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HIGHLIGHTS

® NFL-lipid nanocapsules (NFL-LNC) efficiently encapsulate retinoic acid (RA).

® Primary neural stem cells differentiate towards the oligodendrocyte lineage after incubation with RA-NFL-LNC.
® RA-NFL-LNC promote oligodendrocyte repopulation in focal white matter lesioned rats.

® RA-NFL-LNC is a promising therapeutic system for the treatment of demyelinating diseases.

ARTICLE INFO ABSTRACT

Neural stem cells (NSC) are located in restricted areas of the central nervous system where they self-renew or
differentiate into neurons, astrocytes or oligodendrocytes. The stimulation of endogenous NSC differentiation is
one of the most promising therapeutic approaches to restore neurological function in patients affected by
neurodegenerative diseases. Endogenous NSC of the subventricular zone (SVZ) can be selectively targeted by
lipid nanocapsules (LNC) coated with the peptide NFLTBS.40-63 (NFL-LNC) after intra-lateral ventricular in-
jection in the brain. NFL-LNC can potentially deliver active compounds to SVZ-NSC and thus promote their
differentiation to treat neurodegenerative diseases. The aim of this work was to induce endogenous NSC dif-
ferentiation by specifically delivering retinoic acid (RA) to SVZ-NSC via NFL-LNC. RA was successfully en-
capsulated into NFL-LNC and RA-NFL-LNC were incubated with primary rat SVZ-NSC. In vitro, RA-NFL-LNC
decreased the number of nestin™ (NSC marker) cells and neurospheres compared to controls and increased the
number of GalC* (oligodendrocytic marker) cells. Then, RA-NFL-LNC were injected in the right lateral ventricle
of a lysolecithin-induced rat focal white matter lesion model to evaluate their impact on oligodendrocyte re-
population and remyelination. RA-NFL-LNC significantly increased the percentage of mature oligodendrocytes,
stimulating oligodendrogenesis, nearly to the pre-lesion levels. Thus, RA-NFL-LNC represent a promising na-
nomedicine to be further investigated in the treatment of demyelinating diseases.
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1. Introduction failure are primarily involved in the etiology of many demyelinating
CNS diseases (e.g., multiple sclerosis and multiple system atrophy)
which have high economic and social costs worldwide [4].

Neural stem cells (NSC) have been investigated to treat such dis-

Central nervous system (CNS) degenerative diseases are a hetero-
geneous group of disorders characterized by the progressive develop-

ment of lesions and loss of specialized neural cells such as neurons,
astrocytes and oligodendrocytes [1,2]. Oligodendrocytes are myeli-
nating cells which modulate axonal conduction and provide trophic
support to neurons [3]. Myelin dysfunction and oligodendrocytic

eases since many studies demonstrated partial neurological function
recovery after their transplantation in animal models [5]. NSC are lo-
cated in restricted neurogenic niches of the CNS (e.g., the central canal
of the spinal cord, the subventricular zone (SVZ) and subgranular zone
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of the brain). The therapeutic effect of NSC is mostly related to their
differentiation and proliferation, by which they can replace damaged
cells and enhance the recovery of the affected areas [6]. Several NSC-
based strategies have been developed to treat CNS diseases, either using
exogenous NSC (induced from other somatic cells or isolated from
neurogenic niches) or endogenous NSC (niche-localized) [7]. NSC dif-
ferentiation is aimed to occur either in vivo after transplantation of in
vitro expanded/stimulated exogenous NSC or in situ after endogenous
NSC stimulation.

In situ differentiation of endogenous NSC is one of the most pro-
mising strategies to treat demyelinating diseases as it does not present
the issues typically associated with NSC transplantation (i.e. limited
access to cell supply, cell viability after transplantation) [8] and in vitro
manipulations (i.e. risk of contamination and genetic modifications)
[9]. Nevertheless, the lack of drugs and delivery systems with the dual
property of selectively targeting endogenous NSC (to reduce off-target
effects) and stimulating their differentiation has hampered the devel-
opment of this therapeutic approach.

The peptide NFL-TBS.40-63 (NFL) is a 24-amino acid peptide cor-
responding to the tubulin-binding site of the neurofilament light sub-
unit [10]. It selectively penetrates SVZ-NSC by direct translocation in
vitro while it localizes to SVZ-NSC niches after intra-lateral ventricle
injection into rat brain in vivo [11]. Although NFL targets SVZ-NSC and
induces their differentiation into neurons and oligodendrocytes in vitro
[12], no corresponding effect has yet been described in vivo. Moreover,
the peptide has a strong structure-activity correlation [13] which limits
chemical grafting (i.e. covalent binding) between NFL and either
bioactive molecules or vectors to form prodrugs or targeted delivery
systems, respectively. Thus, although the direct therapeutic application
of the peptide to target and differentiate NSC in situ is not excluded, its
association with a drug delivery system represents a promising strategy
for the selective delivery of bioactive molecules to stimulate SVZ-NSC
differentiation.

In our previous work [14], NFL was adsorbed on the surface of lipid
nanocapsules [15] (LNC) to confer NSC-targeting properties to LNC. We
demonstrated that NFL-LNC interact with primary SVZ-NSC in vitro and
co-localize with SVZ-NSC after injection in the brain lateral ventricle of
rat [14]. The SVZ is one of the most important neurogenic regions of the
CNS that is involved in the origin/development of many CNS diseases
[16-18]. Thus, targeting SVZ-NSC with NFL-LNC loaded with a pro-
differentiation molecule could induce endogenous NSC differentiation.

All-trans-retinoic acid (RA) is a metabolic product of vitamin A that
stimulates neural differentiation, axonal outgrowth and neuronal pat-
terning in the developing nervous system [19]. RA is used in vitro, alone
or in cocktails, to induce neural differentiation of different stem cell
populations including NSC [19,20]. However, RA is practically in-
soluble in aqueous solutions and is subjected to fast degradation in its
free form.

