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FOREWORD

Multiple sclerosis (MS) is a neuro-degenerative disease known for being the most common cause
of non-traumatic neurological disabilities in young adults. These disabilities, among other
symptoms, are caused by a pathological auto-immune response towards the myelin sheath in the
central nervous system (CNS). As a result, the myelin sheath is severally damaged, and
demyelination of axons occurs. Although myelin regeneration is enabled after demyelination, the
efficacy of the process is progressively impaired throughout the disease. Oligodendrocyte
progenitor cells (OPC) differentiation into myelinating oligodendrocytes is the heart of the myelin
regeneration process, named remyelination. Nowadays, 85% of MS patients have a phase of relapse
with neurological symptoms and a remission phase when those symptoms disappear. Even if these
patients are stabilized under immunomodulatory therapies, the relapsing-remitting MS (RRMS)
ultimately switches to the progressive form secondary progressive MS (SPMS) with a deterioration
of the patient's condition over the years. It is thus crucial to develop medications that stimulate
remyelination to slow down disease progression in addition to the disease-modifying treatments

currently prescribed to MS patients.

Over sixteen compounds are currently in clinical trials as remyelinating therapies. Four of these
compounds have been terminated after the second phase because they failed to show a significant
efficiency. These compounds have previously been studied in preclinical animal models 7z vivo and
in vitro, and in both cases, they stimulated OPC differentiation into oligodendrocytes. The question
that arises from this observation is: Why do the preclinical models results not mirror the

results collected from clinical trials?

Several hypotheses can answer this question. However, we will focus on one of them in our work:

What if the issue was an inefficient biodistribution to OPC?

Lipid nanomedicines have been recently revealed to the public attention since they have been used
in the composition of mRNA vaccines against the SARS-CoV2 virus. Lipid nanocarriers enabled

the delivery of the mRNA inside cells by protecting them from degradation.

Hence, an exciting possibility for remyelinating therapies is implementing a similar technology to
protect compounds from degradation. In the past, nanocarriers’surface have been tuned to target
specific cells to maximize drug delivery. In the same scope, developing a nanocarrier that can target
OPC to maximize active molecule’s concentration in OPC could be a promising strategy to favor
remyelination. Additionally, lipidic nanocarriers are designed to enhance lipophilic molecule
solubility. Hence, they can open the door to the clinical use of lipophilic compounds that have

been overlooked because of low solubility in physiological solutions. In the light of the above, our



work aims to use lipid nanocapsules (LINNC), a lipid nanocarrier, to develop an OPC-
targeted nanocarrier. This type of formulation can be loaded with potential lipophilic drug

candidates and putatively enhance the therapeutic effect of the drug of interest.

The blood-brain barrier (BBB) is a formidable obstacle to drug delivery in the CNS. However,
intranasal delivery has the advantage of bypassing the BBB and with this kind of administration,
drugs can penetrate the CNS via the olfactory bulb. For this matter, our work will also explore the

intranasal delivery of drug-loaded LNC on remyelination

This thesis manuscript will be divided into four chapters:

e  Chapter 1: Introduction.

This chapter lays the foundation for the following chapters. We discuss concepts regarding MS
physiopathology, from its inflammatory hallmarks to the role of OPC in remyelination and the
available current treatments. Secondly, it will introduce lipid nanocarriers and how they can be

engineered to be used in MS therapies.

e  Chapter 2: Impact of anti-PDGFRu« antibody surface functionalization on LNC uptake

by oligodendrocyte progenitor cells.

This chapter reports the results we obtained regarding the development and characterization of an
OPC-targeted LNC. LNC surface has been tailored with an antibody against the platelet-derived
growth factor receptor a (PDGFR), a receptor mostly expressed at the surface of OPC. We used
several techniques to graft this antibody at LNC surface and assessed the uptake of this targeted

formulation by primary OPC 7z vitro.

e  Chapter 3: Impact of Retinoic acid and Calcitriol loaded LNC on remyelination after

intranasal delivery on a cuprizone model.

This chapter contains our results regarding the development and characterization of retinoic acid-
loaded LNC and calcitriol-loaded LNC. It also demonstrates the impact of these formulations on
the differentiation of CG4-cells (an OPC cell line) and their impact on the secretion of pro-
inflammatory cytokines by BV-2 cells, a microglial cell line. Finally, the formulations were
administered intranasally to C57/BL6 mice to evaluate whether they could enhance myelin repair

in a cuprizone model.

e Chapter 4: Discussion and conclusion.
This chapter highlights the results of our research and discuss their meaning and relevance, in the
light of what has been reported in the literature. This chapter also explores the future perspectives

that can stem from our work.



ABBREVIATIONS

Ab anti-Platelet-Derived Growth Factor Receptor alpha antibody

ARR annualized relapse rate

BBB Blood-Brain-Barrier

Cal Calcitriol

CDP confirmed disability progression
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FDA Food and Drug Administration
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IL Interleukin

LNC Lipid NanoCapsules
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MBP Myelin Basic Protein
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MRI Magnetic Resonance Imagery
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PDGFRx Platelet-Derived Growth Factor Receptor alpha

PIT Phase Inversion Temperature
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CHAPTER I - INTRODUCTION

I. EPIDEMIOLOGY AND ETIOLOGY

I.1. EPIDEMIOLOGY

Multiple sclerosis (MS) is a neuro-inflammatory demyelinating disease that impacts 2.8 million
people worldwide with a prevalence of 35.9 per 100,000 people [1]. Although it is not deadly, MS
significantly decreases patients' quality of life as it causes a series of invalidating symptoms and
decreases the average lifespan of 6 to 8 years [2]. Until this day, the etiology of the disease is

unknown, but the scientific community agrees that it is multifactorial.

The average age of onset is around 32 years old (but pediatric and geriatric cases are also possible),
and women are twice more likely to be affected than men for unclear reasons [1]. In addition to
gender and age, geographical localization also influences MS prevalence (Fig.1) [1]. Epidemiological
data gathered through the years have consistently shown that countries populated with Caucasian
individuals have the highest number of MS patients (e.g., North America, Europe, and Australia).
This variability among the different localization is likely due to environmental factors and/or linked
to the genetic heritage of the local population [1]. Indeed, some habits linked to western lifestyle

such as smoking, and obesity are well-recognized risk factors for MS.

These disparities in MS prevalence may also be linked to the country’s economic context. Wealthy
western countries generally have an efficient healthcare system that can guarantee easy access to
healthcare centers, whereas in developing countries, it is not always the case. This aspect can delay
MS diagnosis in patients with limited acces to heathcare facilities and could also explain the

disparity observed between western and southern countries [3] .

Number of people with MS.
Prevalence per 100,000 people

B unknown

Figure 1. Prevalence of MS worldwide in 2019.[1]
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I.2. ETIOLOGY

As mentioned, MS etiology is still unclear, but its onset is associated with several environmental,

lifestyle, and genetic factors that we will briefly describe below (Fig.2).

Environmental

Sun exposure
Viral infection
Gut microbiota

MS
Genetic Lifestyle
HLA genes Smoking
Polymorphism Obesity

Figure 2. Etiology of MS: An illness with multiple risk factors

L2.1.  Environmental and lifestyle factors

The higher prevalence of MS in countries localized in higher latitudes highlighted the correlation
between vitamin D deficiency and MS. Ultraviolet B exposition and intensity are lower in these
areas, impacting 7-dehydrocholesterol conversion into vitamin D into the skin [4]. For instance,
hypovitaminosis D in early pregnancy revealed a 2-fold increase in the risk of developing MS for
the offspring compared with women with normal vitamin D levels [5]. Vitamin D is crucial for
phospho-calcium homeostasis and has immunomodulatory properties. Conversely, vitamin D

deficiency can lead to an unbalance of immune responses.

Like other autoimmune diseases, lifestyle also has an important impact on MS prevalence. Obesity
is one of the key lifestyle risk factors for MS. Munger et al. reported in their study that women with
a body-mass index (BMI) > to 30 kg/m? at age 18 had a 2-fold increased risk of developing MS
compared to those with a lower BMI (18-25 kg/m?)[6]. Other studies have confirmed these
observations, but the mechanisms linking obesity to MS are still unclear. Guillemot-Legtis et al.'s
[7] review highlighted the relationship between obesity, constant inflammatory state, and BBB

permeabilization (with occludin and claudin-5 disruption, two proteins essential in forming the
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BBB tight junctions ) [7]. Diet-induced obesity leads to immune cells activation and inflammatory
response in many organs. Fatty acids (FA), that are increased in diet-induced obesity can activate
the innate immune system through Toll-like receptors (TLRs) and activate transcription factors
nuclear factor ¥B (the NF-«B pathway) that are known for upregulating the expression of
proinflammatory mediators such as cytokines (i.e., interleukin (IL)-18, IL-6). As a result, obesity
correlated with a high number of circulating endotoxins such as lipopolysaccharide (LPS) and
inflammatory mediators and the activation of immune cells in tissues such as the liver (e.g., Kupffer
cells). In addition, diet-induced obesity partially translates into high adipokine rates in their blood,

associated with autoimmune diseases such as MS [8].

As obesity, a western diet with a high intake of FA and sugar leads to gut microbiota dysbiosis,
another factor that has been correlated to MS [9]. Although it seems unclear whether this dysbiosis
is a consequence of MS or is a risk factor, several studies reported dysregulation of the gut
microbiota of MS patients compared to healthy individuals. This difference is even greater when
patients have an active MS with strong neurological symptoms during the relapsing phase. MS and
gut dysbiosis are both tightly linked to neuroinflaimmation since the former is responsible for
intestinal barrier inflammation and a “leaky gut” that permits translation of endotoxins, such as
LPS, and gut bacteria in the secondary lymph nodes. Owing to this migration, the level of
circulating immune cells increases and alters the blood-brain-barrier BBB, allowing the entrance of

pro-inflammatory cues to penetrate the CNS inducing a neuroinflaimmatory spike [9].

Smoking is one of the other well-established lifestyle risk factors associated with MS, as several
studies pinpoint a correlation between the two [10]. Pittas et al. showed that smokers have a higher
relapse rate in a population of relapsing-remitting MS patients than nonsmokers [11]. Healy et al.'s
cross-sectional study reported that smokers had a more rapid evolution from RRMS (relapsing-
remitting MS) to secondary MS [12]. Smoking impacts the immune system as obesity and vitamin
D [10]. It has been well established that tobacco smoke contains many irritating substances that
generate oxygen species (ROS) that lead to lung inflammation. Inflamed lungs form a niche of
activated macrophages and T-cells that produce pro-inflaimmatory cytokines. Some scientists
reasoned that by molecular mimicry and epitope changing, myelin-reactive immune cells could arise
from these cascades [13]. They can then get into the CNS through a leaky BBB (i.e. a BBB impaired
by cigarette smoke) and have neurotoxic effects [14, 15]. However, it is interesting to note that

smoking impact is dose- and duration-dependent [13].

Viral infections, especially the Epstein-bar virus (EBV), have been suggested as another risk factor
for developing MS. EBV is a virus from the herpes virus family that affects 95 % of the world's
adult population.
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It often relies on dormant immune cells, and when activated, it can onset mononucleosis. In a
cohort study including 1047 patients, only 3.3 % of MS patients were EBV negative compared to
6% in a healthy control population [16]. In line with the previous study, Bjornevik et al. calculated
the risk of developing MS after EBV infection in a cohort of more than 10 million people [17].
They found that the risk of MS increased 32-fold after infection after EBV infection but did not
increase after infection with other viruses, including the cytomegalovirus, another common virus
in the world’s adult population [17]. Therefore, the authors suggested that EBV might be the
leading cause of MS. Although several studies underlined the link between EBV and MS, it is not
easy to decipher if EBV is one of the primary causes behind MS since it is ubiquitous in the adult

population.

