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ARTICLE INFO ABSTRACT

Keywords: Disorders of the central nervous system (CNS), such as multiple sclerosis (MS) represent a great emotional, finan-
Nanomedicine cial and social burden. Despite intense efforts, great unmet medical needs remain in that field. MS is an autoim-
Remyelination

mune, chronic inflammatory demyelinating disease with no curative treatment up to date. The current therapies
mostly act in the periphery and seek to modulate aberrant immune responses as well as slow down the progres-
sion of the disease. Some of these therapies are associated with adverse effects related partly to their administra-
tion route and show some limitations due to their rapid clearance and inability to reach the CNS. The scientific
community have recently focused their research on developing MS therapies targeting different processes within
the CNS. However, delivery of therapeutics to the CNS is mainly limited by the presence of the blood-brain bar-
rier (BBB). Therefore, there is a pressing need to develop new drug delivery strategies that ensure CNS availabil-
ity to capitalize on identified therapeutic targets. Several approaches have been developed to overcome or bypass
the BBB and increase delivery of therapeutics to the CNS. Among these strategies, the use of alternative routes of
administration, such as the nose-to-brain (N2B) pathway, offers a promising non-invasive option in the scope of
MS, as it would allow a direct transport of the drugs from the nasal cavity to the brain. Moreover, the combina-
tion of bioactive molecules within nanocarriers bring forth new opportunities for MS therapies, allowing and/or
increasing their transport to the CNS. Here we will review and discuss these alternative administration routes as
well as the nanocarrier approaches useful to deliver drugs for MS.

Neuro-regeneration
Blood-brain-barrier
Central nervous system
Nose-to-brain

1. Introduction

Multiple sclerosis (MS) is a multifaceted neurodegenerative and au-
toimmune disease of the central nervous system (CNS), driven by a
complex immune response towards mainly the myelin sheaths sur-
rounding the axons of the CNS [1]. This phenomenon triggers an in-
flammatory environment which eventually results in demyelination
and neuroaxonal damage [2,3]. MS is the leading cause of non-
traumatic neurological disability in young adults, affecting approxi-
mately 2.8 million people worldwide, having a significant impact on
their quality of life [4]. The origin of the disease remains incompletely
understood, however, genetic and environmental factors including vita-
min D deficiency, Epstein-Barr virus (EBV) infection, cigarette smoking,
obesity and/or hormones may contribute to MS etiology [5].
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MS exhibits different clinical phenotypes. In most cases, patients en-
dure recurring clinical symptoms followed by partial or complete recov-
ery (relapsing-remitting MS, RRMS). The first episode that occurs dur-
ing the development of the disease is termed clinically isolated syn-
drome. The relapses coincide with CNS inflammation and demyelina-
tion [5,6]. Within 10 to 15 years, relapses decrease in frequency and the
CNS gradually and continuously deteriorates, resulting in uninter-
rupted progression termed secondary progressive MS (SPMS) for 50%
of RRMS patients. In this case, CNS atrophy and increased axonal loss
accompany neurological decline [2]. Although the chronic-remitting
form is the most frequent, between 15 to 20% of MS patients are diag-
nosed with primary progressive MS (PPMS) which is characterized by
the accumulation of disabilities from the onset, with an absence of re-
lapses [2,6,7]. Despite these differences, it is now recognized that all
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clinical forms of MS present both inflammation and neurodegeneration.
Early MS lesions are characterized by invading peripheral cells and
leakage of the blood-brain-barrier (BBB). The infiltrating cells include
activated autoreactive CD4+ T cells (T helper 1 (Th1) cells and Th17
cells) and cytotoxic CD8+ T cells, as well as B cells and activated
myeloid cells. Together with activated CNS-resident cells, namely mi-
croglia and astrocytes, they secrete inflammatory cytokines and
chemokines, as well as neurotoxic factors that will result in further re-
cruitment of immune cells, oligodendrocytes injury, demyelination and
neuro-axonal injury (Fig. 1). During the progressive phases of MS,
which is characterized by a mostly intact BBB, chronic inflammation,
acute and chronic oxidative stress induced by innate and adaptative im-
mune cell activation, loss of myelin trophic support, pro-inflammatory
environment and involvement of complement activation will contribute
to the ongoing tissue injury, blockade of remyelination and neurode-
generation. For further details on MS physiopathology, refer to these
excellent reviews [2,8-10].

The neurological symptoms associated with MS include visual, cog-
nitive and motor deficits such as blurred vision, limb and facial weak-
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ness, bladder and bowel problems, stiffness, muscle spasms, vertigo and
dizziness [7].

MS remains a global burden and its prevalence is on the rise [4]. Al-
though more than 15 therapies that reduce disability and extend sur-
vival of MS patients are available, a cure has yet to be found [7]. The
current therapies mostly act on the peripheral adaptive immune system
and are largely insufficient to prevent accumulation of permanent dis-
ability, particularly during the progressive phase [11,12]. Moreover,
these therapies are associated with several side effects, partly linked to
their administration route, with some of them having poor solubility
and rapid clearance in biological fluids [13]. As MS pathophysiology in-
volves both peripheral and central immune cells, therapies should opti-
mally also act at the level of the CNS [8]. However, most disease-
modifying therapies (DMT) are restricted by the BBB, hindering their
access to the CNS [14,15]. In this context, the use of alternative admin-
istration routes and/or approaches that avoid/disrupt the BBB could in-
crease the efficacy of the drugs within the CNS [16]. Moreover, the use
of nanotechnology offers several advantages that can be applied for the
treatment of MS [17]. These nanovesicles (nanoparticles, natural and
artificial vesicles) can overcome the aforementioned limitations and
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Fig. 1. Immune response in MS In the periphery, APC present myelin epitopes to autoreactive T cells leading to their activation and differentiation into pro-
inflammatory Th cells (Th1, Th17). Activated T cells can recruit and activate CD8 + T cells and B cells towards myelin via secretion of pro-inflammatory cytokines
and APC activity towards B cells. Pro-inflammatory cytokines secreted by activated B cells further induce aberrant Th1/Th17 response. Upregulation of integrins at
the surface of the immune cells (i.e. integrin a4p1) enables their transport across the BBB via cell adhesion molecules (i.e. VCAM-1). Interaction of infiltrated cells
with CNS-resident microglia & astrocytes initiates & sustains inflammation in the CNS by releasing pro-inflammatory factors. The latter induces oligodendrocytes
apoptosis as well as enables recruitment of immune cells that contribute to cytotoxic damages to the myelin sheath. In the presence of antigen, B cells release anti-
myelin Abs following differentiation into plasmocytes and further induce oligodendrocyte cell death via activation of the complement pathway. Together, this
process contributes to sustained neuro-inflammation as well as demyelination. Abs: antibodies, Ag: antigen, APC: antigen-presenting cell, BBB: blood-brain-barrier,
IFN: interferon, IL: interleukin, Oligo: oligodendrocyte, ROS: reactive oxygen species, Th: T helper, TNFa: tumor necrosis factor alpha. (created with
BioRender.com).
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barriers as most of them can cross the BBB. Moreover, they can serve as
protective vehicles to further increase the delivery to the CNS, both for
the already existing and the newly developed MS therapies, while using
alternative routes of administration or strategies to by-pass the BBB
[18,19].

In this review, we will briefly discuss the several delivery strategies
and limitations of MS approved drugs and the current focus of research
for the development of new MS treatments. Then we will highlight the
potential of innovative delivery routes, as well as nanotechnology as
tools for better delivery and efficiency of MS therapies in the CNS.

2. Current MS treatments and their administration route

The current therapeutic approach for MS aims at treating acute re-
lapses, slowing the progression of the disease via disease-modifying-
therapies (DMT) and decrease the symptoms. The latter involves all
treatments used to improve complications and symptoms induced by
the disease, such as tremors, itching, depression, bladder problems, fa-
tigue, bowel dysfunction and pain [20,21]. Acute relapses, also known
as acute attacks or exacerbations, are mainly treated using corticos-
teroids (i.e methylprednisolone) to decrease inflammation and to bring
the relapse to an end more rapidly [21].

A better comprehension of the immune processes contributing to MS
has led to the development and approval of several DMTs that are effec-
tive against the relapsing forms of MS (RMS), which include clinically
isolated syndrome, RRMS and active SPMS [2,22]. Over 15 DMTs have
been approved by the Food and Drug Administration (FDA) and the Eu-
ropean Medicines Agency (EMA) that mainly target the inflammatory
components of the disease. These DMTs reduce the rate of relapses, the
accumulation of lesions and stabilize the delay between relapses ([6,7].
These drugs suppress circulating immune cells, inhibit their passage
through the BBB and decrease the inflammatory responses [18]. A sum-
mary of the available DMTs, as well as their administration route and
mechanism of action, are summarized in Table 1. These treatments are
either injected (subcutaneously or intramuscularly), infused (intra-
venously) or administered via the oral route.

Additionally, autologous haematopoietic stem cell transplantation
(aHSCT) is the most advanced experimental cell-based therapy against
highly active RMS. It combines high-doses of immunosuppressive drugs
to deplete immune cells, followed by autologous hematopoietic stem
cell administration to boost bone marrow recovery and immune recon-
stitution in order to achieve long-term remission [23,24]. Interestingly,
this treatment is gaining traction as a valuable option to treat RMS with
promising outcomes for patients with SPMS.

Although great progresses have been made in the development of
therapies against RMS, only modest breakthroughs have been made for
the progressive forms of MS. Ocrelizumab was the first anti-CD20 mon-
oclonal antibody approved for PPMS patients following the results ob-
tained with the phase III ORATORIO trial [25]. Furthermore, the phase
III EXPAND trial led to the approval of siponimod for the treatment of
SPMS patients with active disease [26]. However, treatment of progres-
sive MS remains an unmet need, mostly due to the fact that current
therapies confer only partial protection against neurodegeneration as-
sociated with MS [7,22].

3. Challenges and limitations of current therapies

The development of effective therapies has allowed to reach near-
complete control of relapses and focal brain inflammation [7]. How-
ever, most of the treatments are associated with adverse reactions,
partly due to the administration route [13]. Moreover, no drug can hin-
der or counteract the progression of disabilities over time [14]. A major
limitation to the development of new drugs and to their efficiency is the
poor penetration across the BBB and the low accumulation into the
CNS, particularly for the B-cell depleting monoclonal antibodies [14].
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Also, it is currently considered that the resident cells of the CNS are an
important driving force that mediate the progression of the disease
[15], it is thus imperative to promote accumulation of drugs in the CNS,
despite the presence of an intact BBB, to improve MS treatments.

3.1. Adbverse effects of the DMTs

MS as a progressive and chronic CNS disease has yet no cure and
most patients face neurological impairments after the onset of the dis-
ease [12]. Besides the preclinical and/or clinical efficacy of the afore-
mentioned therapies, several adverse effects as well as the risk of severe
infections have been reported in experimental studies and clinical trials
[8,11] (Table 1). These adverse effects are linked to the properties of
the drug, the administration route and mechanism of action. Their
severity sometimes requires treatment discontinuation [55].

The most common side effects reported for DMTs administered by
the oral route include gastro-intestinal disorders as well as hepatoxicity
with elevated liver enzymes. The majority of patients using injectable
DMTs show injection-site reactions including irritation, which is the
more usual side effect following intramuscular (30%) or subcutaneous
(90%) injections of glatiramer acetate and interferons (IFNs) for exam-
ple [56]. With injectable therapeutics, the generation of neutralizing
antibodies and poor drug compliance and tolerability are also reported
[57]. Patients treated with MS therapies such as rituximab, the first
anti-CD20 therapy commonly prescribed as an off-label treatment,
ocrelizumab and alemtuzumab, display a higher risk of infections, usu-
ally attributable to “post-infusion reactions” [34,58].