To overcome these limitations and achieve the full therapeutic po-
tential of RA, we developed a new nanomedicine where RA is en-
capsulated in NFL-LNC. We hypothesized that NFL-LNC loaded with RA
would specifically target SVZ-NSC and stimulate their endogenous
differentiation. We prepared and characterized RA-loaded NFL-LNC
(RA-NFL-LNCQ). Then, the impact of RA-NFL-LNC on NSC differentiation
was evaluated in vitro on primary SVZ-NSC, and in vivo in a rat model of
white matter focal demyelination.

2. Materials and methods
2.1. Materials

Biotinylated NFL-TBS.40-63 (NFL) was purchased from GeneCust
(Luxembourg, Luxembourg). Labrafac® provided by Gattefosse SA
(Saint-Priest, France) and Lipoid® by Lipoid Gmbh (Ludwigshafen,
Germany). Kolliphor HS®, r-a-Lysolecithin, poly-p-Lysine hydro-
bromide (70000-150000 Da) and retinoic acid were purchased from
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Sigma (Saint-Louis, Missouri, USA). Sodium chloride (NaCl) was pur-
chased from Prolabo (Fontenay-sous-bois, France). Primary antibodies
against galactosylceramidase (GalC), myelin-associated glycoprotein
(MAG) and myelin-basic protein (MBP) were purchased from Merck
Millipore (Billerica, Massachusetts, USA). Primary antibodies against
pan neurofilament (panNF) and BIII tubulin were purchased from
Biolegend (San Diego, California, USA). Primary antibodies against
nestin and glial fibrillary acid protein (GFAP) were purchased from
Abcam (Cambridge, United Kingdom). Primary antibody against oli-
godendrocyte transcription factor 2 (Olig2) was purchased from
Thermo Fisher Scientific (Zaventem, Belgium). Secondary antibodies
Alexa 488 anti-mouse, Alexa 488 anti-rabbit, Alexa 594 anti-mouse and
Alexa 594 anti-rabbit were purchased from Thermo Fisher Scientific.
HEPES, Pen/Strept, Na pyruvate, B27, MEM alpha (no nucleosides),
0.05% trypsin-EDTA (1x), DNAse and ProlLong Gold antifade were
purchased from Thermo Fisher Scientific. Epidermal growth factor
(EGF) was purchased from Peprotech (London, United Kingdom).
CellTiter 96® AQueous One Solution Cell Proliferation Assay was pur-
chased from Promega (Fitchburg, Wisconsin, USA). Formaldeyde solu-
tion 37% was purchased from Carl Roth (Karlsruhe, Germany). Amicon
Ultra-0.5 mL 30 K filters were purchased from Merck Millipore
(Billerica, Massachusetts, USA). Rotilabo®-syringe sterile 0.22 pm filters
were purchased from Carl Roth GmbH. VECTASHIELD® antifade
mounting medium containing DAPI was purchased from Vector
Laboratories (Burlingame, California, USA). The isolation of NSC and in
vivo experiments were performed according to Directive 2010/63/EU,
to guidelines of the Belgian Government following the approval by the
ethical committee for animal care of the faculty of medicine of
UCLouvain (2017/UCL/MD/030).

2.2. Preparation of retinoic acid-loaded NFL-lipid nanocapsules (RA-NFL-
LNC)

LNC were prepared following the protocol developed by Heurtault
et al. [21]. Briefly, Kolliphor HS15°® (0.846 g), Lipoid® (0.075 g), NaCl
(0.089 g), Labrafac® (1.028 g) and water (2.962 g) were mixed under
gentle magnetic stirring at 30 °C for 5 min. The solution was progres-
sively heated (90 °C) and cooled (60 °C) three times. During the last
cooling, cold water (12.5 g at 4 °C) was added at 72-74 °C under high
speed stirring. RA-loaded LNC were prepared by adding 100 pL of RA
stock solution (20 mg/mL in DMSO) during the last cooling of LNC
preparation (final volume of 15 mL). Alternatively, blank LNC were
prepared by adding 100 pL of DMSO. LNC were filtered on 0.22 pm
filter and stored at 4 °C until further use. NFL-LNC were produced by
incubating 369 pL of 1 mM NFL (in nanopure water) overnight at room
temperature (RT) with 1 mL of LNC under gently stirring, while non-
targeted LNC were incubated with 369 pL of water [14]. Final con-
centrations were ~400 pM RA in 126 mg/mL of LNC for RA-LNC and
~400 uM RA, 270 uM NFL in 126 mg/mL of nanoparticles for RA-NFL-
LNC.

2.3. Characterization of RA-NFL-LNC

Size, zeta-potential and PDI of nanoparticles were measured using a
Malvern Zetasizer Nano ZS (Malvern Instruments) (N = 3). For the
measurement of size and PDI, samples were diluted 1/100 (v/v) in
water. For the measurement of zeta-potential, samples were diluted 1/
100 (v/v) in NaCl 10 mM.

The encapsulation efficiency of RA was calculated by using the
following formula:

RA total — non encapsulated RA
100

Encapsulation Efficiency =
P i Y RA introduced in the formulation

RA total was extracted from RA-LNC by dissolution in methanol at a

ratio 1:20 (RA total). Non-encapsulated RA was separated from RA-LNC

by ultra-filtration. RA was quantified by Reverse phase-High Liquid
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Chromatography (Waters®) with a Macherey-Nagel® 125/4 NUCLEO-
DUR 100-5 C 18 column with a mobile phase composed of water and
acetonitrile (15:85 v/v) containing 0.1% TFA. The flow rate was at
1 mL/min in isocratic mode with a volume of injection of 20 yL and the
detection wavelength was set at 342 nm.

