflammation. P>
(A—C-D) Experimental autoimmune encephalitis (EAE) was induced in
C57BL6 mice immunized with MOGs5_55. Animals were treated after
disease onset after randomization and scores were collected blinded.
Dose selection is indicated in the methods and the placebo was the
BN201’s dissolving solution (5% DMSO in saline). Results are represen-
tative from 2 experiments comprising 10 animals per group for each
study. Results are shown as the mean of the clinical score per day.
Arrow indicates the day therapy started. Lines in color indicate the days
the clinical score was significantly different with respect to the placebo
group (Mann—Whitney test day by day, *p <0.05; **p <0.01). A EAE
curative trials: (a) study design; (b) clinical score (mean and SEM) in
animals treated with increasing doses of BN201 (12.5, 25, 50, 100,
150 mg/kg, i.p.); (¢) compared with immunomodulatory drugs
fingolimod (FTY, 2 mg/kg) and dimethyl fumarate (DMF, 15 mg/kg);
(d) compared with the neurotrophin mimetics xaliproden (910 mg/kg),
gambogic acid (2 mg/kg), and glatiramer acetate (GA 5 mg/kg). B
Histological analysis of the effects of BN201 in the EAE model by the
end of'the follow-up (day 30 after randomization): (a) 3 animals per group
were analyzed at the levels of the optic nerve and spinal cord assessing
axonal density with the Bielschowsky’s silver impregnation (BSI) and
myelin preservation with the Luxol fast blue stain (LFB); (b) inflamma-
tory infiltrates by hematoxylin—eosin stain (H&E). Graphs show the his-
tological score in the sham (nonimmunized), placebo (EAE), and animals
treated with BN201 (50 and 100 mg/kg). C Microglia profile in the brain
of EAE animals treated with BN201 was assessed at the end of the
experiment, by quantifying gene expression and protein levels for
iNOS, CD86, arginase, and the mannose receptor (Mrcl or CD206). (a)
Representative microphotograhs of the immunofluorescence stains; (b)
mRNA levels by PCR; (c) protein levels by Western blot as the percent-
age of cells expressing the protein. Results are shown as the mean + SEM
and a representative image of protein immunostaining. D Peripheral im-
mune response in EAE animals treated with BN201 from the experiment
shown in (Aa). Graphs shows (a) cell proliferation (counts per million
(cpm)) and cytokine levels of (b) IL-2, (c) IL-10, (d) IL-4, (e) IFNy, and
(f) IL-17. Assays were carried out in splenocytes obtained by day 12 after
immunization from animals suffering EAE and treated with placebo
(EAE placebo) or BN201 100 pg/ml/day (EAE BN201). Sham indicates
assays from nonimmunized animals. Splenocytes were restimulated
in vitro with MOGss_s5 alone or combined with BN201 100 1M or saline
(control). Results are shown as the mean + SEM. Statistical significance
refers to BN201-treated animals compared with placebo EAE animals;
*p <0.05; **p<0.01. E Effects of BN201 in the in vitro model of neu-
roinflammation using cerebellar cultures challenged with LPS.
Experiments were performed twice. (a) Culture microphotographs treated
with BN201 (10 uM) showed less demyelination (MBP stain) and axonal
loss (NFL stain) than placebo; (b) quantification of cerebellar culture
demyelination (MBP stain) and axonal loss (NFL stain); (c) g-ratios of
individual axons as a function of axonal diameter (g-ratios were analyzed
from transmission electron microscopic images) in placebo and BN201-
treated cultures. Cultures challenged with LPS and treated with BN201
showed lower levels of: (d) TNFo measured by ELISA or (e) iNOS gene
expression measured by PCR, than placebo (LPS group). *» <0.05

neurodegeneration and demyelination, which are not mediat-
ed by the adaptive immune system like in autoimmune dis-
eases. Because models of demyelinating optic neuritis and
glaucoma require surgical procedures, we used rats for these
studies for benefiting of their higher sizes. To this aim, we
made use of the lysolecithin model, which induces rapid
chemical damage to membranes, inducing extensive
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Fig. 3 (continued)

demyelination, with low levels of axon loss and reactive mi-
croglia activation [50]. We evaluated the effects of BN201
(intraperitoneal) (35 and 60 pg/ml/day for 5 days) in

