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A B S T R A C T

MicroRNAs (miRNAs) regulate many physiological and pathological processes implicated in numerous diseases,
including neuroinflammatory disorders. Chronic neuroinflammation is a key feature of neurodegenerative dis-
eases, yet effective medications remain unavailable. Delivery of exogenous miRNAs, such as miRNA-124 (miR-
124), shows promise as a therapeutic approach as it promotes microglial polarization towards an anti-
inflammatory phenotype. However, the options for robust drug delivery systems to enhance miRNA mimic stabil-
ity and ability to penetrate the central nervous system (CNS) are limited. Here, for the first time, we propose an
LNP formulation optimized for miR-124 delivery to the CNS. We compared several ionizable lipids and selected
the one that provided the highest efficiency (both regarding cell uptake, transfection efficiency and inflammation
modulation) and the lowest microglia activation (S–Ac7-DOG). In cultured BV2 and primary mixed glial cells,
miR-124-LNP treatment downregulated the expression of pro-inflammatory and upregulated anti-inflammatory
genes. Furthermore, local delivery into the prefrontal cortex as well as intravenous injection of miR-124-LNP in
lipopolysaccharides (LPS)-treated mice effectively reduced inflammation, as evidenced by the lower expression
of pro-inflammatory and higher levels of anti-inflammatory cytokines. Thus, we provide a rational screening of
clinically relevant LNP ionizable lipids for miRNA delivery, the demonstration of the therapeutic efficacy of miR-
124-S-Ac7-DOG LNP in an LPS-induced neuroinflammation model, and finally, a non-viral, clinically translatable
delivery system for miRNA therapy in the CNS. Overall, this study highlights LNP as an effective miRNA delivery
vehicle for CNS applications and as a versatile platform for exploring gene therapies targeting neuroinflamma-
tion.

1. Introduction

Neuroinflammation is triggered when the central nervous system
(CNS) undergoes inflammation owing to pathological processes such as
infection, trauma, ischemia, autoimmunity, or exposure to toxins [1].
This process is worsened by the release of inflammatory mediators (e.g.
cytokines, inflammatory enzymes, and lipids) by various immune cells,
including astrocytes and microglia [2,3]. Microglia, the key CNS-
resident innate immune cells in the brain, play an important role in the
modulation of neuroinflammation [4]. The activation of microglia in

response to pathogenic invasion or tissue injury initiates a response
characterized by the secretion of pro-inflammatory cytokines, such as
TNF-α, IL-1β, and IL-6 [5]. Initially, inflammatory responses are advan-
tageous, as they facilitate tissue regeneration and eliminate cellular
waste. However, if left unresolved, neuroinflammation negatively af-
fects neuronal and oligodendroglial health, resulting in chronic tissue
damage and subsequent loss of function. Dysregulated neuroinflamma-
tion has been identified as a hallmark of many neurodegenerative con-
ditions, including traumatic injury and neurodegenerative disorders
such as Alzheimer's disease and multiple sclerosis [6].
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In recent years, RNA therapeutics have become important tools for
the therapeutic arsenal. MicroRNA (miRNA) have raised a lot of inter-
est, mostly in the context of cancer and diagnostics, but are now also be-
ing explored as therapeutic molecules. MiRNA are short endogenous
single-stranded RNA of approximately 20–23 nucleotides in length that
target specific mRNA at the post-transcriptional level to destabilize
them or repress mRNA translation, thus regulating various biological
processes, including inflammation [7]. MiRNA-124 (miR-124) is partic-
ularly abundant in the CNS and has been suggested to suppresses the
activation of microglia and astrocytes [8]. MiR-124 is thought to regu-
late the polarization of microglia towards an anti-
inflammatory/immunomodulatory phenotype (a so called “M2-like”
phenotype) [9,10]. Emerging studies have demonstrated the neuropro-
tective effect of miR-124 in CNS diseases, such as spinal cord injury
[11], Alzheimer's disease [12], and multiple sclerosis [13]. However,
miRNAs have limited stability, are sensitive to nuclease degradation
and are poorly internalized in cells due to their polyanionic charge.
These properties hamper the broad clinical application of miRNA-based
therapeutics [14].

Various vehicles have been developed to improve the efficiency and
safety of RNA-based drugs and their delivery into the cytoplasm. Be-
cause of their low immunogenicity, low cytotoxicity, and up-scalable
production process, lipid nanoparticles (LNP) have become one of the
most clinically successful nonviral-based RNA delivery vectors [15,16].
In 2018, the first FDA-approved siRNA drug, Onpattro®, utilized LNP
as a delivery vehicle, with an ionizable cationic lipid called Dlin-MC3-
DMA (MC3) ensuring the electrostatic complexation of RNA as the key
element of LNP stability [17]. Since then, LNP have gained widespread
attention because of their role in mRNA-based COVID-19 vaccines [18].
LNP contain an ionizable cationic lipid, a “helper” phospholipid, cho-
lesterol, and a PEGylated lipid. Each of these lipids plays a crucial role
in the stability, transfection efficacy, and safety of the LNP [19]. The
presence of an ionizable lipid, with low cationic charge density at neu-
tral pH, strongly improves LNP performance, by balancing transfection
efficiency and toxicity [20]. Although a few LNP formulations have
been exploited to improve delivery across the blood-brain barrier (BBB)
[21,22], examples of brain-targeted LNP-based RNA delivery are lim-
ited. Similarly, while the focus of LNP development has mostly been on
mRNA delivery for vaccine applications and cancer therapy, few studies
have addressed miRNA delivery. To the best of our knowledge, little has
been done about LNP-mediated miRNA delivery for the modulation of
neuroinflammation [23].

Thus, based on the properties of miR-124 and the potential of LNP,
we hypothesized that LNP could be used to deliver miR-124 to the CNS
to normalize neuroinflammation. MiR-124-loaded LNP were produced
by microfluidics, characterized, and tested in vitro in LPS-activated mi-
croglia and primary mixed glial cells (MGCs). We compared six ioniz-
able lipids and selected the lipid offering the best compromise between
therapeutic efficiency and lack of microglial activation. We then
demonstrated the therapeutic potential of our formulation using firstly
intracerebral injection and then intravenous administration. We thus
provided the proof-of-concept that S–Ac7-DOG-LNP can be used to de-
liver therapeutic miRNAs for the modulation of neuroinflammation
(Scheme 1).

2. Material and methods

2.1. Materials

Dlin-MC3-DMA (MC3), SM102, Lipid 10, 1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), DSPE-PEG2000, 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT),
Amiloride hydrochloride (Amil), Genistein (Gen), Methyl-β-
cyclodextrin (mβCD), and Bafilomycin A1 (Baf A1) were purchased
from Med Chem Express EU (MCE, Sweden). ssPalmO-Phe (SS-OP) and

C12-200 were obtained from Cayman (Michigan, USA). S–Ac7-DOG
was synthesized according to literature [24]. Dulbecco's Modified Eagle
Medium (DMEM), DMEM + GlutaMAX™, Opti-MEM, Dulbecco's phos-
phate buffered saline (DPBS), Hanks' Balanced Salt Solution (HBSS),
Trizol, Penicillin-Streptomycin (P/S), Chlorpromazine hydrochloride
(CPZ), Hoechst 33342, Lipofectamine™ 3000 Transfection Regent
(L3K), Slide-A-Lyzer™ G3 Dialysis Cassettes (10K), and Quant-iT Ribo-
Green RNA Assay kit were purchased from Thermo Fisher Scientific®
(Waltham, MA). 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC),
DMG-PEG2000, Cholesterol, Fetal Bovine Serum (FBS), LPS from E. coli
(serotype O55:B5), poly-d-Lysine, Triton™ X-100, and DAPI were pur-
chased from Sigma-Aldrich (Merck, Germany). Anti-Luciferase (Luc)
siRNA and Cy5-labeled miR-124-3p mimic were purchased from Hori-
zon Discovery (Waterbeach, UK). QIAzol lysis reagent, miRCURY LNA
mimics for miR-124-3p, miR-124-5p, and negative control (NC), miR-
103a-3p primer, and miR-124-3p primer were purchased from Qiagen
(Hilden, Germany). mRNA primers were purchased from Integrated
D.N.A. technologies (Leuven, Belgium). Rotilabo®-syringe filters of
0.22 μm, paraformaldehyde (PFA), and Dimethyl sulfoxide (DMSO)
were purchased from Carl Roth GmbH (Germany).

