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ABSTRACT

Neuroinflammation is a principal event occurring after spinal cord injury (SCI). M1-like microglia are key players
in the inflammatory response after injury. We hypothesize that the depletion of this microglia subtype would
shift the M2/M1-like microglia balance toward a more pro-resolutive environment, favorable to SCI repair. The
colony-stimulating factor 1 receptor (CSF1R) antagonist PLX5622 has been used to deplete microglia in the cen-
tral nervous system. Although PLX5622 can freely cross the blood-brain barrier after systemic administration, it
requires solubilization in DMSO, an organic solvent toxic for the central nervous system, while the low drug con-
centration that accumulates at the SCI hampers its effectiveness. Systemic administration of PLX5622 can induce
side effects due to off-target accumulation. In this study, for the first time, we specifically depleted M1-like mi-
croglia by designing polymeric nanoparticles loaded with PLX5622 (PLX NPs) to locally treat spinal cord contu-
sion. PLX NP was prepared using a microfluidic-assisted approach showing high encapsulation efficiency (ap-
prox. 84 %), nanosized dimensions (100 nm), and batch-to-batch reproducibility. PLX NP displayed selective ac-
tivity in depleting M1-like microglial cells in both resting and lipopolysaccharide (LPS)-activated mixed mi-
croglial cell models while preserving non-targeted glial cells. Furthermore, locally administered PLX NP down-
regulated proinflammatory cytokines (e.g., TNF-a, IL-6, and IL-1p), increasing the M2/M1-like microglia ratio,
thus reducing inflammation in a SCI contusion model. Our data support the hypothesis that local treatment with
PLX NP, a formulation with a high translational value, reduces neuroinflammation and shifts the microglia popu-
lation toward a pro-resolutive phenotype, with potential applications in SCI and central nervous system inflam-

matory diseases.

1. Introduction

Spinal cord injury (SCI) is one of the most critical public health con-
cerns that results in permanent impairment of sensory, motor, and auto-
nomic functions [1]. Every year, >500,000 new patients suffer from
SCI mostly because of motor vehicle collisions and falls, leading to dis-
ability and high hospitalization costs [2]. Despite a greater understand-
ing of the pathophysiology of SCI, neuroprotective and regenerative ap-
proaches allowing repair of the damaged spinal cord have had limited
clinical efficiency to date [3].

Stem cell-based therapy is recognized as a promising strategy to
treat SCL; however, its efficacy is greatly limited by low cell survival,
notably impaired by local hyper-inflammation occurring after the le-
sion [4]. This phenomenon, also referred to as neuroinflammation, is
one of the principal consequences of SCI and significantly contributes to

the pathological progression from acute to chronic SCI [5]. Chronic in-
flammation after SCI leads to an unfavorable microenvironment for tis-
sue repair and the viability of cells transplanted in the scope of cell ther-
apy [6,7]. Thus, strategies aimed at resolving neuroinflammation
would provide a better environment for spinal cord tissue recovery and
for the success of other therapies [8]. Microglial cells are the main dri-
ver of this pathological condition and exhibit a gradient oscillating be-
tween two opposite phenotypes: a proinflammatory classically acti-
vated (M1-like) phenotype that supports the inhibition of cellular pro-
liferation and a pro-resolutive alternatively activated (M2-like) pheno-
type that promotes inflammation resolution and tissue repair and
homeostasis [9,10]. In the injured spinal cord, M1-like proinflamma-
tory microglia are one of the main actors of chronic inflammation,
whereas their shift toward a pro-resolutive phenotype (defined as M2-
like) is impaired [5]. In this context, M1-like microglia could be a thera-
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Fig. 1. PLX NP characterization. (a) Formulation of PLX NP by Microfluidics using the Ignite® instrument and relative EE% and DL% of PLX NP. Data: mean *= SD
(N = 3, n = 3/group). PLX NP and Blank NP size by TEM (b) and DLS (c), PDI (d), and Zeta potential (e). Scale bar: 100 nm. (f) PLX release profile from NP in cell

culture media and human-derived Cerebral Spinal Fluid.

peutic target for SCI Llyod et al. [11] showed that M1-like microglia
death resulted in a resurgence of new pro-resolutive M2-like microglial
cells and tissue repair [12]. Another study demonstrated that normaliz-
ing the SCI microenvironment led to the recovery of cognition and mo-
tor functions [13]. Among the recent strategies used to deplete mi-
croglial cells, the administration of colony-stimulating factor 1 receptor
(CSF1R) antagonists has emerged as a promising approach for reducing
chronic inflammation in several neurodisorders, including SCI, while
improving neurological recovery [14,15]. Indeed, CSF1R antagonists
can be used to modulate microglial populations in the central nervous
system (CNS) when administrated orally [16]. However, the phagocy-
tosis of macrophages and prolonged systemic administration of CSF1R
antagonists have been associated with undesired off-target toxicity on
peripheral immune cells, particularly those of lymphoid origin [17].
PLX5622 is a widely used CSF1R antagonist that has the lowest toxicity
toward other glial cells like oligodendrocyte progenitor cells (OPCs)

compared with other CSF1R antagonists, such as PLX3397 [18]. How-
ever, PLX5622 is poorly soluble in water and needs to be solubilized in
DMSO before injection, an organic solvent that is toxic for the CNS
[19,20]. Also, despite its ability to cross the blood-brain-barrier,
PLX5622 accumulation in the CNS is low and requires high doses and
continuous administration to be efficient, which, combined with its
poor solubility, presents a high risk of off-target side effects. These
drawbacks significantly hinder its development for clinical use, particu-
larly for local delivery to the injured spinal cord, where injection of
DMSO is not permitted.

In this study, we hypothesized that the local delivery of PLX5622
will deplete M1-like microglial cells and restore a pro-resolutive mi-
croenvironment in SCI by increasing the M2/M1-like microglia ratio.
To overcome the limitations of CSF1R antagonist therapy, we combined
for the first time the encapsulation of PLX5622 in nanomedicines with
local delivery by intrathecal administration. To ensure a high transla-
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Fig. 2. Impact of PLX NP on selective depletion of microglial cells in vitro. MGC cells were incubated with different concentrations of (a) PLX NP, (b) PLX and Blank
NP for 72 h (¢) (N = 3, n = 8). MGC cells were incubated with 4 pM of PLX, PLX NP and Blank NP for 8 h, 24 h 48 h and 72 h (d) (N = 3, n = 6). Then cells
were stained for Iba-1 (microglial cells) and DAPI (nuclei) and images were acquired with an IX-PICO. Analysis was done on whole wells using IX-PICO software.
Data are expressed as the mean + SD. Statistical analysis was done using a Nested one-way ANOVA or two-way ANOVA (*p < 0.05).

tional value for these nanomedicines, we selected poly(lactic-co-
glycolic) (PLGA)-based nanoparticles (NPs) to encapsulate PLX5622, as
PLGAs are Food and Drug Administration (FDA)-approved, and opti-
mized an easy, fast and surfactant-free formulation using microfluidics.
Additionally, microfluidics enables high encapsulation efficiency, high
reproducibility, and easier scale-up [21]. Altogether, this ensures an
easier translation into clinical settings. Here, we demonstrated for the
first time that intrathecal injection of PLX5622 encapsulated in PLGA
NPs induced a local depletion of M1-like microglia associated with the
modulation of the SCI lesion toward a more pro-resolutive environ-
ment.