Oh

1h 3h 6h 12h 24h

Time after LPS challenge

48h

Sprague-Dawley rats starting 1 h after injection of lysolecithin
into the right optic nerve (preserving the left eye as control).
Although myelin damage is evident after seconds in this
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eyedrops

intravitreal

Fig. 4 In vivo efficacy of BN201 in models of optic nerve demyelination
and glaucoma. A Efficacy of BN201 in the lysolecithin-induced demye-
lination of the optic nerve in Sprague rats. Demyelination was induced by
direct injection of lysolecithin in the optic nerve and animals were treated
with BN201 (35 or 70 mg/kg) or placebo (saline 5% DMSO) given
intraperitoneally started 1 h after damage and performed daily until day
6. Histological analysis was done by day 6 in the injected optic nerve
using BSI and LFB stains for quantifying axonal and myelin density and
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<« Fig. 5 Pharmacodynamics of BN201. A Pharmacokinetics of a single

administration of BN201 (50 mg/kg/day, i.p.) in plasma and brain in
BN201 or placebo-treated animals by HPLC at different time points after
injection. B-E The pharmacodynamic properties of BN201 were ana-
lyzed in the CNS of EAE animals by assessing the translocation of
Foxo3 from the nucleus to the cytoplasm in neurons, the expression of
the trophic factor CNTF, the antioxidant enzyme SESN3, and the pro-
oxidant enzyme iNOS in CNS homogenates. Mice (C57BL6) were im-
munized with MOGgs;s_ss and treated after clinical onset (clinical score >
1) for 5 days with BN201 50 mg/kg, i.p., or placebo. Results are
expressed as the mean of the 5 animals. B Foxo3 translocation to the
cytoplasm in cortical and spinal cord neurons: (a) time series of Foxo3
translocation, (b) microphotographs of representative cortical regions
showing neuronal nucleus (DAPI, in blue) and Foxo3 (in red) in sham
animals, placebo, and BN201-treated mice. Arrowhead shows nuclear
Foxo3 (co-localization of Foxo3 stain with DAPI) and arrows indicate
cytoplasmic Foxo3 (lack of co-localization of Foxo3 and DAPI). Animals
treated with BN201 showed significantly higher levels of Foxo3 translo-
cation than placebo (*p < 0.05 ANOVA test). mRNA levels of CNTF (C),
SESN3 (D), and iNOS (E) in the brain homogenates from mice treated
with BN201 for 5 days (black line) and the corresponding BN201 CNS
levels (in red). *p < 0.05 day 5, 10, or 15 with respect to day 0 of the same
treatment group, ANOVA test

model, myelin removal occurs later, and as such, demyelin-
ation was assessed when it reached a maximum at 5 days after
injection. We evaluated the extent of demyelination and axon
damage in serial sections of the optic nerve at the level of the
injection (indicated with a drop of Evans Blue during injec-
tion). We found that BN201 significantly decreases the extent
of demyelination and axon loss in the rat optic nerve (Fig. 4A).

Second, we tested the ability of BN201 to prevent neuronal
degeneration in vivo using a model of glaucoma, where in-
flammation has almost no role and the damage affects the
same neurons than in optic neuritis, the RGCs. We employed
a glaucoma model induced by high intraocular pressure using
hypertonic buffer. In this model, Sprague rats displayed sig-
nificant loss of RGCs 1 month after the induction of ocular
hypertension [51]. In animals treated with BN201, either as
eye drops or through intravitreal injection, there were a signif-
icant reduction in RGC death compared with those that re-
ceived the placebo and a similar effect to that seen in positive
controls that received nerve growth factor [51] (Fig. 4B).
Moreover, we compared the efficacy of BN201 with that of
timolol, a common therapy for glaucoma that decreases ocular
pressure, demonstrating that both therapies prevented RGC
loss compared with placebo. We did not observe signs of
toxicity with any of the 2 ways of administration at the doses
tested. As BN201 did not decrease ocular pressure, these re-
sults suggest that it promotes neuronal survival in the presence
of stress and where there is no immune-mediated damage.