Some side effects are attributed to the mechanism of action of the
drug. For example, lymphopenia is a well-known side effect associated
with the mechanism of action of cladribine [52]. As a synthetic de-
oxyadenosine analogue, cladribine resistance to adenosine deaminase-
mediated deamination enable its accumulation in lymphocytes. Once
inside, cladribine is phosphorylated to the cytotoxic triphosphorylated
cladribine which causes adenosine deaminase deficiency and results in
severe lymphopenia [59]. Fingolimod, a sphingosine-1-phosphate
(S1P) agonist, is associated with cardiac side effects at treatment initia-
tion [41]. The latter is most likely related to transient agonism to S1P
receptors of cardiomyocytes, whose activation can induce bradycardia
[60]. Concerning mitoxantrone, an antineoplastic agent with immuno-
suppressive effects, a high incidence of cardiotoxicity has been reported
[40]. This is associated with the fact that mitoxantrone is able to delay
Ca++ uptake and increase Ca++ release by sarcoplasmic reticulum
[61]. Moreover, several MS patients treated with mitoxantrone present
oncologic complications. The most common type of cancer developed
following mitoxantrone treatment is acute myelocytic leukemia, which
is caused by topoisomerase II inhibition and is associated with a higher
risk of secondary leukemia [62].

3.2. DMTs and relevance of targeting the CNS

As MS progresses, neuro-inflammation is mostly mediated by phe-
nomena occurring within the CNS and fewer peripheral cells are pre-
sent in the brain lesions [2]. Despite the notion that CNS-intrinsic in-
flammation (i.e. driven by astrocytes and microglial cells) plays a criti-
cal role in CNS injury, it is poorly addressed by available therapies and
needs further investigation [8]. A common feature of all MS therapies is
that they primarily act on the peripheral adaptive immune system,
thereby preventing damage within the CNS [3]. Indeed, most DMTs do
not readily cross the BBB, meaning that their effects are not focused on
the CNS compartment but act in the periphery [63]. It is thus assumed
that the modified processes observed in the CNS following treatment is
a result of the altered activity of the peripheral immune system [64].
Moreover, it is presumed that, immune cells localized in the CNS, such
as lymphocytes, are relatively protected from therapeutics that cannot
cross the BBB, and are thus not affected by these therapies.
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Table 1
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Overview of approved disease-modifying therapies (DMT) for MS. (MS drugs updates via [21,27,28]) Ab: antibody, APC: antigen-presenting cells, BBB: blood-
brain-barrier, CNS: central nervous system, IFN: interferon, MHC: major histocompatibility complex, Nrf2: nuclear factor (erythroid-derived 2)- like 2, PPMS: pri-
mary progressive multiple sclerosis, p.o.: per os, RMS: relapsing forms of multiple sclerosis which include CIS (clinically isolated syndrome), RRMS (relapsing-
regulatory T cells

remitting multiple sclerosis) and active SPMS (secondary progressive multiple sclerosis), S1P: sphingosine-1-phosphate, Treg:

Drug Proposed mechanism of action MS Dose Most common adverse effects ~ Peripheral/central activity —References
phenotype
Intramuscular
IFN-B-1a (Avonex®) Cytokine that reduces BBB disturbance and RMS 30 pg once/ Flu-like symptoms (including Activity restricted to the [29,30]
production of pro-inflammatory cytokines, week fever, myalgia, asthenia and periphery
increases anti-inflammatory factors and chills), injection site reactions
modulates T and B cells (including necrosis)
Subcutaneous
IFN-p-1b Cytokine that activates JAK/STAT pathway, RMS 0.25 mg/2 days Injection-site reactions, Activity restricted to the [31]
(Betaseron®, inhibits T cell activation & proliferation and lymphopenia, flu-like periphery
Extavia®) reduces T cells migration across the BBB symptoms, myalgia, asthenia,
headache
IFN-B-1a Cytokine that reduces BBB disturbance and RMS 22 or 44 pg, 3 Injection-site disorders Activity restricted to the [31,32]
(Rebif®) production of pro-inflammatory cytokines, times/week (including necrosis), flu-like periphery
increases anti-inflammatory factors and symptoms, abdominal pain,
modulates T and B cells depression, elevation of liver
enzymes
PegIFN-p-1a Cytokine that reduces BBB disturbance and RMS 125 pg/ 2 Injection site reaction Activity restricted to the [31]
(Plegridy®) production of pro-inflammatory cytokines, weeks (including erythema, pain, periphery
increases anti-inflammatory factors and pruritus), flu-like symptoms,
modulates T and B cells pyrexia, headache
Glatiramer acetate,  Synthetic peptide that binds to MHC I & II RMS 20 mg /day or  Injection site reactions Activity in the periphery [33]
GA molecules of APC to block myelin damaging T 40 mg 3 times a (erythema, pain, edema,
(Copaxone, cells, increases brain-derived neurotrophic week pruritus, mass), vasodilatation,
Glatopa®) factors and anti-inflammatory cytokine rash, dyspnea and chest pain
production and decreases secretion of pro-
inflammatory cytokines
Ofatumumab, Human recombinant IgG1 CD20 monoclonal Ab, RMS 20 mg/week for Upper respiratory tract Activity in the periphery,  [34]
OFA (Kesimpta®) selectively depletes B cells in the lymph nodes 3 weeks infections, injection-related no evidence of OFA
followed by reactions (systemic & local), capacity to reach the CNS
once/ 4 weeks  headache
Intravenous
Natalizumab, Anti-a4p1 integrin monoclonal Ab, inhibits RMS 300 mg/ 4 Headache, fatigue, arthralgia,  Activity in the periphery [35]
NAT lymphocyte access to the CNS by blocking weeks urinary tract infection, (molecular size hinders its
(Tysabri®) adhesion and crossing of the BBB depression, lower respiratory entry via the BBB)
tract infection, pain in
extremity
Alemtuzumab, Humanized anti-CD52 monoclonal Ab, RRMS and 96 mg over 2 Rash, headache, pyrexia, Activity in the periphery [36,371
ALE eliminates CD52 cells in the circulation, active years nasopharyngitis, nausea, (molecular size hinders its
(Lemtrada®) inducing Treg-dependent immune regulation SPMS urinary tract infection, fatigue entry via the BBB)
Ocrelizumab, Humanized anti-CD20 monoclonal Ab, depletes RMS & 300 mg/ Infusion-related reactions, Activity in the periphery,  [34,38]
OCR (Ocrevus®)  circulating B cells PPMS 2weeks or 600  upper respiratory tract no evidence of OCR
mg/ 6 months  infection, headache, skin capacity to reach the CNS
infections
Mitoxantrone, Topoisomerase-1I inhibitor, inhibits DNA RRMS & 12 mg/m? of Cardiac toxicity, increased risk  Activity in the periphery,  [39,40]
MITO synthesis affecting quickly dividing cells, SPMS body surface of ovarian failure, menstrual MITO is hydrophilic and
(Novantrone®) immunosuppressor area/ 3 months  disorders, upper respiratory penetrates the CNS poorly
tract infection, amenorrhea when the BBB is intact
Oral
Fingolimod, Retains lymphocytes in the lymph nodes via SIP  RMS 0.5 mg/day Headache, gastro-intestinal Peripheral and central [41,42]
FINGO (Gilenya®) receptor inhibition disorders (nausea, diarrhea, activity. The un-
abdominal pain), liver phosphorylated pro-drug
transaminase elevation, cough  form of FINGO can cross
the BBB readily
Siponimod, SIPO Retains lymphocytes in the lymph nodes via S1IP RMS 0.25 or 2 mg/ Headache, hypertension, Peripheral and central [42,43]
(Mayzent®) receptor modulation + anti-inflammatory day transaminase increases (in activity. SIPO can cross the
properties blood & liver), abnormal liver =~ BBB
functions
Ozanimod, OZA Retains lymphocytes in the lymph nodes via SIP  RMS 0.92 mg/day Upper respiratory infection, Peripheral and central [42,44,
(Zeposia®) receptor modulation hepatic transaminase elevation activity. OZA can reach the 45]
brain after following p.o.
administration.
Ponesimod, PONE Retains lymphocytes in the lymph nodes via SIP RMS 20 mg /day Upper respiratory tract Peripheral and central [42,46]

(Ponvory™)

receptor modulation

infection, hepatic transaminase
elevation, hypertension.

activity

(continued on next page)
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Table 1 (continued)
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Dose

Most common adverse effects

Peripheral/central activity =~ References

Drug Proposed mechanism of action MS
phenotype
Teriflunomide, TFM  Pyrimidine synthesis inhibitor (dihydroorotate = RMS
(Aubagio®) dehydrogenase inhibition), reduces T & B cell
activation
Dimethyl fumarate, Induce anti-inflammatory immune response and RMS
DMF (Tecfidera®) neuroprotection via Nrf2-dependent &
-independent pathways
Diroximel fumarate, Nrf2 pathway activator RMS
DRF (Vumerity®)
Monomethyl Active metabolite of DMF with anti- RMS
fumarate, MMF inflammatory and anti-oxidant effects via the
(Bafiertam™) Nrf2 pathway
Cladribine, CLAD Adenosine analog prodrug that targets T and B RRMS and
(Mavenclad®) cells without continuous immunosuppression active
SPMS

7 or 14 mg/day Hepatoxicity & nephrotoxicity = Activity in the periphery, [47]
(increase in alanine no strong evidence that
aminotransferase), headache, TFM enters the CNS
diarrhea

240 mg twice/  Flushing, gastro-intestinal Peripheral and central [48,49]

day disorders (abdominal pain, activity: its metabolite
diarrhea, nausea) MMF can cross the BBB

462 mg (taken  Flushing, gastro-intestinal Peripheral and central [50]

as two 231 mg  disorders (abdominal pain, activity: its metabolite,

capsules) twice/ diarrhea, nausea) MMF can cross the BBB

day

190 mg (taken  Flushing, gastro-intestinal Can cross the BBB [49-51]

as two 95 mg disorders (abdominal pain,

capsules) twice/ diarrhea, nausea)

day

3.5 mg/kg Upper respiratory tract Peripheral and central [52-54]

cumulative dose
over 2 years

infection, headaches and
lymphopenia and nausea

activity, able to cross the
BBB

Up to date, the DMTs able to cross the BBB include cladribine
[54,65], fingolimod [53,64], siponimod [42,66], ozanimod [45],
ponesimod [67,68] and monomethyl fumarate [49]. These DMTs have
the potential to directly influence the resident cells of the CNS. The high
molecular size of several DMTs, including alemtuzumab (145 kDa) and
nataliezumab (146 kDa), as well as the hydrophilicity of others, such as
mitoxantrone, result in their inability to cross the BBB [14].

For the DMTs crossing the BBB, it remains to be clarified if direct ac-
tions on CNS-resident (immune) cells is required to promote endoge-
nous repair mechanisms and/or provide neuroprotective effects
[53,64]. Another open question is whether higher CNS penetration of
the periphery-restricted DMTs would result in higher efficacy. Indeed,
some DMTs including IFNs, glatiramer acetate and natalizumab have
their molecular targets in the circulating compartment and thus require
no BBB penetration to exert their therapeutic efficacy [69]. Therefore, a
potential strategy for future therapies may be a combination of an early
targeting of peripheral immune cells and of CNS-compartmentalized in-
flammation, along with the provision of neuroprotective and/or neuro-
regenerative drugs [2,14].

4. Focus of research for the development of new MS therapies

During the past two decades, the development of immunotherapies
that act on the inflammatory component of the disease has allowed for
a substantial reduction of CNS lesion formation and relapse rate [70].
However, as the accumulation of permanent disabilities, particularly
during the progressive phase of MS, remains insufficiently prevented by
current therapies, the research community has looked for new treat-
ments. Research focuses on different strategies, including the reduction
of neuro-inflammation, promotion of remyelination and neuroprotec-
tion [71-73]. On the other hand, new promising studies focusing on al-
ternative avenues including targeting immune tolerance, chronic EBV
infection, Bruton's tyrosine kinase, dysbiosis of the gut microbiome,
specific metabolites linked with MS pathogenicity and the coagulation
system have also recently emerged [74,75]. This review will focus on
neuro-inflammation, remyelination and neuroprotection as the other
strategies have been discussed elsewhere [74,75].