2. Experimental section
2.1. Materials

Poly(D, L-lactide-co-glycolide) (MW = 7000-17,000) and poly(eth-
ylene glycol) methyl ether-block-poly(lactide-co-glycolide) (PEG-PLGA)
(PEG average Mn 5000, PLGA Mn 7000) were obtained from Sigma-
Aldrich (Merck, Darmstadt, Germany). PLX5622 (PLX) (MW = 395.41)
was obtained from Medkoo Biosciences, Inc. (North Carolina, USA).
Dulbecco's Modified Eagle's Medium (DMEM), minimum essential
medium (MEM), fetal bovine serum (FBS), N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid, peni-
cillin-streptomycin (P/S), Hanks' Balanced Salt Solution, 1,1’-
dioctadecyl-3,3,3’,3'-tetramethylindodicarbocyanine 4-
chlorobenzenesulfonate (DiD), PrestoBlue™ HS Cell Viability Reagent,
and Trizol were obtained from Thermo-Fisher Scientific® (Bleiswijk,
The Netherlands). LPS, bovine serum albumin (BSA), and Triton TM X-
100 were purchased from Sigma-Aldrich (Merck, Darmstadt, Germany).
O.C.T. compound, chloroform, isopropanol, and ethanol were pur-

chased from VWR (Rosny-sous-Bois-cedex, France). The Go ScriptTM
Reverse Transcription System and Go Taq qPCR master mix were pur-
chased from Promega® Benelux BV (Leiden, The Netherlands). Tris-
ethylenediaminetetraacetic acid buffer was obtained from Qiagen®
(Hilden, Germany). Normal goat serum was obtained from Vector Labo-
ratories (California, USA). Rat TNF-alpha ELISA Kit and Rat IL-10 ELISA
Kit were purchased from Proteintech (Planegg-Martinsried,
Germany).

2.2. Preparation of PLX-loaded polymeric NPs

PLGA (13.5 mg) and PEG-PLGA (1.5 mg) were dissolved in acetoni-
trile (ACN) (720 pL), and 0.75 mg of PLX5622 dissolved in DMSO was
added to the polymer solution (30 pL). PLX-loaded NPs (PLX NPs) were
produced by microfluidics using a NanoAssemblr Ignite® Precision
NanoSystems™ (Vancouver, BC, Canada) using a flow rate ratio of
Milli-Q water (2.25 mL): acetonitrile of 3:1, a total volume of 3 mL, a
total flow rate of 8 mL/min, a start waste of 0.45 mL, and an end waste
of 0.15 mL. PLX NPs were then dialyzed against 1 L of Milli-Q water
supplemented with 0.5 % Pluronic® F-127 for 4 h at room temperature
(RT) (Spectra/Por, MWCO: 6-8 kDa) and for 12 h in Milli-Q water to
remove organic solvents and nonencapsulated PLX. Blank NPs were
produced following the same protocol but with 30 pL of DMSO instead
of PLX, whereas fluorescent PLX NPs were obtained by adding 7.5 pL of
DiD (1 mg/mL) to the organic phase. All formulations were sterile fil-
tered on 0.22 pm and stored at 4 °C until further use.
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Fig. 3. Impact of PLX NP on astrocytes and cells from the oligodendrocyte lineage. MGC cells were incubated with 4 pM or 20 uM of PLX, PLX NP and Blank NP
for 72 h (N = 3, n = 7). Then off target toxicity was studied on astrocytes (a, stained with GFAP, red) and on oligodendrocytes (b, Olig-2, green) cells. Images
were acquired with an IX-PICO instrument. Analysis was performed on whole wells using IX-PICO software. Data are expressed as the mean + SD. Statistical
analysis was done using two-way ANOVA (*p < 0.05). Scale bar: 20 pm, DAPI-blue, GFAP-red, Olig2-green. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

2.3. Characterization of PLX NPs

2.3.1. PLX quantification in PLGA nanoparticles

Drug loading (DL) and encapsulation efficiency (EE) were evaluated
using high-performance liquid chromatography (HPLC). PLX NPs
(100 pL) were dissolved in 900 pL of ACN, and PLX was quantified by
HPLC using a Shimadzu Prominence system (Shimadzu, Japan)
equipped with a 150 X 4.6-mm column packed with a C18 column
with a particle size of 5 pm (Macherey—Nagel, Germany). Water supple-
mented with ammonium acetate (0.02 % m/v) (eluent A) and acetoni-
trile (eluent B) was used as the mobile phase in a gradient mode from
5 % to 95 % of eluent B at a flow rate of 1 mL/min. The detection wave-
length was 280 nm, and the retention time was 11 min. DL and EE were
calculated using the following formulas:

Encapsulation efficacy (EE%)
_ mass of PLX5622 encapsulated in nanoparticles

x 100%
mass of PLX5622 added ¢
Drug loading (DL %)
f PLX5622 lated i ticl
_ mass O encapsulated 1 nanoparticles % 100%

mass of PLX 5622 and mass of polymer

2.3.2. Dynamic light scattering

The size, polydispersity index (PDI), and zeta-potential (ZP) of PLX
NPs were measured in Milli-Q water using Malvern Zetasizer Nano ZS
(Malvern Instruments) equipped with a red laser (A = 633 nm) at a
fixed angle of 173° at 25 °C. The PLX NP and Blank NP size and distribu-
tion were determined by using 50 pL of colloidal suspensions. The size
values were reported as intensity.

2.3.3. Transmission Electron microscopy (TEM)

Ten pL of stock solution of PLX NP and Blank-NP in Milli-Q water
were placed on a homemade carbon-coated copper grid, and the solvent
was allowed to dry at room temperature. Following the time, samples
were stained with 1 % uranyl acetate in distilled water for 2 min at
room temperature to provide for negative staining. TEM analyses were
performed using a FEI Tecnai G2 microscope (Hillsboro, OR, USA). NP
size analysis was performed with ImageJ Software version 1.52a (Na-
tional Institutes of Health, USA). The average size of the PLX NP and
Blank NP was calculated by analyzing 5-20 individual particles in 10
different measurements with ImageJ software.