Pharmacodynamics of BN201 in the EAE Model
In order to gain insight into the pharmacodynamic effects of

BN201 in the CNS, we analyzed serum and CNS levels of
BN201 after a single administration in mice suffering EAE
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compared with placebo-treated animals, observing significant
penetrance into the CNS (which are in the range of the con-
centrations used in the in vitro assays) (Fig. SA). We also
measured the translocation of Foxo3 in neurons as well as
the expression of several Foxo3 downstream genes (ciliary
neurotrophic factor (CNTF), the antioxidant enzyme Sestrin
3 (SESN3), and iNOS) in the brains of mice with EAE and
treated for a short period with BN201 (50 mg/kg, i.p., for
5 days after clinical onset). We analyzed these effects using
a short therapeutic protocol aimed to prevent axonal loss dur-
ing acute relapses of MS.

We observed significant translocation of Foxo3 in the brain
and spinal cord neurons from animals that received BN201
from the day of infusion and extending for 5 to 10 days after
the cessation of the treatment, whereas placebo animals
showed a transient and modest increase in the translocation
of Foxo3, similar to that seen in other models of brain damage
(Fig. 5B) [33]. The RNA levels of CNTF peaked by day 5
after treatment started, being reduced slowly once therapy
stopped until day 10 (Fig. 5C). RNA levels of SESN3 expres-
sion rose steadily from day 1 after therapy onset and remained
elevated until day 15 (Fig. 5D). Finally, iNOS gene expression
was almost completely suppressed 1 day after therapy started
and remained suppressed thereafter (until day 15) (Fig. SE).
Such changes were significantly different than in placebo an-
imals. Overall, we found that BN201 provokes a “hit and run”
effect on the activation of Foxo3, which is maintained for
several days after the end of the treatment. This is associated
with triggering cell-protective effects, as represented by in-
creased expression of CNTF, and the antioxidant response,
as shown by the upregulation of the antioxidant enzyme
SENS3 and the suppression of pro-oxidative enzyme iNOS.

Discussion

The pursuit of neuroprotective agents is a major goal in the
development of therapeutics for inflammatory and degenera-
tive neurological diseases such as MS or glaucoma. From
screening 2 combinatorial chemical libraries of peptoids and
tetraalkylammonium salts with functional cell assays, we have
identified the small compound BN201, which promotes neu-
roprotection in vitro and in vivo. BN201 is able to cross the
BBB by active transport and activate pathways (e.g., IGF-1)
associated with the response to stress and neuron survival.
Moreover, we obtained proof-of-concept that BN201 provides
neuro-axonal protection in vivo by ameliorating the patholog-
ical effects in animal models of MS, optic neuritis, and
glaucoma.

Our study suggests that the beneficial effects may be me-
diated by the activation of pathways associated with trophic
factor signaling and neuronal survival such as the IGF-1 path-
way, mediated by modulation of SGK and midkine [41, 45].
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Previous studies have shown neurotrophic effects of SGK1,
including the induction of neuronal hypertrophy, protection
from neuron death and axonal degeneration, and axonal re-
generation [43, 52, 53]. Moreover, MDK also displays
prosurvival neuronal effects and protects myelin-forming cells
[54, 55]. In summary, although the exact mechanism of action
of BN201 remains to be clarified, we have observed that it is
able to activate pathways associated with neuronal and axonal
survival.