Due to the complexity of the disease, no pre-clinical model fully re-
capitulates the full spectrum of human MS. However, several models
modeling different aspects of the pathology are available to study new
drug and therapeutic strategies against MS [76-79]. A model is selected
based on the specific question or the mode of action of the new thera-
peutics to be tested. For experimental drugs targeting neuro-
inflammation as well as for therapies targeting different aspects of the
pathology simultaneously (e.g. neuro-inflammation, neuroprotection,
remyelination) the use of the experimental autoimmune en-

cephalomyelitis (EAE) mouse model is recommended as it is an autoim-
mune-mediated CNS inflammatory and demyelinating model. Indeed,
by using a specific mouse strain with a corresponding autoantigen, one
could mimic different forms of MS [77,78]. For drugs specifically tar-
geting the de-/remyelination processes, toxin-induced demyelination
models would provide an adequate platform (i.e. cuprizone (CPZ),
lysophosphatidycholines (LPC), bromide ethidium). However, as acti-
vation of CNS-resident cells also occurs in these models, the impact of
anti-inflammatory compounds on remyelination can also be assessed,
especially in the CPZ model.

4.1. Neuro-inflammation

Neuro-inflammation is one of the pathological hallmarks of MS,
with microglia and astrocytes as key regulators within the CNS [80].
Given the importance of inflammation at the onset of MS, treatments
are mainly based on anti-inflammatory drugs, including some DMTs
[13]. Activated microglia and astrocytes secrete a series of pro-
inflammatory and anti-inflammatory cytokines and chemokines during
the course of the disease, that can be used as direct or indirect immune
or inflammatory mediators [81]. Specific targeting of the microenvi-
ronment surrounding the glial cells to either enhance phagocytosis of
myelin debris (that hinders effective remyelination) by both microglia
and astrocytes, or to reduce the prolonged inflammatory process, could
contribute to slow down MS evolution [82,83].

Using common models of MS (EAE and CPZ), several molecules
have shown efficacy against neuro-inflammation, the most studied of
which will be discussed hereunder and illustrated in Fig. 2.

An interesting compound expected to become a treatment for MS is
arsenic trioxide, known to treat several autoimmune diseases [84]. Not
only could it reduce several pro-inflammatory cytokines in EAE mice,
but also reduce demyelination, inflammation and microglial activation
in that experimental model. Guo et al. showed that fasudil-modified en-
cephalitogenic mononuclear cells reduced the inflammatory processes
in the spinal cords of EAE-induced mice as well increased the levels of
neurotrophic factors. [85]. Investigations from other groups also
showed that fasudil was able to inhibit neuro-inflammation in an EAE
mouse model [86,87]. Other compounds such as cordycepin [88], gan-
oderic acid A [89], epimedium flavonoids [90], and icariin [91] were
found to hinder the overactivation of microglia and/or astrocytes in the
CNS, improving the symptoms of CNS damage in EAE and CPZ mice.
Several drugs, including lenalidomide, ethyl pyruvate, minocycline,
resveratrol and forskolin to name a few, have been investigated as po-
tential MS therapies for their capacity to target macrophages, microglia
and their polarization [92]. Indeed, lenalidomide, ethyl pyruvate and
forskolin improved MS disease in rodent models by promoting mi-
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Fig. 2. Promising strategies to reduce neuro-inflammation, promote remyelination and neuroprotection for progressive MS. Strategies targeting neuro-
inflammation (anti-inflammatory strategies) include the use of inhibitors of astrocytic (e.g. epimedium flavonoids, resveratrol) and microglial activity (e.g. ar-
senic trioxide, cordycepin, icariin, minocycline, resveratrol), the use of molecules reducing the activation of pro-inflammatory microglia (M1) while promoting
the activation of anti-inflammatory and immune-regulatory microglia (M2) (e.g. fasudil, ganoderic acid, ethyl pyruvate, forskolin), the use of M2 microglia in-
ducers (e.g. lenalidomide) and the repurposed antipsychotic clozapine, for its ability to reduce pro-inflammatory chemokine expression. Strategies promoting re-
myelination include stimulators of OPC differentiation (e.g. clobetasol, bexarotene, 9cisRA, cholecalciferol, liothyronine), molecules neutralizing differentiation
inhibitory signals (opicimumab, clemastine, benztropine, quetiapine, domperidone) and promoting synthesis of myelin (e.g. biotin). Neuroprotective approaches
include preventing oxidative stress (e.g. NAC, lipoic acid), targeting pathways used by neurotrophic factors (e.g. IGF2, neurotrophins, erythropoietin), targeting
glutamate receptors to avoid excitotoxicity, targeting ion channels (e.g. amiloride) and promoting or reducing factors that hinder (e.g. NMNAT2) or promote
(e.g. PHR1, SARM1) neuronal degeneration, respectively. AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, CCL: chemokine ligand, Glu: gluta-
mate, GR: glucocorticoid receptor, IGF2: insulin growth factor, IL: interleukin, iNOS: inducible nitric oxide synthase, LINGO-1 (leucine-rich repeat and Ig do-
main-containing, nogo receptor-interacting protein 1), NAC: N-acetyl cysteine, NMNAT2: nicotinamide mononucleotide adenylyltransferase 2, Oligo: oligoden-
drocyte, OPC: oligodendrocyte progenitor cell, PHR1: phosphate starvation response 1, ROS: reactive oxygen species, RXR: retinoid X receptor, SARM1: sterile
alpha and TIR motif containing 1, TGFp: transforming growth factor beta, TNFa: tumor necrosis factor alpha, VDR: vitamin D receptor. (created with
BioRender.com).

croglia anti-inflammatory and pro-regenerative phenotype (M2) 4.2. Remyelination
[93-95]. Moreover, inhibition of microglia activation and the subse-
quent expression of pro-inflammatory cytokines via minocycline or Recently, a lot of efforts have been made to target remyelination in
resveratrol treatment, reduced the inflammatory response and the de- the scope of MS, as it has been suggested that, in some types of lesions,
myelination process in the CNS of diseased mice [96-99]. persistent demyelination may be the main cause of neurological disabil-
Another research avenue is the repurposing of drugs already in clini- ity in patients [72]. Targeting and/or promoting different stages in-
cal use for other diseases. In this case, researchers identify new thera- volved in the remyelination process to subsequently increase remyeli-
peutic targets for these drugs, decreasing thus the toxicological and pre- nation could be an essential therapeutic method to prevent axonal de-
clinical tests necessary for their validation as a therapy [100]. Atypical generation and, consequently, accumulation of neurological disability.
antipsychotics have gained interest for their immunomodulatory prop- These research strategies have the ultimate goal to find new treatment
erties and their capacity to curb neuro-inflammation [101]. Com- for progressive MS [70].
pounds such as clozapine have been investigated for their effects on im- The number of potential drug candidates to enhance remyelination
mune-mediated neuro-inflammation that occurs in MS (See review: has remarkably expanded over the years. Several experimental strate-
[63D). gies have led to the identification of pro-remyelinating drugs, both re-

purposed and new, with only a few selected for further clinical trials
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(see reviews: [70-72,78,102]. These molecules promote remyelination
via three main strategies, namely (1) stimulation of oligodendrocyte
progenitor cell (OPC) differentiation, (2) neutralization of OPC differ-
entiation inhibitory signals and (3) provision of cofactors for myelin
forming enzymes (Fig. 2). Due to the large amount of available data, a
selection of a few are listed below as examples:

(1) Agonists of the following nuclear receptors; retinoid X receptor;
RXR (bexarotene, 9cis-retinoic acid), vitamin D receptor; VDR
(cholecalciferol), as well as hormone agonist (liothyronine).
Clobetasol, a synthetic glucocorticoid, has been found to induce
OPC differentiation in several pre-clinical models through
activation of multiple hormone receptors (i.e. RXR) or via
glucocorticoid receptor signaling.
Inhibitors of LINGO-1 (leucine-rich repeat and Ig domain-
containing, nogo receptor-interacting protein 1), a receptor that
negatively regulates OPC maturation (opicinumab), inhibitors of
muscarinic receptors M1/M3, both associated with maintaining
OPC in the proliferative state (clemastine, benztropine),
inhibitors of histamine receptors H1 (clemastine) and H3
(quetiapine) as well as inhibitors of dopamine receptors
(domperidone).
(3) Acetyl-CoA carboxylase cofactor (biotin) promotes remyelination
by increasing the supply of fatty acid precursors for subsequent
myelin synthesis.

(2

—

Interestingly, several oligodendrocyte maturation enhancers have
demonstrated a similar mechanism. Muscarinic antagonists (clemas-
tine, benztropine), the repurposed antifungal drug miconazole and se-
lective estrogen modulators (i.e. tamoxifen) increase oligodendrocyte
maturation by enhancing the production of 8,9-unsaturated sterols, in
addition to acting on their known targets [103]. Conversely, RXR mod-
ulators as well as thyroid hormones target transcriptions factors. In-
deed, effective expression of transcription factors such as oligl, olig2
and NKx2.2 is required for the generation of mature oligodendrocytes
[71,104].

Despite the major advances made in remyelination research, MS
therapies targeting remyelination have yet to reach clinical use in MS.
Ploughman et al., recently reported the failure of three clinical trials,
testing high-dose biotin, bexarotene and opicinumab [105]. It was sug-
gested that the failure was mainly due to the lack of consideration of
the deleterious impact of the microenvironment surrounding lesions.
Indeed, the non-permissive environment owing to the secretions of acti-
vated microglia and/or astrocyte might have hindered the efficacy of
the treatment [105]. Moreover, inclusion of trial participants with no
capacity of repair and ignoring the potential synergistic effect of neu-
rorehabilitation and exercise with remyelinating compounds could also
explain this failure. With ageing, oligodendrocytes undergo degenera-
tion and the remyelination process becomes less efficient [106]. There-
fore, recruiting younger participants whose CNS have higher capacity
for remyelination and repair or combining treatment of older partici-
pants with an agent that reverses biological ageing in OPC (i.e. met-
formin) [107] could address these problems. Moreover, several experi-
mental studies in animal models confirm that exercise and rehabilita-
tion enhance neurogenesis, neuronal survival and differentiation [108].
In addition, Bierhansl et al. emphasized the importance of the timing of
drug administration. Indeed, as remyelination immediately starts after
the onset of inflammatory demyelination, drug administration should
be carried out in the early remyelination phase, targeting thus the in-
flammatory oligodendrocyte/OPC phenotype [75]. Lastly, the poor
CNS penetration of the remyelinating drugs could also hinder their ca-
pacity to induce robust remyelination in MS patients [15,109]. Increas-
ing the delivery of these drugs into the CNS could contribute to an in-
creased therapeutic effect. The discovery and development of new pro-
remyelinating drugs remain thus a major unmet medical need.

Journal of Controlled Release xxx (xxxx) 1-24
4.3. Neuroprotection

Researchers and clinicians have also recognized the importance of
developing strategies that aim at preventing neuronal and oligodendro-
cyte injury in MS, independent of inflammatory processes. Such ap-
proaches may be beneficial in progressive forms of MS during which
neurodegeneration occurs without evident inflammatory injury
[74,110]. From 2014 to 2020, 221 studies aiming to either increase
trophic support for oligodendrocytes and axons, stimulate oligodendro-
genesis, stimulate remyelination or promoting axonal regeneration and
integrity have been reported [110].

The goal of neuroprotection is to preserve CNS architecture and
function in potentially damaging situations (Fig. 2). At present, neuro-
protection is being investigated by targeting the pathways used by neu-
rotrophic factors, and by using ion channel modulators or compounds
that trigger the antioxidant response [71]. Neurotrophic factors (e.g. in-
sulin growth factor, neurotrophins or erythropoietin) have long been
investigated as potential treatments for MS. However, the use of recom-
binant neurotrophic factors has been unsuccessful in different clinical
trials owing to their poor penetration inside the CNS and poor clinical
trial design [111,112].