2.4. Isolation of neural stem cells (NSC)

SVZ-NSC were isolated from new born rat (P7, except otherwise
stated) SVZ as previously described [14]. The cells were seeded at
2 x 10° cells/Petri 60 mm in 5 mL of cell culture medium (1.25 mL of
p-glucose 1 M, 750 pL of HEPES, 500 pL Pen/Strept, 500 uL NaPyr-
uvate, 500 pL of B27 and 10 ng/mL of EGF in 50 mL of MEM alpha no
nucleosides medium). NSC were cultivated as floating neurospheres,
which appeared after 5 days, at 37 °C in 5% CO,. Either floating neu-
rospheres or adherent dissociated cells have been used during this
study, depending on the aim of the experiment.

2.5. NSC viability after RA-NFL-LNC incubation

Five days after isolation, neurospheres corresponding to 3 x 10°
SVZ-NSC/mL were incubated for 1 h at 37 °C with different dilutions of
RA-NFL-LNC stock solution (1/50, 1/100, 1/500 and 1/1000 in PBS) or
with different treatments (vehicle, NFL, LNC, NFL-LNC, RA, RA-LNC
and RA-NFL-LNC) diluted 1/100 in PBS. Then, neurospheres were
washed, dissociated by using a 26 G needle, and seeded at
3 X 10° cells/mL on poly-p-Lysine (0.1 mg/mL in nanopure water)
coated 96-well plates. Cell viability was measured after 1 h, 2 days and
7 days using the CellTiter 96® AQueous One Solution Cell Proliferation
assay following supplier's instructions (N = 4, n = 3).

2.6. Impact of RA-NFL-LNC on NSC stemness in vitro

Five days after isolation, neurospheres were incubated for 1 h with
RA-NFL-LNC or controls (vehicle, NFL, LNC, NFL-LNC, RA, RA-LNC) at
a 1/100 dilution as described in 2.5. The impact of RA-NFL-LNC on NSC
stemness was determined (i) by counting the number of neurospheres
and (ii) by quantifying the percentage of nestin™ cells 2 and 7 days after
treatment.

(i) After 1 h-incubation with RA-NFL-LNC or controls, neurospheres
were centrifuged, the supernatants containing nanoparticles or
molecules that did not interact with the cells were discarded while
the neurospheres were resuspended in fresh medium. The number
of neurospheres (equivalent to 3 x 10° cells/mL or to
1.5 x 10° cells/mL for evaluation at day 2 and day 7, respectively)
was counted manually 2 days (N = 4) and 7 days (N = 3) post-
treatment. Results were expressed relative to the control group
(untreated neurospheres, set at 100%) at the time of analysis (2 or 7
days). A minimum of 3 pictures/well were analysed.

(i) Neurospheres were dissociated and seeded on poly-1-Lysine coated
24-well cover-slips at 3 x 10° cells/mL or at 1.5 X 10° cells/mL
(for evaluation at 2 days (N = 4) and 7 days (N = 6) post-treat-
ment, respectively). Cells were stained for nestin by overnight in-
cubation with rabbit anti-nestin primary antibody (ab92391, 1/250
in BSA 1%) and with an Alexa 488 anti-rabbit secondary antibody
(1/400 in PBS), and mounted with VECTASHIELD® antifade
mounting medium containing DAPL. The percentage of nestin™
cells was calculated relative to the total number of cells (ImageJ
1.51j8). A minimum of 3 pictures/cover slip was acquired using an
EVOS fluorescent microscope.

2.7. Influence of RA-NFL-LNC on NSC differentiation

Five days after isolation, neurospheres were incubated for 1 h with
RA-NFL-LNC or controls (vehicle, NFL, LNC, NFL-LNC, RA and RA-LNC,
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1/100 dilution in PBS), dissociated and seeded as described in 2.6
(N = 4and N = 3 for 2 and 7 days post treatment evaluation, re-
spectively).

Two days after treatment, SVZ-NSC were stained overnight for
GFAP and BII tubulin with a rabbit anti-GFAP primary antibody
(ab7779, 1/1000 in BSA 1%) and a mouse anti-BIII tubulin primary
antibody (801202, 1/1000 in BSA 1%), followed by 2-h incubation with
appropriate secondary antibodies (Alexa 594 anti-rabbit and Alexa 488
anti-mouse (1/400 in PBS), respectively). Seven days after treatment,
SVZ-NSC were stained with a mouse anti-pan-NF (SMI-311R-100, 1/
1000 in BSA 1%) or a mouse anti-GalC (MAB342, 1/500 in BSA 1%)
primary antibody, followed by incubation with appropriate secondary
antibody (Alexa 488 anti-mouse and Alexa 594 anti-mouse (1/400 in
PBS), respectively). Samples were mounted with VECTASHIELD® anti-
fade mounting medium containing DAPI. A minimum of 3 pictures/
cover slip was acquired. The percentages of GFAP*, BIII tubulin*,
panNF* and GalC™ cells were calculated relative to the total number of
cells (ImageJ 1.51j8).

2.8. Impact of RA-NFL-LNC on oligodendrocyte repopulation and on
remyelination in vivo

Focal demyelination was achieved by adapting a protocol developed
by Miron et al. [22]. The lesion was induced in the corpus callosum of 2
month-old female Wistar rats (n = 4) by stereotaxic injection (32G) in
the right hemisphere (ML: + 2.1; AP: 0.8; DV: + 3) of 2 uL of 1%
lysolecithin in PBS (0.5 uL/min) using a Harvard apparatus stereotaxic
frame and injector (Holliston, Massachusetts). Three days after lysole-
cithin injection, 20 pL of RA- NFL-LNC or controls (vehicle, NFL, LNC,
NFL-LNC, RA and RA-LNC, no dilution) were injected (0.5 pL/min) into
the right lateral ventricle (ML: + 1.5; AP: 0.8; DV: + 4). Five days after
treatment (7 days after lesioning), animals were sacrificed by overdose
of isoflurane and intracardially perfused with 4% paraformaldehyde in
0.9% NacCl solution. Brains were post-fixed for 6 h in PFA 4% and in-
cubated in 30% sucrose overnight before storage at —80 °C in OCT until
further analysis. The injection sites (lysolecithin and treatment) and the
area used for image analysis are highlighted in Fig. 1.