Regarding the effects of such pathways in the immune
system, signaling through the mTOR—SGK pathway regulates
Th1-Th2-Th17 differentiation [56]. Considering that MS is
an autoimmune disease mediated by the Thl and Th17 im-
mune response, activation of this pathway may
downmodulate the pro-inflammatory immune response and
prevent CNS damage [57, 58]. Foxo3 also triggers a variety
of cellular processes by regulating target genes involved in T-
and B-cell survival, proliferation and death, neutrophil surviv-
al, and dendritic cell stress resistance and cytokine secretion
[59]. Of note, the survival of activated T cells via inhibition of
Foxo3a has been associated with clinical relapses in EAE
[60]. Our study showed that BN201 has pleiotropic effects
in immune cells promoting the expression of pro- and anti-
inflammatory cytokines, without enhancing the
encephalitogenicity of T cells, suggesting a homeostatic effect
on the immune system. For this reason, BN201 would protect
the CNS during inflammation without worsening the inflam-
matory component. However, further characterization of the
role of BN201 in the immune system is warranted.

Several limitations apply to our study. Although we have
identified several molecular candidates mediating the activity
of BN201 such as SGK and midkine, the exact mechanism of
action remains to be clarified, including the type of physical
interaction on such kinases or other complexes. Indeed, other
off-target effects cannot be excluded. Second, BN201 concen-
trations effective in promoting myelination were higher than
the ones promoting neuroprotection i vitro, which might sug-
gest different mechanism of action. /n vivo studies do not
allow distinguishing if myelin protection was due to neuro-
protection against the inflammatory damage or enhanced
remyelination. Indeed, the myelination observed in vitro was
achieved in young axons and not chronically demyelinated
axons, and our assessment is not probing myelin is fully func-
tional. In the model of neuroinflammation in cerebellar cul-
tures, we added BN201 before inducing damage (preventive
treatment) in order to perform time series analysis after dam-
age, and for this reason, this experiment does not reproduce
the conditions tested in vivo and relevant for the clinical ap-
plications. Therefore, the results from such model would re-
quire validation. Also, in this study, we have not fully charac-
terized the effects of BN201 in the immune system or in ion
channels, and this will require further studies.

Regarding the limitations of the in vivo studies, BN201
induced the expression of several cytokines without biasing
the immune response to specific subtypes (e.g., Thl or Th17),
and the size and composition of inflammatory infiltrates with-
in the CNS remained unchanged, suggesting that the benefits
observed were due to neuroprotection. However, considering
that it is difficult to dissect both effects in the EAE model, the
neuroprotective activity of this drug is substantiated in the
efficacy in models in which inflammation has no prominent
role such as the lysolecithin or the glaucoma model. In our
therapeutic trials, we have used as placebo the BN201’s dis-
solving solution (saline 5% DMSO), but we did not include a
biological inactive peptoid. For this reason, we cannot rule out
that some of the efficacy may be due to unspecific effects of
this type of chemical structures. All the pharmacology and
toxicology studies as well as the models of chemically in-
duced demyelination and glaucoma were done in rats, where-
as the EAE model was done in mice. Species variability is
always an important limitation to be addressed to claim gen-
eralization to humans. We have observed a linear relationship
of the PK between species (mice, rat, and dog; results not
shown), and we have observed lines of evidence of neuropro-
tection in different models of damage in both rodent species.
The pharmacodynamic studies only covered a short period
after BN201 administration, and for this reason, we cannot
rule out that the effects may be transient. Therefore, our results
support that the current observations would be translated to
humans, although only human clinical trials will be able to
answer this question.

In summary, we have described the discovery and pharma-
cologic properties of the small chemical BN201 that provides
neuroprotective effects in models of inflammatory brain dam-
age relevant for patients with MS and glaucoma. Ongoing
clinical studies (NCT03630497) would indicate the safety
and efficacy of this therapeutic strategy for preventing brain
damage in patients with MS.
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