Another strategy involves prevention and/or reduction of oxidative
stress, a process involved in cell degeneration in all stages of MS. Sev-
eral compounds with antioxidants properties have been explored as po-
tential therapies [113], among which N-acetyl cysteine (NAC) and
lipoic acid. NAC is a glutathione precursor previously studied in pro-
gressive MS [114] whereas lipoic acid is a commonly used antioxidant
with potential neural protective properties [115,116]. Both molecules
are each being tested in a phase 2 study of progressive MS with the ob-
jective to show a beneficial impact of NAC on CNS atrophy (NC-
T05122559) and to determine whether lipoic acid can protect the brain
(NCT03161028) [74].

Ion channel modulators (i.e. amiloride) have also been investigated
to induce neuroprotection, as they have demonstrated benefits in ani-
mal models and small clinical studies [71]. Moreover, molecules modu-
lating calcium signaling have gained more interests due to the critical
role of calcium in several signaling cascades in the neurons. Indeed, the
overactivation of glutamate receptors, a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and kainate (also known as excitotoxi-
city) is a well-known neuronal damaging mechanism in MS leading to
increased levels of intracellular calcium and consequently provoking
cell death [117,118]. ROS formation and release of apoptotic proteins
have also been associated with increased intracellular calcium. Com-
pounds with the capacity to reduce glutamate-induced neuronal excito-
toxicity and drugs that directly interfere with calcium homeostasis have
thus been identified and thoroughly investigated for their neuroprotec-
tive capacities in MS [110,118].

Lastly, therapies preventing axon loss have been explored thanks to
the understanding of the biology of axon damage. Following activation
of the neuronal degenerative process subsequent to axon damage, key
molecules act to protect axons from degeneration such as nicotinamide
mononucleotide adenylyltransferase 2, or to promote degeneration (i.e.
phosphate starvation response 1 and sterile alpha and TIR motif con-
taining 1) [119]. Targeting these factors has been used as an approach
to develop neuroprotective agents [71,120].

The following strategies allowed the identification of promising
drugs, targeting different aspects of the disease mainly focused in the
CNS compartment. While some of the listed compounds act on CNS
processes via mechanisms in the periphery, others require entry to the
CNS. In this context, several strategies have been developed to increase
drug delivery to the CNS. Among these strategies, nanocariers have
been used as vehicles to protect the drug of interest during its transport
to the CNS or as a strategy to reach the CNS as some of them have been
shown to cross the BBB. These approaches will further be discussed in
the following sections.
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5. Drug delivery strategies to the CNS
5.1. Barriers limiting access to the CNS

As mentioned above, access to the CNS is hindered by the presence
of several biological barriers, namely the arachnoid layer, the epithelial
cells of the choroid plexus forming the blood-cerebrospinal fluid barrier
(BCSFB) and the BBB (Fig. 3). Thus, strategies that would increase/fa-
cilitate access and accumulation in the CNS could offer MS drugs addi-
tional opportunities to resolve the neuro-inflammatory and neurode-
generative processes involved in the progressive forms of MS.

The arachnoid layer is the external layer of the meninges that sur-
rounds the CNS. It forms a relatively avascular membrane that has a
surface area smaller than either the BCSFB and the BBB, thus does not
promote nutrient and drug exchanges and in consequence, will not be
considered as a drug exchanging interface [121].

The BCSFB is located at the interface between the blood and the
CSF. The CSF is produced by the choroid plexus, and is contained
within the two lateral ventricles and lines up the midline within the
third and fourth ventricles. The ventricle main function is to produce
the CSF [16]. The BCSFB is not as limiting as the BBB as certain drugs
that do not cross the BBB do cross the BCSFB and enter the CSF at a rate
inversely related to molecular weight, but do not enter the brain
parenchyma [122]. Moreover, this barrier does not cover a surface area
as wide as the BBB (3 folds less) [123]. However, it washes up a signifi-
cant amount of drug, based mainly upon the permeability coefficient of
the drug, via a constant flow of CSF [122].

The main biological barrier limiting drug delivery to the brain re-
mains the BBB. This barrier is comprised of different cell types, includ-
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ing brain microvessel endothelial cells (BMECs), astrocytes, pericytes,
and neuronal cells (Fig. 3). The BBB main functions are to protect the
brain parenchyma from toxic agents circulating in the blood as well as
providing a significant barrier to the entry of drugs and other exoge-
nous compounds into the CNS [124,125]. It therefore ensures the
homeostasis of the CNS by regulating transport of specific compounds
and nutrients as well as barring the passage of potentially deleterious
molecules [126]. Compared to peripheral endothelial cells, BMECs
have several specific characteristics, including no fenestrations, a rela-
tively low endocytic activity, which limits the transcellular flux, and
high trans-endothelial electrical resistance, due to the continuous tight
junctions between the cells that restrict paracellular transport [16,124].
This highly selective structural and biochemical barrier restricts and
controls the entry of circulating molecules (amino acids, glucose, drugs,
etc.) from the blood into the CNS and vice versa. Under physiological
conditions, the BBB prevents entry of large molecules (> 1 kDa) as well
as more than 98% of small molecules, proteins and peptides (500 —
1000 Da) [127].

During MS pathology, the impairments of the BBB have a double ef-
fect. During the onset of the disease, immune system abnormalities in-
duce alterations in the BBB tight junctions which facilitate migration of
activated peripheral cells to the CNS. It Is unclear whether the disrup-
tion of the BBB is a result of the pathology or its cause but it is also re-
flected during the relapse phases of the disease. However, as the disease
progresses, demyelination and neurodegeneration increase due to CNS
self-sustained processes [128,129]. The absence of gadolinium positive
lesions (used in magnetic resonance imaging as a consequence of BBB
disruption) in the progressive forms of MS, suggests a compartmental-
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Fig. 3. Biological barriers of the CNS. The three main barriers include (A) the arachnoid barrier, (B) the blood cerebrospinal fluid barrier (BCSFB) and (C) the blood-
brain barrier (BBB), identified in a (D) schematic sagittal brain/skull section. The arachnoid barrier is the external layer of the meninges that encases the CNS. The
BBB is formed at the endothelial plasma membrane of the brain parenchyma capillary and is composed of blood microvessel endothelial cells (endothelial cells), as-
trocyte processes end-feet forming the “glia limitans” and pericytes. The BCSFB is formed by the epithelial plasma membrane of the choroid plexus and separates CSF
from blood. Of the three barriers, the BBB is at the closest vicinity to the brain parenchyma and thus offers the most opportunities for CNS drug delivery. CNS: central

nervous system, CSF: cerebrospinal fluid. (created with BioRender.com).
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ized injury in the CNS that is secondary to the integrity of the BBB after
an unknown period of MS evolution [129].

5.2. Strategies to overcome/bypass the BBB

In order to reach therapeutic levels of drugs in the CNS, several
strategies have been developed to bypass and/or overcome the BBB.
These strategies include invasive and non-invasive methods as depicted
in Fig. 4, where in both cases, nanocarriers can serve as a protective
shuttle during the transport of the therapeutic drugs to the CNS. Addi-
tionally, as several nanocarriers have the ability to cross the BBB, their
use alone (with the encapsulated or grafted cargo) can serve as a CNS
drug delivery strategy.

Some approaches take advantage of the main transport pathways
used by molecules that can cross the BBB, including the passive tran-
scellular diffusion, carrier-mediated transport and receptor-mediated
transcytosis [125]. These strategies are considered non-invasive as they
only require modifications of the drug of interest to allow their trans-
port across the BBB (Fig. 4). Chemical modifications include increasing
the lipophilicity of the drug by attaching a lipophilic moiety (able to
cross the BBB) to form a prodrug that will undergo transformations to
become biologically active when localised in the brain parenchyma
[130,131]. Genetic modifications are carried out when drugs cannot
tolerate chemical modifications. This include the use of a molecular
Trojan Horse which consist of the genetic fusion of a vector that binds a
specific endogenous receptor or transporter on the luminal side of the
BBB, enabling its transport in the CNS [132]. Molecules such as the en-
zymes o-l-iduronidase and sulfamidase [133,134] as well as nanoparti-
cles (e.g. liposomes) [135,136] have used this approach to increase
their accumulation in the CNS. This strategy allowed the delivery of 1
to 3 % of the administered dose of therapeutics in the brain following
intravenous administration [132]. The main limitation of these strate-
gies are the properties of the drugs of interest and their compatibility
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with such modifications. For the progressive forms of MS, as the BBB is
considered intact, its composition in terms of receptor distribution
should not be affected, increasing thus the feasibility of these ap-
proaches.

Other strategies aim at transiently modifying the permeability of the
BBB by opening the tight junctions using hyperosmotic solutions, chem-
ical disruption or focused ultrasound (FUS) (Fig. 2). Hyperosmotic
shock is achieved by intracarotid injection of a highly concentrated sac-
charide solution (e.g. mannitol or arabinose) [137,138]. Alternatively,
the simultaneous intracarotid injection of the therapeutic drug with va-
soactive agents, stabilizers or adjuvants (e.g. bradykinin [139], alkyl-
glycerols [140], and histamine [141]) enables a temporary chemical
disruption of the BBB. However, these methods do not allow any spe-
cific targeting nor any control of drug release and are associated with a
potential risk of accumulation of neurotoxic compounds [124]. The use
of focused ultrasound (FUS) on the other hand, represents a less inva-
sive technique that can stimulate local and reversible opening of the
BBB when used in conjunction with microbubble contrast agents (e.g.
optison, perflutren lipid microsphere) [142-144]. The latter are intra-
venously administered before exposure to FUS and enable a controlled
and consistent multi-target BBB disruption when infused [144]. In the
context of MS, increasing the permeability of the BBB should be oper-
ated with caution to avoid worsening of the disease. FUS is advanta-
geous over the other strategies as it can be targeted to a small focal vol-
ume. However, while opening of the BBB using FUS in Alzheimer dis-
ease rodent models resulted in the amelioration of the pathology [145],
Schregel et al. used this technique to increase lesion occurrence at the
sonicated location in EAE-induced mice [146].

Several approaches bypass the BBB altogether when delivering ther-
apeutic compounds to the CNS (Fig. 4). These strategies include direct
injections of the drug into the brain parenchyma (intracerebral or intra-
parenchymal injections) or direct delivery to the CSF either through the
skull into the CSF-filled lateral ventricle (intracerebroventricular) or
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via lumbar puncture into the spinal canal (intrathecal injections)
[16,124]. To achieve a more continuous and controlled release of the
bioactive molecules, intracerebroventricular devices, such as the Om-
maya reservoir [147] or microchips [148,149] are implanted into the
brain parenchyma and/or the ventricles. These approaches have several
advantages including reduced systemic penetration and no metabolism
in the blood stream. Nonetheless, the drugs infused via these methods
have a slow diffusion coefficient which is dependent on the drug molec-
ular weight, polarity, tissue affinity and localisation of administration
[124]. Although a great percentage of the drug is locally delivered to
the CNS, these methods are quite invasive and cannot be routinely car-
ried out. Alternatively, a minimal invasive strategy involving the
stereotactic placement of micro-pumps that maintain hydrostatic pres-
sure, namely convection enhanced delivery (CED), have also been used
[150,151]. This system allows to homogenously distribute a greater
volume of drug to targeted regions of the CNS using a positive pressure
gradient.

Although very interesting, these last strategies require surgical pro-
cedures and are thus less suitable for multiple dosing, the latter being
essential for MS therapies. Moreover, as BBB disruption and lympho-
cyte trafficking are among the most important pathological processes of
MS [129], using strategies that increase BBB permeability to increase
CNS delivery might not only exacerbate autoreactive lymphocyte infil-
tration but also increase the potential accumulation of toxic agents.
Modification of the drug of interest to exploit transport pathways of the
BBB is thus the best strategy in the context of MS. Alternatively, an in-
teresting non-invasive approach to deliver drugs to the CNS, avoiding
the BBB altogether, is the use of the nose-to-brain (N2B) route, further
discussed in the following sections.