Immunofluorescence was performed on 12-um brain serial sections
fixed with cold methanol for 10 min at —20 °C. Sections were then
washed 3 times in PBS and incubated with BSA 5% in PBS for 1 h at RT.
They were then incubated either with rabbit anti-Olig2 (P21954), or
with mouse anti-MAG (MAB1567) and rabbit anti-MBP (AB5864) pri-
mary antibodies overnight at 4 °C (1:400 in PBS). Sections were then
incubated with appropriate secondary antibodies (Alexa 488 anti-rabbit
and Alexa 594 anti-mouse (1:1000 in PBS)) for 90 min at RT. Sections
were mounted with VECTASHIELD® antifade mounting medium con-
taining DAPI. A minimum of 3 pictures/section and minimum 3 sec-
tions/rat was acquired with an EVOS fluorescent microscope. The
percentages of Olig2*, MAG™" and MBP™ staining (number of pixels)
were calculated relative to the total surface of the picture (ImageJ
1.51j8).

2.9. Statistical analyses

Statistically significant differences were evaluated using a Mann-
Whitney test, one-way ANOVA or two-way ANOVA using Prism 7.00
(GraphPad software, San Diego, CA). Results are expressed as
mean * SEM and were considered significant if p < 0.05. N refers to
the number of independent experiments. In figure captions, detailed
information about number of replicates, statistical test and post-test can
be found for each experiment.
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lysolecithin injection

(ML: 42.1;AP: -0.8;0V: 43) o

treatment injection
(ML: +1,5;AP: -0.8;DV: +4)

Fig. 1. Areas of the brain where injections and image analysis were performed. A) Coronal brain section highlighting the main compartments of the brain and the
zone where the experiment was performed. B) Injection sites (RLV: right lateral ventricle). Scale bar: 500 pm. C, area subjected to image analysis.

3. Results
3.1. RA-NFL-LNC physico-chemical properties

To assess the impact of RA encapsulation on LNC physicochemical
properties, size, polydispersity index (PDI) and zeta-potential of RA-
NFL-LNC were measured and compared to controls (LNC, NFL-LNC and
RA-LNC). Addition of RA to the formulations (+/— NFL) did not in-
fluence LNC characteristics but tended to slightly increase the PDI (to
1.4-3.5-folds) and to decrease the zeta-potential (to 1.3-1.9-folds)
(Fig. 2A). NFL adsorption at LNC surface increased size, PDI and zeta-
potential as previously observed [14]. RA encapsulation efficiency was
87.6% (Fig. 2B), allowing to reach ~ 400 uM of RA.

3.2. RA-NFL-LNC do not impact SVZ-NSC viability in vitro

The aim was to evaluate the impact of RA-NFL-LNC on SVZ-NSC
viability and identify a range of non-cytotoxic working concentrations.
After 1 h of incubation with RA-NFL-LNC no significant effect was
observed on cell viability whatever the concentration (Fig. 3A). Two
and seven days after 1 h treatment, cell viability was still 100%. No
impact on viability was observed up to 7 days after treatment at a 1/
100 dilution (Fig. 3B). For the following experiments, the LNC stock
solutions were diluted at 1/100 (1.26 mg/mL final) [14,23]. As 1 h of
RA-NFL-LNC incubation with neurospheres, and their subsequent dis-
sociation, did not affect SVZ-NSC viability, these conditions were con-
sequently deemed appropriate for the following in vitro differentiation
experiments.

Results were expressed related to non-treated cells (vehicle, red
dotted line). N = 4, Two-way ANOVA, Dunnett's multiple comparison
test among all groups. p > 0.05.

3.3. RA-NFL-LNC reduce SVZ-NSC stemness in vitro

The objective of this experiment was to evaluate the effect of RA-
NFL-LNC on NSC stemness. Self-renewal is the ability of stem cells to
proliferate by maintaining an undifferentiated state and its loss typi-
cally accompanies stem cell differentiation into specialized cells [24].
Readouts were performed 2 days after treatment, since morphological
modifications were observed by bright-field microscopy, and at 7 days
post treatment, since it is one of the most commonly used time-point in
the literature for this purpose [25,26]. Indicators of self-renewal are
NSC ability to form floating neurospheres and expression of nestin. The
evaluation was performed by neurosphere counting and nestin™ cell
quantification.

The impact on the number of neurospheres formed after 1 h SVZ-
NSC incubation following treatment with RA-NFL-LNC was first eval-
uated. The percentage of neurospheres that remained in suspension 2
days after treatment, when compared to untreated control, decreased
following exposure to RA-NFL-LNC but also to RA, NFL, and NFL-LNC
(Fig. 4A, left, and Supplementary Data, Fig. 1S). After 7 days, the
percentage of neurospheres vs untreated control decreased when cells
were incubated with RA-NFL-LNC, NFL and NFL-LNC (Fig. 4A, right,
and Supplementary Data, Fig. 1S).

The influence on nestin™ cells of SVZ-NSC following incubation
with RA-NFL-LNC was also investigated. Neurospheres were incubated
for 1 h with RA-NFL-LNC or under control conditions, and were dis-
sociated 2 and 7 days later (adherent cultures). Incubation with RA-
NFL-LNC and NFL-LNC significantly decreased the number of nestin™
cells 2 and 7 days after treatment when compared to untreated control
(Fig. 4B and Supplementary Data, Fig. 2S).