Several theories suggest how EBV plays a role in MS etiology, and the most popular is based on
the molecular mimicry theory. The molecular mimicry theory relies on autoimmune activation in
the periphery by EBV antigens due to their resemblance to myelin antigens. Another hypothesis
involves the expression of aB-crystallin in lymphoid cells via EBV infection of peripheral B cells

triggering an immune response towards aB-crystallin, expressed in oligodendrocytes [18].

EBV transformation of B cells into pathogenic plasmablasts is another hypothesis that could
explain EBV's role in MS [19]. After EBV infection, B-cells may express proteins specific to EBV,
such as latent membrane protein 2A (LMP2A). LMP2A can then mimic B cell receptor signaling
and trigger B-cells/T-cells signaling that may lead to a putative auto-immune response that could

be one of the factors that triggers MS [19].

In addition to its putative role in MS onset, EBV may also contribute to aberrant activation of

CD8" T-cells and trafficking of CNS-reactive immune cells, resulting in disease relapses.

L2.2. Genetic factors

MS is not a hereditary disease; therefore, even people with no MS family history can be affected.
Nevertheless, studies found that 15%—-20% of MS patients had a family member with MS and had
a 30-fold higher chance of developing MS than the general population (4% for siblings, 2% for
parents, 2% for children vs. 0.1%—0.3% for the general population) [20]. These data indicate that
genetic parameters can be considered as risk factors and lead scientists to perform genome-wide
association studies (GWAS) to uncover the genes that could be linked to MS. Thanks to those
studies, around 200 genes were associated with an increased risk of developing MS. Most of them
are related to human leucocyte antigens (HLA). Type I HLA encodes for proteins involved in
presenting antigens to T-cells. Among the genes associated with MS, the HLA DRB1*1501

haplotype is the most frequent one [18]. Homozygote individuals for this allele have an odds ratio

8
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of 6 of developing MS [21]. This mutation may allow an optimal presentation of CNS myelin auto-
antigen, thus increasing the probability of MS onset [22]. GWAS also showed that single-nucleotide
polymorphisms (SNPs) in several genes, non-HLA related (LRP2 gene associated in axone
guidance and MBP gene), could be linked to MS. Most of them are near the /¢ of genes related
to the adaptative or innate immune system. Nonetheless, the association degree is weaker than for

the HLA-dependent gene [22].

Overall, all these risk factors have one common point: they all have the potential to trigger
inflammation, which is the main component in MS physiopathology. Although none can directly

provoke the disease, they can undoubtedly be considered risk factors.
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II. PHYSIOPATHOLOGY OF MS

MS is a demyelinating disease where a cascade of neuroinflaimmatory events leads to the death of
oligodendrocytes and the destruction of the myelin sheath (demyelination). The myelin sheath in
the CNS has two significant roles. Firstly, it is responsible for the swift conduction of actions
potential throughout the axon via a process of saltatory conduction (50-100 times faster than
unmyelinated axons) [23]. Myelin enables saltatory conduction through regular intervals of myelin
interruption named nodes of Ranvier where there is a cluster of voltage-gated sodium channels.
These channels open when depolarization occurs, allowing extracellular sodium to enter the axon.
This influx of sodium induces a depolarization of the adjacent node and initiates the propagation
of an action potential to the next node. The cycle then continues through the axon [24]. Secondly,
myelin also plays a part in the metabolic support of axons. Monocarboxylate transporters on
oligodendrocytes allow lactate transmission to the axons. They provide the substrate for ATP
production in the axons via the citric acid cycle [25]. Hence, the destruction of the myelin sheath
creates a massive delay in neuronal information transmission and leaves the axon without trophic

support that ultimately triggers neurodegeneration.

For a long-time, MS has been considered an autoimmune disease, but all the criteria to be qualified
as such are not fully met. By definition, an autoimmune illness implies that all patients produce
IgG (immunoglobulins) or IgM antibodies against the same autoantigen. In MS, auto-IgG are
present in the patients' cerebrospinal fluid, but these antibodies are directed against various antigens
such as myelin oligodendrocyte glycoprotein (MOG), myelin basic protein (MBP), and alpha-
crystallins. For this reason, MS is considered more as an immune-mediated disease [26]. The
neuroinflammatory context led by the immune system aberrant activity towards the myelin sheath
in MS is the principal cause of demyelination. Nonetheless, how the CNS becomes the stage of

inflammation in MS is still an open question. Two main theories are considered:

The first claims that the inflammation originates in the CNS. For instance, in 2004, Barnett and
Prineas suggested that oligodendrocytes apoptosis is the root source of demyelination, followed by
neuroinflammation due to microglia and macrophages activations [27]. They reasoned that
oligodendrocyte apoptosis might be caused by a viral infection or an undetermined
neurodegenerative process that begins in the CNS. Infiltration of peripheral immune cells still
occurs, but in this scenario, it is considered more as a consequence of CNS inflammation than its
cause. The second, and the most popular theory, is based on an auto-antigen presentation to B-

cells and T-cells outside the CNS (“outside-in”) (Fig.3). This theory implies that following a viral

10
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infection, most likely EBV, APC presents an antigen sharing structural components with myelin at
their surface (Fig.3.1). This leads to B-cell and T-cell activation against myelin by molecular-

mimicry followed by an inflammatory response and recruitment of other immune cells.
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Figure 3. Overview of the neuroinflammatory cascade leading to demyelination according to the
“outside-in” theory.

In the “outside-in theory,” APC present myelin antigen to auto-reactive T-cells in the periphery, thus triggering their
activation and differentiation into Th17 and Th1-cells. Th-cells secrete pro-inflammatory cytokines that onset the
recruitment of other immune cells such as cytotoxic T-cell (CD8%) and B-cells. Auto-reactive T-cells (CD4") can also
act as APC and activate B-cells and CD8* T-cells toward myelin. This activation leads to the up-regulation of integrin
expression at the surface of the immune cells that can cross the BBB via cell adhesion proteins (i.e., VCAM-1). Once
in the CNS, T-cells and B-cells interact with microglia and astrocytes, which onset and perpetuate neuroinflammation
by secreting pro-inflammatory cytokines. On the one hand, these cytokines can trigger oligodendrocyte apoptosis, and
on the other hand, they contribute to the recruitment of immune cells that contribute to oligodendrocyte death (i.e.,
cytotoxic T-cells). In parallel, auto-reactive B-cells differentiate into plasmocytes that produce anti-myelin antibodies.
Via the complement pathways, antibodies contribute to oligodendrocytes' death. The cascade of these events fatally
leads to demyelination.

APC = antigen-presenting cells, IL. = interleukin, IFN = interferon, ROS = reactive oxygen species, RNS= reactive nitrogen
species,Th cells = T helper-cells; TNFa = tumor necrosis factor alpha, IFN y = interferon y

Usually, regulatory T-cells destroy self-activated T-Cells in the thymus, but due to central tolerance
failure, they are released into the bloodstream [28]. Thus, CD4" T-cells and CD8" T-cells are
activated by APC, and CD4" T-cells differentiate into their T helper (Th1 and Th17) (Fig.3.2)
phenotypes. Along with activated B-cells and monocytes, they infiltrate the CNS by passing
through a leaky BBB (Fig.3.3).
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The BBB is dysfunctional at the early phase of the illness, resulting in the local recruitment of
pathogenic T and B-cells. Pro-inflammatory cytokine secretion and expression of integrins and
chemokines receptors by infiltrating lymphocytes have been identified as causes of BBB disruption
[29]. Th17 lymphocytes, for instance, can efficiently disrupt tight junctions at the BBB via granzyme
B and foster the recruitment of other CD4" cells from the systemic circulation into the CNS.
Regardless of the hypothesis, the same course of events occurs immune cell recruitment, microglia

activation, astrocyte activation, and demyelination.

In its complexity, the inflammatory response involved in MS is mediated by different immune cells
that work together to initiate and maintain the inflammatory response observed in the disease. In
the following paragraphs, the role of these different cells in the inflaimmatory response and

demyelination will be briefly depicted.
II.1. T-CELLS IN MS

T-cells are a key player in MS. They can bind to a myelin epitope, activate macrophages that harm
the myelin sheath through phagocytosis, and contribute to the outburst of pro-inflammatory
cytotoxic mediators [22]. CD8" T-cells, more numerous than CD4" T-cells in lesions, are a
cytotoxic subset directly contributing to oligodendrocytes and neuronal death through granzymes
and perforin release [29]. Moreover, under inflammatory conditions, CNS resident cells can express
class 1 major histocompatibility complex (MHC) molecules and present peptides derived from
endogenous antigens (self or viral antigens), becoming potential targets for CD8" T-cells and thus
contributing to tissue damage. Associated with the inflammatory outburst, an imbalance of pro-
inflammatory and anti-inflammatory CD4" lymphocytes subtypes settle. Indeed, the upregulation
of Th17 and Th1, with secretion of tumor necrosis factor « (TNF), Interferon y IFN y), and IL-
17 and downregulation of regulatory T-cells (Treg) and Th2 (with the secretion of IL-4 and IL-10)
[21] enable macrophage and monocyte recruitment but also local T-cell, B-cell activation, and

differentiation.
I1.2. B-CELLS IN MS

B-cells have multiple roles in MS physiopathology. Firstly, they can differentiate into plasma cells
and secrete antibodies directed against myelin-like antigens that contribute to oligodendrocytes'
death. Anti-Myelin-like antibodies can induce demyelination through different mechanisms: (1)
antibody-dependent cell-mediated cytotoxicity, (2) release of inflammatory mediators via
stimulation of Fc receptors on natural killer cells or macrophages, and (3) opsonization of myelin,

or complement activation (Fig.3.7) [30]. The presence of IgG in the cerebrospinal fluid (CSF) is
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one of the hallmarks of MS. Nonetheless, only 60% of MS patients have antibodies directed against
myelin. Although there is a considerable diversity of antigens among these antibodies, anti-MOG
and anti-MBP antibodies are the most frequent and have been associated with highly active MS
lesions. Of note, these antibodies are not specific to MS and can be detected in other diseases (i.e,
anti-MOG in MOG antibody disease) [31]. Besides anti-myelin antibodies, antibodies against other
types of CNS autoantigens can be found in the CSF of MS patients. For example, Svristava et al.
identified antibodies against potassium channel KIR4.1, expressed at the surface of astrocytes and

oligodendrocytes [32].