5.3. Nose-to-brain delivery - general concepts

In the past decade, an increased interest in nasal delivery, mainly for
the growing field of N2B delivery in the context of CNS diseases has
been observed [152-155]. This administration route enables direct
transport of the therapeutic drugs from the nasal cavity to the brain,
avoiding thus the BBB. Furthermore, in addition to the many advan-
tages provided by the intranasal administration route, including mini-
mized systemic exposure, avoidance of hepatic first-pass metabolism,
rapid onset of action, as well as increased patient comfort and compli-
ance [156], the potential of self-medication as well as multiple dosing
are particularly interesting for chronic diseases [157].

The transport mechanisms of the drug from the nasal cavity to the
brain are not fully understood, however, four main pathways have been
described [158-160] (Fig. 5). Once in the nasal cavity, the drug is ei-
ther transported via the olfactory (in the olfactory region) and/or the
trigeminal nerve (in the respiratory region of the nasal cavity) via intra-
cellular and/or extracellular mechanisms. The intracellular mechanism
begins with internalisation of the drug in the neuron, followed by traf-
ficking of the endocytic vesicle within the neurone’s axon and exocyto-
sis of the cargo in the olfactory bulb and brainstem for the olfactory and
trigeminal nerve, respectively [161]. The extracellular pathway entails
the transport of the drugs in the perineural space alongside the nerve’s
axons via bulk flow processes [155]. The high vasculature of the respi-
ratory epithelium exposes the drugs to the systemic circulation, allow-
ing their accumulation in the brain depending on their capacity to cross
the BBB [160,161]. Lastly, a transport through or alongside the sup-
porting cells located at the olfactory epithelium can also occur [159].

Some limitations have been associated with this delivery route. In-
deed, due to the small surface area of the nasal cavity, the efficacy of
the N2B transport is restricted to small volumes administered (20-200
ul for rodents [154,162] and up to 500 pl for humans [163]). The ad-
ministration of higher volumes leads to drainage of the excess into the
oesophagus or increase leakage. Moreover, these volumes help mini-
mize the potential for suffocation [154,162]. Studies using human nasal
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cast models and mathematical algorithms have shown that ideal parti-
cle size for olfactory region deposition and efficient N2B in humans is 1
nm to 10 pm, with a flow rate between 5-20 L/min [164,165]. Based on
these studies, several devices have been developed to promote deposi-
tion to the olfactory region including ViaNase [166], an electronic at-
omizer developed by Kurve Technology®, Opt-Powder by Optinose®, a
bi-directionnal delivery device [167], the Unit Dose system by Aptar
Pharma, suitable for liquid and powdered drug delivery [168], the Pre-
cision Olfactory Delivery® by Impel Neuropharma that uses a gas pro-
pellant to deliver liquids and powders to the olfactory epithelium [169]
and the Sipnose device by SipNose LTD, a pressurized delivery system
that enables delivery of small particle aerosols without deposition in
the lower airways [170]. Among these devices, the Precision Olfactory
Delivery®, Optinose® and ViaNase have been specifically evaluated
for delivery to the brain, making them thus more appropriate for a po-
tential MS treatment. Indeed, the ViaNase™ device was tested in a clin-
ical trial with patients with cognitive impairment related to MS (NC-
T02988401). However, it is important to note that cross-comparisons of
such devices are difficult as these devices use different formulations
(powders vs liquids) and measure different endpoints. The selection of
the most appropriate device should thus be based on their advantages
and drawbacks depending on each specific drug tested in the context of
MS. The presence of enzymes in both the olfactory and respiratory mu-
cosa lead to local enzymatic degradation and limited drug absorption
[168]. Furthermore, drug residence time in the nasal cavity is further
diminished by the nasal ciliary clearance as well the presence of efflux
pumps (i.e. P-glycoprotein (P-gP) efflux pump) [152,159].

Successful CNS drug delivery through the nasal route is thus greatly
influenced by the physico-chemal properties of the drug of interest.
Some properties reduce the ability of the drug to reach the CNS follow-
ing this administration route (Table 2). Several strategies have thus
been proposed to increase their N2B transport (Table 2). Among these
strategies, the use of nanocarriers to encapsulate the therapeutics drugs
was proposed, enabling their protection against the actions of the nasal
cavity enzymes. Moreover, via the functionalization or the composition
of the surface of the nanocarriers, evasion of the P-gP efflux pump
mechanisms can be mediated, increasing thus the bioavailability of the
drug during the N2B transport [168].

5.4. Nanomedicine for CNS drug delivery in the scope of MS

5.4.1. Criteria for drug delivery in MS

In addition to increasing the delivery of MS drugs in the CNS while
protecting them from potential enzymatic degradation, nanotechnol-
ogy offers other advantages in the scope of neuro-degenerative diseases
like MS. Although increased therapeutic options for MS patients are of-
fered, there are still some limitations regarding the routes of adminis-
tration available and the necessity for long-term and repeated dosing,
that induces systemic disadvantageous consequences and patient non-
compliance [18]. Less than half of patients with chronic diseases such
as MS adheres to their prescribed treatments, which impedes the full
benefit of the medication, worsens disease outcomes, and accelerates
disease progression [182,183]. In MS, poor adherence to treatment neg-
atively impacts the quality of life, disease progression and MS-related
hospitalization [184]. Highly effective medications that require less fre-
quent administration are favored in terms of tolerability and adherence
[7]. In that regard, nanomedicine is a promising approach to not only
allow prolonged release of the therapeutic compounds, but also to tar-
get specific cells or CNS regions when delivering drugs to the CNS. The
latter would thus allow to increase local drug delivery and reduce sys-
temic adverse effects.

5.4.2. Main nanocarriers for CNS drug delivery
A wide array of nanocarriers such as nanoparticles (NP), natural and
artificial vesicles, has been widely investigated as drug delivery systems
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Fig. 5. Overview of the N2B transport mechanisms. Drugs administered to the nasal cavity reach the CNS via the olfactory (A) and/or the trigeminal (B) nerve
pathways. The drugs can be a) internalised into the nerve cell and exocytosed at the nerve’s projection site, b) transported alongside the nerve in the perineural
space via bulk flow processes, ¢) through and/or d) between the supporting cells of the olfactory epithelium. Moreover, drugs can enter the circulation in the res-
piratory region of the nasal cavity and reach the CNS according to their ability to cross the BBB. CSF: cerebrospinal fluid. (created with Biorender.com).

for CNS application, over the past few years [18,185,186]. Among
them, the main characteristics of the nanocarriers most frequently used
in the context of MS will be discussed hereunder (Fig. 6).

Poly (lactic-co-glycolic acid) (PLGA) NP are well-studied polymeric
NP that can encapsulate small hydrophobic drugs, proteins and nucleic
acids. Although their formulation requires the use of organic solvents,
PLGA NP are biocompatible, biodegradable and suitable for lyophiliza-
tion [187]. Extracellular vesicles (EVs) or exosomes are small vesicles
in the nanometer scale composed of a lipid bilayer surrounding an
aqueous core (Fig. 6). They can be secreted by most cell types of the
body and their lipid, protein and nucleic acid content depend on the
parent cell [188]. Although their drug loading efficiency is low, their
low immunogenicity and their natural affinity to target cells distinguish
them from other nanocarriers [19,188]. Lipid-based nanocarriers in-
cluding liposomes, solid lipid nanocarriers (SLN), nanostructured lipid
carriers (NLC), lipid nanoparticles (LNP) and lipid nanocapsules (LNC)
are ideal drug delivery systems (Fig. 6), mostly for lipophilic drugs,
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with the capacity to interact with different molecules/cell types via sur-
face functionalization [185,189,190].

The main considerations when selecting a nanovesicle for CNS de-
livery are the physico-chemical properties of the drug of interest, as
well as the drug release profile wanted and the localization of its poten-
tial targets within the CNS. For hydrophilic drugs, the use of liposomes,
as well as polymeric NP, such as PLGA NP, or EVs are often used, al-
though PLGA NP and EVs are known for low encapsulation efficiency of
water-soluble drugs. The use of modified formulation processes, such as
the use of microfluidics, can increase the loading efficiency in PLGA NP
[191,192]. With microfluidics, the encapsulation of macromolecules
such as protein and siRNA in PLGA NP is also possible. The brain uptake
mechanisms of these NP include passive diffusion across the BBB for un-
modified PLGA NP or active endocytosis mechanisms, such as adsorp-
tion-mediated transcytosis, receptor-mediated transcytosis and carrier-
mediated transport [193]. These pathways require the modification of
the NP surface with components favoring the BBB endocytic pathways
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Table 2
Strategies to facilitate the N2B transport.
Drug characteristics Impact on N2B Strategies to increase References
hindering N2B transport N2B transport
transport
Size > 1000 Da Lower adsorption Permeation enhancers to  [170-172]
through the increase membrane
olfactory and nasal fluidity and/or tight
epithelium junction permeability
and/or generate
hydrophilic pores (e.g.
cyclodextrins, surfactants,
saponins)
Cell-penetrating peptides  [168,173,
to facilitate transport 174]
across membranes (e.g.
penetratin, TAT)
Mucoadhesive agents [159,172]
(e.g. chitosan) to enhance
permeation by opening
tight junctions
Not mucoadhesive Low nasal residence Mucoadhesive agents [159,172]
time and brain (e.g. carbopol) to
uptake increase the nasal mucosa
permeation by opening
tight junctions while also
increasing adhesion into
nasal cavity
Substrates of the Active efflux P-gP inhibitors (e.g. [175,176]
P-gP efflux pump  transport as the verapamil, cyclosporine)
multidrug Broad category of [160,
resistance pump is  nanocarriers to by-pass 177-179]
extensively this barrier and enhance
distributed and absorption and delivery
expressed across of bioactive
the nasal mucosa drugs to brain
Substrates of Enzymatic Enzyme inhibitors (e.g. [180,181]
enzymes present degradation or bestatin, amastatin,
in the nasal cavity metabolism in the  phospholipids)
(mainly proteins nasal cavity Broad category of [160,
and peptides) nanocarriers to protect 177-179]

the encapsulated cargo
against drug metabolism
in the nasal cavity

(e.g. positive charges, ligands, etc.) and increases the low brain uptake
observed with the unmodified NP [193,194]. On the other hand, EV
transport mechanisms across the BBB have not yet been fully eluci-
dated. However, evidence suggests that transcytosis is their main route
of transport [195]. The encapsulation efficiency of small hydrophilic
drugs in liposomes is highly influenced by their size (the larger the size,
the greater the loading) [196]. Moreover, these NPs have been shown
to cross the BBB and deliver a sufficient amount of both hydrophilic and
lipophilic anti-cancer drugs to the CNS [197].

For lipophilic drugs, several options are available. However, the use
of lipid-based NP is preferred as the bioavailability of such drugs is
when encapsulated in lipid-based NP in comparison with polymeric NP,
due to the physiological stability of the lipids [197]. Between the differ-
ent lipid-based nanocarriers, the choice can be made depending on the
specificity and practicality of the nanocarrier itself. For long stability
and straightforward production, LNC are of particular interest as their
preparation process is organic solvent-free with the possibility to scale-
up their formulation [198]. Moreover, due to the presence of the pegy-
lated non-ionic surfactant (Kholliphor HS 15) in their formulation, a
transient inhibition of the P-gP efflux pump (present at the surface of
the BBB) as well as an evasion of the mononuclear phagocyte system
clearance increase their ability to cross the BBB [199-201]. Although
less stable than LNC, liposomes have their advantages, especially in the
translational aspect, as several medications using these NP have
reached the market (e.g. Doxil®, Onivyde®, Vyxeos®, etc.) [202]. Al-
ternatively, SLN and NLC can cross the BBB via endocytosis influenced
by the developing concentration gradient [203,204]. The presence of
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surfactant in the formulation contributes to the increased membrane
fluidity as well as better attachment to lipoprotein receptors that sup-
port brain delivery [204]. However, even though higher drug loading
and stability can be achieved with SLN and even more with NLC com-
pared to liposomes, the clinical application of these NP is limited due to
challenges with scale up aspects [205].