2.2. LNP formulation

RNA-LNP were produced by rapid mixing of an ethanolic solution
containing ionizable lipids, cholesterol, DOPE, and DSPE-PEG2000 at a
molar ratio of 50:38.5:10:1.5 with an aqueous solution of RNA in
25 mM acetate buffer at pH 4.0, using a NanoAssemblr Ignite® mi-
crofluidic mixing device (Precision Nanosystems Inc.) at a 1:3 (vol: vol)
ratio and a total flow rate of 15 mL/min. The total lipid concentrations
were 6 and 8 mM and N/P (N: mole of ionizable cationic nitrogen
atoms in the ionizable lipid; P: mole of anionic phosphates in RNAs) ra-
tio of 6 and 10 were tested. RNA-LNP were then dialyzed against a 500-
fold volume of PBS (pH 7.4) for 24 h to remove residual ethanol (Float-
A-Lyzer dialysis cassette, 10 kDa) and then filter-sterilized (0.2 μm) and
stored at 4 °C. When required (for in vivo experiments), miRNA-LNP
were concentrated using Amicon® Ultra 3 K centrifugal filter units
(Merck Millipore Ltd., USA).

2.3. LNP characterization

LNP were diluted 50-fold with 1 × PBS for the measure of size,
polydispersity index (PDI) and with double-distilled water (pH 7.4) for
zeta potential measurement, respectively, via dynamic light scattering
(DLS) (Zetasizer Nano ZS, Malvern, UK). RNA encapsulation efficiency
was measured using a Quanti-it™ RiboGreen RNA assay kit, according
to the supplier instructions. The RNA-LNP suspension was either di-
luted with TE buffer (measuring unencapsulated RNA) or with 1 % Tri-
ton X-100 in TE buffer (measuring total RNA). The RiboGreen reagent
was added, and the fluorescence was measured using a multimode mi-
croplate reader (Molecular Devices Spectramax® iD5, California, USA)
at λex = 480 nm and λem = 520 nm. Encapsulation efficiency (EE%)
was calculated as follows: EE% = ((1- unencapsulated RNA)/total
RNA) × 100 %.

2.4. Cell culture

BV2 cells (a mouse microglial cell line) and Luciferase (Luc)-
expressing BV2 (Luc-BV2) cells (transduced by Prof. Thomas Michiels’
team, de Duve Institute, UCLouvain) stably modified to express firefly
Luc were maintained in high glucose DMEM supplemented with 10 %
FBS, 1 % (v/v) penicillin, and 1 % (v/v) streptomycin [25]. Primary
cortical mixed glial cells (MGCs) were extracted from Sprague-Dawley
rat pups (postnatal days 1–2) according to previous report [26,27].
Briefly, brains were dissected, cerebellum, olfactory bulbs, and
meninges were removed. Brains were then digested using papain
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Scheme 1. Schematic illustration of miR-124-LNP for suppressing neuroinflammation. A. Preparation of miR-124-LNP containing different ionizable lipids
using a microfluidic method. B. Schematic showing the therapeutic efficacy of miR-124-LNP in LPS-induced neuroinflammation in vitro and in vivo. Modified
icons from BioRender.com.

(40 μg/mL) and slowly dissociated mechanically using a G18 and a G23
syringe needles. The cell suspension was diluted in DMEM medium
(4.5 g/L glucose, l-glutamine, pyruvate, 10 % FBS (v/v) and 1 % P/S
(v/v)) then filtered through a 40 μm cell strainer. Then, the MGCs were
cultured up to 8 days and used for treatment. All cells were kept in an
incubator set at 37 °C with 5 % CO2 and a relative humidity of 95 %.

2.5. LNP in vitro cytotoxicity

A MTT assay was used to evaluate the in vitro cytotoxicity of the dif-
ferent LNP formulations using BV2 cells and MGCs. Briefly, BV2 cells
were seeded at a density of 6 × 103 cells per well in 96-well plates and
incubated overnight for adherence. MGCs were plated at
1.68 × 105 cells/well in poly-d-Lysine coated (1 μg/mL) 96-well plates
and incubated for 8 days before use. Next, different concentrations of
LNP were added on cells to achieve a final volume of 100 μL per well.
After 24 h incubation at 37 °C, 10 μL of MTT (5 mg/mL) was added to
each well, followed by incubation for a further 4 h. Then, the medium
was removed and the absorbance was measured using a multimode mi-
croplate reader at 570 nm after 100 μL DMSO was applied to dissolve

the purple formazan crystals. Untreated cells were used as positive con-
trol (100 % viability).

2.6. Luciferase knockdown assay

Luc-BV2 cells were seeded in 96-well plates at a density of 1 × 104

per well and incubated overnight. Cells were then treated with the dif-
ferent LNP loaded with siRNA targeting Luc at different doses (5, 10,
20, 40, and 80 nM diluted in 100 μL of Opti-MEM). After 24 h of incu-
bation, 100 μL of ONE-Glo™ Luciferase Assay solution (Promega, Madi-
son, WI) was added to each well. After 10 min, luminescence was mea-
sured with a microplate reader to quantify luciferase activity.

2.7. Cellular uptake of LNP by microglial cells

BV2 cells were seeded in 24-well plates at a density of
20 × 104 cells per well. The next day, cells were treated with Cy5-
miRNA-loaded LNP in Opti-MEM™ medium at an equivalent concen-
tration of 40 nM of miRNA and incubated at 37 °C for 6 h. The cells
were washed three times with ice-cold PBS, harvested and resuspended
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in 0.5 mL of PBS. The uptake of miRNA by BV2 cells was quantified by
flow cytometry (CYTEK Aurora, USA).

To visualize the intracellular distribution of Cy5-miRNA-loaded
LNP, confocal laser scanning microscopy was used to track the location
of the Cy5 signal within microglial cells. BV2 cells were seeded
overnight on μ-slide 8-well chamber slides (Ibidi GmbH, Germany)
(6 × 104 cells per well). The LNP containing Cy5-labeled miRNA were
incubated with the cells (40 nM of miRNA) for 6 h at 37 °C. Next, the
cells were washed twice with PBS, fixed with 4 % (w/v) PFA for 30 min
at room temperature (RT), and washed again before staining of cell
membrane with iFluor® 488-Wheat Germ Agglutinin (WGA, 10 μg/mL,
AAT Bioquest, USA) and cell nuclei with DAPI (1 μg/mL). Image acqui-
sition was performed using a high-throughput confocal laser scanning
microscopy (Zeiss Spinning disk confocal COSD, Germany).

2.8. LNP uptake mechanism

Different inhibitors of endocytosis were employed to investigate the
uptake mechanism of LNP. BV2 cells were seeded overnight on μ-slide
8-well chamber slides (6 × 104 cells per well). Then, cells were prein-
cubated for 1 h with Amil (100 μM), Gen (300 μM), CPZ (10 μM),
MβCD (5 mM) at 37 °C or were incubated at 4 °C, respectively [28,29].
Cells incubated without inhibitors were used as a positive control.
Then, Cy5-miRNA-loaded LNP were added for 6 h before measure of
the Cy5 intensity in cells by flow cytometry (CYTEK Aurora, USA).

The endosomal entrapment and escape of miR-LNP were observed
by a high-throughput confocal laser scanning microscope. Briefly, BV2
cells were seeded in a μ-slide 8-well chamber slide at a density of
6 × 104 cells/well and cultured overnight. Then, the cells were treated
with Cy5-labeled LNP for 1 h, 3 h, and 6 h. After incubation, the endo-
somes and lysosomes were stained with LysoBrite™ Green (1:500 in
PBS, AAT Bioquest, USA) for 30 min at 37 °C. Hoechst 33342 (1 μg/mL)
was used to stain the nuclei and cells were imaged using confocal laser
scanning microscopy (Multiphoton Laser Scanning Microscopy, LSM
980, Zeiss, Germany) and analyzed by image J.

2.9. Inflammatory cytokine expression of glial cells

BV2 cells and primary MGCs were used to assess the transfection ef-
ficiency of miR-124-LNP in vitro. BV2 cells were seeded in 24-well plate
at the initial density of 10 × 104 cells per well in culture medium and
cultured overnight. MGCs were plated at 100 × 104 cells per well in
poly-d-Lysine coated (1 μg/mL) 24-well plate for 8 days. Then, cells
were treated for 24h with miR-124 and miR-negative control (miR–NC)
–loaded LNP at a final concentration of 40 nM of mimics. L3K in Opti-
Mem medium was used as control, according to the manufacturer's in-
structions. Then, cells were incubated for 8 h with LPS (100 ng/mL)
[30]. The medium was removed and Trizol or QIAzol was added on the
cells before storing at −80 °C for subsequent analysis by Reverse Tran-
scriptase Quantitative Polymerase Chain Reaction (RT-qPCR).