Secondly, B-cells play a role as APC [33] and secrete pro-inflammatory cytokines [34]. B-cell
isolated from MS patients have shown a dysregulation of their cytokine profile. Indeed, compared
to healthy patients, their B-cells secrete pro-inflammatory cytokines such as lymphotoxin-a, 11.-6,
and granulocyte-macrophage colony-stimulating factor (GM-CSF) that are toxic components
towards oligodendrocytes and induce their death [34]. In addition to these functions, evidence has
shown that B-cells may also have a role in T-cell recruitment. Although the precise mechanisms of
interaction between those two cell types still need thorough investigation, patients treated with the
anti-CD20 rixitumab (a B-cell targeted therapy) had a lower number of B-cells and a lower number
of CD4+ and CD8+ T cells, and a decreased concentration of IFNy and IL-17 in the systemic
circulation [35]. These data highlight B-cell key role in the recruitment and/or the activation of T-

cells by cytokine secretion or via their role as APC [35].
I1.3. MICROGLIA ROLE IN MS

Microglia are considered as resident macrophages in the CNS and patrol the environment looking
for signs of infection and injury. They represent 12% of the total CNS cells in rodents and 16% in
humans [36]. During embryogenesis, they are responsible for neural precursor migration and
synaptic pruning and they support myelination through the secretion of growth factors [35]. For a
long time, the scientific community considered that microglia cells had two main phenotypes: the
pro-inflammatory M1 phenotype associated with secretion of cytokines such as IL-18 and TNF-«
and the anti-inflammatory M2 phenotype associated with anti-inflammatory cytokines such as IL-
10, Insulin growth factor (IGF-1). It was also admitted that they could switch from one phenotype
to another in response to their environment, but the latest evidence invalidated this dichotomy
[37]. Llyod et al. suggested that a microglial cell does not switch from one phenotype to another
but rather that pro-inflammatory microglia had to undergo necroptosis for pro-regenerative
microglia to rise [38]. In addition, more than two subtypes of microglia can be found depending

on the brain area, state of health, disease, or age [35, 39]. For example, CD11c" is one of the
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microglia subtypes localized in the corpus callosum and is involved in the remyelination process in
MS [40]. In a physiological context, microglia are in their "resting state" (Tmem119+, P2RY12+),
but an activated microglia population (p22phox”, INOS”, CD86 and Trem2") arises in the context
of CNS injury or in MS [39]. Microglia are involved in different ways in MS physiopathology. They
contribute to neuroinflaimmation and can be found in active RRMS lesions alongside monocytes
autoreactive B and T-cells infiltrates. In later phases of the disease, they have also been detected
at the rim of the lesions, alongside macrophages, where they release inflammatory cytokines and
reactive oxygen species (ROS) that lead to the apoptosis of mature oligodendrocytes (Fig.3.5).
Microglia can also indirectly contribute to neuroinflammation by acting as APC for T-cells through
the expression of class I and II MHC and cytotoxic T-lymphocyte-associated antigen 4 (CTLA4).
This interaction induces T-cell proliferation, differentiation, and pro-inflaimmatory cytokine
secretion [41]. Although numerous pieces of evidence pinpoint microglia participation in
demyelination, counterintuitively, it also participates in remyelination [42]. Among the numerous
microglial phenotypes, the pro-regenerative/anti-inflammatory phenotype (Arginase-17, IGF-17)
is involved in myelin debris clearance, a mandatory process for remyelination [39, 43] but also

stimulates OPC differentiation, partly via the secretion of the growth factor such as Activin-A [42].
I1.4. ASTROCYTE ROLE IN MS

Astrocytes are the most abundant glial cells in the CNS. Similar to microglia, they can have different
phenotypes. The first significant heterogeneity resides in their morphology and their localization.
White matter astrocytes are called fibrous astrocytes, while grey matter astrocytes are called
protoplasmic [44]. White matter astrocytes have small cell bodies and elongated morphology.
Protoplasmic astrocytes have several primary processes and a higher degree of branching than
fibrous astrocytes. Astrocytes have several crucial functions. They contribute to synapse formation
and pruning, regulate extracellular concentrations of ions and neurotransmitters, synthesize
metabolic substrates for neurons (i.e., glycogen and lipoproteins )[44]. They also participate in the
BBB formation and integrity. In addition to their trophic support to neurons, they also contribute
to the neuroinflaimmatory process and immune response. Depending on their surroundings,

astrocytes can also bear a pro-inflammatory and anti-inflammatory subtype [45].

In the scope of MS, astrocytes intervene at multiple levels by playing a role in inflammation and
subsequently in demyelination. Firstly they mediate innate immunity and express pattern
recognition receptors (PRRs) that bind to diverse pathogen-associated molecular patterns (PAMPs)
[44]. Astrocytes’ tight link with the BBB basal lamina allows them to regulate the barrier

permeability to facilitate the migration of peripheral immune cells by (1) the expression of adhesion
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molecules such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-
1 (VCAM), (2) the secretion of pro-inflammatory cytokines such as TNFao, I11.-6, et IL-1R that
impact the tight junctions of the BBB endothelial cells [44].

Furthermore, the secretion of chemokines such as MCP-1 and IL-8 by astrocytes allows the
attraction of peripheral immune cells and resident cells. They also express MHC I and II at their
surface, contributing to T-cell and B-cell activation. Regarding demyelination, astrocytes contribute
to oligodendrocyte/myelin toxicity by producing ROS and nitrogen reactive species (RNS) [45].
Furthermore, astrocytes play a crucial role in regulating the extracellular concentration of
glutamate, an excitatory neurotransmitter with multiple physiological functions. However, in the
context of inflammation and damage, glutamate concentration increases to a level that becomes
toxic to surrounding cells, mostly neurons and oligodendrocytes (a phenomenon called
excitotoxicity). In MS, astrocytes fail to regulate this glutamate outburst because of decreased
glutamate uptake [44]. Due to rising glutamate levels, AMPA /kainate glutamate receptors atre
activated in oligodendrocytes and axons, triggering calcium influx in the cytoplasm due to rising
glutamate levels. Following this calcium outburst, calcium-dependent enzymes associated with
neurodegeneration and cell death are activated and cause membrane breakdown and cytoskeleton
alteration [45]. Finally, astrocytes impair efficient remyelination by being a significant "glial scar"
component. These "scars" are localized in the demyelinating area of the brain and are mainly
composed of proliferating astrocytes, oligodendrocyte progenitor cells (OPC) (with impaired

differentiation), and finally, fibromeningeal cells [40].

The purpose of these scars is to prevent damage and injury from spreading to the nearby healthy

tissues.

Nevertheless, the formation of scars inhibits remyelination and axonal regeneration via the
secretion of different factors by astrocytes such as fibroblast growth factor-2 (FGF) and Ephrins
(EPH). The first promotes OPC proliferation and survival but impedes differentiation hence
remyelination [44]. The latter is secreted around MS lesion by astrocytes, creating a basal lamina
around damaged areas contributing to scar formation. Moreover, EPH induces collapse of the

axonal growth via activation of axon-bound EPH tyrosine-receptor kinase.

Overall, all immune cells mentioned above contribute to triggering and perpetuating
neuroinflaimmation, leading to demyelination. Unmyelinated axons suffer from mitochondrial
toxicity enabled by ROS and RNS species via mitochondrial DNA mutation with time and chronic
inflammation. With mitochondrial deficiency, the amount of available ATP decreases, which

impairs the function of the Na+/K+ ATPase pump, limiting Na’ extrusion. The high
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concentration of cytoplasm causes the Na*/Ca2" exchanger (NCX) to operate in a reverse mode,
importing Ca2" and triggering harming secondary cascades and axonal injury. Calcium aberrant
influx into the axon in the context of impaired ionic homeostasis, partly due to glutamate outburst,
triggers NO synthase (NOS) activation, proteases, and proteolytic enzymes that lead to axonal

degeneration [28].
I1.5. REMYELINATION

Following demyelination, an endogenous process called remyelination is set to regenerate the
damaged myelin sheath [25]. Experimental data obtained in rodent MS models have shown that
remyelination is enabled by new oligodendrocytes that stem from oligodendrocyte progenitor cells
(OPC) [47]. OPC represents around 6% of the CNS total cell number and are localized at several
CNS regions, where their primary role is to replenish the mature oligodendrocyte cell pool. OPC
are multipotent and self-renewing cells [25]. They can differentiate into oligodendrocytes,
astrocytes, and in some pathological conditions (i.e., MS or spinal cord injury) into Schwan cells
(usually considered exclusive to the peripheral nervous system). In this regard, OPC fit the
definition of a CNS stem cell. While the signaling pathways involved in remyelination are still under

investigation, there is no doubt that OPC have a starring role in the process.

Nevertheless, other glial cells such as astrocytes, microglia, and macrophages also have a capital
role in remyelination by either cleaning myelin debris, for the latter, or secreting promyelinating
factors [42]. The process of remyelination can be broken down into three different phases: (1) OPC
activation, (2) Proliferation and migration, and (3) Differentiation and remyelination and illustrated

and summarized in Figure 4.
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Figure 4. Overview of the three stages of remyelination.

OPC

(1) Activation: Following demyelination, OPC are activated by inflammatory signals enabling the upregulation of genes
involved in proliferation and differentiation. (2) Proliferation and Migration: Pro-regenerative microglia and astrocytes
at the lesion's periphery secrete chemoattractants and other factors that promote OPC migration towards the
demyelinated axons and their proliferation. (3) Differentiation and remyelination: Finally, under the stimulation,
several factors such as activin A and IGF-1, OPC differentiate into new myelinating oligodendrocytes. Upon
demyelination, although some old oligodendrocytes can survive and reform a new myelin sheath.
IGF-1 =Insulin Growth factor, LIF =Leukemia inhibitory factor factor, BDNF = Brain-derived neurotrophic factor, FGF=
fibroblast growth factor, PDGFA = Platelet-derived growth factor A, IL. = Interleukin, TNF = tumour necrosis factor,OL=
oligodendrocyte.
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11.5.1. OPC activation

After demyelination, microglia and astrocytes start secreting a myriad of pro-inflammatory
cytokines that activate astrocytes and later launch the signal for OPC proliferation and
differentiation via the secretion of factors such as IGF-1 and ciliary neurotrophic factor (CNTT)
[48]. During this phase, the transcriptome of OPC switches, enabling their "regeneration mode"
and up-regulating transcription factors such as SRY-Box Transcription Factor-2 (SOX2) and
transcription factor-4 (TCF4). Microglia and macrophages are critical in clearing up myelin debris
detrimental to remyelination (Fig.4) [42]. Microglia activation for myelin debris clearance is through

the CX3C chemokine receptor-1, present at the surface of pro-inflammatory microglia.

I1.5.2. Proliferation and migration

Following their activation, OPC begin to migrate towards the damaged region then start
proliferating. In parallel, near the lesions, cells of the innate immune system and astrocytes start
secreting pro-regenerative cytokines. Astrocytes and microglia secrete chemoattractants such as the
semaphorin 3F protein (Fig.4) [49] or proliferation factors such as FGF and PDGFA to ensure
proper remyelination by attracting OPC to the lesions and stimulating their multiplication. Pro-
regenerative microglia have also been described to secrete activin A, IGF-1, and 1L-18 [42]. As
reviewed by Lubetztki et al. [23], remyelination efficiency is dependent on several parameters, and
a sufficient number of OPC at the lesion site is a vital prerequisite. Unfortunately, the latter can be
quite variable depending on the demyelinated lesion as, in some cases, the lesion can be devoid of
cells of the oligodendroglial lineage or contain OPC that cannot differentiate. Therefore, the extent

of remyelination can differ from one lesion to another [23].

I1.5.3.  Differentiation and remyelination

To differentiate into oligodendrocytes, OPC require the up-regulation of a new set of genes that
are repressed while they are in proliferation mode [50]. Therefore, OPC must exit the cell cycle of
division and proliferation for differentiation to occur. This shift is favored by regenerative factors
such as IGF-1, activin A or BDNF secreted by astrocytes and microglia(Fig.4) [51]. Several
proteins and transcription factors are involved in this transition, like the MYC proto-oncogene
protein and the transcription factor E2F1 [25, 52]. The kinetic transition between the multiple

differentiation stage and the myelin sheath formation is crucial for proper remyelination (Fig.5).
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Figure 5. The different stages of OPC differentiation into myelinating oligodendrocytes.
These stages are identified by their different morphology and expression of different markers ( some nuclear some at
the surface) CNPase, = 2',3"-cyclic nucleotide 3'-phosphodiesterase; GalC = galactocerebroside C, MAG =myelin associated
glycoprotein , MBP =myelin basic protein , MOG, myelin oligodendrocyte glycoprotein , PLP= proteolipid protein.

