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Abstract
Multiple sclerosis (MS) is a demyelinating and inflammatory disease of the central nervous system (CNS) in need 
of a curative treatment. MS research has recently focused on the development of pro-remyelinating treatments and 
neuroprotective therapies. Here, we aimed at favoring remyelination and reducing neuro-inflammation in a cupri-
zone mouse model of brain demyelination using nanomedicines. We have selected lipid nanocapsules (LNC) coated 
with the cell-penetrating peptide transactivator of translation (TAT), loaded with either a pro-remyelinating com-
pound, calcitriol (Cal-LNC TAT), or an anti-inflammatory bioactive lipid, prostaglandin D2-glycerol ester (PGD2-G) 
(PGD2-G-LNC TAT). Following the characterization of these formulations, we showed that Cal-LNC TAT in combina-
tion with PGD2-G-LNC TAT increased the mRNA expression of oligodendrocyte differentiation markers both in the 
CG-4 cell line and in primary mixed glial cell (MGC) cultures. However, while the combination of Cal-LNC TAT and 
PGD2-G-LNC TAT showed promising results in vitro, no significant impact, in terms of remyelination, astrogliosis, 
and microgliosis, was observed in vivo in the corpus callosum of cuprizone-treated mice following intranasal admin-
istration. Thus, although calcitriol’s beneficial effects have been abundantly described in the literature in the context 
of MS, here, we show that the different doses of calcitriol tested had a negative impact on the mice well-being and 
showed no beneficial effect in the cuprizone model in terms of remyelination and neuro-inflammation, alone and when 
combined with PGD2-G-LNC TAT.
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Introduction

Multiple sclerosis (MS) is an autoimmune disease of the 
central nervous system (CNS) with demyelination, neuro-
inflammation, and neuroaxonal damage as main pathologi-
cal hallmarks [1, 2]. This disease affects around 2.8 million 
people worldwide and is twice as frequent in women than in 
men. Although treatment options are available, to date, no 
curative treatment has reached the market yet [3].

It has been well established that vitamin D deficiency is 
one of the main environmental risk factors of MS. Moreo-
ver, it has been associated with MS activity and progression 
[4]. In addition to its well-known role in calcium homeosta-
sis, several investigations have demonstrated the beneficial 
effects of vitamin D in the scope of MS, mainly through its 
active metabolite, calcitriol [5, 6]. Calcitriol has been shown 
to promote neural stem cell and oligodendrocyte progenitor 
cells (OPC) differentiation in vitro [7–10], to increase the 
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expression of growth factors (e.g., nerve growth factor in oli-
godendrocytes [7, 10] and brain-derived neurotrophic factor 
(BDNF) in neural stem cells [9]), and therefore potentially 
to sustain cell survival in the CNS. The mechanism of action 
of calcitriol involves binding to the intracellular vitamin D 
receptor (VDR)/retinoic X receptor (RXR) heterodimeric 
complex [11]. Upon translocation to the nucleus, the calci-
triol/VDR/RXR complex binds to specific DNA sequences, 
the vitamin D responsive elements (VDREs), and modulates 
the expression of target genes implicated in several pathways 
including calcium homeostasis, cell differentiation, immu-
nity, and inflammation [6, 12]. This receptor is expressed 
by several cells of the CNS, including microglia, astrocytes, 
oligodendrocytes, and activated B and T cells, thus explain-
ing its immunomodulatory effects [6, 13]. Despite its benefi-
cial effects on astrogliosis, microgliosis, and remyelination 
observed in animal models of MS [14–18], calcitriol has 
been associated with toxicity and adverse effects (mainly 
hypercalcemia) [12, 19–22]. To address these limitations 
and as calcitriol is poorly soluble in physiological fluids, 
we decided to encapsulate calcitriol in a nanocarrier, namely 
lipid nanocapsules (LNC) [23, 24]. LNC are suitable for the 
encapsulation of lipophilic drugs and their components are 
FDA approved for administration in humans [24–27]. More-
over, the surface of LNC can be modified to increase LNC 
transport across membranes and/or to the brain (e.g., with 
cell-penetrating-peptides) or to target specific cells (e.g., oli-
godendrocyte progenitor cells (OPC)) [24–28]. To further 
limit systemic adverse effects and promote local delivery 
to the CNS, we opted for an intranasal administration of 
calcitriol-loaded LNC (Cal-LNC), with a cell-penetrating 
peptide (CPP), TAT, at its surface.

Neuro-inflammation is a physio-pathological hallmark 
of MS and considerably hinders CNS repair. Thus, we 
hypothesized that by targeting inflammation, in addition 
to stimulate OPC differentiation, we would support remy-
elination. We have previously put forth interesting anti-
inflammatory properties of prostaglandin D2-glycerol 
ester (PGD2-G), a bioactive lipid, in several in vitro and 
in vivo models [24, 29–31]. When encapsulated in LNC, 
we showed that PGD2-G-LNC was able to decrease the 
mRNA expression of pro-inflammatory cytokines in the 
brain of LPS-induced mice following intranasal administra-
tion [24]. Moreover, LNC themselves reduced the mRNA 
levels of pro-inflammatory cytokines and chemokines 
in experimental autoimmune encephalomyelitis (EAE)-
induced mouse brain and spinal cord [24]. However, while 
TAT-coated PGD2-G-LNC (PGD2-G-LNC TAT) decreased 
neuro-inflammation, they had no significant impact on the 
mouse clinical score and remyelination process. We there-
fore combined Cal-LNC TAT with PGD2-G-LNC TAT 
with the aim to target both the demyelinating and neuro-
inflammatory components of MS.

The efficacy of these formulations was investigated in 
the cuprizone (CPZ) mouse model, a toxin-based model of 
demyelination during which consumption of CPZ causes 
demyelination of specific brain regions, mainly the corpus 
callosum, owing to oligodendrocyte cell death [32]. This 
process is accompanied by the activation of microglia and 
astrocytes, followed by spontaneous remyelination upon 
CPZ withdrawal [32, 33]. The CPZ model was selected as 
(1) it triggers a highly reproducible form of demyelination 
in the brain, (2) CPZ is easy to administrate in mouse chow, 
and (3) it enables a straightforward study of direct remyeli-
nating properties of our formulations [32, 34, 35]. Moreo-
ver, numerous studies have provided convincing evidence of 
the usefulness of this model to assess the efficiency of new 
therapeutic options aiming at promoting remyelination [36].

Thus, the main goal of this work was to improve CPZ-
exposed mice by targeting both the demyelination and neuro-
inflammation processes. We have successfully produced 
and characterized Cal-LNC TAT and tested their efficiency 
in vitro when used in combination with PGD2-G-LNC TAT. 
After assessing the potential toxicity of Cal-LNC TAT, 
the therapeutic efficacy of Cal-LNC TAT combined with 
PGD2-G-LNC TAT was evaluated in the CPZ mouse model 
following intranasal administration.