2.10. mRNA extraction and RT-qPCR

Total RNA was extracted from cells or tissues using the Trizol
reagent according to the manufacturer's instructions. MiRNA was ex-
tracted with QIAzol lysis reagent following the miRNeasy Mini Kit pro-
tocol with RPE and RWT buffer (Qiagen) combined with Enzymax RNA
Mini spin columns (Enzymax, USA). Total RNA concentration was mea-
sured on a Nanodrop 2000 spectrophotometer (Thermo Scientific,
USA), and cDNA was synthesized using the GoScript reverse transcrip-
tion kit (Promega) from 1 μg of total RNA.

MiRNA were reverse transcribed from 100 ng of RNA using miR-
CURY LNA RT (Qiagen). qPCR was performed using the GoTaq qPCR
Master Mix (Promega) for mRNA and miRCURY LNA SYBR Green PCR
kit (Qiagen) for miRNA, on a QIAquant 96 2plex (230 V) instrument

and software (Qiagen). Relative gene expression changes were calcu-
lated using the 2−ΔΔCT method. Values were normalized to expression
levels of 60S ribosomal protein L19 (RPL19) (mouse) or RPL13 (rat) for
the mRNA and miR-103a-3p for the miRNA. Primers sequences for
qPCR are listed in Table S1 and Table S2.

2.11. In vivo model of neuroinflammation

All experiments were performed following the Belgian national reg-
ulation guidelines and following EU Directive 2010/63/EU and were
approved by the ethical committee for animal care of the Faculty of
Medicine of the Université catholique de Louvain (2024/UCL/MD010;
2024/UCL/MD066; 2025/UCL/MD057). Mice were housed in filter-top
cages under artificial light (12-h dark/12-h light) and controlled condi-
tions of temperature (20–22 °C) and had free access to food and drink-
ing water.

2.11.1. MiR-124-3p transfection efficiency
Female Swiss mice (6 weeks old, Janvier) were used to study the

miR-124-3p expression after treatment with miR-LNP, formulated with
either Dog or MC3 ionized lipids. MiR-124-Dog-LNP and miR-124-MC3-
LNP containing 5 μg of miR-124 were injected intramuscularly in the
right quadriceps femoris of mice. The mice were euthanized 24 h later
and the right quadriceps were collected. MiR-124-3p and cytokine
mRNA expression were analyzed by RT-qPCR as described in 2.10.

2.11.2. Inflammatory marker gene expression
To induce neuroinflammation in mice, 5 mg/kg of LPS in saline was

injected intraperitoneally (i.p.) to female Swiss mice (6 weeks, Janvier)
[31,32]. Regarding the intracerebral (i.c.) administration, after 1 h of
LPS, mice were divided into 4 groups: PBS-treated mice, LPS-treated
mice (LPS + PBS), LPS and LNP-miR-NC (0.8 μg/mouse)-treated mice,
and LPS and LNP-miR-124-3p (0.8 μg/mouse) treated mice. Injection of
PBS or LNP was performed by i.c. administration in the prefrontal cor-
tex of mice using convection-enhanced delivery. Firstly, mice were
anesthetized by i.p. injection of ketamine/xylazine (100 and 13 mg/kg,
respectively) and lidocaine (10 mg/mL, 30 μL/incision) was adminis-
tered at the surgery site before making a skin incision on the top of the
skull. Anesthetized animals were fixed on a stereotaxic frame and were
injected with 0.8 μg of miR encapsulated into LNP (or vehicle) using a
Hamilton syringe (10 μL, 26S gauge needle) mounted on an infusion sy-
ringe pump (Harvard Apparatus, Holliston, MA, USA). A total volume
of 4.5 μL was injected by 3 subsequent injections in the prefrontal cor-
tex (−1 mm medial/lateral; +1.9 mm anterior/posterior; 2.6, 2.0, and
1.4 mm depth below brain surface; 1.5 μL of LNP per injection site) at a
rate of 0.5 μL/min [33,34]. The needle was left for 1 min after injection
to avoid reflux. Regarding the intravenous (i.v.) administration, after
1 h of LPS, mice were divided into 4 groups: PBS-treated mice, LPS-
treated mice (LPS + PBS), LPS and LNP-miR-NC (1 mg/kg)-treated
mice, and LPS and LNP-miR-124-3p (1 mg/kg) treated mice. The mice
were injected via the lateral tail vein with PBS or LNPs (150 μL) at 1 h
and 9 h for a total of 2 doses. After 24 h, mice received an anesthetic
overdose and were euthanized by decapitation. Prefrontal cortexes at
the site of injection were rapidly dissected and then stored at −80 °C
until RT-qPCR analysis.

2.12. Statistical analysis

The data are presented as mean ± standard deviation (SD) (n ≥ 3).
Data analysis were performed using GraphPad Prism 9 software
(GraphPad, San Diego, CA, USA). One-way analysis of variance
(ANOVA) with Tukey's correction (for multiple comparisons) and Stu-
dent's t-test (between two groups) were used to calculate statistical sig-
nificance. Significance marks were categorized with the following p-
values: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3. Results

3.1. Selection of miR-124-3p as an anti-inflammatory miRNA

First, we investigated the effects of miR-124 transfection on LPS-
mediated microglial activation. For this, we compared the effects of
both strands of miR124, namely miR-124-3p and miR-124-5p, on LPS-
activated BV2 cells. BV-2 cells were transfected, using Lipofectamine™
3000 Transfection Reagent (L3K), with either a scramble miR (miR-NC,
negative control), miR-124-5p or miR-124-3p mimics for 24 h followed
by exposure to LPS for 8 h. LPS treatment resulted in a significant in-
crease in M1-like marker (e.g. TNF-α, IL-1β, iNOS) gene expression by
BV2 cells. Transfection with miR-124-5p or miR-124-3p decreased the
LPS-mediated increase in mRNA expression of these markers (Fig.
1A–E). Additionally, there was a substantial increase in the expression
of the M2-like markers IL-10 and CD206 when cells were transfected
with miR-124-3p, but not with miR-124-5p (Fig. 1F–G). Thus, while
both miR-124-3p and miR-124-5p decreased the gene expression of pro-
inflammatory markers, only miR-124-3p increased the gene expression

of anti-inflammatory cytokines and was therefore selected for further
experiments (and will be referred as miR-124 from now on).

Bioinformatics analyses (TargetScan, Starbase, and miRDB) sug-
gested that binding sites for miR-124 are located in the 3′-UTR of the
phosphodiesterase 4B (PDE4B) and tumor necrosis factor receptor-
associated factor 6 (TRAF6) mRNA, making PDE4B and TRAF6 two po-
tential targets for miR-124 (Fig. 1H). To confirm the effects of miR-124
on PDE4B and TRAF6 in our model, BV2 cells were transfected with
miR-NC and miR-124 mimics for 24 h. A significant reduction of PDE4B
and TRAF6 mRNA levels was observed after transfection with miR-124
(Fig. S1). Similarly, miR-124 repressed PDE4B and TRAF6 expression in
LPS-stimulated BV2 cells (Fig. 1I–J).