2.3.4. PLX in vitro release

PLX release was studied in complete cell culture medium (including
10 % FBS) and in cerebrospinal fluid (CSF) obtained from Cliniques
Universitaire Saint-Luc (ethics committee approval 2007/10SEP/233,
the patients included signed an internal regulatory document, stating
that residual samples used for diagnostic procedures can be used for ret-
rospective academic studies, without any additional informed consent.)
between January 2018 and January2022, and the samples comes from
classified as symptomatic controls which were defined as patients in
whom a thorough neurological examination, combined with biological
and MRI imaging data, did not reveal any underlying neurological dis-
ease. PLX NP were suspended in medium or CSF (10 % (v/v) of PLX NP)
and incubated at 37 °C under agitation (120 rpm). At different time
points, samples were centrifuged (n = 3), the supernatant removed and
the amount of PLX quantified by HPLC, as described above, after the
pellet dissolution in 10 % water, 89 % ACN and 1 % DMSO.



J. Yang et al. Journal of Controlled Release xxx (xxxx) 114079

LPS
a PLX5622

Control

2
a * |
3
*
2 100 |
‘2 80
Q
% 60
2
B 40
3
o
o 20
2
§- 0 T T T
> > v
2 €@ & _‘_\‘Q
9 & &
LPS LPS
Control PLX5622 -
9 *
z
E *
o
CD206 o 40 *
2
2
K
230
%5
3
2 20
)
3
o 10
2
2
3
g_ 0 T T T

AR
; > 0
1005 LS
LPS
T U
'b C 1 lc |
! ontrol  mm Veh PLX 5622 (4uM) | | - . |
—
| o s — !
i PLX NP (4uM) Blank NP (4;:M) Lo Fome i !
1 . *
] [ 300 " 120 . i
1 * I
- * — 1
P _ 150 - = b 250 "o !
S = 1 g = 100 1
- * E3 I . £ 200 E |
3 ! 2 g % i
1 8 1004 P ¥ 150 S 80 i !
1o ! w - 1
2 P g 2 2 !
= ! 15 !
8 ! 10 1
o
1 a 504 Pl 2 !
I - I v T T T
T ol \ > !
- ! & P € &S !
N
: 0 T : ! © Qd- N © & ¢ !
! 8h 24h 48h 72h b LPS LPS H
P T
1 - * 1
1e = § 600 * - = « = |
1§ 150 . S 400 N S * S 400 " § S000 |
e — © * 2 ° £ 4000 i
Il o e o & - 1
12 © 300 2 @ 300 g 1
13 100 ,—* 2 e 2 % 3000 !
' & 200 € g 200 e !
HE €L 3 3 :
g Z 100 £ & 100 £ 1000 1
|§ 8 A 5 e - 1
1 = 0 D 1
B T e e P aess F i ese T iese P dase
| SRS SRS & ¢S & &S I AN S
N o S o< < o <& & < < H
! PS IPS LPS S LPS !

Fig. 4. PLX NP efficiency on LPS-activated MGC and inflammatory cytokine gene expression. LPS-activated MGC (Veh) were incubated with 4 uM of PLX, PLX NP
and Blank NP for 72 h (N = 3, n = 5-6). (a) Cells were stained for Iba-1 (microglia cells), CD86 (M1-like phenotype microglia), CD206 (M2-like phenotype mi-
croglia) and DAPI (nuclei) and images were acquired with ZIESS and IX-PICO for the quantification. (b) Quantification of Iba-1 * cells were performed on whole
wells using IX-PICO software. Data are expressed as the mean + SD. Statistical analysis was done using two-way ANOVA. Scale bar: 50 pm, DAPI-blue, Iba-1-red,
CD86-green, CD206-green; (c) ELISA analyzed TNF-a and IL-10 expression in cell supernatant. (d) CSF1R, iNOS, TNF-a, Argl and IL-10 gene expression was ana-
lyzed by RT-qPCR. Data are expressed as the mean = SD and are normalized versus non-activated non-treated cells (Control). Statistical analysis was done using
one-way ANOVA (*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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2.4. Depletion of microglial cells in vitro

Primary mixed glial cells (MGCs) were obtained from neonatal Wis-
tar rats (1-2 days old, De Duve Institute Animal Facility, UCLouvain),
as previously described [22]. Briefly, the brains were removed asepti-
cally, and the cerebellum was separated. After the asportation of the
meninges, brains were disrupted mechanically and digested for 45 min
(papain in MEM (40 pg/mL)). Next, digested tissues were centrifuged at
160 g 4 °C for 5 min and resuspended, triturated slowly with 18- and
23-gauge needles, and filtered on a 40-pm cell strainer (Greiner Bio-
One, Frickenhausen, Germany). The cells were then resuspended in
growth medium (DMEM containing glucose, L-glutamine, pyruvate,
10 % FBS, 1 % penicillin, and 2.5 % HEPE) and seeded in 24-well plates
(10° cells/well) and 96-well plates (1.68 x 10° cells/well). The cells
were further incubated for 8 days at 37 °Cin a 5 % CO, incubator. After
8 days, MGCs were treated with different concentrations of PLX NP
(0.01-40 pM of PLX); PLX (in 0.1 % DMSO) and Blank NP being used as
positive and negative controls, respectively. The same experiment was
performed on LPS-activated MGCs. MGCs were treated with LPS
(100 ng/mL) for 2 h and incubated for 72 h with PLX, Blank NP, and
PLX NP (4 pMm and 20 pM of PLX) diluted in growth medium supple-
mented with fresh LPS (100 ng/mL). The effect of treatment on MGCs
was analyzed using a cell viability assay, immunofluorescence, and for
the LPS experiment by RT-qPCR and ELISA (as per supplier instruc-
tions).

2.5. Cell viability

The impact of PLX NP on MGC viability was examined using a
PrestoBlue™ HS Cell Viability Reagent (Thermo-Fisher Scientific®,
Bleiswijk, The Netherlands) following supplier instructions. After incu-
bation with the different treatments, the PrestoBlue™ solution was
added to each well and incubated for 10 min. Cell metabolic activity
was measured using a fluorimeter (Molecular Devices Spectramax®
iD5, California, USA) at A., = 560 nm and XA, = 600 nm. Cell culture
media (background), untreated MGCs (100 % viability), and MGCs
treated with 0.1 % Triton X-100 (0 % viability) were used as controls.

2.6. Immunofluorescence

Microglial cell depletion was analyzed by immunofluorescence
against Iba-1. MGCs were washed once with PBS before fixation
(15 min, paraformaldehyde (PFA) 4 %) and then washed three times
with PBS. The cells were incubated with Iba-1 primary antibodies
(Table S1) diluted in 10 % (v/v) normal goat serum in PBS for 16 h at
4 °C. The cells were washed three times with 0.01 % PBS-Tween 20 and
then incubated for 3 h with secondary antibodies (Table S1) and 4',6-
diamidino-2-phenylindole (DAPI) (1:1000) diluted in PBS containing
5 % normal goat serum. The cells were washed three times with 0.01 %
PBS-Tween 20 and stored in PBS. Images of whole wells were acquired
and analyzed using an ImageXpress Pico Automated Cell Imaging Sys-
tem (IX-PICO, California, USA) (4 x, 10 X, and 20 X objective). The
cells were detected by DAPI staining, positive cells were detected using
a fluorescence intensity classification method and summed. Results
were expressed as the number of total cells and positive cells.