The differentiation of OPC into myelinating oligodendrocytes is a multistep process where cells
change their phenotype and morphology under the stimulation of growth factors, cytokines, and
neurotransmitters. The process can be summarized by four main stages/phenotypes: OPC, pre-
oligodendrocytes, oligodendrocytes, and myelinating oligodendrocytes (Fig.5). Each of these stages
is defined by several markers that allow their identification [53]. OPC are bipolar cells that express
the PDGFRux at their surface (receptor for PDGFA, the most potent OPC growth factor) and
other surface proteins like A2B5 and NG2. At the pre-oligodendrocytes stage, these markers
remain but the cell morphology is more complex with the appearance of filamentous myelin
outgrowths, and a new surface protein, O4, is produced. Between the switch from pre-
oligodendrocytes to oligodendrocytes PDGFRa, A2B5 and NG2 are not expressed anymore [53].
Oligodendrocytes have more developed arborization than their predecessors and are characterized
by the expression of news markers like 2', 3'-cyclic-nucleotide 3'-phosphodiesterase (CNPase), a
myelin-associated enzyme eatly myelin components such as galactocerebroside (GalC) and the
transmembrane protein proteolipid protein (PLP). At the final differentiation stage,
oligodendrocytes cytoplasm extend to wrap around the axon. Myelinating oligodendrocytes express
a plethora of surface proteins such as MBP, myelin-associated glycoprotein (MAG) and MOG [53].
In postnatal murine-derived oligodendrocytes, MBP and MAG emerge between day 5 and 7,

whereas MOG appears one to two days later [53].
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The three transcription factors Oligl, Olig2, and SOX10, are present throughout the whole
oligodendroglial lineage [54]. Their expression has been described to be a critical element in the

promotion of OPC differentiation.

Any disturbance of the process results in a failure of remyelination. Even if remyelination is

efficient, the newly formed myelin sheath is thinner than its predecessor.

During developmental myelination, the thickness of the myelin sheath is proportional to the
thickness of the axon, but in remyelination, this correlation is lost for unclear reasons. This change
is more apparent for larger axons, where the newly formed sheath is thinner than the original one.
However, for thinner fiber, like in the corpus callosum, the thickness of the myelin the newly

formed myelin mostly remains to the original one [55].

In the latest decade, there has been a real effort to uncover the mechanisms behind remyelination
and, notably, the role of the myriad of secreted factors during remyelination. Furthermore, it was
also critical to determine what aspect of remyelination was more likely to fail in MS patients. Along
this line, Woodruff, and colleagues [56] demonstrated, using a transgenic mice model
overexpressing PDGFA, that OPC proliferation permitted their migration at the lesion site but did
not manage to improve remyelination compared to wild-type mice. Their results suggested that
OPC differentiation seems to be the limiting step for efficient remyelination [56]. Therefore,
unraveling the pathways that inhibit or promote OPC differentiation seemed crucial to find
effective drug targets to improve OPC differentiation [23]. Many inhibitory pathways (Fig.6) [23]
have been discovered, such as the Notch Pathway or the Wnt pathway, but so far, only Lingo-1
and the muscarinic receptor signaling have been a source of interest to researchers since
antagonistic antibodies for the former and molecules for the latter have been taken to clinical trials
(see below). Among the pathways that favor differentiation, we can cite the activation of the
retinoid X receptor (RXR), thyroid hormone, and vitamin D that mediate their effect via

heterodimerization of the RXR.
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Figure 6. Pathways involved in OPC differentiation [23].

At the left of the central blue arrow are listed some of the proteins that inhibit OPC differentiation. The elements that
promote OPC differentiation are listed at the right of this same arrow. Semaphorin 3A and Netrin I hinder OPC
recruitment at the lesion, whereas Semaphorin 3F favors their recruitment.

CSPG=chondroitin sulfate proteoglycan. Vav3=rho GTPase-regulating guanine nucleotide exchange factor.

Nonetheless, recent findings by Yeung et al. call into question most of the discoveries made in
animal models regarding how important OPC differentiation is for myelin sheath regeneration and
the role of damaged oligodendrocytes in the process of regeneration [57]. They used C'* datation
in shadow plaques (i.e. partially remyelinated lesions) to show that the newly remyelinated lesions
were mainly composed of older oligodendrocytes and not recent ones. Furthermore, another study
found reduced amounts of mRNA correlated with OPC (SOX6 and PDGFRA mRNA) in shadow
plaques of post-mortem brains from MS patients compared to healthy subjects [58]. In addition,
they also discovered that different subsets of mature oligodendrocytes existed and that they differ
between areas of normal-appearing white matter in MS patients and healthy individuals (some
subtypes were depleted in MS patients). In the last two years, discoveries made on animal models
(zebrafish and rodents) strengthened the idea of oligodendrocytes participating in remyelination
[59]. For example, Bacmeister et al. used a cuprizone model and followed damaged
oligodendrocytes in mice [60]. They observed that these oligodendrocytes could reform the myelin
sheath but are less involved in the process than new oligodendrocytes stemming from OPC
differentiation [59, 60]. In line with these observations, Duncan et al. found that in the
demyelinated spinal cord of cats, mature oligodendrocyte cell bodies were seen to extend their
processes to mature myelin sheaths and thinly remyelinated axons. They also observed by electron

microscopy the same phenomenon in rhesus macaques in the spinal cord [61].
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Taken together, these observations suggest that old oligodendrocytes, in addition to OPC, also
contribute to remyelination in humans and rodents (Fig.7). Thus, the long-time postulate placing
only OPC differentiation in the center of remyelination is obsolete, leading to the conclusion that
oligodendrocytes can also be the target of new medicines that can potentially restore their ability
to generate myelination. We highlighted how essential myelin is for axon protection and the high
velocity of action potentials conduction. Therefore with remyelination, all myelin functions are
recovered and thus axonal degeneration. Hence, remyelinating molecules can be the rise a new
class of therapeutic agents that could be prescribed alongside the existing immunomodulatory

treatments discussed in the following paragraphs.
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Figure 7. Remyelination by oligodendrocytes and OPC [59].

After demyelination, some oligodendrocytes survive, losing some or all of their myelin sheaths whereas others die,
leading to OPC activation. During remyelination, OPC can generate new myelinating oligodendrocytes and the
surviving oligodendrocytes can contribute to remyelination, but to a limited extent. OL = Oligodendrocytes
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III. MS CLINICAL SYMPTOMS AND TREATMENTS

Dempyelination and neuroinflammation are the root cause of the various symptoms observed in

MS.
As its variable clinical symptoms, the disease can have several clinical courses that depend on its

“form.” MS patients are usually classified in one of the three main forms of MS (Fig.8).
e The relapsing-remitting form affects 85% of the patient.
e The primary progressive form (PPMS) affects less than 10% of the patients.

e The secondary progressive (SPMS) form that is considered the long-term evolution of the
RRMS developed by the majority of a patient within 15-20 years after RRMS manifestation:
10% after 10-years, 50% after 20-years, and 93% after 30-years of disease onset [62]. In the
younger population (disease onset at 14 years old), this conversion from RRMS to SPMS
is slower than in adults. The switch occurs more rapidly for an elderly population (disease

onset over 55 years old).

In RRMS, patients experience acute inflammatory episodes and symptoms followed by months or
years of remission, whereas in the progressive form, there is a continuous degradation of the

patients’ neurological function (Fig.8) [63] [64].
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Figure 8. Clinical course of MS [64].

MS diagnosis is always preceded by a clinically isolated syndrome (CIS) phase where patients experience their first
neurological attack. These symptoms can only be a one-time event and don’t necessarily evolve into MS. Depending
on the type of MS, clinical disability progtresses differently throughout time. However, all MS patients can suffer from
chronic symptoms such as fatigue, cognitive difficulties or residual deficits from previous relapses
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IT1.1. DIAGNOSTIC

MS first manifestations are generally isolated neurological deficits that can differ from one patient
to another due to the localization of the demyelinated lesions in the CNS. One of the most
common initial symptoms in MS are vision problems due to optical neuritis. Symptoms can be
temporary loss of vision, blurry vision, or eye pain that gets worst with movement. These
symptoms occur 90% of the time in one eye and rarely in both eyes. Inflaimmation in the spinal
cord (myelitis) is the second common symptom that declares disease onset. It translates in muscle
weakness, reduced limb sensation and bowel and bladder dysfunction. This acute inflammation
can resolve or develop into spasticity. The Lhermitte sign, which consists of an electrical shock-
like sensation going down the spine or limbs induced by neck movements or urinary urgency, is
also a diagnostic indication of MS. Other symptoms such as vertigo, caused by cerebral lesions, or
uncoordinated voluntary movements of the limbs, cognitive disorders, and mood swings can also
be MS symptoms [65]. It is difficult to establish at the beginning of the onset whether the patient
has MS. A first clinical episode is called a clinically isolated syndrome (CIS), and it may take weeks
or months for another relapse to occur. With a large and complex clinical picture, the McDonald
criteria (Table 1) have been established to help physicians diagnose MS with sufficient sensitivity
and specificity [66]. These criteria are based on clinical symptoms, magnetic resonance imaging
(MRI), and laboratory findings (oligo bands that show IgG presence in the CSF). Demyelinating
lesions in MRI can be observed in T-2 weighted and T-1 weighted images where they appear as
hyperintense and hypointense, respectively [60]. In summary, the disease's dissemination in time

and space must be demonstrated and other causes excluded to confirm a diagnosis of MS.

24



CHAPTER I - INTRODUCTION

Table 1. The 2017 McDonald Criteria for diagnosis of MS in patients with an attack at onset [66].

Dissemination in time: the appearance of the new lesion over time; Dissemination in space: the appearance of a lesion

in another location in the brain

Number of lesions with objective

clinical evidence

Additional data needed for a

diagnosis of multiple sclerosis

>2 clinical attacks >2 None
22 clinical attacks 1 (as well as clear-cut historical | None
evidence of a previous attack
involving a lesion in a distinct
anatomical location)
=2 clinical attacks 1 Dissemination in space
demonstrated by an additional
clinical attack implicating a different
CNS site or by MRI
1 clinical attack >2 Dissemination in time demonstrated
by an additional clinical attack or by
MRI OR demonstration of CSF-
specific oligoclonal bands
1 clinical attack 1 Dissemination in space

demonstrated by an additional
clinical attack implicating a different
CNS site or by MRI AND
Dissemination in time demonstrated
by an additional clinical attack or by
MRI OR demonstration of CSF-

specific oligoclonal bands

For example, having a CIS such as optic neuritis does not necessarily mean that the syndrome is

related to MS. Even if CIS are related to demyelination, they can be a one-time syndrome that can

swiftly disappear. Nonetheless, individuals having CIS have a higher chance of developing MS. The

probability is lower if patients’ have no brain lesions visible with MRI at the time of the CIS (10-

year risk of 20% chance of meeting the McDonald criteria for MS) but if the same attack is observed

with evidence of brain lesion, the risk increases (10- year risk of 90% of meeting the McDonald

ctiteria) [65]
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II1.2. SYMPTOMS

MS symptoms can be very different from one person to another. The physician can grade the
degree of disability with the extended disability status scale (EDSS). The EDSS scale ranges from
0 to 10, with a higher scoring representing a higher disability. For example, a scoring from 1 to 5.5
refers to people with MS who can walk without any aid. The highest score of 10 corresponds to
the patient's death because of MS. The nature of the symptoms mainly depends on the
demyelination lesion localization, but overall, they have a significant impact on patients' lives. In
2018, Barin et al. reported the frequency of symptoms in patients with RRMS (611 participants and
PMS 244) [67]. Interestingly the three most frequent symptoms were different from one subtype
to another. For RRMS, it was paresthesia (77.1%), fatigue (74.1%), and weakness (54.8%), whereas
PMS patients had gait problems (90.6%), balance problems (84.0%), and fatigue (83.2%). In the
elderly population, in addition to the symptoms cited above, cognitive impairment is widespread.
Roth et al., compared cognitive performance of elderly individuals (60-80 years old) with MS and
those with amnestic mild cognitive impairment healthy (unaffected by MS)[68]. Their data suggest
that MS patients affected individuals exhibited worse performance on measures of processing
speed (speed with which information can be perceived, understood, and responded to). Either way,

MS patients display a large panel of symptoms with different frequencies (Fig. 9) [67].