3.2. Optimization of miR-LNP production by microfluidics

MiR–NC–LNP were formulated by mixing an aqueous phase contain-
ing miR-NC and an organic phase containing MC3 (ionizable lipid),
DOPE (helper lipid), cholesterol (helper lipid), and DSPE-PEG2000 (PE-
Gylated lipid) using the Ignite® instrument (Fig. 2A) as described for

Fig. 1. MiR-124-3p inhibited LPS-induced inflammatory response in microglial BV2 cells A-G. BV2 cells were transfected with miR-negative control (miR-NC), miR-
124-5p, or miR-124-3p mimics for 24 h, followed by 8 h treatment with LPS (100 ng/mL). The mRNA levels of the pro-inflammatory markers TNF-α (A), IL-1β (B),
IL-6 (C), MCP-1(D), and iNOS (E), as well as of the anti-inflammatory markers IL-10 (F) and CD206 (G) were quantified using RT-qPCR. H. Bioinformatics was used
to predict the binding sites between miR-124-3p and 3′-UTR of PDE4B and TRAF6. I-J. Expression of PDE4B and TRAF6 mRNA after transfection with miR-NC or
miR-124-3p mimics for 24 h followed by 8 h LPS. Data are presented as mean ± SD (N = 3, n = 3); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns,
not significant, P > 0.05.
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Fig. 2. Optimization of miR-LNP production by microfluidics A. Schematic diagram of miR-LNP production via rapid mixing through a toroidal microfluidic chip (Ig-
nite® instrument, Precision Nanosystem™). LNP were formulated by diluting miRNA in an aqueous buffer and mixing the organic and aqueous phases to promote
LNP self-assembly. B-D. The size, PDI, and zeta potential of different miR-LNP were evaluated using DLS. E. Percentage of encapsulation efficiency (EE) of LNP as
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Fig. 2.—continued
measured by a RiboGreen assay. The data were represented as mean ± SD (N = 3); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant,
P > 0.05.
◀

mRNA encapsulation by Gimondi et al. [35]. The lipids MC3, choles-
terol, DOPE, and DSPE-PEG 2000 were combined at a molar ratio of
50:38.5:10:1.5, which is the commonly used ratio for LNP formulation,
notably used for the mRNA-based COVID-19 vaccines [16]. The total
lipid concentration as well as the ratio of ionizable lipids to RNA (N:P)
can impact LNP physicochemical properties and stability [15]. Differ-
ent N:P ratio (6:1 and 10:1) and different lipid concentrations (6 mM
and 8 mM) were thus tested.

The obtained LNP had a size between 58 and 69 nm, a polydisper-
sity index (PDI) between 0.09 and 0.18 and a zeta potential of around
−5 mV (Fig. 2B–D). The encapsulation efficiency (EE) of the miRNA
varied between 77 % and 89 % (Fig. 2E). The stability of the different
formulations at 4 °C was evaluated over four weeks by measuring the
size, PDI, zeta potential, and miRNA EE. A total lipid concentration of
8 mM combined with a N:P ratio of 10:1 gave the smallest size and PDI,
and the highest EE. The zeta potential of these LNP was also more stable
over time. Based on these results, a total lipid concentration of 8 mM
and a N:P ratio of 10:1 were selected for the miRNA-loaded LNP formu-
lations.

3.3. Screening and characterization of LNP for efficient delivery to
microglial cells

The ionizable lipid is the key component of the LNP formulation,
and its apparent acid dissociation constant (pKa) determines the ioniza-
tion behavior and surface charge density of LNP, which further affects
their stability and endosomal escape [20]. Thus, six different ionizable
lipids were tested to determine which one(s) would provide the best
compromise between cell viability, microglial activation, and siRNA
transfection. Dlin-MC3-DMA (MC3) and SM102 lipids are approved by
the FDA as part of Onpattro® and Moderna®. C12-200 is a branched-
chain ionizable lipid with five hydroxyl groups, that is widely used for
vaccine applications. S–Ac7-DOG (Dog), ssPamlO-Phe (SS-OP), and
Lipid 10 were recently developed as biodegradable ionizable lipids and
are described to exhibit a higher endosome escape efficiency. Besides
the ionizable lipid, we selected DOPE as the helper lipid and DSPE-PEG
as the PEGylated lipid based on the literature. DOPE was reported to be

more efficient than DSPC in eliciting endosomal escape [36]. DSPE-PEG
is known to stabilize the LNP, providing longer circulation times and a
lower accumulation in the liver compared to DMG-PEG [37]. DSPE-PEG
is part of the Doxil® formulation, so it is also FDA approved. Thus, LNP
containing DOPE, DSPE-PEG, cholesterol and MC3, SM102, C12-200,
Dog, SS-OP, and Lipid 10 as their ionizable lipid (Fig. 3) were formu-
lated to encapsulate a siRNA against luciferase (Luc), allowing for a
quick and straightforward assessment of luciferase silencing efficiency
using luciferase-expressing BV2 cells.

The different LNP formulations featured hydrodynamic diameters
between 60 and 76 nm, PDI values between 0.03 and 0.12 and zeta po-
tential values between −0.5 and −6.8 mV (Fig. 4A–C). The EE was simi-
larly high in all LNP formulations (>80 %) except for the SS-OP LNP
for which the EE was slightly lower (74.5 %) (Fig. 4D). No significant
differences were observed between formulations. LNP size, PDI, Zeta
potential, and EE were stable for 30 days at 4 °C whatever the ionizable
lipid used (Fig. S2).

Besides LNP physico-chemical characteristics, cytotoxicity, mi-
croglial activation and transcription efficiency were important parame-
ters to evaluate in the formulation selection process. Here, cell viability
was not affected when BV2 cells were incubated with the formulations,
except for SM-102-LNP and C12-200-LNP (from 20 nM upward), which
induced a dose-dependent cytotoxicity (Fig. 4E). To eliminate formula-
tions that could potentially activate microglial cells, the different LNP
were incubated with BV2 cells, and their impact on the expression of
pro-inflammatory markers was evaluated. Only LNP-containing the
lipid C12-200 increased proinflammatory markers mRNA compared to
the vehicle (Fig. 4F–J).

Then, the silencing efficiency of the 6 anti-Luc siRNA-loaded formu-
lations was tested by measuring the bioluminescence of Luc-BV2 cells.
All formulations were able to efficiently silence Luc, albeit at different
concentrations depending on the ionizable lipid used (Fig. 4K). C12-
200-LNP provided the highest silencing efficiency but induced BV2 cell
activation, hence, it was not selected for further experiments. At the
miRNA dose usually reported for in vitro experiments (i.e. 40 nM), all
the formulations induced comparable gene silencing. So, SS-OP, Dog,

Fig. 3. Ionizable lipids used in the formulation of LNP Structure and pKa value of MC3, SM102, C12-200, Dog, SS-OP, and Lipid 10 that were used as ionizable lipids
in the LNP formulation.
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Fig. 4. Screening of ionizable cationic lipids for the transfection microglial cells A. LNP mean size (nm); B. PDI. C. Zeta potential (mV), as measured using a Zeta-
Sizer (N = 3). D. EE of LNP (N = 3). E. Cell viability of BV2-Luc cells treated with different doses of siLuc (5, 10, 20, 40, and 80 nM) for 24 h using different LNP
formulations (N = 4, n = 5); F-J. The relative mRNA expression levels of TNF-α, IL-1β, IL-6, MCP-1, and iNOS in BV2-Luc cells (N = 3, n = 4). K. Average lu-
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Fig. 4.—continued
ciferase knockdown efficiency in BV2-Luc cells treated with various LNP at 5, 10, 20, 40, and 80 nM siLuc concentration for 24 h (N = 4, n = 4). Data are pre-
sented as mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant, P > 0.05.
◀

MC3, and Lipid 10 were selected for the assessment of miR-124 encap-
sulation.

3.4. Impact of ionizable lipids on miR-LNP delivery to microglial cells

The 4 ionizable lipids selected (i.e., MC3, Dog, SS-OP and Lipid 10)
were then used to formulate miR-124-containing LNP (miR-124-LNP).
MiR-124-loaded LNP featured the same physicochemical characteristics
than siLuc-loaded LNP (Fig. 5A–D). On average, the same number of
siRNA and miRNA molecules were loaded in LNP (1.46 and 1.50
nmoles, respectively). MiR-124-LNP size was between 57 and 72 nm,
their PDI between 0.07 and 0.13, and their zeta potential between −4
and 8 mV (Fig. Fig. 5A–D). The EE of miRNA was similar for all formu-
lations (>85 %). MiR–NC–LNP presented the same properties than
miR-124-LNP (Table S3).

To assess the impact of the ionizable lipid on LNP uptake by mi-
croglial cells, Cy5-labeled miR-124 was encapsulated in the different
LNP. The formulations showed the same characteristics than miR-124-
loaded LNP (Table S4). BV2 cells were then incubated with Cy5-miR-
124-LNP and Cy5-miR-124 mixed with lipofectamine (miR-124-L3K) as
control) for 6 h. The cellular uptake was visualized by confocal mi-
croscopy and quantified by FACS.

A higher fluorescence intensity was observed for all formulations,
including L3K, compared to unformulated Cy5-miRNA (Fig. 5E). A
quantitative comparison was performed using flow cytometry after 3 h
and 6 h of incubation to confirm these observations. Dog-LNP and SS-
OP-LNP showed the highest fluorescence intensities compared to L3K
and the other LNP (Fig. S3; Fig. 5F–G).