Materials and methods

Materials and animals

TAT was purchased from GeneCust (Boynes, France). 
Dulbecco’s modified Eagle medium (DMEM), Trizol,  
Penicillin-Streptomycin (P/S), and HEPES were  
purchased from Thermo Fisher Scientific® (Bleiswijk,  
The Netherlands). Calcitriol was purchased from Win-Win  
chemical CO., Limited (China). Labrafac® WL1345 was  
purchased from Gattefossé SA (Saint-Priest, France), Lipoid®  
S75 from Lipoid Gmbh (Ludwigshafen, Germany), and 
sodium chloride (NaCl) from Prolabo (Fontenay-sous-bois, 
France). Kollifor (Solutol) HS15®, Triton™ X-100, sodium  
pyruvate, insulin, apo-transferrin, biotin, selenium, fetal  
bovine serum (FBS), charcoal, poly-D-lysine, Amicon®  
Ultra-0.5 ml 100 K filters, and Dapi were purchased from 
Sigma Aldrich (Merck, Darmstadt, Germany). Optimal  
cutting temperature (O.C.T.) compound was purchased from 
Tissue-Tek, Sakura Finetek (USA). Chloroform, isopropanol,  
and ethanol were purchased from VWR. Go Script™ Reverse 
Transcription System and Go Taq qPCR master mix were  
purchased from Promega® Benelux BV (Leiden, The Neth-
erlands). Prostaglandin D2 glycerol ester (PGD2-G) was  
purchased from Sanbio (Uden, The Netherlands) and Tris-
EDTA (TE) buffer from Qiagen®. Normal goat serum was 
purchased from Labconsult (Ghent). Cuprizone (CPZ, 0.2%)  
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and control chow were purchased from SSNIFF (Germany). 
Primers for RT-qPCR were purchased from Integrated 
D.N.A. technologies (Leuven, Belgium).

In vivo experiments were performed following the 
Belgian national regulation guidelines in accordance with 
EU Directive 2010/63/EU and were approved by the ethical 
committee for animal care of the Université catholique de 
Louvain medicine faculty (2018/UCL/MD/024) unless 
stated otherwise. Animals were housed in filter-top cages 
under artificial light (12-h dark/12-h light) and controlled 
conditions of temperature (20–22 °C) and had free access 
to food and drinking water.

Preparation of lipid nanocapsules (LNC)

LNC and calcitriol‑loaded LNC (Cal‑LNC)

LNC were prepared using the phase inversion temperature 
method [23, 26, 28, 37]. Briefly, Solutol HS 15 (0.282 g), 
Lipoïd® S100 (0.025 g), NaCl (0.029 g), Labrafac® WL 
1349 (400 µl), and milliQ water (0.9 ml) were mixed under 
magnetic stirring for 5 min at 40 °C. Three successive tem-
perature cycles were carried out from 60 to 90 °C under 
constant magnetic stirring. During the last cooling cycle, dif-
ferent amounts of calcitriol or DMSO (vehicle) were added 
to reach final concentrations ranging from 12 nM to 1 mM 
in Cal-LNC stock suspension. Ultrapure cold water was then 
added. The formulations were then filtered using a 0.22-µm 
filter and stored at 4 °C.

LNC and PGD2‑G‑loaded LNC (PGD2‑G‑LNC)

LNC were prepared using the phase inversion temperature 
method with minor adjustments as previously published 
[24]. In brief, following the homogenization of all the com-
ponents at 40 °C, 85 µl of the mixture was transferred to an 
Eppendorf. Three successive temperature cycles were car-
ried out from 60 to 90 °C under constant magnetic stirring. 
During the last cooling cycle, PGD2-G or DMSO (vehicle) 
was added to the mixture to reach a final concentration of 
2.34 mM in PGD2-G-LNC stock suspension. Ultrapure cold 
water (215 µl) was then added. PGD2-G-LNC (2.34 mM of 
PGD2-G) and blank LNC (LNC) stock solution were fil-
tered using a 0.22-µm filter and stored at 4 °C.

Cell‑penetrating peptide (TAT)‑coated LNC

TAT-coated LNC were produced by incubating overnight 
135 µl of TAT (1 mM in water) with 365 µl of stock-LNC 
under gentle stirring. LNC without peptide (negative 

control) were produced by incubating 135 µl of water over-
night with 365 µl of stock solution [24, 26].

Characterization of PGD2‑G‑LNC and Cal‑LNC

Size, polydispersity index (PdI), and zeta-potential (ZP) of 
LNC were measured using a Malvern Zetasizer Nano ZS 
(Malvern Instruments). For all measurements, samples were 
diluted 1/100 (v/v) in water as previously published [24].

The encapsulation efficiency of calcitriol and PGD2-G 
was calculated using the formula hereunder:

Calcitriol and PGD2-G were extracted from LNC by 
dissolution in methanol at a ratio of 1/20 (total amount of 
compound), as LNC disintegrate in methanol at the afore-
mentioned ratio. Non-encapsulated calcitriol and PGD2-G 
were separated from Cal-LNC and PGD2-G-LNC by 
ultrafiltration using an Amicon Ultra-0.5 ml 100 K filter. 
Calcitriol was quantified by high-pressure liquid chroma-
tography (HPLC) coupled to a UV detector (Shimadzu®) 
using a Machery-Nagel® 125/4 NUCLEODUR 100-5 C 
18 column (see Table 1). PGD2-G was quantified based 
on a previously described method [24]. Briefly, lipids 
were extracted and purified in the presence of deuterated 
standards. The resulting fractions were analyzed by UPLC 
MS (Xevo TQ-s MS coupled to an Acquity UPLC class 
H system). Prostaglandin separation was conducted on an 
Acquity UPLC BEH C18 (150 × 2.1 mm; 1.7 µm) column 
(Waters) maintained at 40 °C. Mobile phases consisted 
of H2O-ACN-acetic acid and ACN-acetic acid used in 
gradient mode. The mass spectrometer was operated in 
positive mode (electrospray) and multiple reaction moni-
toring (MRM) was used to detect the analytes. The MRM 
transitions determined were as follows: 332.2-> 65.9 
(Q) and 332.2-> 315.0 (q) for d4-SEA (used as internal 
standard); 391.3-> 299.3 (Q) and 391.3-> 373.2 (q) for 
PGD2-G. The MassLynx software was used for data acqui-
sition and processing. For each sample, the ratio between 

Encapsulation efficiency

= (
total amount of compound − non encapsulated compound

compound added in the formulation
× 100)

Table 1   Parameters for calcitriol HPLC method 

HPLC method

Mobile phase Acetonitrile/water (70/30, v/v)
Flow rate 1 ml/min (isocratic system)
Detector wavelength 269 nm
Injection volume 10 µl
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PGD2-G signal and the internal standard signal was used 
to normalize data. Calibration curves were performed in 
the same conditions.

Impact of Cal‑LNC TAT and PGD2‑G‑LNC TAT 
on the differentiation of CG‑4 cells in vitro

CG-4 cells, a spontaneous immortalized rat OPC cell 
line, were cultured in a proliferation medium (DMEM, 
1% P/S, apo-transferrin (50 µg/ml), biotin (9.8 ng/ml), 
selenium (40 ng/ml), insulin, B104-conditioned media 
(30%)) and were seeded at 25,000 cells/well in 6-well 
plates in a recovery medium (DMEM, 1% P/S, insulin, 
sodium pyruvate, HEPES). The medium was replaced by 
a fresh proliferation medium after 30 min. The cells were 
then cultured overnight under standard conditions at 37 °C 
in a humidified 5% CO2 incubator [38]. Afterwards, the 
cells were co-incubated with Cal-LNC TAT (50 nM of 
calcitriol), PGD2-G-LNC TAT (10 nM of PGD2-G), and a 
combination of Cal-LNC TAT + PGD2-G-LNC TAT called 
Comb LNC TAT hereafter (50 nM and 10 nM of calcitriol 
and PGD2-G, respectively), for 8 h in the proliferation 
medium, followed by 5 days of culture in fresh prolifera-
tion medium. Non-encapsulated calcitriol, PGD2-G, and 
calcitriol + PGD2-G as well as LNC TAT and vehicle were 
used as controls. Following cell incubation, supernatants 
were collected and Trizol (500 µl) was added to the cells 
before storage at − 80 °C for subsequent mRNA expression 
analysis by RT-qPCR.