2.7. RT-qPCR

Total RNA from cells was extracted using the Trizol reagent, as pre-
viously described [23]. One pg of total RNA was used to synthesize
cDNA using the GoScript Reverse Transcription System. qPCR was per-
formed using a StepOnePlus instrument and software (Applied Biosys-
tems), as previously described [23]. Primer sequences for qPCR are
listed in Table S2.
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2.8. Impact of PLX local administration on spinal cord LPS-induced
inflammation in a mouse model

The experimental protocol was approved by the UCLouvain local
ethics committee (2022/UCL/MD/056). LPS (300 pg/kg, i.p.) was ad-
ministered to induce CNS inflammation [23]. Four hours after LPS in-
jection, PLX NPs (10 pL of 10 pg PLX) were injected (20 pL/min) using
a 25-pL syringe and Remote Infuse/Withdraw Pump 11 Elite Nanomite
Programmable Syringe Pump (Massachusetts, USA) in the intrathecal
space between the groove of L5 and L6 vertebrae (tail flick) (n = 6)
[24]. Mice were treated once a day for 3 days, and spinal cords were re-
trieved on day 4, 24 h after the last injection. Mice injected with only
PBS intrathecal injection (i.t.) (vehicle; no LPS) and mice injected with
LPS (intraperitoneal (i.p.) injection) followed by i.t. injection of PLX
solubilized in 5 % DMSO were used as controls. Mice injected with LPS
followed by i.t. injection of PBS were used as positive controls. Spinal
cords were then collected and stored at —80 °C for RT-qPCR analysis or
fixed in 4 % PFA by transcardiac perfusion for immunofluorescence
staining.

2.9. Mouse spinal cord immunofluorescence staining

Spinal cords were incubated in 20 % sucrose for 24 h followed by
incubation in 30 % sucrose for 24 h and embedded in Tissue-Tek®
O.C.T.™ (Sakura, AJ Alphen aan den Rijn, The Netherlands). Cryosec-
tions of 10 ym were mounted on SuperFrost® slides (Thermo-Fisher
Scientific, Brussels Belgium) and stored at —20 °C until staining. Slides
were allowed to dry at RT overnight before staining. Sections were
blocked with PBS containing 10 % normal goat serum, 2 % BSA, and
0.2 % Triton X-100 for 1 h and incubated with primary antibodies
overnight at 4 °C (Table S1). The sections were washed with PBS-Tween
80 (0.1 %) four times before incubation with the appropriate secondary
antibodies (Table S2) and DAPI for 2 h at RT. Immunofluorescent stain-
ing was visualized and digitalized using a Pannoramic 250 FlashIII
scanner (3DHistech) at x20 magnification. Scanned slides were then an-
alyzed using the image analysis tool Qupath 0.4.3. On each slide, tissue
sections were automatically delimited at low magnification. Tissue ar-
eas were detected using a thresholding classification method with mod-
erate (1.38 pm/px) and max channels, and stained pixels in the lesion
were detected (high resolution [x20])) using a thresholding classifica-
tion method and summed. Results were expressed as a percentage of the
stained area within the entire tissue.

2.10. Whole blood flow cytometry

To assess the potential systemic toxicity of PLX NPs, the impact of
the treatment on circulating macrophages was analyzed using FACS in
mouse whole blood. At the end of the experiment, 0.5 mL of blood was
sampled from each mouse in the retrobulbar venous plexus and col-
lected in heparinized tubes. For each antibody and for each single-
colour control (used to set compensation), aliquots of 100 uL of whole
blood were transferred into 12 X 75-mm tubes. Whole blood samples
were used as unstained controls for background setup. aF4,/80, aCD86,
and aCD206 primary antibodies (Table S1) (1:100 in Hanks' Balanced
Salt buffer) were added to the samples and incubated for 1 h at 4 °C un-
der agitation protected from light. The samples were washed with 2 mL
of staining buffer, and the cells were resuspended in 500 pL of staining
buffer. Analysis was performed using the Spectral Flow Cytometry
(Cytek Aurora) (Fig. S1).

2.11. Impact of local PLX administration on spinal cord inflammation in a
mouse spinal cord contusion model

Animal experiments were approved by the UCLouvain local ethics
committee (2023/UCL/MD/46). Swiss female mice (5-6 weeks old)
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Fig. 5. PLX NP uptake in resting and activated MGC. MGC activated by LPS (Activated) or not (Resting) were incubated with 4 pM of PLX NP- DiD for 1 h and
24h (N = 3,n = 4). (a) Cell uptake was quantified using IX-PICO software. (b) Microglial cells were stained for Iba-1, astrocytes for GFAP, oligodendrocyte lin-
eage cells for Olig2 and nuclei with DAPI. Data are expressed as the mean * SD. Statistical analysis was done using two-way ANOVA (*p < 0.05). Scale bar:
50 pm, DAPI- blue, Iba-1-green, GFAP- green, Olig2- green, PLX NP- DiD- red. (For interpretation of the references to colour in this figure legend, the reader is re-

ferred to the web version of this article.)

were treated with Temgesic (0.05 pg/g) and Carprofen (5 pg/g) by sub-
cutaneous injection 30 min before surgery. The mice were anesthetized
using a rodent anesthesia system with vaporized isoflurane (2 %) be-
fore laminectomy at T8-T10 and spinal cord exposure. SCI was per-
formed using a contusion of 50 kDynes (dwell time of 1 s) applied at the
T9 level using a Horizon Spinal cord Impactor (WPI, Friedberg, Ger-
many). The mice were then administered with Baytril (enrofloxacin,
2.5 mg/kg s.c.) and Temgesic (0.05 ug/g s.c.) once/day, and the blad-
der was emptied twice per day after surgery [25]. The following day,
the mice were randomly divided into five groups: healthy mice treated
with vehicle (PBS) by intrathecal injection (Control); SCI treated with

vehicle (PBS) by i.t. injection (Veh); SCI treated with PLX solution in
5 % DMSO by i.p. injection (PLX i.p.); SCI treated with PLX solution in
5 % DMSO by i.t. injection (PLX i.t.); and SCI treated with PLX NP by
i.t. injection (PLX NP i.t.) (n = 10). Mouse body weight was recorded
every day. Treatments were administered once a day for 3 days follow-
ing SCI [26]. Spinal cords were collected 24 h after the last injection
and stored at —80 °C for RT-qPCR analysis (n = 5) or fixed in 4 % PFA
by transcardiac perfusion for immunofluorescence analysis (n = 5)
[25]. Immunofluorescent staining was visualized and digitalized using
a Pannoramic 250 FlashIIl scanner (3DHistech) at x20 magnification.
Scanned slides were then analyzed using the image analysis tool Author
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version 2017.2 (Visiopharm, Hgrsholm, DNK). On each slide, tissue sec-
tions were automatically delimited at low magnification. Lesions were
then manually delineated and stained pixels in the lesion and concen-
tric circles were detected (high resolution [x20]) using a thresholding
classification method and summed. Results were expressed as a per-
centage of stained area within the analyzed region.