BV2 cells were incubated with the different miR-124-LNP for 24 h
and the relative level of miR-124 was quantified. All formulations re-
sulted in increased level of miR-124 compared to the respective miR-NC
control, with Dog-LNP providing the highest miR-124 level compared
to the other LNP and L3K (Fig. 6).

Based on these results, S–Ac7-DOG (Dog) lipid was selected as the
ionizable lipid for the miR-124 formulation for subsequent experi-
ments.

3.5. Uptake mechanism and endosomal escape of miR-S-Ac7-DOG-LNP

Achieving efficient cell entry is essential for miRNA delivery. To bet-
ter understand the mechanism of S–Ac7-DOG-LNP cellular uptake, en-
docytic inhibitors Amil (macropinocytosis), Gen (caveolin-mediated en-
docytosis), CPZ (clathrin-mediated endocytosis), and MβCD (surface
cholesterol depletion) [28] or incubation at 4 °C (energy-dependent en-
docytosis) were used in combination with Cy5-miR-124-LNP. The cellu-
lar association of Cy5-miR-LNP was significantly decreased at 4 °C in
BV2 cells, suggesting that its internalization pathway is mediated by en-
ergy-dependent endocytosis (Fig. 7A–B). When cells were pretreated
with MβCD, LNP internalization was also almost totally inhibited while
it was significantly reduced in presence of CPZ (93.9 % and 20.4 %, re-
spectively). In contrast, Amil and Gen barely affected LNP uptake.
These results suggested that S–Ac7-DOG-LNP were internalized by an
endocytosis pathway by BV2 cells where cholesterol is required.

Rapid escape of miRNA from endosomes and lysosomes to the cy-
tosol is important for an efficient gene silencing [38]. To further probe
the intracellular fate of internalized miR-S-Ac7-DOG-LNP, intracellular
trafficking of Cy5-miRNA-LNP was monitored by confocal microscopy
to investigate their ability for endosomal escape. Hoechst 33342 and
LysoBrite™ Green were used to stain the cell nuclei and acidic compart-
ments (i.e., late endosomes and lysosomes), respectively. The lesser the
colocalization of lysosomes and Cy5-miR-LNP, the more effective the

endosomal escape. Our results suggest that the overlap between the red
fluorescence of Cy5 and the green fluorescence of LysoBrite gradually
decreased as the incubation time was prolonged, hinting at the success-
ful escape of the LNPs from endo/lysosomes (Fig. 7C). Baf A1 was used
to further explore the intracellular trafficking mechanism of miR-124-
Dog-LNP. Baf A1 is a well-known proton pump inhibitor that selectively
inhibits vacuolar H+-adenosine triphosphatase (V-ATPase) and as such
would disturb endocytosis and intracellular trafficking, including endo-
somal escape [39]. Baf A1 treatment significantly decreased the accu-
mulation of Cy5-miR-124 in BV2 cells (72.7 % decrease) (Fig. 7D–E).

3.6. Impact of miR-124-S-Ac7-DOG-LNP on inflammation markers in
microglial cells

To investigate the anti-inflammatory potential of miR-124-S-Ac7-
DOG-LNP, its impact on the expression of inflammation marker genes
in LPS-activated BV2 cells was evaluated (Fig. 8A). LPS treatment led to
a marked increase in PDE4B, TRAF6, and pro-inflammatory cytokine
expression (TNF-α, IL-1β, IL-6, MCP-1, and iNOS) (Fig. 8B–H). Both
miR-124-LNP and miR-124-L3K significantly reduced the expression
levels of PDE4B, TRAF6, TNF-α, IL-1β, IL-6, MCP-1, and iNOS. The ex-
pression of M2-like markers (IL-10 and CD206) was significantly en-
hanced by miR-124-LNP and miR-124-L3K (Fig. 8I–J). Meanwhile, both
miR-124-LNP and miR-124-L3K significantly increased the ratio of
CD206/iNOS (M2/M1 markers) compared to the LPS group (Fig. S4).
Delivery of miR-124 with LNP and L3K had the same effect, but the via-
bility of BV2 cells exposed to the L3K transfection agent was signifi-
cantly lower compared to LNP (by 50 %) (Fig. 8K).

3.7. Impact of miR-124-S-Ac7-DOG-LNP on inflammation markers in
MGC

Next, we wanted to confirm the anti-inflammatory efficiency of
miR-124-LNP in a more complex in vitro system using a mixed-culture
system (MGC) consisting of primary microglia, astrocytes, oligodendro-
cytes and oligodendrocyte progenitor cells [26]. Primary MGC were
isolated from the cortex tissue of the brain of Sprague-Dawley newborn
rats (Fig. 9A). No significant cytotoxicity was observed when the cells
were treated with miR-124-LNP at different concentrations (Fig. S5).
Next, the levels of miR-124 were assessed following increasing incuba-
tion times (Fig. S6A). The levels miR-124 in the cells treated with miR-
124-S-Ac7-DOG-LNP were increased (compared to (miR–NC–LNP-
treated cells) after only 1 h of incubation and did not increase further
when the incubation time was longer (up to 24 h). However, a signifi-
cant reduction of PDE4B and TRAF6 mRNA expression was observed af-
ter 24 h (Fig. S6B) and 12 h, respectively (Fig. S6C). Thus, the efficacy
of miR-124-LNP in modulating the expression of inflammatory markers
in MGC was assessed 24 h after exposure to LNP. MiR-124-LNP signifi-
cantly reduced the mRNA expression of PDE4B, TRAF6, TNF-α, IL-1β,
IL-6, MCP-1 and iNOS to a similar extent as the positive control (miR-
124-L3K), compared to miR-NC (Fig. 9B–H). Coincidentally, miR-124-
LNP increased IL-10 expression compared to miR–NC–LNP, untreated
activated MGC and miR-124-L3K (Fig. 9I). The level of CD206 gene ex-
pression was significantly increased in LPS-stimulated MGC after treat-
ment with miR-124-LNP and miR-124-L3K compared to controls (Fig.
9J). MiR-124-LNP and miR-124-L3K significantly increased the ratio of
CD206/iNOS (M2/M1-like ratio) compared to the vehicle-treated LPS
condition, while miR-124-LNP induced a higher ratio compared to miR-
124-L3K-treated cells (Fig. S7). Additionally, Dog-LNP seemed to show
a better efficiency compared to “gold standard” formulations, namely
FDA-approved Onpattro® and Moderna® -like LNP (Fig. S8).
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Fig. 5. Cellular uptake of Cy5-miRNA-LNP by BV2 cells A-D. Characterization
of physicochemical properties of each LNP formulation, including size, PDI,
zeta potential, and EE (N = 4). E. Representative confocal laser scanning mi-
croscopy images of intracellular distribution of naked Cy5-miRNA, Cy5-
miRNA-L3K, and Cy5-miRNA-LNP in BV2 cells 6 h after incubation. Cells were
counterstained with DAPI (nuclei, blue) and WGA-AF488 (cell membrane,
green). Scale bar, 10 μm. F-G. Quantification of miRNA cellular uptake after
6h of incubation of Cy5-labeled miRNA-L3K and miRNA-LNP in BV2 cells by
flow cytometry. Data are presented as mean ± SD (N = 3, n = 3);
**P < 0.01, ***P < 0.001, ****P < 0.0001. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version
of this article.)
◀

Fig. 6. In vitro transfection efficacy of miRNA-LNP in BV2 cells The in vitro
transfection efficiency of miR-124 was determined by RT-qPCR in BV2 cells
24 h after treatment with 40 nM miR-NC or miR-124 mimic using L3K or LNP
(N = 3, n = 3). Data are presented as mean ± SD; **P < 0.01,
****P < 0.0001.

3.8. S–Ac7-DOG-LNP exhibit enhanced intramuscular miR-124
transfection and lower activation compared to MC3-LNP

Since S–Ac7-DOG-LNPs have never been used to deliver miRNA, nor
in a context outside of vaccination, the aim here was to validate the effi-
cacy of our formulation in a model in which S–Ac7-DOG-LNP were
shown to be efficient [24]. MiR-124 loaded in S–Ac7-DOG-LNP were in-
jected intramuscularly in the quadriceps femoris of mice (5 μg miRNA
dose/mouse), and after 24 h, miR-124 and cytokine (IL-1β, IL-6 and
MCP-1) expression levels were assessed (Fig. 10A). As positive control,
we also loaded miR-124 in MC3-containing LNP. S–Ac7-DOG-LNP en-
abled higher miR-124 level at the site of injection than MC3-LNP and
untreated mice (Fig. 10B). MiR-S-Ac7-DOG-LNP induced a slight de-
crease of PDE4B expression compared to miR-MC3-LNP (Fig. 10C),
while the TRAF6 expression was significantly decreased after S–Ac7-
DOG-LNP treatment compared to control and miR-MC3-LNP (Fig. 10D).
Additionally, MC3-LNP induced an increase in IL-1β, IL-6 and MCP-1
mRNA levels compared to S–Ac7-DOG-LNP and untreated groups (Fig.
10E–G).