3.4. RA-NFL-LNC stimulate SVZ-NSC differentiation in vitro

To evaluate the effect of RA-NFL-LNC on in vitro SVZ-NSV

Fig. 2. Physiochemical characteristics of
A B RA-NFL-LNC. A) Size, PDI and zeta-poten-
80- 0.25- . tial were measured by diluting the nano-
1 -NFL : * —_— 01 RA-NFL-LNC particles 1/100 (v/v) in water (size and
=+ NFL 0.20- - = polydispersity index, PDI) or in NaCl 10 mM
70 ' E EE (0/0) (zeta-potential). N = 3, two-way ANOVA
s = -5- i i ; *
g _ 0.151 s 87.6 +/- 18 with Bonferroni's POSt ho.c.test, p < 0.05.
;’ 60- E z = B) RA encapsulation efficiency (EE%) and
E 0.104 "g concentration (UM) in RA-NFL-LNC.
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™ 387.8 +/- 79
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Fig. 3. RA-NFL-LNC do not impact NSC

m 1/50 Z 1/500 B B RA-NFL-LNC [ RA [ NFL viability. A) SVZ-NSC viability was
150 evaluated directly (1 h), 2 days (2 d)
N . d
125, Il 1/100 &N 1/1000 150 B LNC B NFL-LNC W RA-LNC and 7 days (7 d) after 1 h incubation
s F125 with RA-NFL-LNC by MTS at different
21007 > 1001 dilutions (1/50, 1,100, 1/500 and 1/
't;?v 75 % 75 1000 corresponding to 8 uM RA-5.4 uM
= 50 2 & NFL-2.52 mg/mL, 4 uM RA-2.7 uM
3 3 NFL-1.26 mg/mL, 0.8 yM RA-0.54 uM
© 251 o 25

NFL-0.252 mg/mL and 0.4 uM RA-
0- 0 0.27 uM NFL-0.126 mg/mlL, respec-

1h 2d 7d . .
tively) of the stock solution. B)

Time

Viability of SVZ-NSC was evaluated

differentiation into specialized neural cells (i.e., neurons, astrocytes or
oligodendrocytes), specific markers were used to stain treated cells 2
and 7 days after incubation with RA-NFL-LNC or the controls. These
time points have been selected using the same rational as explained in
3.3. The influence of RA-NFL-LNC on early NSC differentiation was first
investigated by staining cells 2 days after treatment with a marker of
astroglial and of early neuronal differentiation (GFAP and BIII Tubulin,
respectively). The percentage of GFAP™ and BIII Tubulin® cells sig-
nificantly increased when cells were treated with RA-NFL-LNC and with
NFL compared to untreated control (+26 and +39%, and +22
and + 23%, respectively) (Fig. 5). GFAP™ cells increased by 13% when
treated with RA-NFL-LNC compared to NFL but not significantly.

The impact of RA-NFL-LNC on NSC differentiation at a later time
point (7 days after treatment) was then studied using astrocyte (GFAP),
oligodendrocyte (galactosylceramidase, GalC) and neuronal markers
(pan-neurofilament, panNF) following the same protocol as for the
early differentiation. The percentage of GalC* cells significantly in-
creased (+23%) after incubation with RA-NFL-LNC but not with the
other treatments (Fig. 6A). SVZ-NSC treated with RA-NFL-LNC de-
monstrated a morphology similar to immature oligodendrocytes 7 days

after 1 h incubation with RA-NFL-LNC
(4 UM RA-2.7 yM NFL-1.26 mg/mL)
and all controls at a 1/100 dilution.

after treatment (Fig. 6B). No significant variation was observed in the
expression of GFAP and panNF in all treatment conditions (p > 0.05)
(data not shown). However, the extent of oligodendrocyte differentia-
tion was influenced by RA-NFL-LNC concentration (Fig. 6C).

To determine whether the NSC response to RA-NFL-LNC was de-
pendent on the state of NSC (i.e. to compare younger more plastic cells
with older more mature cells), SVZ-NSC were isolated from 7-day old
and 2-month old rats, treated with RA-NFL-LNC and assessed for GalC
expression 7 days after treatment. No significant impact of NSC age on
oligodendrocyte differentiation was observed (Supplementary Data,
Fig. 3S).

3.5. RA-NFL-LNC supports oligodendrogenesis in vivo

Given that RA-NFL-LNC were found to stimulate NSC differentiation
into oligodendrocytes, we then investigated whether this formulation
could enhance oligodendrogenesis in vivo following myelin damage. We
used a focal lesion model whereby we stereotaxically injected the
myelin toxin lysolecithin into the corpus callosum, a white matter tract
in proximity to the SVZ where NSC differentiation into
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Fig. 4. RA-NFL-LNC reduce SVZ-NSC stem-
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Fig. 5. RA-NFL-LNC stimulate SVZ-NSC early differentiation. SVZ-NSC were incubated for 1 h with RA-NFL-LNC or controls and dissociated before seeding. Two
days after treatment, cells were immunostained for A) GFAP (marker of astroglial differentiation) and B) BIII Tubulin (early marker of neuronal differentiation). The
percentage GFAP " or BIII Tubulin" cells in untreated NSC was considered to be 100% (red dotted line). N =4, One-way ANOVA, Dunnett’s multiple comparison test
versus vehicle, *p < 0.05, **p < 0.01, ***p < 0.001. C) Representative images of SVZ-NSC immunostaining immunostained for GFAP (green), BIII Tubulin (red) and
DAPI (nucleus, blue) 2 days after 1 h of treatment. Scale bar: 100 pm.

oligodendrocytes has previously been observed.

Lysolecithin injection induced focused demyelination, by destruc-
turing the myelin sheath (surfactant effect) and, consequently, death of
oligodendrocytes. It does not attempt to accurately mimic demyeli-
nating diseases with complex etiology and pathogenesis (such as mul-
tiple sclerosis) but it is a well-known model for proof-of-concept studies
aiming at investigating a specific aspect of a complex pathology. The
lesion is physiologically and fully recovered by the animals at various
rates, depending of the initial lysolecithin concentration and the animal
species [27].