2.12. Statistical analysis

Statistical analyses were performed using one-way analysis of vari-
ance (ANOVA), two-way ANOVA, or nested one-way ANOVA using
Prism 9 (GraphPad Software, San Diego, CA). Results are expressed as
means *+ standard deviations or means *+ standard errors of the mean
(as mentioned in figure legends) and were considered significant if
p < 0.05. The number of replicates is indicated in each figure legend.

3. Results
3.1. Characterization of polymeric NPs loaded with PLX (PLX NPs)

We developed a highly efficient, reproducible, and scalable mi-
crofluidic-assisted approach (Ignite®, Precision NanoSystems™) to
produce PLX NPs (Fig. la) with high encapsulation efficiency
(EE = 84 %) and drug loading (DL = 4.35 %). PLX NP and Blank NP
showed a round/ovoidal shape and presented a similar average hydro-
dynamic diameter (98 *+ 2 nm and 100 *= 3, respectively) confirmed
by dynamic light scattering (DLS) and TEM, a low polydispersity index
(0.16 + 0.01 and 0.17 + 0.02, respectively) and a negative surface
charge (=34 = 2 mV and — 33 = 2 mV, respectively) (Fig. 1b-e). Im-
portantly, our methodology ensures strong reproducibility with negligi-
ble differences among the three batches (Fig. S2a-b). PLX release stud-
ies were performed in media mimicking in vitro and in vivo conditions
using DMEM medium supplemented with 10 % FBS and in human-
derived Cerebral Spinal Fluid (Fig. 1f). Results show an initial burst
drug release after 10 h of incubation of PLX NP in the relevant media
followed by a sustained release of PLX along the time.

3.2. PLX NP selective depletion of microglial cells in vitro

We hypothesized that PLX NPs may specifically deplete microglial
cells in a Mix Glial Cells (MGCs) model. The effects of PLX NPs on mi-
croglial cells were evaluated by immunofluorescence against Iba-1, a
microglia marker, after incubation with MGC for different times and at
different concentrations.

When MGCs were incubated for 72 h with PLX NPs, a significant de-
crease in the Iba-1-positive population was observed, starting at 0.5 pM
of PLX (Fig. 2a). From 2 pM, >90 % of the microglial population was
depleted. The other cell types were not affected by the treatment up to
8 pM where a slight decrease in the cell number was observed; how-
ever, it was never >20 %. Treatment with free PLX depleted 90 % of
the Iba-1-positive population at 0.5 uM; however, it was slightly more
toxic to other cell types than PLX NPs because 25 % of their population
was depleted (Fig. 2b). Blank NPs had no impact on MGCs (Fig. S3).
When comparing the different conditions, MGCs needed to be treated
with at least 4 pM of PLX NPs to obtain the same level of depletion ob-
served with PLX (Fig. 2c and Fig. S4). The different treatments had no
impact on the general MGC viability (Fig. S5). Only the highest PLX
concentrations (20 and 40 pM) induced a slight decrease in the global
MGC viability, likely because of microglia and OPC depletion. MGCs
needed to be treated for at least 24 h to see a significant effect of PLX,
whether as a solution or encapsulated in NPs (Fig. 2d and Fig. S6).
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3.3. Off-target toxicity of PLX NPs on astrocytes and oligodendrocytes

MGC cultures contain microglia, astrocytes, OPCs, and oligodendro-
cytes [27]. Because our objective was to specifically deplete microglial
cells, the off-target toxicity of PLX NPs on other cells was examined.
Treatment with PLX or PLX NPs had no impact on astrocytes (GFAP +)
(Fig. 3a). In contrast, a decrease in oligodendrocytes (Olig2 +) was ob-
served following treatment with both PLX and PLX NPs. However, PLX
encapsulation limited the depletion of cells from the oligodendrocyte
lineage, particularly at higher PLX concentrations (Fig. 3b).

3.4. Influence of MGC activation on PLX NP efficiency

Because PLX NPs were designed to act in a neuroinflammatory envi-
ronment, the next step was to assess how MGC activation would impact
PLX NP efficiency. MGCs were activated with LPS and treated with PLX
NPs for different incubation times. Microglial cells were quantified by
immunofluorescence against Iba-1, CD86 and CD206. As observed for
the previous experiment, at least 48 h was required to see significant
microglial depletion. Activated microglial cells seemed less affected by
PLX and PLX NPs than resting cells because only 50 % of the population
was depleted by treatment with 4 uM of PLX or PLX NPs compared with
90 % in resting cells. Moreover, PLX NPs decreased the percentage of
CD86 + and increased the percentage of CD206 + microglia compared
to other groups (Fig. 4a- b, Fig. S7).

Next, we examined how the gene expression of inflammatory cy-
tokines (both pro- and anti-inflammatory) was affected by MGC activa-
tion by LPS after PLX NP treatment. Treatment of LPS-activated MGCs
with PLX NP significantly reduced CSF1R, iNOS, and TNF-a gene ex-
pression (proinflammatory markers) but increased Argl expression
(pro-resolutive marker) compared with those in cells treated with the
vehicle (Fig. 4d). Only PLX induced a significant increase in IL-10 gene
expression (pro-resolutive marker). The decrease of TNF-a and the in-
crease of IL-10 in the supernatants following cell treatment with PLX
were confirmed by ELISA (Fig. 4c).

3.5. PLX NP uptake by resting and activated MGCs

Next, we evaluated whether PLX NPs could be endocytosed by rest-
ing and activated MGCs and whether a preferential cell-specific uptake
occurred. DiD-labeled PLX NPs (Fig. S2¢) were endocytosed by both ac-
tivated and resting MGCs in a time-dependent manner (Fig. 5a-b and
Fig. $8). PLX NPs were preferentially taken up by microglial cells (Iba-
1+) compared with astrocytes (GFAP+) and oligodendrocytes
(Olig2 +) without significant differences between the resting and acti-
vated states. Furthermore, we observed a higher fluorescent signal asso-
ciated with NPs in astrocytes than in oligodendrocytes.