3.9. Injection of miR-124-S-Ac7-DOG-LNP in the brain reduced
neuroinflammation in mice

LPS-induced systemic inflammation has been widely used as a neu-
roinflammatory model in rodents because of its ability to disrupt the
BBB and trigger the subsequent migration of inflammatory cells and
mediators from the circulation to the brain, leading to substantial exac-
erbation of neuroinflammation [40]. LPS-induced inflammation in mice
was thus used to investigate the potential of miR-124-S-Ac7-DOG-LNP
to reduce neuroinflammation. After intraperitoneal (i.p.) injection of
LPS or saline, the mice received a local injection of miR-S-Ac7-DOG-
LNP or miR-MC3-LNP into the prefrontal cortex (Fig. S9A). Compared

to mice injected with saline, the mRNA levels of TNF-α, IL-6, and iNOS
were increased in LPS-treated mice. Only the injection of S–Ac7-DOG-
LNP in LPS-treated mice resulted in a higher miR-124 level (Fig. S9B).
PDE4B expression was not affected regardless of the condition (Fig.
S9C), while the TRAF6 expression was decreased after S–Ac7-DOG-LNP
treatment (Fig. S9D). The LPS-induced increase of pro-inflammatory
markers was significantly reduced by miR-124-S-Ac7-DOG-LNP, but not
by miR-124-MC3-LNP (Fig. S9E–G). Based on these results we further
explored the effects of miR-124-S-Ac7-DOG-LNP.

As described above, after i.p injection of LPS, mice received a local
intracerebral injection of miR-124-LNP or miR–NC–LNP (Fig. 11A). The
level of miR-124 was increased by a 5.8-fold by miR-124-LNP com-
pared to miR–NC–LNP (Fig. 11B). When compared to the vehicle-
treated LPS group, the administration of miR-124-LNP decreased the
expression of TRAF6 (but not of PDE4B (Fig. 11C–D). LPS stimulation
strongly enhanced the expression of TNF-α, IL-6, MCP-1, and iNOS in
the prefrontal cortex, which was reversed by the administration of miR-
124-LNP (Fig. 11E–H). Furthermore, miR-124-LNP also increased the
gene expression of IL-10 (p = 0.0591) and CD206 compared to the con-
trols (Fig. 11I–J), as well as miR-124-LNP increased the ratio of CD206/
iNOS (M2/M1 markers) compared to the LPS group (Fig. S10).

3.10. Intravenous administration of miR-124-S-Ac7-DOG-LNP reduced
neuroinflammation in mice

To further strengthen the therapeutic potential of the miR-124-S-
Ac7-DOG-LNP, the LNP were administered by intravenous injection and
their impact on neuroinflammation was evaluated as described above.
After i.p injection of LPS, mice received 2 intravenous administration of
miR-124-LNP or miR–NC–LNP (Fig. 12A). The level of miR-124 was in-
creased by 1.8-fold compared to miR–NC–LNP (Fig. 12B). When com-
pared to the vehicle-treated and miR–NC–treated LPS groups, the ad-
ministration of miR-124-LNP decreased the expression of TRAF6 (Fig.
12C). LPS stimulation strongly enhanced the expression of TNF-α, IL-6,
MCP-1, and iNOS in the prefrontal cortex, while the expression of TNF-
α, IL-6 and iNOS was significantly decreased by the administration of
miR-124-LNP (Fig. 12D–G). Furthermore, miR-124-LNP also signifi-
cantly increased the gene expression of IL-10 and CD206 compared to
the controls (Fig. 12H–I), as well as miR-124-LNP increased the ratio of
CD206/iNOS (M2/M1 markers) compared to the LPS group (Fig. S11).

4. Discussion

Neuroinflammation, which results from intricate immune responses
within the CNS, is a focal point of research in neurodegenerative dis-
eases. Most neurodegenerative diseases lack reasonably effective thera-
pies owing to the complexity of CNS functioning and the difficulty of
therapeutics crossing the BBB. It has been suggested that miR-124 ex-
pression contributes to the suppression of neuroinflammation and,
therefore, could be a promising therapeutic strategy for CNS patholo-
gies [41]. However, the potential of miR-based therapeutics in the CNS
is currently limited by the lack of safe and effective delivery systems. In
recent years, LNP have rapidly emerged as efficient vehicles for RNA
delivery; however, very few formulations have been specifically devel-
oped to deliver miRNA to the CNS. LNP are composed of different
lipids, among which, an ionizable cationic lipid that is designed to en-
capsulate and release RNA cargo into the cytoplasm. This lipid has a
strong impact on the behavior and performance of LNP. In the scope of
neuroinflammation, the ionizable lipid must deliver the miRNA cargo
into the cytoplasm but must not induce inflammation, as it might be de-
sirable in the scope of vaccination. Here, we propose an LNP formula-
tion able to deliver miRNA to the CNS, to modulate the inflammation
toward a higher M2/M1-like ratio, without eliciting more inflamma-
tion. As far as we know, we provide, for the first time, a rational screen-
ing of clinically relevant LNP ionizable lipids for miRNA delivery, the
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Fig. 7. Mechanism of S–Ac7-DOG-LNP-mediated miRNA uptake A-B. Representative flow cytometry analysis and the MFI analysis of BV2 cells incubated with differ-
ent cell uptake inhibitors 1 h before co-incubation with Cy5-miR-124-LNP for 6 h. C. Representative confocal intracellular colocalization images of BV2 cells after
Cy5-miR-124-LNP (Red) co-incubation for different time points. The acidic compartments were stained with LysoBrite™ (Green), and the nucleus was stained with
Hoechst 33342 (Blue), respectively. Scale bar, 5 μm. D-E. Uptake of Cy5-miR-124-LNP by BV2 cells with or without Baf A1 addition using flow cytometry. Scale bar,
20 μm. Data are presented as mean ± SD (N = 3, n = 3); **P < 0.01, ***P < 0.001, ****P < 0.0001. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

demonstration of the therapeutic efficacy of miR-124-S-Ac7-DOG LNP
in an LPS-induced neuroinflammation model, and finally, a non-viral,
clinically translatable delivery system for miRNA therapy in the CNS.

MiRNA are an endogenous non-coding small RNA that regulate gene
expression by interacting with the 3′ untranslated region of the target
mRNA to destabilize or repress mRNA translation [7,42]. MiRNA-124
has -5p and -3p mature miRNA types that can have different activities.
While both miR-124-5p and -3p inhibited pro-inflammatory cytokine
gene expression in LPS-activated BV2 cells, we showed for the first time
that only miR-124-3p increased anti-inflammatory cytokine expression,
suggesting that miR-124-3p could support the switch from a pro-
inflammatory M1-like phenotype to an anti-inflammatory M2-like phe-
notype in activated microglial cells. This was consistent with previous
studies that showed that miR-124-3p ameliorated intracerebral hemor-
rhage-induced inflammatory injury in mice potentially by modulating
microglial polarization toward the M2 phenotype [9]. Similarly, Pono-

marev et al. showed that miR-124-3p not only deactivates macrophages
but also skews their polarization from an M1-like toward an M2-like
phenotype [43]. Here, we showed that miR-124-3p reduces the expres-
sion of PDE4B and TRAF6 in BV2 cells and primary MGCs. However, we
cannot completely assert that miR-124-3p acts on inflammation di-
rectly via PDE4B and TRAF6, even if they are important regulators of
inflammation. PDE4B, a member of the type IV cAMP-specific cyclic nu-
cleotide PDE family, regulates the cellular concentration of cyclic nu-
cleotides and thus plays a role in the signal transduction of inflamma-
tory factors [44]. PDE4B knockdown effectively inhibits LPS-induced
nuclear factor kappa-B (NF-κB) activation and inflammatory responses
[45]. TRAF6 is a crucial signal transducer that mediates activation of
the NF-κB pathway after Toll-like receptor 4 (TLR4) activation [46].
Additionally, TRAF6 also mediates downstream activation of p38
MAPK and c-jun N-terminal kinase (JNK) pathways, which all con-
tribute to the macrophage polarization toward a M1-like phenotype
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Fig. 8. Impact of miR-124-Dog-LNP on inflammation markers in LPS-activated BV2 cells A. Schematic illustration of experimental settings. Cells were transfected
with miR-NC or miR-124-3p mimics using L3K or LNP for 24 h, followed by stimulation with LPS for 8 h. B-J. RT-qPCR analysis of PDE4B (B), TRAF6 (C), TNF-
α (D), IL-1β (E), IL-6 (F), MCP-1 (G), iNOS (H), IL-10 (I), and CD206 (J) levels in BV2 cells, pretreated with miR-NC or miR-124-3p-LNP for 24 h followed by 8 h
LPS (100 ng/mL) (N = 3, n = 3). K. The cytotoxicity of miR–NC–L3K, miR-124-L3K, miR–NC–LNP, and miR-124-LNP was tested in BV2 cells using the MTT
assay (N = 4, n = 5). Data are presented as mean ± SD; **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant, P > 0.05.