The study by Barin et al. also reports the measurement of the participants' health-related quality of
life (HRQoL) [67]. The HRQoL was assessed using the EQ-5D-5L self-assessment questionnaire
that considers patients' 5-component scale, including mobility, self-care, usual activities,
pain/discomfort, and anxiety/depression [67]. The study showed that for RRMS patients, gait and
balance problems and fatigue are the symptoms that most affected their quality of life, whereas,
for PPMS, it was spasticity (abnormal muscle tightness that creates a resistance to movement) and

paralysis.
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Figure 9. Frequency of reported symptoms in participants with RRMS and PMS [67].
RRMS = relapsing-remitting MS, PMS = progressive MS, dysf. = dysfunction, p. = problems

I11.3. POPULAR MS MODELS IN VIVO FOR DRUG DISCOVERY

Efficient preclinical models are essential for drug discovery. Like other diseases, animal models
have been developed for MS. While a single model does not capture the complexity of MS, they
are valuable tools to test new therapies and decipher disease machinery. Several models permitted
establishing the efficacy of the molecules that clinicians have nowadays at their disposal to tackle
MS. In this paragraph, we will briefly introduce 3 of the most popular models and discuss their

limit and the scope of their use.

Experimental allergic encephalomyelitis (EAE): EAE is one of the most popular animal
models to study MS, whether for understanding its complex immunopathology or testing new
drugs. EAE has been induced in rats, mice, guinea pigs and monkeys, nonetheless, C57BL/6 mice
are the most used [69]. Most MS treatments discussed in the upcoming paragraph were tested in

the EAE model in preclinical studies. This model is particularly interesting since it shares many
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common characteristics with MS such as inflammation, demyelination, axonal loss, and gliosis [69].
The induction of such inflammation results in MS-like symptoms in mice that are graded with a
“clinical” score (as an example : 0, no disease; 1.0, limp tail; 2.0, weakness in hind legs; 3.0, ataxia;

4.0, paralysis of both hind legs; 5.0, hind and foreleg paralysis; 6.0, moribund/dead).

EAE is based on encephalomyelitis induction by immunizing the animal with proteins or peptides
from the myelin (generally a fragment of a myelin-related protein such as MOG or PLP). For
instance, to stimulate the immune system activation towards the antigen in C57BL/6, a standard
protocol is to use a peptide from the myelin oligodendrocyte glycoprotein (MOG35-55) emulsified
into complete Freund's adjuvant [69]. Depending on the sex of the animal, the inflammatory
response may differ in regard of some aspects. Although female and male mice have a similar
clinical score 20 days post-immunization, female mice had more spinal cord infiltrating cells and
demyelination than males [70]. Even if EAE has been used to study the impact on remyelination
of a given compound, it may not be the most suitable model to do so. Considering the strong
neuroinflaimmation induced in this model, it is challenging to decipher whether the myelin sheath
regeneration is induced via the modulation of inflammation or by the induction of OPC

differentiation and proliferation [69].

Cuprizone: This murine model is based on chemical-induced demyelination. Cuprizone is a
copper-chelator that is specifically toxic towards oligodendrocytes. Oligodendrocytes fail to
maintain their very high metabolic activity due to copper deficiency, leading to their apoptosis and
thus demyelination [69]. It is typically mixed with chow ingested by rats or mice. Although several
grey and white matter regions are affected, demyelination is quite significant in the corpus callosum.
Actually, this region is the most studied one due to its high myelin content [71]. Even if the
demyelination observed in the cuprizone model is not inflimmation-mediated, inflammatory
markers are increased in the CNS. Indeed, innate immune cells are activated as a treaction to
oligodendrocytes *apoptosis with prominent gliosis due to microglial accumulation and astrogliosis.
Of note, microglia infiltration in the later stage of demyelination appears to clear myelin debris and
secreting factors, such as FGF, essential for OPC proliferation [72]. This model is particularly
interesting to study remyelination as it can inform the kinetic process. Usually, after 5-6 weeks of
0,2% cuprizone chow ingestion in mice, the corpus callosum has attained a significant loss of
myelin (less than 25% of the myelinated area) [71]. Upon removal of cuprizone from the diet,
remyelination starts and is completed after 6-8 weeks. Therefore, using this model makes it easier

to appreciate the effect of a given molecule on the speed of remyelination.

Lysolecithin (LPC): The use of LPC, a phospholipase A activator, is another type of chemical

demyelination [73]. Contrary to the two previous models, LPC is used to induce a local
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demyelination plaque by administering a 1% solution using stereotactical injection methods. In the
literature, the most common site of injection are the corpus callosum and the spinal cord [73]. As
the cuprizone model, demyelination is quickly followed by remyelination. OPC start repopulating
the lesion around 5 days after LPC injection and remyelination is complete between 14 to 28 days
post lesions. The speed and degree of remyelination depend on the animal's age but are also site-
dependent [09]. Like the cuprizone model, LPC models are used to study the mechanistic of

remyelination or to appreciate the impact of a molecule on remyelination.

Although these animal models permitted to uncover several physiopathological elements linked to
MS and test the efficiency of all approved MS drugs we want to highlight that these models have
their limitations. Indeed, animal models of MS feature demyelinating lesions that can be induced
via multiple mechanisms, but these plaques' characteristics do not reflect all the complexity and
subtypes of human MS lesions [74]. To address some of these limitations, new humanized chimeric
animal models have been developed. They are based on the transplantation of human
oligodendrocytes from a healthy human donor in immune-deficient mice or pups that allow
xenograft. With this kind of model, the biology behind the myelination process can be studied with
a higher correlation with human biology. To study the physiology behind remyelination or evaluate

the impact of a given compound, cells can also be grafted after demyelination [75].
II1.4. TREATMENTS

To this date, MS is an incurable disease. However, the treatments available help limit the disease's
progression and positively impact patients' lives (Fig.10) [76]. Treatments can be divided into (i)
clinically isolated syndrome treatments, (i) disease-modifying treatments, and (iii) symptomatic
treatments that manage patients' symptoms. Since MS is an immune system-related disease, all
treatments are either immunomodulatory or immunosuppressive. Below the main treatment

options available will be listed, and their main mechanisms of action will be briefly described.
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Figure 10. Progression of EDSS in MS during the years after disease onset [76].
The figure shows the progression of MS with the current treatment. With the use of nowadays therapies, attacks fairly
decreased in most patients. However, even during relapses, there is still an evident disease activity that the authors
termed “silent progression.”

The CIS patients present one or several symptoms of neurological deterioration with or without
MRI lesions that lasts more than 24h, without any sign of fever or infection, and that resolves by
itself. With this kind of neurological manifestation, patients are highly likely to develop MS. While
most neurologists use high doses of intravenous (IV) corticosteroids (3—5 days course) to accelerate
relapse recovery, the aftermath management can differ from one physician/hospital to anothert.
Indeed, to delay the manifestation of other neurological attacks, patients do not receive any
treatment in some cases. However, in some practices, patients can receive as a first intention

treatment IFN- or glatiramer acetate [65].

Disease-modifying treatments (DMT):

In MS, a DMT is an immunomodulatory drug that acts on the dysregulated immune system. The
primary purpose of these treatments is to prevent relapses, limit CNS inflammation, and reduce
the development of new lesions. However, they generally do not significantly improve preexisting
MS symptoms. Nowadays, there are 10 type of DMT for RRMS and one, Ocrelizumab, approved
for PPMS. IFN-8 and Glatiramer acetate are part of these 10 types of therapies approved for

RRMS. We listed them as first-line and second-line treatments.

First-line treatments

IFN-8: IFN-§ is the first drug authorized by the Food and drug administration (FDA) (1993) and
the European medicine agency (EMA) (1995) for MS [77]. There are different types of IFN-{ on
the market (IFN-3-1a, 3-1b or PEGylated IFN-). IFN-3-1a is produced in chinese hamster ovary
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cell line and its amino acid sequence is identical to the native IFN-8. On the other hand, IFN-3-1b
is produced in Escherichia coli, has a subtle different amino acid sequence from the natural IFN-
B [77]. These differences result in lower efficiency thus leading to the administration of higher
doses. Those preparations are self-injected by the patient either by intramuscular (IM) or by
subcutaneous (SC) administration. IFN-$ activates IFNAR1/2 inducing the phosphorylation of
signal transducers and activators of transcription such as (STAT)1-STAT2 factors. It induces a
shift from a Th1 to a Th2 response associated with the secretion of anti-inflammatory cytokines
such as IL-10. In addition, this activation of IFNAR decreases MHC II and thus inhibits the
presentation of auto-antigen and T-cell activation. IFN-f also diminishes immune cell trafficking
across the BBB by decreasing the expression of adhesion molecules very late antigen-4 (VILA-4)

and cleavage of endothelial vascular cell adhesion protein (VCAM) [77].

Glatiramer acetate is a polypeptide of 4 amino acids (I-alanine, l-lysine, l-glutamic acid, and 1-
tyrosine) SC self-administrated. This peptide is supposed to mimic myelin auto-antigen and thus
serve as a decoy for the immune system [66]. However, the exact mechanism of action of this drug
is still unknown. The suggested mechanism of action is that glatiramer acetate decreases myelin
auto-reactive T cells by biding to MHC II of APC cells, thus limiting the presentation of myelin-
like antigen. It favors the differentiation of activated T-cells into a Th2 and T-reg phenotype that

secretes anti-inflammatory factors [78].

Dimethyl fumarate: Dimethyl fumarate is also a small molecule taken per os indicated for the
treatment of RRMS and is the most prescribed oral drug for RRMS in the US [74]. The mechanism
of action of dimethyl fumarate is still unclear, but it is known to activate the nuclear transcription
factor erythroid-derived 2 (Ntf2). Ntf2 is a ubiquitarian redox sensor that regulates oxidative stress.
The Nrf2 pathway is activated by dimethyl fumarate via cysteine residues of the Keapl protein,
Nrf2 inhibitor, resulting in its dissociation from Nrf2 [74]. Upon dissociation from Keap1, Nrf2
migrates to the nucleus and increases the transcription of anti-oxidative genes (i.e., genes coding
for oxydo-reductase enzymes)[74]. Since ROS production is a hallmark of demyelination and
axonal degeneration, dimethyl fumarate anti-oxidant action result in a neuroprotective effect.
Moreovert, it also has an anti-inflammatory effect mediated by the inhibition of the NF-Kf pathway

that decreases anti-inflammatory cytokine secretion and lymphocyte activation and production [74].

Teriflunomide: Teriflunomide is an oral drug indicated for RRMS and is the active metabolite of
leflunomide prescribed for rheumatoid arthritis. It limits the de novo synthesis of pyrimidines by
inhibiting a mitochondrial enzyme named dihydro-orotate dehydrogenase [75]. In all cells,
pyrimidines are essential for DNA, membrane phospholipids, and glycoproteins synthesis.

Nevertheless, proliferating T-cells and B-cells are mainly dependent on this pathway. Therefore,
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by depleting the pyrimidine pool in these cells, teriflunomide acts as an immunosuppressive

molecule by decreasing circulating T-cells and B-cells [75].