3.6. Influence of PLX NPs on spinal cord microglial cells in an inflamed
mouse model

We then explored the impact of PLX NPs on microglia and neuroin-
flammation in an LPS-induced inflammation model. Mice were treated
with 300 pg/kg LPS by i.p. injection and then with an intrathecal injec-
tion of PLX NPs every day for 3 days (Fig. 6a, Fig. S9a). The impact of
PLX NPs on the spinal cord was evaluated using RT-qPCR and immuno-
fluorescence. Furthermore, the CD206,/CD86 (pro-
resolutive/proinflammatory macrophages) ratio was analyzed in mouse
blood using FACS. The treatments had no impact on mouse weight (Fig.
S9b).

LPS injection did not affect Iba-1 and TNF-a gene expression,
whereas it significantly decreased the CD206/iNOS ratio (pro-
resolutive/proinflammatory macrophages) and increased IL-1f gene ex-
pression (Fig. 6b). The injection of PLX NPs significantly decreased Iba-
1, TNF-a, and IL-1f gene expression, whereas PLX decreased Iba-1 and
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Fig. 6. Impact of PLX NP on spinal cord gene expression in a LPS activated model. (a) Illustration of the experimental setting. (b) At day 3, mRNA was extracted
from spinal cord and gene expression was analyzed by RT-qPCR. (c) Spinal cords were immunostained for Iba-1 (microglia cells), CD86 (M1-like phenotype mi-
croglia), CD206 (M2-like phenotype microglia), (d) GFAP (astrocytes), olig2 (oligodendrocyte lineage) and DAPI (nuclei) and images were acquired with a slide
scanner. Analysis of the whole sections was done using Qu-Path. (¢) Whole blood CD206/CD86 ratio was measured by FACS. Data are expressed as the
mean *= SEM. Statistical analysis was done using One-way ANOVA (*p < 0.05) (n = 6).

IL-1p expression. Only PLX NPs significantly decreased TNF-a expres-
sion and significantly increased the CD206/iNOS ratio.

LPS injection had no effects on the percentage of Iba-1-positive
staining in the spinal cord of LPS-treated mice, whereas it significantly
decreased the CD206/CD86 ratio (Fig. 6¢c and Fig. S9¢). However, only
the injection of PLX NPs allowed the CD206/CD86 ratio to increase to a
level similar to that in the positive control (non-LPS-activated, PBS i.t.
injection).

Finally, when analyzing whole blood for the ratio between CD206 +
and CD86 + macrophages, no significant difference was observed; how-
ever, the ratio tended to increase for PLX- and PLX NP-treated animals
(Fig. 6e).

The toxicity of PLX NPs on the astrocyte and oligodendrocyte popu-
lations was also evaluated. Injection of LPS did not increase GFAP- or
olig2-positive staining; however, administration of PLX NPs signifi-
cantly decreased GFAP-positive staining, whereas only the injection of
PLX significantly depleted cells of the oligodendrocyte lineage (Fig. 6d
and Fig. S9d).

3.7. Impact of local PLX NP administration on a contusion model of SCI

Finally, we assessed our hypothesis that PLX NPs modulate the local
microenvironment in a spinal cord contusion model. PLX NPs (10 pg)
were administered intrathecally 1 day after contusion, and their effect
on the spinal cord was evaluated using RT-qPCR and immunofluores-
cence (Fig. 7a). PLX and vehicle (PBS) were used as negative controls,
whereas intraperitoneal injection of PLX (PLX i.p.) was used as a com-
parison with what is usually performed in the literature (1 mg/mouse)
[26]. The treatments had no impact on mouse weight (Fig. S10a). One
mouse died during surgery. and the PLX i.p. group lost 20 % of its mice
after the first day of treatment, suggesting that PLX i.p. injection was
toxic (Fig. S10b).

Intrathecal injection of PLX NPs after contusion induced a signifi-
cant increase in CSF1R gene expression compared with every other con-
dition (Fig. 7b). Iba-1 expression decreased when the mice were treated
with PLX and PLX NPs. The expression of the olig2 gene increased upon
PLX NP injection; however, GFAP expression was unaffected. I.p. injec-
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Fig. 7. PLX NP influence on spinal cord gene expression after SCI. (a) Illustration of the experimental setting used for this experiment. Gene expression of (b) CSF1R,
Iba-1, GFAP and Olig2 was analyzed by RT-qPCR. Similarly, gene expression of M1-like phenotype and pro-inflammatory markers (c) iNOS, CD86, TNF-a, IL-18 and
IL-6 and M2-like phenotype and anti-inflammatory markers (d) CD206, Argl, Ym1, Fizz, and IL-33 were measured by RT-qPCR. M2/M1 ratios (e¢) CD206,/CD86 and
CD206/iNOS ratio were calculated. Data are expressed as the mean + SEM. Statistical analysis was done using One-way ANOVA (*p < 0.05) (n = 5).

tion of PLX tended to decrease GFAP and increase olig2 although this analyzing macrophages in the whole blood and in the spleen, none of
decrease was insignificant. the treatments displayed systemic toxicity (Fig. S10c and Fig. S10d).

PLX NPs had no statistically significant effect on the gene expression These results were confirmed by immunofluorescence at the lesion
of proinflammatory markers, such as iNOS, CD86, TNF-a, IL-6, and IL- site. PLX NPs increased the ratio of CD206/CD86-positive staining
1P (slight decrease but insignificant) (Fig. 7c). Treatment with PLX NPs (M2/M1-like ratio) but had no significant effect on Iba-1 (microglia),
increased the expression of pro-resolutive markers, such as CD206, CD86-, and CD206-positive staining or GFAP (astrocytes), NeuN (neu-
Ymi1, Fizz, and IL-33, and increased the CD206/iNOS and CD206,/CD86 rons), olig2 (oligodendrocytes), NF (neurofilaments), GAP43 (nerve
ratios (Fig. 7d and e, respectively). Intraperitoneal injection of PLX growth) and 5-HT (serotonin positive neurons) (Fig. 8-9, Fig. §11).
also increased Ym1 and IL-33 but decreased Fizz gene expression. When

10
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Fig. 8. Evaluation of PLX NP effect on spinal cord tissue after SCI. Spinal cords (a) were immunostained at the lesion site (Scale bar: 1 cm) for (b) Iba-1 (mi-
croglia cells), CD86 (M1-like phenotype microglia), CD206 (M2-like phenotype microglia) and DAPI and Images were acquired with a slide scanner. Analysis of
the lesion site was done using VisioPharm. Data are expressed as the mean + SEM. Statistical analysis was done using One-way ANOVA (*p < 0.05) (n = 5).
Figure on the left scale bar: 200 pm, figure in the red rectangular scale bar: 10 ym. DAPI- blue, Iba-1- green, CD86- red, CD206- red. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