[47]. Literature and our data support that miR-124-3p is a promising
candidate for the treatment of neuroinflammatory diseases.

The successful outcomes of LNP-based nucleic acid therapies in nu-
merous preclinical and clinical studies are attributed to important LNP
characteristics such as optimal size and zeta potential range, excellent
stability in biological fluids, superior biocompatibility, and high effec-
tiveness in the cellular transfection process [15]. In recent years, most
developments in the context of LNP formulations have focused on
mRNA/siRNA-based therapies, while few publications have reported
miRNA-loaded LNP formulations. Notably, previous studies reporting
the use of LNP to deliver miRNA to the brain have been limited to can-
cer therapy [48]. The development of LNP for delivering miRNA in the
context of neuroinflammation represents thus a significant gap in the
field of neuro-nanomedicine. In this study, we used the lipid molar ratio
classically reported in the literature and used for the Onpattro® siRNA

drug product and we tested different N:P ratio and lipid concentrations.
The best compromise between LNP size, miRNA encapsulation effi-
ciency and stability was obtained when using 8 mM of lipids and a N:P
ratio of 10:1. We observed that the zeta potential of LNPs with a higher
N:P ratio (10:1) was more stable over 28 days at 4 °C compared to those
with a lower N:P ratio (6:1). We hypothesize that this stability reflects
better electrostatic shielding and structural integrity of the particles,
likely due to a higher density of ionizable lipids complexing the RNA
payload. In contrast, lower N:P formulations may contain a larger pro-
portion of uncomplexed RNA and/or free lipids, which could rearrange
over time or interact with the storage medium, thereby causing fluctua-
tions in surface charge [49]. As a helper lipid, DOPE is known to pro-
mote non-bilayer (hexagonal) phase structures, which enhance endoso-
mal escape but can compromise bilayer rigidity and thus affect physical
stability during storage [37]. In contrast, DSPC favors more rigid bi-
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Fig. 9. Impact of miR-124-Dog-LNP on inflammation markers in LPS-activated MGC A. Experimental setting for the isolation of primary MGC. B-J. Gene expres-
sion analysis of PDE4B (B), TRAF6 (C), TNF-α (D), IL-1β (E), IL-6 (F), MCP-1 (G), iNOS (H), IL-10 (I), and CD206 (J) in MGC pretreated with miR-NC or miR-124-
LNP for 24 h followed by 8 h of LPS (100 ng/mL) (N = 3, n = 3). Data are presented as mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
ns, not significant, P > 0.05.

layer structures and is often associated with improved long-term stabil-
ity. In our study, we prioritized DOPE to support intracellular delivery
efficiency and accept a potential trade-off in physical stability.
Nonetheless, the high N:P ratio formulations remained stable over 28
days, which suggests that the ionizable lipid content compensated for
the use of DOPE.

Ionizable lipids are a vital component of LNP, enabling efficient
RNA association and delivery to the cytoplasm while exhibiting signifi-
cantly lower cytotoxicity than cationic lipids [50,51]. Several ionizable
lipids with different properties and efficiencies are now available, but
their therapeutic efficiency depends strongly on the desired effect and
the cells the LNP are designed for. As not much is reported in the litera-
ture, we determined which ionizable lipid would be the most efficient
for delivering miR-124 to microglial cells and modulating inflamma-
tion, comparing six different ionizable lipids (i.e., MC3, SM102, C12-
200, Dog, SS-OP, and Lipid 10) to formulate LNP. These lipids were se-

lected based on information reported in the literature and their rele-
vance to our application. To make this screening more time-efficient,
we used Luc-siRNA loaded LNP and tested their impact on the activa-
tion and Luc silencing of BV2 cells expressing Luc. The physicochemical
properties of siRNA and miRNA mimics could be considered similar
(double strand, approximately 21 nucleotides), to the contrary to the
much larger mRNA molecules [52]. While the 6 LNP had the same
physico-chemical characteristics, C12-200-LNP was the only one induc-
ing the activation of resting BV2 cells, and with SM-102-LNP, were
toxic at the highest concentrations (40–80 nM). Interestingly, Meule-
waeter et al. observed a marked increase in IL-6 and MCP-1 levels in an-
imals that received C12-200 LNP via intramuscular injection [53]. In
contrast, SM-102 LNP were significantly less potent in inducing IL-6 ex-
pression, resulting in cytokine levels approximately 10 times lower
than with C12-200 LNP [53]. While such immune activation could be a
desirable advantage for vaccination, in other indications, it can be
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Fig. 10. Impact of miR-124-Dog-LNP on intramuscular gene expression A. Swiss mice were injected with miR-MC3-LNP and miR-S-Ac7-DOG-LNP at a 5 μg of miR-
124 in the quadricep of the lower right leg. B. In vivo transfection efficiency of miR-124 was determined by RT-qPCR in quadricep at 24 h after treatment (n = 3).
C-G. The mRNA expression levels of PDE4B, TRAF6, and cytokines (IL-1β, IL-6 and MCP-1) in tissues were determined by RT-qPCR in quadricep at 24 h after treat-
ment (n = 3). Data are presented as mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant, P > 0.05.

detrimental to the treatment success and predispose patients to unex-
pected adverse reactions [54]. S–Ac7-DOG is a biodegradable ionizable
lipid composed of a reducible disulfide bond, a cyclic ionizable amine
head group, and dioleoyl tails connected via ester linkages [55]. Upon
cellular uptake and exposure to the intracellular reducing environment,
both the disulfide and ester bonds are cleaved, promoting rapid LNP
disintegration and RNA [56]. This limits lipid accumulation in tissues,
which is a known contributor to reduced inflammation at the injection
site and enhanced tolerability [57,58]. Recent findings suggest that
rapidly biodegradable ionizable lipids, such as S–Ac7-DOG, generate
small, reparable pores in endosomal membranes that trigger the re-
cruitment of the ESCRT complex, thereby avoiding sustained endoso-
mal damage [59]. This contrasts with non-degradable ionizable lipids,
which may induce irreversible membrane damage, leading to height-
ened immune activation [59]. Thus, S–Ac7-DOG allows for efficient
RNA release with minimal activation of danger signals. Finally, the di-
oleoyl tails of S–Ac7-DOG promote LNP membrane fluidity and non-
lamellar phase formation, which may enhance fusion with endosomal
membranes and reduce mechanical disruption of cellular membranes, a
known trigger of inflammation [60]. This could also contribute to the
milder immune activation observed.

Regarding Luc knockdown, the highest efficiency was obtained for
the SS-OP-LNP and S–Ac7-DOG-LNP. Both lipids have a disulfide bond
that can be cleaved in the reductive environment of the cytoplasm
[61,62]. This is thought to trigger the dissociation of the particles and a
fast release of miRNA in the cytoplasm, which mediates rapid gene si-
lencing [61,62]. Ionizable lipid structure-function relationship with en-
dosomal escape can be found in an excellent in-depth review [51]. The
ionizable lipid is not the only ingredient impacting the LNP formulation
and efficiency. This is the reason why, contrary to the reference formu-

lations (namely Onpattro® and Moderna®), we selected DOPE and
DSPE-PEG as the helper and PEGylated lipids. DSPE-PEG provides
higher stability to the LNP. However, high stability might limit cell in-
teractions and thus lead to low cellular uptake, poor endosomal escape
and reduced efficiency of the mRNA-based therapeutics. This is known
as the PEG dilemma [63]. So, we opted to compensate the potential im-
pact of an increased stability brought by the DSPE-PEG on therapeutic
efficiency with DOPE, which would favor a higher endosomal escape by
high membrane fusion capacity [64].