Second-line treatments

Fingolimod and Siponimod: Fingolimod was the first oral therapy released, in 2010, for RRMS.
After phosphorylation it acts on the sphingosine-phosphate receptors (S1IPR1, SIPR3 and S1PR5)
that are crucial for lymphocyte migration from the lymphoid organs to the bloodstream [73].
Phosphorylated fingolimod binds to its receptor and sequestrates the auto-reactive lymphocytes in
the lymph nodes, limiting their accumulation into inflamed CNS lesions. Its main effect is primarily
on T- and B -cells, but a few studies demonstrated that fingolimod can also act on gliosis and OPC
differentiation in vitro [73]. In clinical trials, fingolimod the number of CD4+ cells and CD8+ cells
[73]. Siponimod, like fingolimod, is administered per os and acts on sphingosine phosphate
receptors; however it appears to be more specific. Indeed, it modulates the SIPR1 and S1PR5
receptors [72]. This confers to siponimod a better safety profile. Indeed, fingolimod, likely due to
its binding to S1PR3, caused atrioventricular nodal block (a heart arrhythmia) and macular edema
in some patients. Siponimod also blocks lymphocyte migration from lymph nodes resulting in a
decrease of circulating auto-reactive lymphocytes [74]. Siponimod is indicated for relapsing or

active secondary progressive MS.

Ocrelizumab: Ocrelizumab is a humanized monoclonal antibody approved for RRMS and PPMS.
Like all monoclonal antibodies, is administrated intravenously It is the first drug approved for
PPMS and also the first drug focusing on B-cell targeting [33]. Ocrelizumab blocks the CD20
glycoprotein present in most B-cell lineage, except for stem cells and antibody-secreting plasma
cells. Therefore, it manages to deplete the circulating mature and immature B-cells by inducing
antibody and complement-dependent cytotoxicity. Ocrelizumab efficacy in PPMS underlined how
B-cells have an essential role in MS physiopathology, that is not limited to antibody secretion by
plasma cells [33]. These findings also led to questions about the different physiopathology between

the progressive form of MS and the RR form [79].

Natalizumab: This monoclonal antibody is an anti-a4-integrin receptor. The a4-integrin is present
at the surface of lymphocytes, monocytes, and eosinophils. It interacts with a vascular VCAM-1
that is overexpressed on endothelial BBB cells in the context of inflammation. VCAM-1 and o4-
integrin association is essential for lymphocytes to cross the BBB. Moreover, it has been reported
that VCAM-1 and a4-integrin interaction also triggers activation of lymphocytes proliferation, and

secretion of local cytokines that recruit more immune cells and further promote adhesion and
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transmigration of these cells into inflamed tissues. Hence by blocking lymphocytes migration, lower
immune cell infiltration in lesions and decreased neuroinflammation were reported [80].
Natalizumab is a high efficiency medication. Its downside however is that it has been linked with
John Cunningham virus (JC virus) activation. The JC virus is ubiquitous in the population, generally
benign for immunocompetent individuals but can be responsible for progressive multifocal
leukoencephalopathy in immunosuppressed individuals. During phase 3 clinical trial, natalizumab
triggered the activation of the previously dormant virus, inducing progressive multifocal
leukoencephalopathy. For this reason, patients that are prescribed natalizumab are tested for this

vitrus.

Alemtuzumab: Alemtuzumab is a recombinant humanized monoclonal antibody directed against
CD52. CD52 is localized at T-cell, B-cell, and NK cell surfaces. Alemtuzumab binding to CDD52
causes antibody-dependent cellular cytotoxicity and complement-dependent cytotoxicity [81].
Therefore, it activates pro-apoptotic pathways that lead to the depletion of T-and B-cells in the
blood and lesions (according to the observation made in the EAE model) [81]. After treatment, a
new population of T-cells and B-cells arises. A clinical study evaluated the new population of T-
cells in patients after treatment. It showed that regulatory T-cells repopulated much faster and were
more present in the Th2 phenotype, thus promoting the secretion of anti-inflammatory cytokines.
Th1 and Th17 were slower to repopulate (3months vs. 12 months) and were present to a lesser

extent in patients [81].

Cladribine: Cladribine is a small molecule analog of deoxyadenosine [70]. It is usually prescribed
for highly active MS in case of other treatment failure and for active SPMS. Cladribine is a prodrug
that needs to be phosphorylated to its active triphosphate form by intracellular deoxycytidine
kinase. The deoxycytidine kinase is highly expressed in lymphocytes, favoring the selectivity of the
drugs for these cells. Being a deoxyadenosine analog, it intercalates in the DNA and induces a
strand breakage, resulting in cell death by apoptosis or autophagy [70]. Among the lymphocytes, B
cells (CD19+) were depleted to a greater extent than T cells (CD3+, CD4+ or CD8+) and natural
killer cells. In addition to lymphocytes depletion, this drug also impacted serum levels of ICAM-1
and E-selectin, two adhesion molecules that play a role in the entry of inflammatory cells into the

brain of MS patients) [71].

Mitoxantrone: This molecule is an established cytotoxic antineoplastic molecule administrated
intravenously and already used as treatment against several cancers (e.g., breast cancer and
advanced prostate cancer, lymphoma, and leukemia) [75]. Mitoxantrone is a topoisomerase-2
inhibitor, an enzyme having a pivotal role in DNA replication. Consequently, mitoxantrone

promotes DNA breakage and deterioration, resulting in cell death. In addition to being a cytotoxic
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agent, this molecule has immunosuppressive properties via depletion of T-cell, B-cell,

macrophages, and APC [75].

The choice of DMT by the physicians is mainly based on the efficacy/safety profile of the medicine,
the patients’ medical history, and the disease activity. There are different algorithms of treatment
that physicians can follow to initiate treatment. For a while, IFNB—1a and glatiramer acetate were
considered first-line treatments due to their safety profile and their ability to be self-administrated
[76]. Further, the traditional approach uses drugs of moderate effectiveness and then switches to
an efficient compound when the illness activity increases. Nonetheless, nowadays, the paradigm
has changed. Studies suggest that early use of high efficacy therapy such as ocrelizumab improves
long-term outcomes. The following table summarizes DMTSs’ characteristics in their place in MS

management (Table 2) [76].
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Table 2. Overview of DMTS’ characteristics approved for Multiple Sclerosis (adapted from Hauser et Al.)[76]ARR, annualized relapse rate; CDP, confirmed

disability progression.
Drug Mechanism of action Indication | Route of and Efficacy data Common adverse events
frequency of
administration
Highly
effective
Octelizumab Anti-CD20 mAb RMS and 1V infusion, RMS: Relative reduction in ARR compared RMS: Infusion-related reaction, upper respiratory tract infection,
PPMS every 6 months with IFN-B- a:47% headache, and urinary tract infection
(15t line) PPMS: Relative reduction in 12-week CDP PPMS: Infusion-related reaction, upper respiratory tract
compared with placebo: 24% infection, and oral herpes infection
Natalizumab a4B1 integrin inhibitor RRMS 1V infusion, Relative reduction in ARR compared with Fatigue and allergic reaction, JC virus activation
(2nd line) every 4 to 6 placebo: 68% Relative reduction in sustained
weeks disease progression compared with placebo: Progtessive multifocal leukoencephalopathy (PML)
42%
Alemtuzumab Anti-CD52 mAb RMS 1V infusion, once Relative reduction in ARR compared with Headache, rash, nausea opportunistic infections brain
(15t line) daily. During 5 placebo: 49-69% hemorrhage secondary autoimmunity, and fever

days (year 1) and
3 days (year 2)




Mitoxantrone DNA intercalator RMS, SPMS IV infusion, Relative reduction in relapses compared with Dose-related cardiomyopathy, promyelocytic leukemia
(2nd or every month or 3 placebo: 61%
3rd line) months
Moderately
effective
Fingolimod Sphingosine- 1- phosphate inhibitor RMS Oral, once daily Relative reduction in ARR compared with Bradycardia, atrioventricular conduction block, macular edema,
(2nd line) placebo: 48-60% elevated liver-enzyme levels, mild hypertension,shingles, Herpes
infections and PML
Siponimod Sphingosine 1- phosphate receptor CIS, RMS, Oral, once daily | Relative reduction in 12-week CDP compared Headache, nasophatyngitis, urinaty tract infection
modulator active SPMS with placebo: 21%
(1t Line)
Dimethyl Activation of the Nrf2 pathway RMS Oral, twice daily Relative reduction in ARR compared with Flushing, diarrhea, nausea, upper abdominal pain, decreased
fumarate (15t line) placebo: 48-53% lymphocyte counts, and elevated liver aminotransferase




Cladribine Not fully known RMS (2nd or Oral, 4-5 days Relative reduction in ARR compared with Headache, lymphocytopenia, nasopharyngitis, upper respiratory
3 line) over 2-week placebo: 55-58% tract infection, nausea, Shingles, cutaneous rash, hepatic
treatment courses .
cytolysis.

Modestly

effective

Teriflunomide Dihydroorotate dehydrogenase RMS Oral, once daily Relative reduction in ARR compared with Nasopharyngitis, headache, diarrhea, and alanine
inhibitor (15t line) placebo: 32-36% aminotransferase increase

Glatiramer Not fully known RMS SC injection, Relative reduction in ARR compared with Injection-site reactions

Acetate (15t line) once daily or 3 placebo: 29%

times weekly
IFN-3 Not fully known CIS and SC injection, Relative reduction in ARR compared with Injection-site erythema, influenza-like illness, pyrexia, headache,
RMS every 2 weeks placebo: 39% hepatic cytolysis and lymphopenia

(1st line)
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II1.5. PROMOTING REMYELINATION: THE FUTURE OF MS THERAPIES?

As explained in section 1.2.5, myelin regeneration is crucial to restore saltatory conduction,
metabolic support to axons, and preventing neurodegeneration. Thus, promoting remyelination in
MS patients seems to be the next logical step to slow the evolution of the disease. Several animal
models have shown that remyelination limits the development of disabilities. Extensive research
on the process of remyelination led to the discovery of several signaling pathways in OPC or
outside OPC (Fig.6). Here, we will review some of the significant compounds that showed

promising preclinical results on animal models and completed their phase 2 clinical trial.

Opicinumab: Opicinumab is an antibody that targets LINGO-1, a protein expressed on OPC
surface that is upregulated during MS. LINGO-1 downregulates OPC differentiation and
myelination by activating ras homolog gene family member A (RhoA) and inhibiting protein kinase
B signaling pathways [82]. Opicinumab promoted remyelination in animal models such as EAE
[83, 84] and the cuprizone model [85]. Therefore, it was taken through clinical trials and reached
phase 2 (RENEW study) [86]. The RENEW study was a double-blind, placebo-controlled trial in
patients with the first episode of acute optic neuritis. Clinicians used a primary outcome the
measure of the recovery in Visual evoked potential (VEP) latency after an episode of optic neuritis.
VEP is used to evaluate the visual conduction pathways through the optic nerves and brain. In
healthy patients, the VEP latency is about 100 ms, but when the optic nerve is damaged, as in

optical neuritis, this latency is longer.

Regarding the secondary outcome, the thickness of the retinal nerve fiber layer (an optical
coherence tomography parameter) was considered in the affected versus the unaffected eye. For
both primary and secondary outcomes, no changes were observed between the treatment and
placebo groups [86]. However, after a per-protocol analysis that implied the removal of the patients
that did complete the study in the opicinumab-treated patient group, a significant improvement
was seen over the placebo group [86]. With these results, a change of protocol was explored. In
the SYNERGY study (NCT01864148), opacinumab was used in a dose-ranging study on RRMS and
SPMS in association with IFN-§ with different primary outcomes: ambulation (25-foot walk),
cognition, and EDSS [87]. Although some functional improvements were observed for 10 and 30
mg/kg doses, none of the primary outcomes were met [87]. Thus, Biogen decided to discontinue

opicinumab development.