<

4. Discussion

This study established a novel approach for the local treatment of
SCI using nanomedicines that selectively deplete microglial cells and
modulate inflammation toward a higher M2/M1-like ratio. M1-like mi-
croglia emerged as a key player in generating a proinflammatory mi-
croenvironment, hampering the healing of the spinal cord injured area.
Therefore, the local depletion of this cell subtype represents an interest-
ing strategy for treating SCI while avoiding systemic side effects. The
design of the PLX NPs enhances the effect of the CSF1R antagonist
PLX5622 preferentially in the microglial cells because of their high
phagocytosis rate while avoiding the toxicity in other cells, such as as-
trocytes, oligodendrocytes, and OPCs. Moreover, the depletion of M1-
like microglia has been reported to contribute to restore homeostasis
and thus to resolve chronic inflammation and support neurological re-
covery [12,28]. Previously, PLX5622 has been administered systemi-
cally with undesired off-target effects on peripheral immune cells
[29,30]. Therefore, we developed a new efficient system for controlled
and sustained delivery of CSF1R antagonists to create a favorable mi-
croenvironment for the recovery of SCI. We selected PLGA as a matrix
for the PLX NPs and microfluidics as a production method to provide a
high translation value to our nanomedicines. To the best of our knowl-
edge, this is the first report of a PLX-type CSF1R encapsulation in a fit-
for-purpose nanomedicine locally administered for SCI repair that can
shift the microglial phenotype toward a higher M2/M1-like ratio.

As far as we know, we are the first to produce nanomedicines loaded
with PLX5622. Encapsulation in PLGA NP provides the well-known ad-
vantages of solubilization (no need to co-inject DMSO, toxic for neu-
ronal cells and not allowed in patients receiving local administration in
the spinal cord) [19,20,31], protection from degradation, and con-
trolled drug release. Fostering translation to the clinics, we produced
PLX NPs using a microfluidic-assisted approach ensuring high batch-to-
batch reproducibility and scalability. Indeed, bigger instruments can be
used with minimal adjustments to produce clinical batches (up to 17 L/
h), as is the case for mRNA-loaded LNP [32]. Microfluidics allowed the
production of NP with a narrower size distribution than those obtained
with traditional mechanical methods. It is also faster and requires fewer
steps and manipulation. We demonstrated that our delivery system al-
lows a biphasic release of PLX in relevant media such as cell culture and
human-derived cerebral spinal fluid. We hypothesize that the initial fast
release might be related to the PLX that is absorbed on the outer shell of
the PLGA nanocarrier and therefore is released faster. Then, the release
slowed, which can be classically observed, especially for lipophilic
drugs, as their release is often influenced by their ability to bind to pro-
teins in the medium and transition from the PLGA core to the solution.

We showed that PLX NPs can efficiently deplete microglia in a MGC
in vitro model while limiting off-target effects on other cells, such as as-
trocytes and oligodendrocytes. The PLX concentration required to ob-
tain the same effect as with free PLX was slightly higher. It is to be ex-
pected since an encapsulated drug is always less accessible than a free
molecule in vitro and can enter cells via different mechanisms. As free
PLX was solubilized in DMSO, it was freely and immediately accessible
to the cells, and as such, has been used as a positive control, both in
vitro and in vivo, knowing that while it is acceptable to inject DMSO in
the intrathecal space of rodents, it is not in patients. PLX NPs efficiently
and selectively depleted microglia after only 24 h of incubation. Al-
though the mechanism by which PLX NPs deplete microglial cells re-
mains unknown, we speculate this to be more related to the amount of
NPs taken up by the cells than PLX release because >20 % of the mi-
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croglial cells endocytosed NPs after 24 h while release was quite slow,
at least in PBS. Studies have indicated that CSF1R is localized in the nu-
cleus and that the full-length CSF1R migrates to the nucleus upon CSF1
stimulation [33], where it could be susceptible to PLX released from in-
ternalized NPs.

To further explore the therapeutic potential of our formulation, we
examined the efficacy of PLX NPs in LPS-activated MGCs to better
mimic the SCI-inflamed microenvironment. We observed a reduction of
PLX efficiency regardless of its encapsulation. This has not been re-
ported so far. Considering that the percentage of microglia that endocy-
tosed PLX NPs was the same regardless of whether the MGCs were acti-
vated or not, there is no clear explanation for this observation. We saw
a 35 % decrease in CSF1R expression in LPS-activated MGCs (not statis-
tically significant however) and a reduction of approximately 75 % in
CSF1R when the cells were incubated with PLX or PLX NPs. A decrease
in CSF1R expression in the presence of LPS has already been reported
[34]. It was attributed to a crosstalk between Toll-like receptor and
CSF-1 signaling pathways where LPS induces a pro-TNF-a-converting
enzyme that cleaves CSF1R, resulting in ectodomain shedding [35]. CS-
FIR is then removed from the cell surface, and CSF1 signaling is
blocked. This could explain why PLX seems less efficient in the presence
of LPS. Treatment with PLX NPs significantly decreased the expression
of the proinflammatory markers iNOS and TNF-a while increasing the
expression of the anti-inflammatory makers Argl and IL-10. This is con-
sistent with the results of an earlier study that observed the same effect
when treating microglial cells with another CSF1R antagonist
(Ki20227) [36]. The lower uptake of PLX NPs by other cells, such as as-
trocytes and most oligodendrocytes/OPCs, is advantageous to limit off-
target effects and toxicity toward remyelinating cells. PLX5622 has
been selected for its higher selectivity toward microglial cells and lower
affinity for OPCs [18]; however, encapsulation in NPs further reinforces
its targeted effect while reducing off-target effects.

Microglial depletion in the scope of brain diseases has been used to
reset microglia to a homeostatic phenotype; however, to the best of our
knowledge, the therapeutic potential of PLX NPs for the local treatment
of SCI has not been explored yet. To evaluate the feasibility of our ap-
proach, we first investigated the impact of PLX NPs on a model of neu-
roinflammed spinal cord using LPS. The intrathecal administration of
free PLX or PLX NPs led to comparable microglia depletion. PLX NP
treatment led to a significant reduction in pro-inflammatory gene ex-
pression (e.g., IL-18, TNF-a) and an increase in anti-inflammatory
markers (e.g., CD206), ultimately resulting in a robust increase in the
M2/M1-like ratio, with only PLX NP treatment restoring it to baseline
(control) levels. These findings suggest that the action of PLX NP is not
limited to depletion but also involves phenotypic reprogramming of the
remaining microglia. This dual mechanism, partial depletion combined
with immunomodulation, is consistent with our therapeutic strategy to
shift the microglial balance toward a pro-resolutive state. This agrees
with what has been reported in other models. For instance, PLX5622
more specifically depleted CD86 (M1-like) macrophages than CD206
(M2-like)-expressing ones and reduced the expression of proinflamma-
tory cytokines (TNF-o and IL-1f) in a partial sciatic nerve ligation
model [37]. In a mouse contusion traumatic brain injury model, mi-
croglial depletion by PLX5622 was followed by a subsequent repopula-
tion of neuroprotective microglia [38]. However, treatment with
PLX5622 is not always successful because Vichaya et al. [39] reported
that it did not abrogate the inducible expression of proinflammatory cy-
tokines in the brain in response to LPS and even exacerbated it for some
cytokines.
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Fig. 9. Evaluation of PLX NP effect on spinal cord tissue after SCI. Spinal cords were immunostained at the lesion site for (a) GFAP (astrocytes), NeuN (neuronal
cells), (b) NF (neurofilaments), 5-HT (serotonin positive neurons), GAP43 (nerve growth), (c) Olig2 (oligodendrocyte lineage cells), and DAPI and Images were ac-
quired with a slide scanner. (d) Analysis of the lesion site was done using VisioPharm. Data are expressed as the mean = SEM. Statistical analysis was done using
One-way ANOVA (*p < 0.05) (n = 5). GFAP, Neun, NF, 5-HT and GAP43 figure on the left scale bar: 200 pm, figure in the red rectangular scale bar: 10 pm,
Olig2 scale bar: 50 pm. DAPI- blue, GFAP- green, Neun- red, Olig2- green, 5-HT- green, GAP43- red, NF- purple. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