RA-NFL-LNC were injected into the lateral ventricle directly below
the lesion site (Fig. 1).

The percentage of oligodendrocyte

lineage cells (Olig2™)

significantly decreased in the zone of interest after lysolecithin injection
(—79% vs Sham) (Supplementary Data, Table 18S).

Injection of RA-NFL-LNC and RA-LNC resulted in +50% of Olig2™
population recovery vs vehicle-treated animals (PBS) to reach 70% of
the original population (versus sham) (Fig. 7).

Then, the influence of RA-NFL-LNC on remyelination was evaluated
by quantification of MAG* and MBP™ cells (early and late stage
myelination markers, respectively). As observed for Olig2* cells, the
percentage of MBP* and MAG™ cells significantly decreased after ly-
solecithin injection (to —69 and —58% of Sham, respectively)
(Supplementary Data, Table 1S). Treatment with RA-NFL-LNC and RA-
LNC significantly increased the percentage of MBP* and MAG™ cells
compared to vehicle-treated animals (PBS), similar to levels in sham
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Fig. 6. RA-NFL-LNC promote SVZ-NSC differentiation into oligodendrocytes. A) Percentage of SVZ-NSC positive for oligodendrocyte marker GalC at 7 days after
treatment for 1 h with RA-NFL-LNC and controls (red dotted line: untreated control). N = 4, One-way ANOVA, Bonferroni's multiple comparison test amongst all
groups. *p < 0.05. B) representative images of SVZ-NSC immunostained for DAPI (nucleus, in blue) and GalC (yellow) after 1 h treatment with RA-NFL-LNC or
without treatment (CTRL). Scale bar: 100 um. C) Impact of RA-NFL-LNC concentration on NSC differentiation toward the oligodendrocyte lineage. GalC expression
was evaluated after 1 h incubation of 7-days old SVZ-NSC with RA-NFL-LNC at different dilutions (1/50, 1/100, 1/500 and 1/1000). Cells were immunostained for
GalC. N = 3, One-way ANOVA, Tukey's multiple comparison test, *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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controls (Fig. 8).

4. Discussion

The burden of neurodegenerative diseases is steadily increasing and
no curative treatment is currently available. One potential therapeutic
strategy would be to obtain new neural cells to replace the ones affected
by disease. Most ongoing clinical trials relating to NSC used exogenous
NSC transplantation, as NSC can be differentiated into mature neural
cell types. The therapeutic potential of NSC differentiation is attested by
many exogenous NSC differentiation-based therapies to treat CNS dis-
eases that are under clinical trials (e.g., NCT01772810 for spinal cord
injury, NCT03309514 for Parkinson's disease, NCT03005249 for cere-
bral palsy) but efficacy, safety and long-term outcome have yet to be

NFL-LNC

RA-NFL-LNC

Fig. 7. RA-NFL-LNC allow oligodendrocyte
repopulation after lysolecithin-induced focal

B RA-NFL-LNC lesion. A) Five days after treatment, Olig2™

M Vehicle cells were quantified by immunostaining. The
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3 60 B NFL sioned animals (Sham). The negative control
2 LNC was vehicle-treated animals (PBS). N = 4, One-
‘E, Il NFL-LNC way ANOVA, Dunnett's multiple comparison test
= 40 relative to vehicle, *p < 0.05. B)
og B RA-LNC Representative pictures of immunostained brain

sections for DAPI (nucleus, in blue) and Olig2
(red). Scale bar: 100 um. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this ar-
ticle.)

Vehicle

confirmed prior to large-scale therapeutic applications. An alternative
strategy that could potentially accelerate the development of NSC dif-
ferentiation-based therapies and avoid many of the issues associated
with exogenous NSC-based approaches (e.g., limited access to cell
supply, cell viability after transplantation), is to stimulate endogenous
NSC differentiation locally in situ. Unfortunately, this remains a chal-
lenge due to the lack of dual NSC targeting/differentiating therapies
and the challenging translation from in vitro to in vivo application. Our
objective was to promote endogenous NSC differentiation following
brain injury by delivering an active molecule via NSC-targeted nano-
capsules. We have shown that retinoic acid-loaded NFL-functionalized
lipid nanocapsules (RA-NFL-LNC) stimulate NSC differentiation to-
wards the oligodendrocyte lineage in vitro, and promoted oligoden-
drogenesis following brain injury in vivo.
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Fig. 8. RA-NFL-LNC stimulate oligodendrogenesis after ly-
solecithin-induced focal demyelination. A) Five days after
treatment, MBP* and MAG™ cells were quantified by im-
munostaining. The results are expressed as the percentage of
recovery of each population compared to non-lesioned animals
(Sham). The negative control was vehicle-treated animals (PBS).
N = 4, one-way ANOVA, Dunnett's multiple comparison test
relative to vehicle, *p < 0.05. B) Representative pictures of
immunostained brain sections for DAPI (nucleus, in blue), MBP
(violet) and MAG (yellow). Scale bar: 100 pm. (For interpretation
of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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RA encapsulation in LNC (4 /— NFL) did not significantly impact
LNC physicochemical characteristics. The PDI increased but remained
below 0.2. The high EE (87.6%) was already observed for other lipo-
philic molecules (e.g., amiodarone [28], paclitaxel [29] and ferroci-
phenol [30]) and was most likely due to the higher affinity of RA with
the LNC oily core (Labrafac®) than with the aqueous phase. Size, PDI
and zeta-potential increased after NFL adsorption on LNC surface, as
observed in our previous study [14]. We were then able to obtain a
targeted nanomedicine loaded with a RA concentration close to
400 pM, suitable to perform in vitro and in vivo experiments. Compared
to other RA-loaded nanoparticle-based formulations [25,31-33], RA-
NFL-LNC have a smaller size (up to 10-fold), a less negative zeta-po-
tential (up to 4-fold) and a similar PDI (0.1-0.2) and EE (=90%).