Clemastine: Clemastine is a first-generation anti-histamine approved by the FDA for allergic
rhinitis via its antagonism for the H1 receptor that also have an affinity for muscarinic receptor

[88]. Its interest in MS was put forth in 2014 by Mei et al., who screened a micropillar array system
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for high-throughput screening for possible therapeutics MS [89]. Their system used 96 well plates
with micropillar to evaluate OPC capability to differentiate into myelinating oligodendrocytes that
can wrap their membrane around the microarray, forming concentric myelin rings. They screened
1000 bioactive molecules, and upon automated detection and quantification of MBP
immunofluorescent signal, they found that anti-muscarinic compounds could stimulate OPC
differentiation, among which clemastine. Following positive preclinical results on the EAE model,
the ReBUILD study (INCT02040298) was used to evaluate clemastine efficiency vs. placebo in
RRMS patients and chronic demyelinating optic neuropathy [90]. The first group of patients was
given clemastine for 60 days (10 mg), then a placebo for 90 days, and the second group the contrary.
Results showed a significant decrease in the VEP latency. With those encouraging results, other
trials are investigating the effect of clemastine at different doses, 12 mg/day for one week then 8
mg for 3 months (ReCOVER trial NCT02521311) and in a cohort with progressive MS
(ReBUILD) [91]. In terms of safety profile, clemastine did not induce any life-threatening
conditions, but patients under treatment experienced a high fatigue in the ReBUILD trial [90].
Although the results were promising, having an actual clinical trial that showed the efficacy over a
placebo would be more relevant to proving clemastine efficacy on VEP latency reduction in
individuals with a diagnosed MS and not only optical neuritis. In addition to clemastine,
benztropine, another FDA-approved antagonist of the M1 muscarinic receptor, has shown
promising results in EAE by stimulating remyelination and decreasing EAE score and favored
remyelination in the cuprizone model [92]. However, for now, this molecule was not taken to a
clinical trial for MS or optic neuritis. Nevertheless, these findings are interesting because they open
the paths for discovering or designing new M1 antagonists’ molecules that can be efficient to favor

remyelination.

BEXAROTENE AND RXR AGONISTS: The retinoid X receptors family (RXR) are nuclear receptors
that can either act as 2 homodimer (RXR/RXR association) or can bind to other receptors, for
instance, retinoic acid receptors (RARs), thyroid hormone receptors, vitamin D receptors (VDRs),
peroxisome proliferator activator receptors (PPARs) and liver X receptors (LXRs) as a
heterodimer. These complexes bind to retinoic acid response elements (RAREs) and modulate the
expression of genes involved in cell proliferation and differentiation [92]. The RXR complex then
migrates to the nuclei and acts as a transcription factor. Several studies in animals showed that
RXR agonists could promote remyelination. Huang et al. showed that in an LPC model, during
remyelination, there was a rise of the RXR gene expression pathway [93]. A more thorough
investigation showed that the expression of the RXR-03B3 receptor was up-regulated in cells of

the oligodendroglial lineage. In addition, 9-cis-retinoic acid, an RXR and RAR agonist, induced
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OPC differentiation 7z vivo [94]. Carradori et al. demonstrated that all-trans retinoic acid, a RAR
agonist that leads to RAR heterodimerization with RXR, also promoted remyelination in an LPC-
induced lesion in rats [95]. To investigate the RXR agonist effect on human remyelination [96],
bexarotene, an FDA-approved molecule to treat skin lymphoma, was selected for a randomized,
double-blind, placebo-controlled phase 2 clinical trial: the CCMR One study (registered in the
ISRCTN Registry under 14265371) [97]. They used as a primary endpoint the change in mean
lesional magnetization transfer ratio (MTR) between month 0 and month 6 for several lesions per
patient. Lesional MTR is a parameter obtained via MRI that allows myelin integrity quantification
that decreases in the demyelinated lesion. Unfortunately, in the CCMR One study, there was no
statistically significant change in the mean MTR between the bexarotene and the placebo groups
of all lesions combined. Surprisingly, when lesions were subdivided by location, bexarotene
significantly impacted the cortical grey matter, deep grey matter, and brainstem lesions. Moreover,
in per-protocol studies, bexarotene reduced VP latency compared to placebo in individuals that

had have been previously affected by optical neuritis.

Nonetheless, the authors did not recommend using bexarotene as an MS treatment since its
number of adverse effects was too high, in addition to the poor efficacy of treatment. Central
hypothyroidism and hypertriglyceridemia were the main adverse effect observed. These events are
the consequences of an off-target RXR agonist action. Hypothyroidism resulted from bexarotene
binding to RXR present in thyrotrope cells in the pituitary gland, inducing TSHE gene expression
and leading to a fall of TSH secretion and, consequently, T3 and T4 serum levels [98]. As for
hypertriglyceridemia, bexarotene can bind to RXR that forms a heterodimer with LXRs, mainly
expressed in the liver, thus inducing very-low-density lipoproteins (VLDL) production and up-
regulated factors, angiopoietin-like protein three and apoCIIl, that inhibits triglyceride hydrolysis
[99].

As a rexinoid, calcitriol’s (Cal) effect on remyelination is mediated by RXR. Cal binds to VDR,
forming a heterodimer complex that up-regulates a series of genes involved in remyelination [100].
Cal and vitamin D have been investigated for a long time in the context of MS. Several preclinical
studies depicted exciting data on the effect of high doses of vitamin D on remyelination in ex zivo
brain slices [100] and zz vive, such as the cuprizone model [101] and LPC induced lesions model
[101]. Furthermore, Cal has immunomodulatory properties on anti-inflammatory T-reg cells and

decreases the difference of Th1 and Th17 cells in EAE models [102].

Nevertheless, despite these very encouraging results, most of the placebo-controlled clinical trials

involving Cal or vitamin D intake kept on failing to achieve immunomodulation in MS and
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remyelination [102]. These failures can be explained by a too low dose or a too-short treatment
duration. Hence, several studies investigated different dose regimens, larger study groups, and
longer treatment duration in the last years. In the Soilu-Hanninen et al. placebo-control study
performed on RRMS patients [103], vitamin D3 was given to RRMS patients with an IFN-$1b. In
one year, the patients under vitamin D supplementation showed fewer T2/T1 lesions and reduced
disability accumulation than the placebo group [103]. However, no difference was observed
between the two groups regarding the relapse rate. Camus et al. study also observed similar findings
in a placebo-controlled two-year study with 100,000 IU vitamin D supplement per week [104].
Overall, to draw further conclusions on Vitamin D supplementation in MS management, additional
studies need to be performed at different time/dose regimens. Nowadays, there are still some

clinical trials that are ongoing to assess Vitamin D impact on MS patients

Although no therapy targeting remyelination reached the market, several clinical trials are ongoing

as summarized in Table 3 [105].
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Table 3. Ongoing clinical trial for remyelination therapies (adapted from Cunniffe et al.) [105].

Drug

Type of study

Primary outcome

Status/result

Liothyronine
(MST3K, NCT02760056)

A phase I, randomised, double-blind, placebo-controlled, dose-finding trial of
liothyronine sodium (L.-T3) given for 1 week to people with any type of MS

Maximum tolerated dose of L-T3 as measured
by hyperthyroid symptom scale

Completed. Results
awaited

A phase II, randomised, double-blind, placebo-controlled, parallel group study in 150 | Multifocal visual evoked potential latency at | Recruiting
CNM-Au8 people with MS and evidence of chronic optic neuropathy 24 weeks
Nanocrystalline gold
(INCT03536559)
Domperidone A phase I randomised, open-label, single-blind study of domperidone 10 mg three times | Texture analysis and MTR in enhancing lesions | Ongoing
(INCT02493049) daily in people with RRMS and new Gd-enhancing lesions over 32 weeks
rHIgM22 A phase I randomised, double-blind, placebo-controlled study of rHIgM22 compared to | Safety and tolerability end points Completed.Results
(INCT02398461) placebo in 27 people with RRMS following a relapse awaited



https://clinicaltrials.gov/ct2/show/NCT02760056
https://clinicaltrials.gov/ct2/show/NCT03536559
https://clinicaltrials.gov/ct2/show/NCT02493049
https://clinicaltrials.gov/ct2/show/NCT02398461
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There is a list of reasons that could explain why these trials were not successful: (1) low
bioavailability due to drug degradation, (2) failure to cross the BBB, (3) inadequate route of
administration, and (4) debilitating adverse events. These criteria are obstacles to an optimal
pharmacological effect of a drug, partially explaining why no putative pro-remyelinating molecules
met their primary outcome in their respective clinical trials. Hence, having an optimal
biodistribution of these drugs into the CNS and, more specifically, to OPC could tremendously
increase treatments efficacy. Therefore, there is a need to develop strategies to 1) protect these
molecules against degradation, 2) increase their transport across the BBB to improve their delivery
in the CNS, 3) improve their solubility, 4) deliver them precisely to OPC and limit off-target effect.
These hurdles may be overcome by using advanced drug delivery techniques such as drug-loaded

nanoparticles.
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IV.LIPID NANOMEDICINES

The COVID-19 pandemic is the perfect example of how nanomedicines can be used to develop
efficient vaccines. The mRNA spike protein of the SARS-CoV2 virus has been encapsulated in
lipid-based nanoparticles to prevent degradation of the vaccine mRNA. Therefore, these
nanoparticles facilitated an optimal delivery to the cells to express the spike protein that encounters
T-Cell that triggers the start of the humoral immune response, protecting the individual against
future exposure to the SARS-CoV2 virus. As these lipid-based nanoparticles have been efficient in
playing their part in the Pfizer® and Moderna® vaccines, we believe nanoparticles can be a safe
choice to deliver a pro-remyelinating lipophilic drug specifically to OPC. Further, functionalizing
their surface to make them specific to OPC and avoid adverse side-effects, as the hypothyroidism
observed with bexarotene, can be an innovative approach. In the second part of this thesis
introduction, we will focus on lipid nanomedicines, specifically Lipid nanocapsules (LNC), and

how they can be of use for remyelinating treatments in MS.
IV.1. OVERVIEW OF LIPID NANOMEDICINES

(adapted from the review of surface modification of lipid-based nanoparticle, under
revision for ACS Nano)

Among the vast array of nanomedicines, lipid-based nanoparticles are some of the most popular.
For instance, liposomes were used to formulate Doxil®, the first FDA-approved product based
on nanomedicine, to improve the safety profile of doxorubicin. Lipid nanoparticles present several
advantages that make them attractive when nanocarriers are needed. Lipid nanoparticles are
biodegradable and biocompatible and present low immunogenicity. Their lipid components allow
efficient lipophilic drugs encapsulation, which is critical as the proportion of new lipophilic drugs
increases. These nanoparticles' size and surface properties can be easily tuned using lipids with

different physicochemical characteristics, such as their molecular weight, charge, and lipophilicity.