Because we observed a slight decrease in GFAP+ cells (approxi-
mately 24 %), it is not excluded that a slight depletion of astrocytes
could participate in the reduction of proinflammatory markers ob-
served when mice were treated with PLX NPs. Astrocytes are known to
participate in SCI neuroinflammation and glial cell scarring [40,41].
Therefore, this can be considered an additional beneficial effect of PLX
NPs. Witcher et al. showed that microglial depletion could attenuate as-
trocyte inflammatory and reactive signatures in a traumatic brain in-
jury model [42]. PLX encapsulation in NPs also limits its toxicity on
cells from the oligodendrocyte lineage. This, associated with an acti-
vated microglia decrease, would preserve remyelination potential [43].

Finally, the ability of PLX NPs to modulate the inflammatory re-
sponse following SCI was evaluated in a mouse contusion model. Al-
though PLX NP and PLX administration had no impact on blood and
spleen macrophages, intraperitoneal administration of PLX resulted in
the death of 20 % of the mice after a single administration. This is con-
sistent with the known limitations of systemic CSF1R inhibitors, partic-
ularly when high doses or long treatment periods are required. We in-
jected PLX solubilized in DMSO as a comparison with what is classically
reported in the literature [26]. We used the dose classically reported in
the literature for intraperitoneal injection (50 mg/kg), which was 100
times higher than the one we used for intrathecal injection. This toxic-
ity is believed to stem from off-target effects and systemic immune sup-
pression, which cannot be avoided when the drug is administered sys-
temically and distributed throughout the body. This might have led to
mouse decompensation. Regarding the dose of PLX for intrathecal in-
jection, no prior studies have reported a suitable formulation or dosing
strategy for this route. Therefore, we conducted a preliminary dose op-
timization study to identify a concentration that would produce a de-
tectable effect on microglia while ensuring animal safety and well-
being. Based on this pilot work, we selected a dose that resulted in ef-
fective microglial modulation without any observable adverse effects.
Notably, none of the mice exhibited morbidity or mortality in either the
preliminary or reported experiments using intrathecal PLX NP, in stark
contrast to the i.p. PLX group. This confirms the interest and safety of
the local administration of PLX NPs for SCI. Interestingly, treatment by
intrathecal administration of PLX NPs increased CSF1R gene expression
in the LPS and contusion models. In this model, while some individual
inflammatory markers did not reach statistical significance at the group
level, the overall trend still supports a shift toward a less inflammatory
environment. More importantly, in the SCI model, we see a clear upreg-
ulation of anti-inflammatory markers (e.g., CD206, IL-33) and a signifi-
cant increase in the M2/M1-like microglial ratio, particularly in the
PLX NP-treated group. This supports our central hypothesis that mi-
croglial depletion with PLX NP alters the immune environment by (1)
reducing the presence of pro-inflammatory M1-like cells, and (2) pro-
moting a relative increase in M2-like, pro-resolutive phenotype. Even
modest gene-level changes can reflect biologically meaningful shifts,
especially when occurring in specific cell populations within a complex
tissue environment. Additionally, our strategy is based on modulation,
not total suppression, of the immune response. The aim is to rebalance
the microglial phenotype in the early post-injury phase to support reso-
lution, without causing broad immunosuppression or eliminating mi-
croglia.

Even if the timing of our experiment was short, this could reflect the
initiation of the repopulation occurring by the proliferation of the sur-
viving microglia [44]. Here, we opted to treat the mice 24 h after the
spinal cord contusion as a compromise between beneficial debris clear-
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ance in the early SCI phase (as several articles show that preventive mi-
croglia depletion is detrimental to SCI repair) [14,45] and the detri-
mental installation of chronic and intense inflammation. Alternatively,
for further experiments where we will explore the impact of PLX NPs on
spinal cord repair, starting PLX NP injections 3 days post-injury might
be more appropriate.

As observed with the LPS model, treatment with PLX NPs depleted
activated microglia and tended to decrease astrocyte activation while
sparring cells from the oligodendrocyte lineage. SCI results in the loss of
oligodendrocytes and thus demyelination, compromising efficient con-
duction and the long-term health of axons [46]. Protection of oligoden-
drocytes and remyelination are thus key factors for preventing axonal
degeneration and restoring function following SCI. As observed in the
LPS model, intrathecal injection of PLX NPs decreased the gene expres-
sion of some proinflammatory markers; however, in this study, its effect
was more marked on pro-resolutive markers and on the M2/M1 ratio.
In the scope of SCI, it is beneficial for the repair process to reduce in-
flammation and to induce the polarization of microglial cells toward a
M2-like phenotype at the earlier stage [47] particularly because the
secondary injury mechanisms initiate within 24 h after SCI, leading to
exacerbation of tissue injury [48].

5. Conclusion

Progress in nanomedicine technologies and pharmacological target
selection are crucial to ameliorate the outcomes of patients with SCI. In
this study, we validated for the first time the hypothesis that the local
administration of PLX NPs in the subdural space efficiently modulated
the injured microenvironment by decreasing M1-like microglia and si-
multaneously increasing M2-like microglia in a murine SCI model,
while limiting off-target effects and systemic toxicity, providing a pro-
resolutive microenvironment for spinal cord repair and potentially for
cell therapy.

Our approach has the advantages (i) to use FDA-approved biomate-
rials that facilitate translation into clinical settings; (ii) to employ a pro-
duction method for PLX NPs that is highly reproducible and with high
scaling-up potential; (iii) to modulate the injured microenvironment,
opening the possibility to exploit combinational approaches, such as
cell therapy; and (iv) to be easily applied by surgeons in the injured
area while reducing systemic side effects. Our work provides a strategy
against neuroinflammation by resetting microglia to a homeostatic phe-
notype, with potential applications for SCI and other CNS inflammation
diseases.
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