RA-NFL-LNC concentrations for in vitro experiments were chosen in
a range where the individual components (RA, NFL, LNC, and NFL-
LNC) have not previously shown significant toxicity [14,34]. As ex-
pected, RA-NFL-LNC had no major impact on short- and long-term NSC
viability at any tested concentration. This excludes cell death-related
artefacts in the interpretation of in vitro studies.

Important in vitro NSC properties such as the capacity to form
neurospheres [35] and to express nestin [36], as well as the expression
of specialized neural cell markers, are indicators of the balance between
proliferation and differentiation. Consequently, the reduction of neu-
rosphere number and nestin expression were indicators of SVZ-NSC
transition from an undifferentiated to a differentiating state. The eva-
luation of these characteristics was performed at an early and late time
point (2 and 7 days, respectively). On one hand, as morphological
modifications were visible as early as 2 days after treatment, it was
important to assess the impact of our nanomedicines at that early stage.
On the other hand, 7 days after treatment is the most frequently used
time-point to detect NSC differentiation in the literature. It was then
selected for the later stage evaluation. Only RA-NFL-LNC and NFL-LNC
significantly decreased NSC stemness markers at early and late time
points. RA had an effect on neurosphere number only at day 2, LNC had
no impact while NFL decreased neurosphere number at day 2 and 7. It
seems reasonable to suggest that the impact of RA-NFL-LNC on NSC
stemness was due to NFL-LNC rather than RA, even if a synergetic effect
between the nanomedicine components was not excluded as the results
obtained with their combination differ from the simple addition of each
single component. Moreover, the impact of RA on stem cell differ-
entiation can be synergistically modulated by Wnt molecules [37,38].
In fact, cell penetrating peptides as well as fatty acids have been asso-
ciated with Wnt/[B-catenin signaling inhibition and upregulation [39],
respectively. Consequently, since NFL is a cell-penetrating peptide and
Labrafac (LNC oily core) is a fatty acid, we could thus speculate that
they can modulate Wnt signaling and, consequently, synergistically
modulate RA impact on NSC differentiation.

We thus investigated the effect of RA-NFL-LNC on NSC differentia-
tion along several neural lineages at these times. Two days after
treatment with RA-NFL-LNC, we observed early differentiation of the
NSC pool as indicated by increased GFAP and BIII Tubulin, and later
differentiation towards the oligodendrocyte lineage as indicated by
GalC expression. Although NFL increased the expression of the early
markers, it did not induce NSC differentiation into a specific lineage.
Interestingly, only the presence of the NSC-targeting peptide NFL at the
surface of the RA-loaded LNC allowed NSC differentiation (+ 10-22%),
as no effect was seen for RA or RA-LNC. Co-incubation of RA-LNC and
NFL has not been tested, consequently, we could not exclude additive or
synergistic effect between NFL and RA-LNC. However, previous studies
clearly showed that NFL enhances LNC penetration into NSC (= 6-fold)
[147; it is thus likely that the higher efficiency of RA-NFL-LNC is mostly
due to the targeting property of the system. Interestingly, the same
increase of GalC™ cells was observed for NSC isolated from young rats
(7 days-old) than for older rats (2 months-old), meaning that RA-NFL-
LNC pro-differentiating potential also applies to less plastic adult cells.
This would positively impact the therapeutic potential of our
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formulation.

Several examples of RA-loaded drug delivery systems have been
successfully applied to different cell types in order to induce their dif-
ferentiation for therapeutic purposes (e.g., T cell [40], spinal cord oli-
godendrocyte progenitor cells [41], corneal epithelial cells [42]).
Nevertheless, the comparison between RA-NFL-LNC and formulations
designed to target endogenous NSC and to stimulate NSC differentiation
simultaneously is very limited. According to our knowledge, the only
comparable formulation (polyelectrolyte nanoparticles) was designed
by Bernardino et al. where RA-loaded nanoparticles (RA*-NP) suc-
cessfully stimulated NSC differentiation into the neuronal lineage in
vitro after 7 days of incubation [25]. RA-NFL-LNC induced a significant
effect for a much shorter incubation time even if the physico-chemical
characteristics of the vector and the targeted application (neurogenesis
versus oligogenesis) were different. As the delivery of the same active
compound (RA) induced NSC differentiation in different cell types
(neurons and oligodendrocytes), it is quite likely that the formulation
used to deliver it has an important role in the preferential orientation of
NSC differentiation, via additive or synergistic effects. Some lipids are
well-known modulators of stem cell proliferation and differentiation
[43]. It is thus possible that the lipidic components of RA-NFL-LNC
might play a role in the in vitro differentiating process which would
worth to be elucidated by further investigations. It would thus be in-
teresting to explore the potential complementary effect of those two
nanomedicines on neurodegenerative demyelinating diseases like MS.