We then focused on SS-OP, S–Ac7-DOG, Lipid 10, and MC3-LNP for
the next steps aiming to encapsulate miR-124 and study cell uptake. No
impact of the cargo (miRNA vs siRNA) on LNP physico-chemical prop-
erties was observed, while S–Ac7-DOG-LNP had the highest miR-124
transfection efficiency. This correlated with the highest cellular uptake
of S–Ac7-DOG-LNP. S–Ac7-DOG was recently developed by the De
Geest's lab as a reduction-sensitive ionizable cationic lipid that, when
formulated with mRNA in LNP, induces relatively low reactogenicity
upon intramuscular injection in mice [24]. S–Ac7-DOG-LNP can escape
from the endosomes where the disulfide and ester bonds are degraded,
leading to the disintegration of the whole LNP and accelerating the re-
lease of RNA, thus improving their efficiency [51]. Additionally, the un-
saturated oleic acid alkyl tails of S–Ac7-DOG increase LNP membrane
fluidity and tend to form a non-bilayer phase, which further facilitates
endosomal membrane disruption and cargo release [60]. SS-OP also has
ester and disulfide bonds, and two unsaturated hydrophobic tails. How-
ever, the position and steric effect of the ester groups can greatly affect
ionizable lipid clearance and potency [65]. Furthermore, we observed
that the internalization of S–Ac7-DOG-LNP was strictly energy-
dependent, involved V-ATPase-dependent pathways, and cholesterol
appeared to be required for S–Ac7-DOG-LNP internalization. However,
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Fig. 11. Impact of miR-124-S-Ac7-DOG-LNP on LPS-induced neuroinflammation after brain injection A. Experimental setting: LPS was injected at 5 mg/kg i.p.,
and 1 h later was followed by intracerebral (i.c.) injection of LNP containing either miR-NC or miR-124. One day later, the mice were sacrificed, and the pre-
frontal cortex was collected to analyze gene expression. B. The levels of miR-124 after LNP treatment for 24 h. C-J. Relative mRNA levels of PDE4B (C), TRAF6
(D), TNF-α (E), IL-6 (F), MCP-1 (G), iNOS (H), IL-10 (I), and CD206 (J). Data are presented as mean ± SD (n = 6–8); *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001, ns, not significant, P > 0.05.

further experiments are needed to determine if lipid raft disruption and
clathrin-mediated endocytosis are involved. Confocal laser scanning
microscopy images showed increased amounts of miRNA escaping from
the endosomes and diffusing into the cytoplasm over time. Combined
with a decrease of the endosomal staining, which could be attributed to
the destruction of the lysosomal compartments resulting from the pro-
ton sponge effect of the LNP [66], we can assume that S–Ac7-DOG-LNP
could successfully escape the endosomes and deliver miRNA to the cy-
toplasm. Thus, S–Ac7-DOG-LNP was selected for the functional evalua-
tion of miR-124-LNP.

Microglia are generally considered as the resident macrophages in
the CNS and act as critical regulators of neuroinflammation, whose acti-
vated phenotype can go along a wide spectrum from “classically acti-
vated” pro-inflammatory (M1-like) to “alternatively activated” anti-

inflammatory (M2-like) in response to different stimuli [67]. The miR-
124-LNP reduced the gene expression of the main pro-inflammatory mi-
croglial markers and promoted their anti-inflammatory markers in LPS-
induced BV2 cells. S–Ac7-DOG-LNP were not toxic, contrary to lipofect-
amine, one of the most used in vitro transfection reagents, which in-
duced a 50 % cell death. This is consistent with previous reports
[68,69]. Although commercial transfection reagents are useful as in
vitro positive controls, their severe systemic toxicity makes them unsuit-
able for in vivo applications [51]. We further confirmed the results ob-
tained in BV2 cells in primary mixed glial cells (MGCs), even if the more
complex nature of cell interactions (astrocytes, microglia, oligodendro-
cytes) in the MGC model could induce some differences. Collectively,
these findings support the use of S–Ac7-DOG-LNP-mediated miR-124
delivery as a potential therapeutic tool for neuroinflammatory diseases.
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Fig. 12. Impact of miR-124-S-Ac7-DOG-LNP after systemic injection on LPS-induced neuroinflammation A. Experimental setting: LPS was injected at 5 mg/kg i.p.,
and 1 h and 9 h later was followed by intravenous (i.v.) injection of LNP containing either miR-NC or miR-124. One day later, the mice were sacrificed, and the pre-
frontal cortex was collected to analyze gene expression of inflammatory markers. B. The levels of miR-124 after LNP treatment for 24 h. C–I. Relative mRNA levels
of TRAF6 (C), TNF-α (D), IL-6 (E), MCP-1 (F), iNOS (G), IL-10 (H), and CD206 (I). Data are presented as mean ± SD (n = 6–9); *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, ns, not significant, P > 0.05.

As S–Ac7-DOG-LNP were initially developed for vaccination by in-
tramuscular injection and have never been used before to deliver
miRNA, we first evaluated the efficiency of S–Ac7-DOG-LNP for trans-
fection of miR-124 in vivo after intramuscular injection. MC3-LNP were
used as a positive control, being one of the most used ionizable lipids
for mRNA delivery. Both LNP were able to transfect miR-124, but
miRNA levels in the muscle were higher with S–Ac7-DOG-LNP, and to
the contrary of MC3-LNP, did not increase the expression of pro-
inflammatory markers. This is consistent with another study comparing
pro-inflammatory cytokine levels in the serum after intramuscular in-
jection of MC3-LNP and S–Ac7-DOG-LNP in mice [24]. It was also re-
ported that S–Ac7-DOG-LNP induced longer-lasting expression and
higher expression levels of Luc mRNA in the injected muscle while
showing less accumulation in the liver. Thus, S–Ac7-DOG-LNP may be
less prone to the induction of undesired off-target effects. Moreover,
other studies have reported that LNP can induce pro-inflammatory im-
mune responses, which might be desirable for vaccination but much
less so for neuroinflammation [70,71]. Chen et al. reviewed how each

component of LNP could contribute to their overall immunogenicity as
well as the potential immune responses involved [72]. LNP can activate
TLR4 and NLRP3, which can then induce the secretion of IL-1β, IFN-γ,
and IL-6 through the innate immunity pathway and can promote CD8+

T cell and T Follicular helper cell responses. Recent research has shown
that some amine headgroups in ionizable lipids drive LNP immuno-
genicity by binding to TLR4 and CD1d and promoting lipid raft forma-
tion [73]. Taken together, these data indicated that S–Ac7-DOG-LNP
have higher transfection efficiency and less pro-inflammatory effects
than MC3-LNP.

As a proof-of-concept, miR-124-S-Ac7-DOG-LNP were injected into
the prefrontal cortex of LPS-treated mice. Indeed, intracerebral or in-
tracerebroventricular local injections of LNP have been shown to suc-
cessfully deliver mRNA into neurons and astrocytes [34,74,75]. We suc-
cessfully delivered miR-124 into the brain by localized and systemic in-
jections, resulting in inhibition of pro-inflammatory markers expres-
sion. It also promoted an increase of anti-inflammatory markers as ob-
served in vitro, which confirmed that S–Ac7-DOG-LNP can efficiently
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deliver miR-124 into the CNS and could be used as a therapy to modu-
late neuroinflammation.

5. Conclusion

We report here the development of an original LNP formulation able
to deliver miRNA to the CNS, to modulate the inflammation toward a
higher M2/M1-like ratio compared to LNP containing the “gold-
standard” ionizable lipids, without eliciting more inflammation. As far
as we know, we provide, for the first time, a rational screening of clini-
cally relevant LNP ionizable lipids for miRNA delivery, the demonstra-
tion of the therapeutic efficacy of miR-124-S-Ac7-DOG LNP in an LPS-
induced neuroinflammation model, and finally a non-viral, clinically
translatable delivery system for miRNA therapy in the CNS. To design
the next generation of non-invasive gene therapies, future studies
should investigate the delivery of LNP via different routes and how tar-
geting them could improve their efficiency while limiting off-target ef-
fects.
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