Altogether, each nanocarrier has its own limitations and advan-
tages. The selection of the most appropriate NP will depend on the spe-
cific requirements of the cargo as well as its application. In the context
of MS, and more specifically for the progressive forms of MS, the
nanocarrier must efficiently deliver therapeutic amounts of the drug of
interest in the CNS, its formulation process must be reproducible and
scalable for a potential clinical application, as well as depict a pro-
longed sustained release for reduced administration frequency and in-
creased patient compliance. However, the latter is not as essential if the
administration route is non-invasive and patient friendly (i.e. using the
nasal route, as discussed in section 5.3), suitable for multiple adminis-
trations.

5.4.3. Nanomedicine-based approaches in the scope of MS

Nanotechnology presents promising approaches to improve autoim-
mune disease treatment, such as MS, with the ability to overcome many
of the limitations discussed above associated with the current biological
and immunosuppressive therapies. Nanotechnology has recently been
employed for the diagnosis of MS with an improved efficacy [206]. De-
velopment of nanomedicine-derived sensors to detect biomarkers in the
CSF, and nanomedicine-based contrast agents to scan MS lesions using
MRI have shown the potential of using nanotechnology as a diagnostic
tool for MS (see review [207]). In this review, we will focus on the use
of nanomedicine as drug delivery carriers and/or therapeutic agents.

Several nanocarriers, as depicted in Fig. 6, have been used for their
intrinsic properties and/or as nanocarriers to deliver specific drugs in
different preclinical models of MS. The main nanovesicles used include
polymeric-based NP (PLGA), lipid-based NP (SLN, NLC and liposomes)
and EVs.

Polymeric NP, with a focus on PLGA NP, have been used in MS re-
search due to their numerous advantages as mentioned previously.
PLGA NP have successfully delivered several interesting drugs to the
CNS. Leukemia inhibitory factor (LIF), a pro-remyelinating cytokine
easily degraded in vivo, was encapsulated in PLGA NP to promote OPC
differentiation in animal models [208]. An anti-NG2 antibody was
grafted at the surface of the NP to further target OPCs. Intralesional de-
livery of the NG2-targeted LIF-NP significantly increased OPC differen-
tiation and remyelination in a mouse model of lysolecithin (LPC)-
induced demyelination [208]. Moreover, LIF-PLGA NP, targeted to
CD4+ T cells by conjugating an anti-CD4 antibody at the NP surface,
were able to cross the BBB and accumulate in the brain following intra-
venous injections [209]. These NP demonstrated neuro-protective and
anti-inflammatory properties in two EAE mouse models, following in-
traperitoneal and intra-cranial injections [209]. Additionally, the use of
PLGA NP was also explored to deliver IFN f-1a, an FDA-approved MS
drug, as its efficiency is limited by its low plasmatic half-life following
intravenous injections. Fodor-Kardos et al. produced IFN p-la-loaded
PEG-PLGA NP via nanoprecipitation and showed that following subcu-
taneous injections, mild toxicities were observed in the kidneys of the
rats due to the nanocarrier [210]. Further investigations are thus
needed to produce IFN f-1a-loaded PEG-PLGA NP with low or no toxici-
ties in vivo, to further assess the neuroprotective effect of the system.

Among the existing lipid nanocarriers, liposomes, SLN and NLC are
considered as great tools to protect and deliver drugs to specific CNS
targets (via functionalization of their surface) in the scope of MS (Table
3).

Liposomes have been often used to deliver glucocorticoids such as
prednisolone in experimental animal models of MS. To increase plasma
circulation time, PEG-coated liposomes were produced. Besides im-
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proved clinical scores observed in EAE rats, PEG-coated liposomes
loaded with prednisolone showed better accumulation in inflamed or-
gans (brain and spinal cord) compared to free drug [211,212]. Never-
theless, conjugation of a BBB targeting ligand (i.e. glutathione, as its
transporter has been shown to facilitate drug delivery to the CNS) sig-
nificantly improved PEG-liposome accumulation in EAE mice spinal
cord and further improved EAE clinical score and pathology in rats
[211] and mice [213]. Similarly, sterically stabilized PEG liposome,
loaded with methylprednisolone pro-drug (methylprednisolone
hemisuccinate) or tempamine, an antioxidant and anti-inflammatory
agent, ameliorated clinical signs of EAE in mice [214]. However, active
targeting of these liposomes via covalent attachment of short peptide
fragments of ApoE or $-amyloid was not more efficient than the unmod-
ified liposomes [214]. Although Turjeman et al. do not discuss their tar-
geting choices, functionalization with ApoE-derived peptides has been
shown to increase the interaction of nanoliposomes binding amyloid-
beta peptide with brain capillary endothelial cells [215] and to improve
the transport of NP across an in vitro model of the BBB [216,217].

SLN are used in MS research to enable oral delivery of promising
compounds as well as promote delivery to the brain. Pegylated methyl-
prednisolone-loaded SLN were produced for efficient delivery to the
brain [218]. SLN surface was modified via conjugation of an antibody
(anti-contactin 2 or anti-neurfascin) to target antigens expressed at the
node of Ranvier of myelinated axons. Contrary to in vitro results, the un-
modified SLN showed better penetration ability of the BBB compared to
the antibody-functionalized and PEGylated SLN after injection in CPZ
mice [218]. Ohja et al. study depicted the development of dimethylfu-
marate (DMF)-loaded SLN. The latter showed a longer half-life com-
pared to the free drug in rats following oral administration, a promising
system for better management of MS [219]. Lastly, SLN were used to
orally deliver methylthioadenosine, a natural nucleoside with interest-
ing MS-related properties [220]. Oral administration of the formulation
increased locomotor activity, motor coordination and myelination of
CPZ-exposed mice.
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NLC are mainly used to improve the bioavailability of MS-approved
drugs in the brain and plasma as well as to reduce their toxicity.
Ghasemian et al. produced baclofen-loaded NLC, a hydrophilic drug
used in MS to treat spasticity [221]. Intraperitoneal injection of ba-
clofen-NLC increased baclofen half-life in plasma (10 fold) and brain
(1.5 fold) of rats and provided a prolonged effect compared to the aque-
ous solution of the drug. NLC were also utilized to encapsulate DMF, an
MS drug in need of increased brain permeability and gastric tolerance
[222,223]. Oral and brain bioavailability of DMF was significantly in-
creased in rats following oral administration of DMF-loaded NLC com-
pared to free drug [222]. Furthermore, a single oral administration of
DMF-NLC increased motor coordination, locomotive activity and
myelin sheath recovery in CPZ-exposed mice compared to free DMF
[223]. Lastly, NLC loaded with teriflunomide induced rapid remyelina-
tion of damaged axons in CPZ-exposed rats compared to control, with
no toxicity observed in the liver and kidneys [224]. However, no com-
parison was made with the free drug.

EVs have been used in MS research owing to their interesting intrin-
sic properties (i.e. their lipid, protein, nucleotide content), dependent
on their parent cell. The immunomodulatory and anti-inflammatory
properties of mesenchymal stem cell (MSC)-derived EVs have sup-
ported their evaluation in several models of MS [225-228]. EVs derived
from activated dendritic cells have shown greater efficacy in EAE mice
compared to EVs derived from inactivated cells [229]. This was hypoth-
esized to be due to the presence of anti-inflammatory microRNAs
(miRNA) as well as miRNA involved in oligodendrocyte differentiation
in EVs-derived from activated cells [226,229,230]. Promising results in
EAE and CPZ mice were also obtained with EVs derived from other par-
ent cells, including neural stem cells (NSC), rhesus monkey MSC and
oligodendrocytes [231-233]. In addition to this, EVs are used as
nanocarriers for their targeting properties, their capacity to solubilize
and stabilize lipophilic drugs as well as their ability to cross the BBB.
They have been used to administer several types of molecules (e.g.
growth factors, miRNAs, anti-inflammatory and/or neuroprotective
compounds) in different animal models of MS [234-238]. Zheng et al.
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Non-exhaustive list of nanomedicine-based approaches in the scope of MS. The papers were selected to illustrate the different roles these nanocarriers were used
for in the scope of MS, namely to induce immune tolerance, to deliver different types of drugs or to take advantage of their intrinsic properties. AhR: aryl hydro-
carbon receptor, EAE: experimental autoimmune encephalomyelitis, i.c.: injection into cisterna magna, CPZ: cuprizone, i.n.: intranasal, i.p.: intraperitoneal, i.v.:
intravenous, LIF: Leukaemia inhibitory factor, MBP: myelin basic protein, MOG: myelin oligodendrocyte glycoprotein, MSC: mesenchymal stem cells, NP:
nanoparticle, NSC: neural stem cells, NV: nanovesicle, OPCs: oligodendrocyte progenitor cells, PGDFa: platelet-derived growth factor alpha, PLP: proteolipid pro-

tein, s.c.: subcutaneous TMEV: Theiler’s murine encephalomyelitis virus

Type of NV Function of the Characteristic of the NV and administration route Main effects in preclinical models References
NVs
PLGA Used to induce PLGA loaded with antigens (i.e. MOGSS’SS) and IL10 Amelioration of EAE clinical scores, decreased CNS lesions and [245]
immune tolerance  (s.c.) inflammation
PLGA loaded with PLP139,151 together with rapamycin Inhibition of autoreactive T cells and stimulation of regulatory [246]
used as adjuvant (s.c. and i.v.) immune cells, prevention of EAE and relapses in EAE mice
Small PLGA loaded with vitamin D and MOG35,55 + Reduced activation of macrophage and microglia, decreased [247]
large PLGA loaded with GM-CSF and TGF-f1 (s.c.) infiltration of CD4+ T cells and recruitment of dendritic cells towards
tolerogenic phenotype in EAE mice
PLGA loaded with several regulatory molecules (i.e. Ameliorated EAE with reduced neuro-inflammation and demyelination [248]
TGF-p and myelin peptides) with MHC I/II peptides at in EAE mice
the surface (i.v)
PLGA loaded with PLP139-151 No assessment of the nanomedicine efficacy in vivo [249]
MOGSS’SS—conjugated PLGA (i.v.) Amelioration of EAE clinical scores and reduced infiltration of immune [250]
cells in the brain of EAE mice
PEG-PLGA loaded with MOGB‘&55 (s.c.) Amelioration of EAE symptoms associated with lower complement [251]
activation, neutrophil recruitment thus creating a tolerogenic
microenvironment in EAE mice
Used as PLGA loaded with LIF with antibody against NG2 on  Increased differentiation of OPC and remyelination with increased [208]
nanocarrier their surface to target OPC (intralesional) number of myelinated axons and increased thickness in mouse model
of LPC-induced demyelination
PLGA loaded with LIF with antibody against CD4 on  Reversal of EAE-induced paralysis and reduced inflammation in EAE [209]
their surface to target CD4+ T cells (i.p., i.v. and mice
intra-cranial)
PLGA loaded with IFN p-1a (s.c.) Mild toxicity observed in rats thus no assessment of the nanomedicine [210]
therapeutic efficacy
Liposome Used to deliver PEG-liposomes loaded with prednisolone (i.v.) Successful accumulation in inflamed organs and improved EAE [212]
glucocorticoids compared to free drug in rats
PEG-liposomes conjugated with glutathione (GSH) (for Decreased EAE clinical signs more than PEG liposome and better [211]
brain targeting) loaded with methylprednisolone (i.v.) accumulation in CNS of EAE rats in the presence of GSH
GSH-PEG liposomes loaded with methylprednisolone  Decreased EAE severity, infiltration of immune cells, activation of [213]
(i.v.) astrocytes, axonal loss and demyelination in EAE mice
Sterically stabilized PEG liposomes loaded with Active targeting similar to passive, both nanomedicines improved [214]
tempamine or methylprednisolone prodrug, the latter clinical signs and pathology of EAE in mice
with or without active targeting (covalent link to
ApoE or p-amyloid) (i.v.)
Used to induce Mannosylated liposomes loaded with MBP45.52’ Mannosylation and the liposome-mediated synergistic effect of the [252]
immune tolerance MBPm'39 or MBP147.170 (s.c.) mixture of 3 MBP peptides significantly suppressed the progression of
EAE, prevented circulation of autoantibodies and reduced production
of Thl pro-inflammatory cytokines in EAE rats
Liposomes loaded with MOGSS55 and AhR agonist Suppressed development of EAE and infiltration of immune cells and  [253]
(s.c.) induced tolerogenic dendritic cells in EAE mice
Phosphatidylserine-rich liposomes loaded with Reduced incidence and severity of EAE and delayed onset of the [254]
MOGW55 @G.p.) disease in EAE mice
Doxorubicin-loaded liposomes coated with MBP or Reduced EAE symptoms, infiltration of immune cells in the spinal cord [255]
Used as PLP (i.v.) and demyelination in EAE mice.
nanocarrier Honokiol-loaded liposomes (i.v.) Ameliorated EAE severity and decreased demyelination, inflammation [256]
and infiltration of immune cells in the spinal cord of EAE mice
SLN Used as SLN loaded with methylprednisolone either pegylated Better penetration ability of the BBB of blank SLN compared to PEG [218]
nanocarrier or conjugated with contactin 2 or neurofascin and antibody-functionalized SLN in CPZ mice. No in vivo efficacy
antibodies study of methylprednisolone-SLN was done
SLN loaded with dimethylfumarate (DMF) (oral) Prolonged half-life in rats but no in vivo efficacy study of DMF-SLN was [219]
done
SLN loaded with methylthioadenosine (oral) Increased locomotor activity, motor coordination and myelination [220]
compared to free drug in CPZ mice
NLC Used to deliver MS NLC loaded with baclofen (i.p.) Prolonged release compared to baclofen solution and increased half- [221]
approved drugs life of drug in plasma and brain of rats
NLC loaded with dimethylfumarate (oral) Oral bioavailability in rats was enhanced and brain availability was [222]
substantially improved compared to plain drug
NLC loaded with dimethylfumarate (oral) Increased locomotive activity, motor coordination and reduced [223]
demyelination in corpus callosum of CPZ mice
NLC loaded with teriflunomide (i.n.) Induced rapid remyelination in CPZ-exposed rats without toxicity in [224]
liver and kidneys
Extracellular Used as EV derived from human adipose tissue MSC (i.v.) Improved motor deficit, reduced brain atrophy and production of pro- [225]