Influence of Cal‑LNC TAT and PGD2‑G‑LNC TAT 
on the differentiation of oligodendrocyte progenitor 
cells (OPC) in primary mixed glial cells (MGC)

Sprague-Dawley rat pups (P0–P2) were used to generate 
cortical mixed glial cell (MGC) cultures reported by Miron 
et al. [39], with the local ethical committee approval (2018/
UCL/MD/030). In brief, the brains were dissected and the 
olfactory bulbs, cerebellum, and meninges were removed. 
Then, the brains were digested with 40 µg/ml of papain 
and dissociated mechanically using a G18 syringe fol-
lowed by a G23 syringe. DMEM medium (4.5 g/l glucose, 
L-glutamine, pyruvate, 10% FBS (v/v), 1% P/S (v/v)) was 
used to suspend the cells that were then filtered through a 
40-µm strainer. The FBS used in the MGC culture medium 
was depleted in steroids and calcitriol by incubation with 
2.5% (w/v) of activated charcoal for 18 h at 4 °C followed 
by filtration on 0.22 µm [8]. Cells were seeded at 1 × 106 
cells/well in poly-D-lysine (1 µg/ml) coated 24-well plates 
for 8 days. MGC cultures were then treated with a combina-
tion of Cal-LNC TAT and PGD2-G-LNC TAT (Comb LNC 
TAT) and controls (calcitriol, PGD2-G, calcitriol + PGD2-G, 
Cal-LNC TAT, PGD2-G-LNC TAT, LNC TAT, and vehicle) 

for 8 h, followed by 5 days of culture in fresh DMEM cul-
ture. Afterwards, Trizol (200 µl) was added to the cells 
before storage at − 80 °C for subsequent mRNA expression 
analysis by RT-qPCR.

Impact of Cal‑LNC TAT and/or PGD2‑G‑LNC TAT 
on demyelination and neuro‑inflammation 
following intranasal administration in a  
mouse CPZ model

To induce demyelination, C57BL/6J male mice (Janvier) 
were fed chow with 0.2% of CPZ for 6 weeks [40, 41] 
(Fig. 1). Control mice received chow without CPZ during 
the same period. After 6 weeks, mice were fed control 
chow and formulations were intranasally administered 
every other day for 1 week (regimen 1) or 2 weeks (regi-
men 2). Mice were divided into five groups (eight mice/
group): no CPZ + vehicle, CPZ + vehicle, CPZ + LNC 
TAT, CPZ + Cal-LNC TAT, CPZ + Comb LNC TAT 
(Fig.  1). For regimen 1, CPZ + Cal-LNC TAT mice 
received 100 ng of calcitriol while CPZ + Comb LNC TAT 
received 100 ng of calcitriol and 20 µg of PGD2-G. For 
regimen 2, CPZ + Cal-LNC TAT mice received 50 ng of 
calcitriol while CPZ + Comb LNC TAT received 50 ng of 
calcitriol and 20 µg of PGD2-G.

Mouse weight and food intake were monitored weekly 
during the course of the experiment. Mice were euthanized 
1 week (regimen 1) or 2 weeks (regimen 2) after the begin-
ning of the treatment. CNS tissues were carefully collected 
and stored for further analysis.

Immunofluorescence staining and quantification

The mouse brains were fixed in PFA 4% for 48 h, trans-
ferred in a 20% and then a 30% sucrose solution for 
24 h each, embedded in O.C.T. compound, and stored 
at − 80 °C. Brain sections were obtained using a Cryostar 
NX70 Cryostat (Thermo Scientific) at a thickness of 
10 µm. Myelin content was assessed using Fluoromyelin 
staining (FM) and immunofluorescence for myelin basic 
protein (MBP). Astrocytes and microglia were detected 
using antibodies against glial fibrillary acidic protein 
(GFAP) and ionized calcium-binding adapter molecule 
1 (Iba-1), respectively. Regarding OPC, immunofluores-
cence for oligodendrocyte transcription factor 2 (Olig2) 
was used to detect the oligodendrocyte lineage while 
galactosylceramidase (GalC) was used to assess OPC 
early differentiation.

Briefly, cryosections were immersed in 10% NGS, 2% 
BSA, and 0.2% Triton in PBS containing primary antibod-
ies for 1 h at room temperature (RT). After four washes 
in 0.1% Tween 20 in PBS, the sections were stained with 
secondary antibodies and Dapi for 1 h at RT. The sections 
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were then washed and mounted on slides. Images were 
acquired using an Axio Scan.Z1 (Zeiss, Germany) slide 
scanner. Image analysis and quantification were carried 
out by a researcher, blinded to the group allocation, using 
AuthorTM version 2023.01 (Visiopharm, Denmark). For 
the percentage of area occupied by FM, a manual method 
was applied to identify the area of interest on each slide. 
Two to three brain slices per animal were analyzed by 
an experimenter blinded to the treatment allocation and, 
for each slice, the mean value was calculated in order to 
obtain a single value per animal. The list of antibodies and 
stains used is listed in Table 2.

mRNA extraction and real‑time qPCR

Total RNA was extracted from cells or tissues using the 
Trizol reagent (Roche, Basel, Switzerland) according to the 
manufacturer’s instructions. One microgram of total RNA 
was used to synthesize cDNA with the GoScript Reverse 

Transcription System. qPCR was performed in duplicate for 
each sample using the GoTaq SYBR Green mix with a STEP 
one PLUS instrument and software (Applied Biosystems, 
Foster City, CA, USA) as previously described [42]. Data 
are normalized to a reference gene mRNA expression, the 
60S ribosomal protein L13 and L19 (RPL13 and RPL19), for 
rat and murine samples, respectively. We checked that our 
experimental conditions did not affect the expression of the 
reference gene for each study. Primer sequences for qPCR 
are listed in Table 3.

Statistical analysis

Statistical analyses were carried out by one-way ANOVA or 
two-way ANOVA using Prism 9.00 (GraphPad software, San 
Diego, CA). Results are expressed as mean ± SEM, unless 
otherwise stated, and were considered significant if p < 0.05. 
Data deviating from the normal probability (QQ) plot, also 
known as “outliers,” were discarded from the analysis.