Oligodendrogenesis stimulation has recently been achieved via
physical approaches (e.g., electroacupuncture [44], magnetic stimula-
tion [45], focused ultrasounds [46]) as well as via the delivery of active
compounds to oligodendrocyte progenitor cells (OPC). The latest, to-
gether with genetic manipulation [47,48], represents the most in-
vestigated strategy during the last decade to induce therapeutic oligo-
dendrogenesis. For instance, Rittchen et al. [49] delivered leukaemia
inhibitory factor to OPC by poly (lactic-co-glycolic acid) nanoparticles
which induced significant oligodendrogenesis and remyelination after
focal demyelination. Similarly, Zhang et al. [50] showed that IL-4 na-
noparticles improved white matter integrity and attenuated motor/
cognitive deficits after stroke by stimulating OPC maturation. The aim
of this work was to pursue the novel approach of inducing therapeutic
oligodendrogenesis via endogenous NSC differentiation using a versa-
tile NSC-targeting nanomedicine loaded with RA. To investigate the
impact of RA-NFL-LNC on in vivo oligodendrogenesis following injury,
we induced focal demyelinated lesions close to the NSC niche (lateral
ventricle) to facilitate differentiation of migrating SVZ-NSC. The
treatments were administered 3 days after lysolecithin injection, when
demyelination is complete [51], as our objective was to evaluate the
effect on oligodendrogenesis (post-lesion) rather than to antagonise the
demyelination process. In order to allow time for the treatment to have
an effect, we analysed the lesions 5 days later, at 7 days after lysole-
cithin injection [52]. The aim of the in vitro experiment was to ascertain
the potential neural phenotypes into which NSC could differentiate by
using specific cellular markers. Two days after treatment, BIII tubulin
and GFAP were used to investigate early NSC differentiation towards
immature neural [53] and astroglial [54] lineages, respectively. Seven
days after incubation, panNF, GFAP and GalC were used to study late
NSC differentiation towards neurons [55], astrocytes [56] and oligo-
dendrocytes [57], respectively. In order to better discriminate between
these last two lineages, treated cells were co-stained for GFAP and GalC,
revealing that 7 days after RA-NFL-LNC incubation the number of GFAP
+ and GFAP +/GalC + cells were not significantly impacted while the
number of GalC + cells significantly increased. Since we observed that
incubation of RA-NFL-LNC with SVZ-NSC induced their differentiation
toward the oligodendrocyte lineage, we focused the in vivo experiment
on oligodendrogenesis. In order to study the impact of RA-NFL-LNC on
oligodendrocyte repopulation, regardless of their maturation, we used
Olig2 while, to investigate whether these oligodendrocytes were ma-
ture, we used the late differentiation markers MAG and MBP [58]. Five
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days after a single injection of either RA-NFL-LNC or RA-LNC into the
lateral ventricle, the oligodendrocyte population (Olig2™") significantly
increased up to 70% of the original population (versus 20% for the
vehicle-treated lesions) while no significant effect was observed for the
other treatments. This coincided with increased MAG and MBP positive
oligodendrocytes. This study focused on oligodendrogenesis. Further
investigations would be required to determine whether this increased
oligodendrogenesis translates into increased remyelination. These re-
sults demonstrate the strong therapeutic potential of RA-NFL-LNC, as a
single injection was found to restore the oligodendrocyte population
after demyelination almost to its full extent. On the other hand, the
beneficial effect of NFL grafting (i.e., SVZ-NSC targeting) on RA-LNC
observed in vitro was not visible in vivo. In fact, injection of RA-LNC
revealed a similar therapeutic effect compared to RA-NFL-LNC but, in
principle, this would be achieved via a different mechanism than NSC-
differentiation. Although we previously showed that, without NFL
functionalization, nanoparticles do not accumulate in SVZ-NSC in vivo,
excluding any significant impact on NSC-differentiation, the fate of
non-targeted LNC is unknown. We hypothesize that untargeted diffu-
sion within cerebrospinal fluid and brain parenchyma occured and al-
lowed non-functionalized nanoparticles to support/promote oligoden-
drocyte repopulation via pathways other than NSC differentiation. We
thus cannot exclude that interactions between RA-LNC and other im-
mature cell types could lead to oligodendrogenesis, nor that impact on
inflammation may have played a role. For instance, RA-LNC could in-
teract with NG2-expressing cells (i.e., OPC), which are known to mature
into oligodendrocytes [59], and promote a faster oligodendrocyte re-
population compared to RA-NFL-LNC via SVZ-NCS differentiation,
avoiding the NSC-to-OPC conversion step [60]. Additionally, LNC could
be internalized by microglia, as already shown in our previous work
[61] and, via the delivery of RA, they could promote anti-inflammatory
responses and support oligodendrogenesis [62]. However, further stu-
dies are needed to identify the cells and the mechanisms underpinning
non-NSC-targeted RA-LNC effect on oligodendrocyte repopulation and
remyelination.

These studies showed that RA-NFL-LNC can significantly promote
recovery of the mature oligodendrocyte population after demyelina-
tion, demonstrating the therapeutic potential in the scope of demyeli-
nating diseases. Our results are in line with previously reported studies
showing in vitro NSC differentiation towards the oligodendrocyte
lineage after RA incubation [57,63] and in vivo endogenous NSC dif-
ferentiation following intraventricular injection of active compounds
[64,65]. We propose that RA-NFL-LNC have the potential to be trans-
lated into therapy for the treatment of these diseases. Nevertheless, the
intracellular mechanism by which RA-NFL-LNC induce NSC differ-
entiation towards the oligodendrocyte lineage, as well as the study of in
vivo NSC-differentiating cell migration from the SVZ to the lesion site
remain to be elucidated.

5. Conclusion

For the first time, we show that a versatile nanomedicine with the
dual property of NSC targeting/differentiation can be successfully ap-
plied in vitro and in vivo for therapeutic purposes. RA-NFL-LNC can
penetrate SVZ-NSC and induce their differentiation toward the oligo-
dendrocyte lineage in vitro, and, by accumulating in the SVZ-NSC niche,
stimulate oligodendrogenesis in a rat focal brain demyelinated lesion
after only one injection. RA-NFL-LNC is a promising nanomedicine with
a high therapeutic potential for CNS diseases. To further increase its
translational value, less invasive routes of administration will be in-
vestigated in future. Although intravenously injected LNC do not ac-
cumulate in the CNS in significant amounts, surface functionalization
with specific BBB-crossing ligands (i.e., transferrin antibody) or the
combined use of BBB-permeabilizing physical techniques (i.e., focused
ultrasound) could allow therapeutic RA-NFL-LNC dose accumulation in
the brain, as shown with other lipid-based nanomedicines. Another
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alternative administration that could be successfully explored with RA-
NFL-LNC is the nose-to-brain route.
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