vesicles (EVs) therapeutic agents

inflammatory mediators and modulated microglia activation state in
TMEV model
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Type of NV Function of the Characteristic of the NV and administration route Main effects in preclinical models References
NVs
EVs derived from IFNy-stimulated dendritic cells (i.n.) Increased myelination of CNS of rats [229]
EVs derived from IFNy-stimulated MSC (i.v.) Decreased EAE development, spinal cord demyelination and neuro- [226,
inflammation in EAE mice 230]
EVs derived from placental MSC (i.v.) Increased motor functions and myelination in spinal cord of EAE mice [227]
EVs derived from human adipose tissue MSC (i.v.) Attenuated EAE, reduced mean clinical score, leukocyte infiltration, [228]
and demyelination in EAE mice
EVs derived from bone-marrow MSC (i.v.) Improved clinical symptoms and decreased demyelination, M1 pro- [257]
inflammatory cytokines in EAE rats
EVs derived from rhesus monkey MSC (i.v.) Improved clinical signs of EAE mice and enhanced myelin levels and  [233]
decreased demyelination in EAE and CPZ mice
Used as EVs loaded with BDNF and engineered for brain Increased remyelination and coordination abilities of CPZ-induced [234]
nanocarriers targeting (i.n.) mice
Macrophage-derived EVs loaded with resveratrol to Successful co-localization with microglia, inhibited CNS inflammatory  [235]
target microglia (i.n.) responses and improved clinical evolution of MS in EAE mice.
Montekulast-loaded EVs with PGDFa expressed at Successful targeting of OPC, reduced demyelination and promotion of [236]
their surface to target OPC (i.n.) OPC differentiation and remyelination in CPZ mice
Bryostain-1 loaded EVs derived from NSC, with Ameliorated EAE, reduced infiltration of pro-inflammatory cells, [237]
PGDFa expressed at their surface to target OPC (i.v.)  reduced myelin loss and astrogliosis in EAE mice
miR-219a-5p-loaded EVs derived from a human Improved EAE clinical symptoms and promotion of remyelination in [238]
embryonic kidney cell line (i.n.) EAE mice
Used as targeting  EVs derived from NSC with PGDF« at their surface to  Co-administration of EVs +T3 improved EAE development, decreased [231]
tool target OPC (i.v.) + triiodothyronine (T3) myelin damage, increased oligodendrocyte survival and myelin
regeneration of lesions in EAE mice
EVs derived from microglial cell line BV2 engineered  Protection against neuro-inflammation and activation of anti- [239]
to target phagocyte and containing IL-4 (i.c.) inflammatory phenotype of microglia in EAE mice
Used to induce EVs derived from oligodendrocytes (naturally contain Immune tolerance was restored by promoting immunosuppressive [232]

immune tolerance  multiple myelin antigens) (i.v.)

monocytes and apoptosis of autoreactive CD4 + T cells in EAE mice

loaded an anti-inflammatory compound in EVs derived from
macrophages, to exploit their microglia-targeting properties [235]. The
formulation reduced inflammation as well as improved clinical symp-
toms of EAE mice. Moreover, on top of their natural targeting proper-
ties, EVs can be engineered to express different ligands and/or peptides
to target different cell types and/or brain regions (i.e. PGDFa to target
OPCs) and to subsequently promote accumulation at lesion sites
[231,236,237,239].

Other NP including chitosan alginate NP (DMF [240]), inorganic-
organic hybrid NP (glucocorticoids [241]) and heparin nanocomplex
(IFN B-la [242]), were investigated for the delivery of FDA-approved
MS drugs with promising results in vitro and in vivo.

Of special note, PLGA NP, as well as liposomes and EVs to some ex-
tent, have been also used in the context of MS to induce durable im-
mune tolerance as listed in Table 3. For more details on this strategy re-
fer to these reviews [75,243,244].

5.5. Nose-to-brain (N2B) route to deliver drugs and nanomedicines in MS

Several studies have investigated the N2B route as a non-invasive al-
ternative to deliver FDA-approved MS therapies to the CNS (Table 4).
Ross et al. showed that the anti-inflammatory cytokine IFN-B1b, one of
the first line therapies usually given systematically to MS patients,
reached the brain intact and induced tyrosine phosphorylation of IFN
receptor in the CNS following nasal administration. Moreover, at simi-
lar blood levels, intravenous IFN-$1b had lower brain concentrations
compared to intranasal administration [258]. More recently, intranasal
administration of IFN-f significantly improved EAE mouse clinical
symptoms but only when loaded into chitosan polymeric NP [259]. A
similar dose of intranasal or systemic free IFN-p had no effect, high-
lighting thus the additional protective role of nanoencapsulation
against enzymatic degradation and/or other microenvironmental fac-
tors. Nasal administration of encapsulated IFN-p also reduced demyeli-
nation in the spinal cord of EAE mice and the activation of microglia
and astrocytes [259]. In another study, Gadhave et al., developed the
formulation of NLC loaded with teriflunomide, an MS drug associated
with hepatotoxicity and nephrotoxicity when administered orally
[224]. They showed that intranasal delivery of teriflunomide-loaded
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NLC significantly promoted remyelination in a CPZ mouse model com-
pared to oral administration of the formulation, without any signs of
toxicity in the liver. Similar conclusions were made when comparing
the efficacy of intranasal and oral administrations of similar doses of
free fingolimod, an MS drugs known to cross the BBB, in a rat model of
LPC-induced demyelination [260]. Significant reduction of astrocyte
activation and demyelination, as well as higher concentrations of fin-
golimod in the brain, were observed following nasal administration of
fingolimod compared to oral fingolimod. Lastly, Rassy et al. investi-
gated the efficacy of methylprednisolone in EAE mice using the N2B
route for local delivery to the CNS. Their study was motivated by the
fact that intravenous methylprednisolone, the standard treatment of re-
lapses, requires hospitalization and 3 to 5 days of invasive administra-
tions to patients. The data showed that intranasal delivery of methyl-
prednisolone is as efficient as the intravenous route to treat neuro-
inflammation in EAE mice, highlighting thus the nasal route as a poten-
tial non-invasive alternative [261].

Other studies have used the intranasal route with experimental
drugs, using different strategies to develop new therapies against MS
(Table 4). A few strategies will be discussed hereunder.

Xiao et al., were the first to show that intranasal but not peripheral
(subcutaneous) administration of free IL-10 suppressed neurologic
symptoms in a rat model of MS [262]. This was associated with de-
creased myelin antigen-specific T-cell proliferative responses and IFNy
secretion as well as inhibition of MHC class II expression in microglia.
This indicates that IL-10 administration by the nasal route prevented
the activation of microglia. In our laboratory, we demonstrated the ca-
pacity of a bioactive lipid, prostaglandin D, glycerol ester (PGD,-G)
[263], encapsulated in LNC, to reduce the expression of several pro-
inflammatory chemokines in the brain and spinal cord of EAE-induced
mice following intranasal administration [264]. The nanocarrier itself
also reduced the mRNA expression of pro-inflammatory chemokines in
EAE mouse brains and spinal cord. Other groups focused on inducing
immune tolerance (silence and/or remove autoreactive T cells that rec-
ognize CNS via MHC class II proteins [244]) by nasal administration of
myelin peptides (i.e. MBP, MOG) in pre-clinical models of MS. Indeed,
intranasal delivery of MBP prevented EAE development in rats

[265,266]. However, intranasal delivery of MOG 36.44 USING filamentous
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Table 4

Overview of experimental strategies using the N2B route in the scope of MS.
The papers were selected to illustrate the different types of therapies deliv-
ered using the nasal route in the scope of MS. CNS: central nervous system,
CPZ: cuprizone, EAE: experimental autoimmune encephalomyelitis, EV: extra-
cellular vesicles, IFN: interferon, LNC: lipid nanocapsules, LPC, lysophos-
phatidylcholine, MBP: myelin basic protein, MOG: myelin oligodendrocyte
glycoprotein, MS: multiple sclerosis, MSC: mesenchymal stem cells, NLC:
nanostructured lipid carriers, NP: nanoparticles, OPC: oligodendrocyte prog-
enitor cells, PGDZ-G: prostaglandin D2 glycerol ester, SDF-1la: stromal cell-
derived factor 1 alpha, Treg: regulatory T cells

Treatment Type of treatment ~ Animal model Main effects References

delivered

MS FDA-
approved
drugs

Free IFN-p1b Increased

accumulation in the

Healthy rats [258]
brain after nasal
administration
compared to the
intravenous route
Reduction of EAE
clinical score,
demyelination,
microgliosis and
astrogliosis when
loaded in NP
Promotion of
remyelination with
no toxicity in the
liver

Increased
accumulation in the
brain compared to
oral administration

IFN-p-loaded
chitosan polymeric
NP

EAE mice [259]

Teriflunomide- CPZ mice

loaded NLC

[224]

LPC-induced
demyelination
in rats

Free fingolimod [260]

and reduction of
demyelination and
astrogliosis
Reduction of neuro-
inflammation and
CNS demyelination
Prevention and
reduction of EAE
progression
Prevention of EAE
progression via
nasal tolerance

Free EAE mice

methylprednisolone

[261]

Myelin Bovine MBP EAE rats [265]

peptides
EAE rats

Guinea-pig MBP [266]

induction
Improved EAE
clinical score and

MOG, fused to
36-44

the main coat

protein of a

filamentous phage

Engineered Treg

cells

EAE mice [267]
reduction of
inflammation
Suppression of
ongoing
inflammation and
reduction of EAE
clinical progression
Reduction of EAE
clinical severity,
demyelination and
inflammation in the
spinal cord
Successful delivery
to mice CNS and
preferential
migration of cells to
OPC niche in the
brain