Fig. 1   Timeline of the CPZ studies

Table 2   List of antibodies and stains

Primary antibody Reference number Dilution Secondary antibody Reference number Dilution

/ / / Fluoromyelin (FM) ThermoFisher, F34651 1/300
Iba-1 Wako, 019–19741 1/1000 DyLight 650 ThermoFisher, SA5-10041 1/500
GFAP-Cy3 Sigma, C9205 1/300 / / /
MBP Abcam, ab7349 1/250 AlexaFluor 647 ThermoFisher, A-21247 1/250
GalC Millipore, MAB342 1/200 AlexaFluor 594 ThermoFisher, A21155 1/250
Olig2 ThermoFisher, P21954 1/200 AlexaFluor 488 ThermoFisher, A11008 1/250
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Results

Production and characterization of Cal‑ 
and PGD2‑G‑loaded LNC TAT​

Cal-LNC showed an average size of 60 nm, a PdI lower than 
0.2, and a ZP of − 10 mV, regardless of the final concentra-
tion of calcitriol in the suspension (Suppl. Table 1). The 
encapsulation efficiency of calcitriol in LNC ranged from 
85 to 100% depending on the initial amount added. Regard-
ing PGD2-G-LNC, the formulation showed an average size 
of 60 nm, a PdI lower than 0.2, and a ZP of − 10 mV. The 
adsorption of TAT at the surface of LNC reduced the ZP 
by twofolds as previously published [24], regardless of the 
nature of the cargo (Suppl. Table 1).

Impact of calcitriol and PGD2‑G 
on the differentiation of CG‑4 cells in vitro

Before testing the impact of Cal-LNC TAT and 
PGD2-G-LNC TAT on the differentiation of CG-4 cells, 
optimization of the incubation time and doses of calcitriol 
and PGD2-G was carried out.

Calcitriol was thus incubated with CG-4 cells for 8 h or 
24 h, and after 5 days of culture, the mRNA expression of 
several markers of myelinating oligodendrocytes was quan-
tified. Incubation with calcitriol significantly increased the 
mRNA expression of myelin basic protein (MBP), myelin-
associated glycoprotein (MAG), proteolipid protein (PLP), 
and IL33, a cytokine known to promote OPC differentia-
tion [43, 44], compared to the vehicle after 8 h of treatment 
(Fig. 2). After 24 h of incubation, calcitriol only signifi-
cantly increased IL33 mRNA expression.

While the anti-inflammatory effect of PGD2-G has 
been well described, its potential effects on myelinating 
cells have yet to be investigated. In order to study the 
impact of PGD2-G, alone or in combination with calcitriol 
on CG-4 cell differentiation, CG-4 cells were treated with 
different concentrations of PGD2-G alone and in combi-
nation with calcitriol. Based on the data obtained with 
calcitriol, cells were treated during 8 h, and the mRNA 
expression was assessed after 5 additional days in culture. 
Overall, PGD2-G alone had no effect on the expression 
of the markers of interest, apart from IL33 when used at 
a concentration of 20 nM. When tested in combination 
with calcitriol, among the different conditions tested, the 
combination of 50 nM of calcitriol and 10 nM of PGD2-G 

Table 3   List of primer sequences. Primers for arat and bmouse samples

Gene product Primers 5′-3′ Accession number

Forward Reverse

RPL13a GGC​TGA​AGC​CTA​CCA​GAA​AG CTT​TGC​CTT​TTC​CTT​CCG​TT NM_173340.2
MBPa CAC​ACA​CAA​GAA​CTA​CCC​ACTAC​ GGT​GTA​CGA​GGT​GTC​ACA​ATG​ NM_001025291.1 NM_001025292.1

NM_001025293.1 NM_001025294.1
NM_017026.2

MAGa GTG​TGT​AGC​TGA​GAA​CCA​GTATG​ AGA​AGG​ATT​ATG​GGA​GCA​AACTC​ NM_017190.4
PLPa GGC​GAC​TAC​AAG​ACC​ACC​AT AAT​GAC​ACA​CCC​GCT​CCA​AA NM_030990.3
IL33a CAA​TCA​GGA​GAC​GGT​GTG​G GTC​CTT​GTC​ATT​GGC​ATT​CAG​ NM_001014166.1
RPL19b TGA​CCT​GGA​TGA​GAA​GGA​TGAG​ CTG​TGA​TAC​ATA​TGG​CGG​TCA​ATC​ NM_009078.2

NM_001159483.1
MBPb ACT​CAC​ACA​CGA​GAA​CTA​CC GTG​TTC​GAG​GTG​TCA​CAA​TG NM_001025251.2

NM_001025254.2
NM_001025255.2
NM_001025256.2
NM_001025258.2
NM_001025259.2
NM_010777.3

iNOSb AGG​TAC​TCA​GCG​TGC​TCC​AC GCA​CCG​AAG​ATA​TCT​TCA​TG NM_010927.4
NM_001313921.1
NM_001313922.1

IL-33b GCC​TCC​CTG​AGT​ACA​TAC​AATG​ CGT​AGT​AGC​ACC​TGG​TCT​TG NM_001164724.2
NM_133775.3
NM_001360725.1

IL1-βb TCG​CTC​AGG​GTC​ACA​AGA​AA CAT​CAG​AGG​CAA​GGA​GGA​AAAC​ NM_008361.4
MIP-1αb AGA​TTC​CAC​GCC​AAT​TCA​TC CTC​AAG​CCC​CTG​CTC​TAC​AC NM_011337.2
Iba-1b CCT​GAG​GAG​ATT​TCA​AAA​GCTGA​ TGG​GAC​CGT​TCT​CAC​ACT​TC NM_019467.4
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showed the greatest increase in MBP, MAG, and IL33 
mRNA expression compared to the vehicle (Fig. 3). The 
combination of 20 nM of PGD2-G with calcitriol showed 
a similar effect on PLP mRNA expression as the combina-
tion with 10 nM of PGD2-G (Fig. 3).

Impact of Cal‑LNC TAT and PGD2‑G‑LNC TAT 
on the differentiation of CG‑4 cells in vitro

As shown above, calcitriol and PGD2-G showed interest-
ing effects on CG-4 cell differentiation. Therefore, as the 

Fig. 2   Impact of calcitriol on CG-4 cell differentiation marker expres-
sion. mRNA expression of CG-4 cell differentiation markers was 
quantified by RT-qPCR after 5 days of culture following 8 h or 24 h 
of incubation with calcitriol (Cal, 50 nM). The data are reported rela-

tive to the expression in vehicle-treated cells (Veh) (both at 8 h and 
24 h). Data are expressed as mean ± SEM (N = 3, n = 4), Sidak’s mul-
tiple comparisons test, ns—not significant

Fig. 3   Impact of the combina-
tion of calcitriol and PGD2-G 
on CG-4 cells. mRNA expres-
sion of CG-4 cell differentia-
tion markers was quantified by 
RT-qPCR after 5 days of culture 
following 8 h of incubation 
with calcitriol (Cal) (50 nM) 
and different concentrations 
of PGD2-G. The incubation of 
both calcitriol (50 nM) and dif-
ferent concentrations PGD2-G 
was also assessed. The data are 
reported relative to the expres-
sion in vehicle-treated cells 
(Veh). Data are expressed as 
mean ± SEM (N = 3, n = 3, 4), 
Dunnett’s multiple compari-
sons test, *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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ultimate goal of the study was to administer a combina-
tion of Cal-LNC TAT and PGD2-G-LNC TAT (Comb LNC 
TAT in short) intranasally, the next step was to assess 
whether the encapsulation of the compounds into LNC 
would not affect their impact on the cells. Incubation of 
CG-4 cells for 8 h with Comb LNC TAT significantly 
increased MBP, PLP, MAG, and IL33 mRNA expression 
compared to vehicle, similar to the coincubation of free 
calcitriol and PGD2-G (Comb in short) (Fig. 4). No sig-
nificant impact was observed when the cells were treated 
with PGD2-G, PGD2-G-LNC TAT, or LNC TAT alone 

(Fig.  4). However, LNC TAT tended to increase IL33 
mRNA expression (p = 0.1).

Impact of Cal‑LNC TAT and PGD2‑G‑LNC TAT 
on the differentiation of OPC in MGC in vitro

The impact of the combined formulation was also assessed 
in an MGC culture, composed of microglia, astrocytes, oli-
godendrocytes, and OPC [39]. Using this culture system 
has the advantage of assessing the effect on primary OPC 
in a complex cellular environment thus somewhat closer to 

Fig. 4   Impact of Comb LNC 
TAT on CG-4 cells. mRNA 
expression of CG-4 cell 
differentiation markers was 
quantified after 5 days of culture 
following 8 h of treatment 
with Cal-LNC TAT (50 nM of 
calcitriol) in combination with 
PGD2-G-loaded LNC TAT 
(10 nM of PGD2-G) (Comb 
LNC TAT) and controls by RT-
qPCR compared to the vehicle 
(Veh). Data are expressed as 
mean ± SEM (N = 3, n = 3, 4), 
Dunnett’s multiple compari-
sons test, *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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the in vivo situation. As for CG-4 cells, the MGC culture 
was incubated with the different formulations, as well as 
free drugs, for 8 h. When analyzed 5 days after incuba-
tion, Comb LNC TAT increased the mRNA expression of 
MBP, PLP, and MAG. MBP mRNA expression was also 
increased compared to vehicle when cells were treated with 
PGD2-G, both free and encapsulated (Fig. 5). The latter 
only showed a trend to increase MAG mRNA expression 
(p = 0.052 for PGD2-G and p = 0.077 for PGD2-G-LNC 
TAT). None of the formulations showed an impact on IL33 
mRNA expression (Fig. 5).

Impact of Cal‑LNC TAT and PGD2‑G‑LNC TAT 
in cuprizone‑induced mice after  
intranasal administration

Next, the impact of Cal-LNC TAT in combination with 
PGD2-G-LNC TAT was evaluated in a CPZ mouse model. 
Indeed, (1) calcitriol has shown beneficial effects in several 
models of MS (CPZ and EAE) [14, 17, 18, 45, 46]; (2) pre-
vious studies from our lab have shown that PGD2-G-LNC 
exert anti-inflammatory properties in the brain following 
nasal administration [24]; and (3) Cal-LNC TAT in com-
bination with PGD2-G-LNC TAT increases the expression 
of OPC differentiation markers in vitro. As the CPZ model 
can simulate the process of demyelination and remyelina-
tion, it serves as a suitable model for myelin regeneration 
therapies [47].

First, a preliminary study was carried out to optimize 
the N2B delivery of up to 40 µl of LNC, which is required 
to administrate the combination of the two formulations 
(Suppl. data 1). The biodistribution of fluorescent LNC 
TAT (LNC-DiR TAT) was carried out after intranasal 
administration of either 20 µl (2 × 5 µl/nostril or 4 × 2.5 µl/
nostril with a 3-min pause between administration of both 

nostrils) or 40 µl (4 × 5 µl/nostril with a similar pause) of 
the formulation, using an IVIS imaging system. Adminis-
tration of 40 µl of LNC-DiR TAT significantly increased 
fluorescent signals in the cranial base (at the cribriform 
plate region), both 1 and 2 h following nasal administration, 
and in the brain at 2 h post-administration, compared to 
the other groups (Suppl. data 1). These preliminary obser-
vations encouraged us to use this administration protocol 
for our studies, despite the observed leakage in the mice’s 
lungs and stomach, as observed by other studies [48–50]. 
Afterwards, a second study was carried out on healthy 
mice to evaluate the impact of daily intranasal administra-
tion of different doses of Cal-LNC TAT on mice weight. 
The initial goal was to administer the formulation every 
day for 2 weeks. However, regardless of the administered 
dose, mice significantly lost weight after 9 days of admin-
istration of Cal-LNC TAT compared to the control mice 
(LNC TAT) (Suppl. data 2). In light of these observations, 
treatment with the formulations was discontinued after that 
period of time.

Based on the range of calcitriol doses used in several 
mouse models in the literature [14, 16, 17, 51] and the 
results obtained in our preliminary experiment, mice were 
treated with Cal-LNC TAT (either 100 ng of calcitriol/mice 
for 1 week (regimen 1) or 50 ng of calcitriol/mouse for 
2 weeks (regimen 2)), following an initial 6-week period of 
CPZ exposure. The dose of calcitriol was halved in regimen 
2 to reduce its potential toxicity while increasing the dura-
tion of the treatment compared to regimen 1 to compensate 
for the smaller dose. Indeed, several bioactive molecules 
(including anti-inflammatory drugs) have increased remy-
elination in mice corpus callosum when administered after 
CPZ exposure [52–56]. Treatments with Cal-LNC TAT were 
administered every other day, alone or in combination with 
PGD2-G-LNC TAT (20 µg of PGD2-G/mouse).

Fig. 5   Impact of Comb LNC TAT on OPC differentiation in an MGC 
culture. mRNA expression of oligodendrocyte differentiation markers 
in MGC was quantified after 5 days of culture following 8 h of treat-
ment with Cal-LNC TAT (50 nM of calcitriol) in combination with 

PGD2-G-loaded LNC TAT (10  nM of PGD2-G) (Comb LNC TAT) 
and controls by RT-qPCR compared to the vehicle (Veh). Data are 
expressed as mean ± SEM (N = 2, n = 5, 6), Dunnett’s multiple com-
parisons test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Control mice showed a significant increase in weight dur-
ing the course of the experiment compared to cuprizone-
treated mice (data not shown). During treatment, all calci-
triol-treated groups (Cal-LNC TAT and Comb LNC TAT) 
showed a progressive decrease in weight compared to day 
1 of treatment, with a significant difference after 1 week 
and 2 weeks of treatment (Fig. 6). LNC TAT-treated mice 
maintained their weight (R1) or increased their weight (R2) 
during treatment (Fig. 6) and the non-treated mice gained 
weight following cuprizone withdrawal, for both regimens.

To evaluate the impact of the treatment on myelin, 
Fluoromyelin stain was quantified in the corpus callosum 
of treated mice. Indeed, in the CPZ mouse model, exten-
sive demyelination, resulting from oligodendrocyte cell 
death, is mainly observed in the corpus callosum of mice 
[32, 40]. Feeding the mice with 0.2% CPZ significantly 
decreased Fluoromyelin-stained area, in both regimens 
(Figs. 7 and 8). These results were confirmed when quan-
tifying by immunofluorescence the MBP-stained area in 
CPZ-treated mice corpus callosum compared to control-fed 
mice (Suppl. data 3A, B).

No significant impact on Fluoromyelin-stained area was 
observed for any of the treatments, apart from a trend to 
increase Fluoromyelin-stained area when mice were treated 
with LNC TAT for 2 weeks (R2) (p = 0.07) (Figs. 7 and 8). 

Two weeks of treatment with Cal-LNC TAT increased GalC- 
and Olig2-stained area compared to the vehicle-treated 
group (Suppl. data 3A, C, D). Olig2 staining was also sig-
nificantly increased in the Comb LNC TAT group compared 
to the vehicle-treated group (R2).