Improvement of
remyelination and
reduction of
microglia and
astrocyte activation

Cells EAE mice [275]

Fasudil-modified
mononuclear cells

EAE mice [85]

Human
oligodendroglioma
cells

Healthy mice [273]

SDF-1a pre-
conditioned MSC
derived from bone
marrow

CPZ mice [272]
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Table 4 (continued)

Treatment Type of treatment ~ Animal model Main effects References
delivered
MSC derived from  CPZ mice Promotion of [274]
bone marrow myelin recovery in
corpus callosum of
mice and reduced
astrogliosis and
microgliosis
MSC derived from  EAE mice Reduction of EAE [276]
abdominal adipose clinical severity and
tissue increased
immunomodulatory
response
EVs or Small EVs derived  EAE mice Increased reduction [276]
exosomes from adipose tissue- of EAE clinical
derived MSC severity compared
to intranasal MSC
and increased
immunomodulatory
response
EVs derived from Healthy rats Increased CNS [229]
IFNy-stimulated myelination
dendritic cells
Resveratrol-loaded ~ EAE mice Reduction of EAE [235]
macrophage clinical severity and
exosomes inhibition of
inflammatory
responses in the
CNS
BDNF-loaded CPZ mice Reduction of [234]
exosomes demyelination and
increase of
remyelination and
motor coordination
Montelukast-loaded CPZ mice Promotion of [236]
EV oligodendrocyte
differentiation and
remyelination in
mice brain
Others IL-10 EAE rats Reduction of EAE [262]
clinical severity and
of microglia
activation
PGDZ-G-loaded LNC EAE mice Reduction of pro- [264]
inflammatory

chemokines in EAE
mice brain and
spinal cord

phage improved clinical score of EAE mice as well as reduced inflam-
mation in the CNS but only when the intranasal administration of the
system started at day 1 post-immunization and not when clinical signs
had already developed (at day 13 post immunization) [267].

The N2B route has also been used to deliver cells to promote re-
myelination in the scope of MS (Table 4). The extracellular pathway
(Fig. 5) has been described as the main pathway used by large mole-
cules and cells to reach the CNS following intranasal administration
[268,269]. However, other studies suggest that cells can reach the cra-
nial cavity by entering the olfactory nerve and the olfactory tract
[270,271]. Their N2B transport can further be enhanced by using cell
permeation enhancers such as hyaluronidase, to increase the perme-
ability of the olfactory epithelium, promoting thus the passage across
the nasal mucosal barrier [270-274]. Intranasal administration of hu-
man oligodendroglioma (HOG) cells, which behave similarly to OPCs in
vitro, allowed the cells to reach the brain. Moreover, a preferential mi-
gration of these cells to OPC niches in the brain of experimental animals
was observed, which supports the hypothesis that intranasal delivered
HOG may help restore the pool of OPCs to induce remyelination [273].
Other immune cells, including engineered Treg cells or modified
mononuclear cells, have been delivered to the CNS through the nasal
route, and showed promising results in EAE-induced mice [85,275].
Other studies have exploited the immunomodulatory and anti-
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inflammatory properties of MSC to develop new therapies. Intranasal
delivery of MSC improved remyelination and reduced activation of as-
trocytes and microglia in the CPZ mouse model [272,274] as well as im-
proved clinical signs and increased Treg population in EAE-induced
mice [276]. However, intranasal administration of small EVs derived
from MSC were more effective than the administration of MSC to re-
duce clinical score and histological lesions of the CNS of EAE mice
[276]. Pusic et al. showed that intranasal administration of EVs derived
from IFNy-stimulated dendritic cells in rats increased myelin levels in
the brain [229]. In addition to their intrinsic properties, EVs or exo-
somes, have also been used as vehicles to deliver specific drugs to the
CNS of MS experimental animals, via the nasal route, to target mi-
croglia [235], promote remyelination [234] or induce OPC differentia-
tion [236].

6. Limitations and regulations of nanomedicine-based approaches
via the N2B route

As stated in previous sections, nanotechnology has a promising fu-
ture in the treatment of CNS disorders such as MS owing to the ability of
NP to cross the BBB, capacity to be engineered according to the need
and application, and to enable targeted delivery. While their use in
drug delivery appears to be straightforward, there are several chal-
lenges that should be addressed during their development and clinical
translation. Challenges include understanding of their interactions with
the BBB, assessing their long-term safety and scaling up their produc-
tion process [277]. In most cases, the more elaborate and complex the
process is (e.g. adding targeting agents), the more difficult it is to scale
up the formulation. Moreover, the use of potentially toxic agents (e.g.
organic solvents) during synthesis can lead to safety issues. Efficient en-
capsulation of the drug of interest (requires adequate quantification
and separation methods to evaluate the amount of unencapsulated
drug), efficiency in reaching the targeted sites (the latter usually being
distant from the region of administration), delivery of therapeutic doses
(limited by the drug loading of the nanocarrier and its interaction with
the environment) and controlled delivery within a limited and pre-
dictable timescale represent major challenges in the drug delivery field
[202,277]. Therefore, the road from laboratory to market in
nanoscience has a high level of risk, owing to the instability, fragility
and reactivity of nanoscale materials, in addition to financial, ethical
and regulatory challenges. Indeed, most universities are not able to
leverage the required funds to support the transition of NP research to
clinical trials. Furthermore, the ethical issues surrounding the assess-
ment of nano-based products in clinical trials are based on the benefit/
harm ratio on the adverse effects caused by the nano-formulations. Eth-
ical committees exert thus increased caution owing to the inability to
provide sufficient precise information about the risks, benefits, and
likely outcome of the trials. Furthermore, the established regulations
laid down by drug authorities (e.g. FDA), represent an additional chal-
lenge on the road to new marketed nanomedicines [202]. In 2016, the
FDA published a document addressing the general regulations for all
nanomaterial based-products related to food ingredients and animal
feedstuff [202,278,279]. However, owing to the fact that nanomaterials
behave differently in vivo than small molecules (e.g. biodistribution,
toxicity, etc.) and that current testing methods are unable to clarify
these aspects, no definite guidance has yet been issued [202]. Regula-
tion for the nasal delivery of nanoparticles brings an additional chal-
lenge. As nasal drug products are generally a reprocessing of pre-
approved products, the safety aspect is justified by previously approved
products with a requirement of additional data from new studies
[172,280]. In this case, nano-formulations are being delivered via the
nasal route, thus their previous approval is required to justify the safety
aspect of the delivery route.

During the early stages of the formulation development process, the
nasal delivery method and/or device is an essential factor to consider.
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Indeed, it is rare that a given medical device on the market can specifi-
cally target only one delivery pathway [281]. While intranasal delivery
has been tested in CNS diseases such as Alzheimer’s disease (i.e. insulin
[282]), the efficiency of the N2B pathway may be influenced by MS
pathology. Indeed Sahin et al. studies demonstrated that RRMS patients
showed a longer mucociliary transport time compared to healthy peo-
ple [283]. This could significantly influence the nasal residence time
and subsequent brain uptake of the intranasally administered drugs. To
our knowledge, there are no nanomedicine-based medication, delivered
conventionally or via the N2B route, that have received approval for
clinical use in the prevention and treatment of CNS disease, including
MS [172,284]. In most cases, nanotechnology have been assessed clini-
cally as a diagnostic tool in the context of MS (e.g. gold NP-based strate-
gies (NCT01206023, NCT01465087), iron NP (NCT02511028)). How-
ever, some clinical trials have evaluated the nasal route or nanotechnol-
ogy as therapeutic options for MS. Among them, two phase I clinical tri-
als assessing the safety and efficacy of intranasal Dexamethasone or
Foralumab for RRMS (NCT00674141) and the progressive forms of MS
(NCT00674141), respectively, were designed but withdrawn due to the
ministry of health’s disapproval and business reasons. On the other
hand, there is an ongoing phase II trial assessing the effects of gold
nanocrystals (CNM-Au8) on the impaired neuronal redox state in RMS
patients (NCT03993171) and a completed phase I/1I trial assessing the
safety and impact of intranasal insulin on MS cognitive function (NC-
T02988401). However, no results have been reported yet.

7. Future directions

As a complex multifaceted disease whose exact physiopathology re-
mains not fully understood, targeting different pathological processes
involved in MS pathophysiology at the same time could improve the ef-
ficacy of MS therapies. Focusing on the CNS compartment would also
bring forth new therapeutic options for the progressive forms of MS.
Data from the several preclinical studies suggest that the promotion of
remyelination as well as neuroprotection are strategies that prevent
neurodegeneration. However, failure of pro-remyelinating drugs in MS
clinical trials have notably been partly attributed to the lack of consid-
eration of the deleterious inflammatory micro-environment surround-
ing the demyelinated lesions as well as the limited access of the drugs to
the CNS. To circumvent the former, targeting neuro-inflammation in
addition to promoting myelin repair and/or neuronal protection is an
interesting strategy. However, as the BBB is altered during the pathol-
ogy, one could contend its capacity to limit the entry of potential thera-
peutics to the CNS and thus the relevance of the discussed strategies.
However, based on current evidences, it is known that BBB disruption is
transient and heterogenous, but only occurs during the onset and the
aggressiveness of the disease [129,285]. The neurodegenerative
processes in the progressive forms of MS are thought to arise following
the integrity of the BBB after a variable period of MS evolution [129].
Thus, the optimal goal would be to increase BBB impenetrability
against activated immune cells but also to promote transport of neuro-
regenerative and neuroprotective therapeutics into the CNS to reach
their target. The use of nanotechnology, despite its challenges, to fur-
ther increase the availability, delivery and thus potentially the efficacy
of the therapeutic drugs in the CNS, give rise to new opportunities for
MS therapies. The selection of the most appropriate nanocarrier, as dis-
cussed above, is of the outmost importance and will depend on the
properties, mechanism of action and the specific needs of the drug of in-
terest, as well as their desired application in the context of MS.

The several strategies discussed in this review, as well as the N2B
pathway, offer new prospects to increase drug delivery to the CNS.
However, these strategies remain interesting as long as the mechanism
of action of the drug of interest requires entry to the CNS. Thus, a proof
of concept study assessing the efficacy of the drug after direct injection
into the CNS is highly recommended. Moreover, a study in an adequate
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model to assess the successful delivery of the drug of interest and its ac-
cumulation in the CNS following nasal administration should be carried
out. As there is a lack of studies correlating an increased drug accumu-
lation in the brain with increased efficacy in the literature, a question
remains on whether the observed effect of the drugs following their de-
livery to the CNS, are due to their increased accumulation in the brain.
Moreover, although systemic side effects are reduced with the strate-
gies described in previous sections, an enhanced risk of CNS toxicity is
also associated with these strategies, even if no studies, that we found
off, in the literature have reported such toxicities. Thus, targeting spe-
cific CNS cells or CNS regions (i.e. using nanotechnology) could also re-
duce this potential risk.

8. Conclusion

The field of nanomedicine together with alternative routes of ad-
ministration such as the N2B pathway offer MS drugs new tools and
routes to accumulate in the CNS and target CNS-specific aspects of the
disease. The use of several nanocarriers have successfully improved the
delivery and efficacy of several experimental drugs in several pre-
clinical models of MS. Additionally, the design of CNS-targeting thera-
pies using the non-invasive intranasal route, could also increase the
safety (reduced systemic adverse effects) and efficacy (increased
bioavailability) of those therapies. However, further work is needed to
overcome the key challenges to ensure successful clinical translation of
both nanomedicine-based therapy and the N2B delivery of such treat-
ments in the context of MS. Given the technological advances of nan-
otechnology nowadays, it can however be anticipated that nanotech-
nology-based delivery systems could revolutionize current traditional
delivery for CNS diseases such as MS.
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