The impact of the formulations on microglia and astro-
cytes was also assessed. For both regimens, CPZ treatment 
increased GFAP- and iba-1-stained area in the mice corpus 
callosum (Figs. 7 and 8). After 1-week treatment of Cal-
LNC TAT, mice showed a significant reduction of iba-1-
stained area compared to the non-treated group (CPZ-Veh) 
(Figs. 7 and 8), the latter was not observed after 2 weeks of 
treatment. The other formulations had no significant impact 
on iba-1-stained nor GFAP-stained area for both regimens.

Finally, as the formulations were administered intrana-
sally and as the prefrontal cortex and brainstem are the clos-
est regions of the brain linked to the nasal cavity via the 
olfactory and trigeminal routes [57, 58], respectively, the 
impact of the formulation was also assessed on those brain 
regions (Figs. 9 and 10).

Among the inflammatory markers assessed in the prefron-
tal cortex, feeding mice with CPZ only induced an increased 
mRNA expression of MIP-1α, which was not affected by the 
administration of the formulations (Fig. 9). This was also the 
case in the brainstem and cerebellum (Fig. 10). In the cortex, 

Fig. 6   Impact of Comb LNC TAT on CPZ mouse weight. Mice 
were fed cuprizone chow for 6  weeks and then received normal 
chow for 1 (R1) or 2  weeks (R2) together with intranasal adminis-
tration of the treatment (or vehicle) every other day. For regimen 1 
(R1), CPZ mice were treated with either vehicle, LNC TAT, Cal-LNC 
TAT (100  ng of calcitriol/mouse), or the combination of Cal-LNC 
TAT (100 ng of calcitriol/mouse) and PGD2-G-LNC TAT (20 µg of 
PGD2-G/mouse) (Comb LNC TAT for short). For regimen 2 (R2), 

CPZ mice were treated with either vehicle, LNC TAT, Cal-LNC TAT 
(50 ng of calcitriol/mouse), or the combination of Cal-LNC TAT and 
PGD2-G-LNC TAT (Comb LNC TAT, 50 ng of calcitriol and 20 µg 
of PGD2-G/mouse). Mice weight was monitored daily starting treat-
ment and is expressed as fold change compared to the mice weight at 
day 1 of treatment. n = 8 per group, 2-way ANOVA, Dunnett’s multi-
ple comparisons test compared to mice weight at day 1 of treatment, 
*p < 0.05, **p < 0.01, ***p < 0.001, ns—not significant
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IL-33 mRNA expression was decreased by CPZ intake, and 
was further decreased by Cal-LNC TAT administration (reg-
imen 1). In the same setting, iNOS mRNA expression was 
also decreased (although it was not affected by CPZ intake) 
in the prefrontal cortex and in the brainstem and cerebellum.

Discussion

Research in the scope of MS has recently focused on increas-
ing remyelination and delivering neuroprotective drugs to 
patients in addition to therapies targeting inflammation. Sev-
eral compounds promoting oligodendroglial differentiation 
and neuroprotection have shown great promise in several 
preclinical models [59–61]. However, taking the inflam-
matory environment surrounding MS lesions into account 
is essential, as it is assumed to play a critical role in the 
efficiency of pro-remyelinating/pro-regenerative therapies 
[62]. In a previous study, we targeted neuro-inflammation 
by intranasal delivery of TAT-coated LNC loaded with a 
bioactive lipid with anti-inflammatory properties, PGD2-G 
(PGD2-G-LNC TAT) in an EAE mouse model [24]. While an 
impact on neuro-inflammation was observed, PGD2-G-LNC 
TAT did not affect the mice’s clinical score and remyeli-
nation process. We thus hypothesized that targeting both 
remyelination and neuro-inflammation using a combination 
of PGD2-G-LNC TAT and LNC TAT encapsulating a pro-
remyelinating drug would increase the efficacy of our sys-
tem. We have selected calcitriol for its capacity to promote 
OPC differentiation and its beneficial immunomodulatory 
properties in MS models [6]. Calcitriol was encapsulated 

Fig. 7   Impact of Comb LNC 
TAT on remyelination, astro-
cyte, and microglia activation 
in CPZ mouse corpus cal-
losum. Mice were fed cupri-
zone chow for 6 weeks and 
then received normal chow 
for 1 (R1) or 2 weeks (R2) 
together with treatment. The 
combination of Cal-LNC 
TAT and PGD2-G-LNC TAT 
(Comb LNC TAT (100 ng of 
calcitriol + 20 µg of PGD2-G/
mouse for R1 and 50 ng of 
calcitriol + 20 µg of PGD2-G/
mouse for R2)) was adminis-
tered intranasally every other 
day. Fluoromyelin (FM), reac-
tive astrocytes (GFAP), and 
activated microglia (iba-1) were 
imaged in mice corpus callosum 

Fig. 8   Impact of Comb LNC TAT on myelin and on astrocyte and 
microglia activation in CPZ mouse corpus callosum. Mice were 
fed cuprizone chow for 6  weeks and then received normal chow 
for 1 (R1) or 2  weeks (R2) together with treatment. The combina-
tion of Cal-LNC TAT and PGD2-G-LNC TAT (Comb LNC TAT 
(100  ng of calcitriol + 20  µg of PGD2-G/mouse for R1 and 50  ng 
of calcitriol + 20  µg of PGD2-G/mouse for R2)) was administered 
intranasally every other day. Fluoromyelin (FM), reactive astrocytes 
(GFAP), and activated microglia (iba-1) fluorescent-stained area were 
quantified in mice corpus callosum. n = 8 per group, Dunnett’s mul-
tiple comparisons test compared to CPZ-Veh, *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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in LNC TAT to improve its solubilization in biological flu-
ids. The resulting formulation was characterized and its 
efficacy was assessed in vitro and in vivo in combination 
with PGD2-G-LNC TAT. While the combined formulations 
increased OPC differentiation in vitro (i.e., CG-4 cells and 
MGC cultures), no major impact was observed in CPZ-
exposed mice, following intranasal administration.

In line with other studies with lipophilic drugs, we 
obtained high encapsulation efficiency in LNC for both 
PGD2-G and calcitriol [27, 63–65]. Encapsulation of both 
compounds did not significantly influence LNC character-
istics as previously described by our team [24, 27]. To our 
knowledge, we are the first group to encapsulate PGD2-G 
in a nanocarrier [24]; however, nanoparticles such as 
liposomes, emulsion-templated nanocapsules, and PLGA 
have been used to deliver calcitriol as therapy for neurode-
generative disorders [66] or to target specific tumor and/or 
inflammatory cells [67–73]. We have selected LNC as they 
are more stable, their formulation does not require the use 
of organic solvents, and they have shown promising results 
when encapsulating PGD2-G [24, 25].

The efficacy of the combined formulations to increase 
OPC differentiation in vitro was first assessed using CG-4 
cells [74, 75]. After several trials with different incubation 
times and PGD2-G concentrations, we found that the incu-
bation of calcitriol (50 nM) with PGD2-G (10 nM) for 8 h 
was the best combination to increase the mRNA expression 
of key markers of OPC differentiation and IL33, a cytokine 
reported to promote myelin repair and OPC differentia-
tion [43, 44]. Importantly, these effects were maintained 
after encapsulation of the compounds in TAT-coated LNC. 
While the calcitriol effect on OPC differentiation is cor-
roborated by other studies and shown to be mediated via 
the VDR/RXR pathway [8, 9], we were the first to assess 
PGD2-G impact on those cells. PGD2-G exerts its anti-
inflammatory effects via the prostaglandin D2 receptor 1 
(DP1) and through the action of its metabolite on the per-
oxisome proliferator-activated receptor gamma (PPARγ) 
[30]. CG-4 cells express the DP1 receptor (data not shown); 
however, no information regarding their capacity to express 
PPARγ has been reported. Although PGD2-G (both free and 
encapsulated) did not induce differentiation of the cells, its 

Fig. 9   Impact of Comb LNC TAT on MBP and pro-inflammatory 
cytokine mRNA expression in CPZ mouse prefrontal cortex. Mice 
were fed cuprizone chow for 6  weeks and then received normal 
chow for 1 (R1) or 2 weeks (R2) together with treatment. The com-
bination of Cal-LNC TAT and PGD2-G-LNC TAT (Comb LNC 
TAT (100  ng of calcitriol + 20  µg of PGD2-G/mouse for R1 and 

50 ng of calcitriol + 20 µg of PGD2-G/mouse for R2)) was admin-
istered intranasally every other day. mRNA expression of MBP 
and pro-inflammatory cytokines was quantified in mice prefron-
tal by RT-qPCR. n = 8 per group, Dunnett’s multiple comparisons 
test compared to CPZ-Veh, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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ability to significantly increase IL33 mRNA expression in a 
concentration-dependent manner could be partly mediated 
via the DP1 or PPARγ pathway. Indeed, PPARγ agonists 
have been shown to promote OPC differentiation [76, 77].

In the MGC cultures, Comb LNC TAT was the only 
condition able to significantly increase MBP, PLP, and 
MAG mRNA expression, however, to a lesser extent than 
the effect observed on CG-4 cells (around 1.8 folds vs 3 
folds). Moreover, this effect seems to be mainly medi-
ated by PGD2-G-LNC TAT rather than Cal-LNC TAT, as 
PGD2-G-LNC TAT (and PGD2-G) incubation with MGC 
significantly increased mRNA expression of MBP and 
tended to increase expression of MAG. This effect could be 
explained by the capacity of PGD2-G (both free and encap-
sulated) to reduce M1 macrophage/microglia activation 
[24, 29, 30]. Indeed, it has been shown that the reduction of 
M1 macrophages promotes oligodendrocyte differentiation 
[39, 78] and that reducing the inflammatory microenviron-
ment surrounding MS lesions alleviates oligodendrocyte 
differentiation blockade in MS [62]. The ability of LNC to 
reduce BV2 cell activation [24] could also explain how LNC 

induced an increase (albeit not statistically significant) in 
MBP, MAG, and IL33 mRNA expression. The low impact 
observed with calcitriol and Cal-LNC TAT as well as the 
other formulations compared to their impact on CG-4 cells 
could be due to the action of the other cells in culture (e.g., 
phagocytosis by macrophages), reducing thus the availability 
of the treatments to OPC.

The use of high doses of calcitriol in systemic treatments 
is hindered by the risk of hypercalcemia and hyperphos-
phatemia, which in turn may lead to renal insufficiency [66, 
79]. Several studies have tried to overcome this limitation by 
encapsulating calcitriol in nanocarriers to promote accumu-
lation at the sites of inflammation [69], in tumor tissue [67, 
68, 70, 71], or by targeting specific cell types such as mac-
rophages [72], to eventually reduce the toxic effects caused 
by systemic uptake. Here, in addition to the encapsulation 
of calcitriol, we decided to use the intranasal route. Indeed, 
it enables direct transport to the CNS with reduced periph-
eral side effects. This approach was shown to potentiate the 
efficacy in MS mouse models of teriflunomide and IFN-β 
(compared to conventional administration routes) [80, 81]. 

Fig. 10   Impact of Comb LNC TAT on MBP and pro-inflammatory 
cytokine mRNA expression in CPZ mouse caudal brain. Mice 
were fed cuprizone chow for 6  weeks and then received normal 
chow for 1 (R1) or 2  weeks (R2) together with treatment. The 
combination of Cal-LNC TAT and PGD2-G-LNC TAT (Comb 
LNC TAT (100  ng of calcitriol + 20  µg of PGD2-G/mouse for R1 

and 50  ng of calcitriol + 20  µg of PGD2-G/mouse for R2)) was 
administered intranasally every other day. mRNA expression of MBP 
and pro-inflammatory cytokines was quantified in mice hindbrain 
by RT-qPCR. n = 8 per group, Dunnett’s multiple comparisons 
test compared to CPZ-Veh, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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Intranasal delivery of free calcitriol has been reported in 
other studies, in the scope of brain injury prevention (30, 
60, and 120 ng/kg) [82] and allergic rhinitis (0.02 µg/mouse 
daily for 1 week) [83]. We have previously shown that LNC 
were able to reach the brain following nasal administration 
and even more so with TAT coated at their surface [24]. 
However, Mohsen et al. suggested that the systemic path-
way, rather than the olfactory pathway, plays a major role in 
brain delivery following nasal administration of LNC [64], 
suggesting that a proportion of the intranasally administered 
dose enters the circulation. We thus conducted a toxicity 
study on healthy mice by delivering different doses of calci-
triol, ranging from 0.1 to 1 µg/mouse (with a similar amount 
of LNC TAT), via daily intranasal administration of Cal-
LNC TAT compared to control (LNC TAT). Regardless of 
the dose of calcitriol administered, a significant weight loss 
was observed accompanied by diarrhea. These effects were 
absent in the LNC TAT-treated mice, suggesting thus that 
the deleterious effects were due to calcitriol administration. 
These symptoms were slightly delayed in the group receiv-
ing 1 µg of calcitriol every other day, suggesting that reduc-
ing the frequency of administration, even at higher doses, 
delays the toxicity in mice. Alternatively, Azari et al. showed 
that hydration with saline could also reduce mortality and 
toxicity in mice receiving calcitriol via intraperitoneal (i.p.) 
injections [21]. Another option would be to reduce the intra-
nasal administered volumes as much as possible, to main-
tain the formulation in the nasal cavity [84], and possibly 
decrease systemic leakage and the subsequent toxicity of cal-
citriol in our experimental setting. On the other hand, using 
some of the several developed nasal drug delivery devices 
that promote deposition of the drugs to the olfactory epi-
thelium (e.g., the Precision Olfactory Delivery® [85] or the 
Unit Dose system [86]) would allow a greater delivery to the 
brain with significantly less entry into the circulation. These 
strategies would only be beneficial if calcitriol toxicity is not 
CNS-driven. To the best of our knowledge and based on the 
literature, all the clinical symptoms reported for vitamin D 
toxicity are manifested from the effects of increased calcium 
blood levels [87]. To our knowledge, no toxicities have been 
reported for PGD2-G nor intranasally administered calcitriol, 
so we opted to deliver the highest dose of PGD2-G in accord-
ance with LNC entrapment capacities (20 µg of PGD2-G) in 
combination with 100 ng or 50 ng of calcitriol every other 
day for 1 or 2 weeks, respectively.

We then assessed the efficiency of our formulations in 
the CPZ mouse model as it is specifically used to analyze 
non-autoimmune-mediated demyelination and spontane-
ous remyelination processes combined with therapeutic 
effects [88]. CPZ exposure for 5–6 weeks induces oligo-
dendrocyte cell death followed by microglia and astrocyte 
activation, which will in turn maintain a cytotoxic environ-
ment against oligodendrocytes leading to demyelination, 

followed by recovery after CPZ is removed from the diet 
[32, 89, 90]. In our study, CPZ exposure leads to a tran-
sient weight loss that was recovered after CPZ withdrawal, 
an effect also observed by several teams [14, 52, 91]. How-
ever, other studies have reported no significant impact of 
CPZ exposure on mice weight [92, 93]. CPZ exposure also 
leads to a significant decrease in Fluoromyelin and MBP 
staining, supporting CPZ-induced demyelination, and an 
increase of iba-1 (microglia marker)- and GFAP (reac-
tive astrocytes maker)-stained area in the corpus callo-
sum of CPZ mice compared to control. While no signifi-
cant impact was observed for any of our formulations in 
terms of remyelination, 1-week treatment with Cal-LNC 
TAT reduced iba-1 staining in mice corpus callosum, but 
not after 2 weeks of treatment nor when combined with 
PGD2-G-LNC TAT. Cal-LNC TAT also increased GalC- 
and Olig2-stained area compared to the CPZ-Veh group (in 
regimen 2) similar to Comb LNC TAT for Olig2.

A possible explanation for the absence of effect on 
remyelination could be due to the calcitriol mechanism 
of action. Indeed, the reversible beneficial impact of cal-
citriol observed in EAE mice has been associated with 
the immunomodulation of CD4+ T cell and its capacity 
to hinder the ability of autoreactive T cells to enter the 
CNS without interfering with their production and acti-
vation [94, 95]. As the demyelination process in CPZ 
mice is a T cell-independent process, this could explain 
the inconsistent results found in the literature regarding 
the calcitriol effect in this model. Nystad et al. showed 
that biweekly treatment of 2 µg of calcitriol/mouse had 
no negative effects on mice weight and showed a posi-
tive effect on remyelination [14]. It was suggested that 
the calcitriol-induced effects may involve the contribution 
of calcium-binding proteins (e.g., calretinin) and proteins 
involved in mitochondrial functions [46]. However, Nystad 
et al. showed that with the same posology, calcitriol had no 
influence on axonal regeneration nor remyelination [51]. 
In our case, more frequent administrations (every other 
day) of lower doses of Cal-LNC TAT (100 ng and 50 ng/
mouse for 1 and 2 weeks, respectively) showed a negative 
impact on mice weight and no significant impact on remy-
elination and astrocyte activation in mice corpus callosum, 
even when combined with PGD2-G-LNC TAT.

The starting point of our treatment could also explain 
the lack of efficacy. Demonstrating a therapeutic effect of 
our system in the CPZ model would be clinically more rel-
evant. We thus began the treatment, similar to other studies 
[53–55], after peak demyelination (after CPZ exposure). 
However, a 3-week treatment of calcitriol starting during 
the last week of CPZ exposure significantly increased remy-
elination and reduced gliosis [14]. A study directly com-
paring pre-treatment and co-treatment with calcitriol found 
the former, but not the latter, to protect neurons against 
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neurotoxicity [96]. Moreover, early intervention with cal-
citriol has been shown to reduce neuro-inflammation as 
well as increase remyelination in EAE-induced mice [18]. 
However, Haghmorad and colleagues showed that calcitriol, 
administered before and after the onset of clinical symp-
toms, significantly reduced EAE pathology in mice in a 
similar manner [16].

Another explanation for the limited effect could be the 
dose and the frequency of administration. In order to avoid 
toxicity and to favor the beneficial effects of calcitriol, 
maybe increasing the administered dose while reducing its 
frequency of administration could be the best compromise 
for calcitriol. However, these hypotheses do not explain the 
lack of efficiency of the combined treatments. Indeed, several 
studies have shown the efficacy of anti-inflammatory com-
pounds in the CPZ model when given during or after CPZ 
exposure [52, 54, 91, 92, 97–99]. However, the combination 
of both formulations (Comb LNC TAT) had no significant 
impact on remyelination and gliosis in our study. Maybe the 
mechanisms involved in PGD2-G-LNC TAT anti-inflam-
matory properties are not implicated in the CPZ-induced 
physiopathology. Also, it is possible that the hypercalcemia-
induced effects could have hindered/masked PGD2-G-LNC 
TAT beneficial effects in calcitriol-treated mice. Indeed, it 
has been observed that high-dose vitamin D-induced hyper-
calcemia as well as elevation of calcium serum levels may 
directly activate T cells, promote their pro-inflammatory 
function, and aggravate EAE severity in mice [100–102] and 
that hypercalcemia was associated with the development of 
severely disabling relapses in MS patients [103]. Although 
hypercalcemia has been associated with small changes in 
CSF calcium concentrations [104, 105], the brain is protected 
from acute changes in calcium plasma concentrations by the 
low cerebrovascular permeability to calcium [105] and no 
evidence has reported elevated CNS calcium levels during 
vitamin D-induced hypercalcemia. Moreover, as we chose 
a range of concentrations similar to or below those used in 
the literature [15, 17, 18, 45, 51, 95, 106], it was surprising 
to see such deleterious effects of calcitriol as they were not 
reported in the aforementioned studies.

Finally, we have evaluated the expression of pro-
inflammatory cytokines as well as MBP in regions of the 
brain linked to the N2B delivery pathway. Even though 
most studies focus their analysis in mice corpus callosum 
[18, 91, 97, 98], as it is the most affected region following 
CPZ exposure, our data suggest that both the prefrontal 
cortex and caudal regions of the brain were not affected 
by CPZ treatment in terms of neuro-inflammation, as CPZ 
exposure did not significantly increase the mRNA expres-
sion of pro-inflammatory cytokines compared to the con-
trol group. This contradicts studies showing an activa-
tion of microglia and astrocytes in the cerebral cortex of 
CPZ-induced mice [52, 90]. However, we did observe an 

increase of MIP-1α mRNA expression in the prefrontal 
cortex of CPZ mice, in line with other studies [107, 108]. 
However, our data also show an increased expression in 
the brainstem and cerebellum of CPZ mice. One-week 
treatment of Comb LNC TAT only reduced the mRNA 
expression of iNOS and MIP-1α in the prefrontal cortex. 
These modest effects of Comb LNC TAT only occurred in 
regimen 1, supporting the hypothesis that calcitriol toxic-
ity in mice (more severe in regimen 2) might have masked 
the formulations’ beneficial effects when administered 
for 2 weeks.

Overall, the data put forth the deleterious effects of cal-
citriol when delivered within a nanocarrier via the nasal 
route. Even though the combined effect of Cal-LNC TAT 
and PGD2-G-LNC TAT showed promising results in vitro, 
these were not translated in vivo in our experimental set-
ting. Nevertheless, this study proposes the potential of a 
combined therapy targeting both inflammation and demy-
elination as an interesting therapeutic approach for the 
treatment of MS. Our system could be used with other 
pro-remyelinating drugs, such as anacardic acid [109], 
a phenolic lipid derived from cashew nut shells. Indeed, 
anacardic acid has been shown to promote OPC differen-
tiation in vitro and its pro-remyelinating properties were 
highlighted in two MS-relevant in vivo models (CPZ and 
EAE), with no reported toxicities [110]. However, it is piv-
otal to assess the potential synergistic effects with PGD2-G 
in vitro prior to evaluating the effects of the combination 
in vivo. As both molecules are lipophilic, encapsulation in 
LNC TAT to increase their bioavailability and enable their 
protection against enzymatic proprieties remains an option.
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