Over the last several decades, the array of lipid-based nanoparticles has rapidly expanded. In this
section, the main types of lipid nanoparticles will be briefly introduced, i.e., nanoemulsions (NE),
liposomes, solid lipid nanoparticles (SLN), nanostructured lipid carriers (NLC) [106-109], lipid
nanocapsules (LNC), and lipid—polymer hybrid nanoparticles (hybrids) (Fig.11). NEs are colloidal
dispersions prepared by combining water, oils, and surfactants, with the most important NEs being
self-nanoemulsifying drug delivery systems (SNEDDS) for oral drug delivery [110]. Liposomes are

composed of a phospholipid bilayer that surrounds an aqueous core, thereby being suitable for
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encapsulating lipophilic, hydrophilic, and amphiphilic cargoes [111]. SLN and NLC can be
classified as solid core nanoparticles. They both have a strong protective effect on the incorporated
therapeutics[107, 112]. LNC present a lipoprotein-like structure organized with an internal liquid
or semiliquid oily core and an external PEGylated rigid membrane [113]. Hybrids are more novel
core-shell lipid-based nanostructures that combine a polymeric core encapsulating a payload and a
phospholipid shell (e.g., a lipid-polyethylene glycol (PEG) layer). Hybrids can display the merits of
both systems (liposomes and polymeric nanoparticles) [114-119]. The detailed preparation
techniques, physicochemical properties, and pharmacological applications of these lipid

nanoparticles have been reviewed elsewhere [116, 120, 121].
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Figure 11. Structures of different types of lipid-based nanoparticles

Focus on LNC

Among lipid nanoparticles, LNC are particularly interesting since they are described as a hybrid
between polymeric nanocapsules and liposomes because of their oily core surrounded by a rigid
membrane [122]. LNC can have a tunable size below 100 nm, which will allow them to pass
epithelium fenestration [113]. LNC has an oily core composed of Labrafac® WL 1349, a
triglycerides liquid mixture, a shell composed of an amphiphilic surfactant (Kolliphor HS®15; a
PEG mixture of PEG 660 and PEG 660 hydroxy stearate) and of a lipid surfactant, named Lipid®

S100 (a mixture of phosphatidylcholine from soybean). Our laboratory uses this composition to
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formulate LNC, but the protocol can vary and include other triglycerides (as Captex® 8000) or
lipid surfactants. LNC is an ideal nanocarrier to deliver lipophilic drugs that are insoluble in
physiological solutions. Encapsulating these molecules in LNC increases their solubility since, after
encapsulation, the LNC formulation is miscible in a saline-based solution (0,9% NaCl) and can be
administrated intravenously. Moreover, LNC can protect the drug from enzymatic degradation; in
line with this characteristic, hydrophilic compounds can also be encapsulated in LNC via an inverse
micelles protocol [123]. In these scenarios, LNC are more used for drug protection instead of their
“anti-degradation” properties since they can prevent drug enzymatic degradation (i.e cytochrome
metabolization). Their PEGylated capsule can shield them from enzymatic degradation and
opsonization by the immune cell system, increasing their half-life. LNC are polyvalent nanocarriers.
As their surface can be functionalized with peptides or antibodies to enhance cell internalization
they can be of use to target specific cells [124], but they can also serve as carriers for several types
of bioactive molecules (i.e., cytotoxic, nucleic acids) or theragnostic agents (e.i fluorescent dyes and

radioactive molecules) [113].

Kolliphor ® HS15
Lipoid ® S100
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Figure 12. LNC production based on the phase inversion method.

Briefly, 0.846 g of Solutol HS15, 0.075 g of Lipoid®, 0.089 g of NaCl, 1.028 g of Labrafac® and 2.962 ml of water
were mixed under magnetic stirring for 5 min at 50 °C. Next, three temperature cycles of heating/cooling were done
between 60 °C and 90 °C, also under magnetic stitring. During the cooling of the last cycle, at the PIT , 12.5 ml of
cold water (4°C) were added, under high-speed stirring. The resulting LNC are filtered with 0.2 um filter and stored at
4°C.

One of LNC’s most significant advantages is its solvent-free production process. Briefly, Labrafac,

Kolliphor HS 15®, Lipoid®, NaCl, and Milli-Q water are mixed at 50°C allowing all these
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components to mix. Next, three temperature cycles are made under stirring, going from 60 to 90
°C. During these cycles, there is a change in Kolliphor HS®15 solubility, impacting the emulsion
type. At high temperatures (>80°C), it is lipophilic (dehydration of the polyoxyethylene chains),
forming a water in oil (W/O) emulsion, while at low temperatures (<60°C), it is hydrophilic

forming an oil in water (O/W) emulsion (Fig.12)

At the phase inversion temperature (PIT) that occurs around 77 C°, there is a balance between the
W/O and the O/W emulsion that can be visually recognized by its transpatency [125]. At this
precise moment, cold Milli-Q water is added to the formulation, allowing a fast cooling that breaks

the microemulsion system present at the PIT and forms stable nanocapsules [113] (Fig.12).

To encapsulate lipophilic molecules inside LNC, two strategies can be used: 1) the bioactive
compound can be directly solubilized in Labrafac at the beginning of the process or 2) the bioactive
compound is solubilized in an organic solvent (such as ethanol in a very high concentration) and
then added at the last cooling cycle under stirring just before the PIT. LNC preparation can be
easily scaled up for industrial production. In 2013, a pilot study to scale-up LNC and Ibuprofen
loaded-LNC was conducted at Angers University. The test was successful, and LNC stability and
Ibuprofen encapsulation efficiency were assessed. LNC size, zeta potential, and polydispersity
index (PDI) did not significantly vary in 12 months with the scale-up process, and ibuprofen

encapsulation efficiency was superior to > 97%, which is similar to the lab process.

Nowadays, two types of lipid nanocarriers are approved by the FDA and the EMA: liposomes and
lipid-based nanoparticles (LNP) [126]. The former was introduced in the 90s, with Doxyl®, a
doxorubicin loaded-liposome formulation, and the latter in 2018, with Onpattro®, a siRNA loaded
in LNP for the treatment of polyneuropathy in patients with hereditary transthyretin-mediated
amyloidosis. LNC has some advantages summarized in Table 4 [118] compared to these lipid

formulations.
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Table 4. Advantage and drawbacks of LNC and FDA-approved lipid-based nanomedicines (adapted from Thi et al.) [126].

Name Composition Size Advantages Drawbacks
Liposome Phospholipid, 10-1000 nm - -Drug protection - -Not crossing the stratum corneum barrier
cholesterol, essential - -Controlled release, - -Rigid structure
oils - -Encapsulation of lipophilic and hydrophilic - -Moderate encapsulation of lipophilic drugs
therapeutic agents - -Process of fabrication involves organic solvent

- -High bioavailability, and biodistribution

LNP Solid and liquid lipids | 50-1000 nm - -Biocompatible and biodegradable ingredients - Optimization required of the ratio of solid/liquid
(fats and oils), lipids
- -High cell uptake
surfactants
- -Good protection of drugs
- -Long shelf life
- Ease of drug entrapment
LNC Solid and liquid lipids | 20-100 nm[113] - -Same as Liposomes + higher enhancement - Multi-step Process [113]
(lecithins and of the solubility of hydrophobic therapeutic
tryglicerides), agents
surfactants - -Solvent free process|[113]

Another attractive feature of LNC is the possibility of modifying their surface with targeting moieties to achieve selective, cell-specific targeting. The
goal behind cell-targeting is to maximize the distribution of the bioactive compounds but in the desired cell to 1) maximize the therapeutic effect and 2)
limit the off-target effect on other cell types and organs, which can result in adverse effects. In other words, these strategies aim for a better efficacy and
safety profile of nanomedicines. In the next paragraph, we will discuss the targeting strategies and the different technics that have been used in the
literature to tailor lipid nanocartiers.
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IV.2. CELL TARGETED NANOMEDICINE

Targeted nanomedicine has been the “magic bullet” dream of nanoscale drug delivery systems [127,
128] to recognize actively, bind to, and be taken up by the targeted cell population. Specific cell
targeting is achieved by linking a ligand to the surface of a nanoparticle. This ligand molecule should
recognize another molecule, such as a receptor, present in the targeted cells in a selective or specific

manner.

V.21, Ligands

The choice of the ligand is crucial. Antibodies are obvious ligands, as their function is to target a
specific antigen. Alternatives include antibody fragments, nanobodies, other types of proteins,
peptides, aptamers, oligonucleotides, and small molecules such as folic acid or carbohydrates [129,
130]. Each ligand has its pros and cons (Table 5), and a particular ligand should be selected

according to the targeted cell type, the lipid nanoparticle and the range of molecules available.

In addition to antibodies, smaller fragments, peptides and aptamers have been developed to replace
tull-size antibodies. Peptides can recognize specific receptors such as integrins with the arginine-
glycine-aspartate (RGD) peptide or improve cell penetration when positively charged (cell-
penetrating peptides). Aptamers are short single-stranded nucleic acid sequences with more affinity
and selectivity for their designed antigen than antibodies that are heat-stable and nonimmunogenic.
The main polymeric ligand is HA, which targets the CID44 receptor that is overexpressed in many
cancer cells, such as ovary cells [131]. Finally, small molecules include sugars, such as mannose

against dendritic cells or folate used for cancer targeting.
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Table 5. Lipid nanoparticle targeting ligands (a non-exhaustive list).

Ligand (example) Size Advantages Disadvantages
Proteins
Antibody 150 kDa Available for a large range of antigens, selectivity —Large,
(Trastuzumab, Rituximab) isr;fcriz‘zgem by protein  evolution[132], - good unstable,
Fab [133] 50 kDa Vs. antibodies, smaller, more stable, less immunogenic,
scFv[134] 25 kDa immunogenic, same targeting capacity need of proper orientation
Nanobody[135] 12-15 kDa
Affitin/affibody[130] <10 kDa
Transferrin 80 kDa -
Peptides[130
RGD[137] 350 Da Vs proteins, smaller, more stable, modulable Limited colloidal stability
CPP (RGH4[138] 15 kDa immunogenicity, easier production
TAT[139)) 1.6 kDa
Aptamers [130
AS1411[140], 10 kDa Very high affinity and specificity Faster biodegradability
Transferrin receptor targeting heat-stable, non-immunogenic,
nucleic acid chemistry
Polymers
HA[141] 5-1500 kDa Adjustable size and density Limited targets
Small molecules[130, 142]
Mannose 180 Da Vs macromolecules, more stable Low choice, limited targets
Folate 441 Da

CPP: Cell-penetrating peptide; Fab: Fragment antigen-binding; HA: Hyaluronic acid; scFv: Single-chain variable fragment
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117.2.2. Grafting of ligands onto lipid nanoparticles

Grafting of ligands onto lipid nanoparticles must 1) maintain the integrity and functionality of the
ligand as well as of the nanoparticle; 2) expose the ligand at the surface of the particle; 3) stabilize
the ligand in the blood and biological medium, and 4) preserve the affinity of the ligand for its
target. Ideally, the grafting technique should present the following characteristics: 1)
stereospecificity to control the localization of the conjugation on the ligand and to ensure that the
ligand is oriented outwards; ii) simplicity and reproducibility; iif) easy scale-up and characterization,
and 1v) a high yield to limit costs [133]. The methods used to graft targeting ligands onto liposomes

have been previously reviewed [143].

117.2.3. Noncovalent grafting

Lipid nanoparticles do not usually present reactive groups on their surface and do not tolerate
organic solvents after being formulated. Moreover, chemical reactions add some complexity and
the risk of destabilization of the nanoparticles. Therefore, noncovalent techniques have been

developed to decorate lipid nanoparticles with targeting ligands (Fig.13).

A common form of noncovalent grafting is the integration of a lipid anchor into the lipid
nanoparticle during formulation. This lipid anchor is often previously coupled with a polymer, such
as PEG as a spacer, with a terminal reactive group to react with the ligand [144]. Such lipid anchors
include i) phospholipids, with the most popular being 1,2-distearoyl-sn-glycero-3-
phosphatidylethanolamine (DSPE)[145, 1406]; ii) cholesterol [144, 140]; or iii) a single fatty chain,
such as stearate [145, 147, 148].

Alternatively, lipid anchors can be post-inserted once nanoparticles have been formed. Post-
insertion into lipid nanoparticles is time-, temperature-, and lipid concentration-dependent[149,
150]. However, this method is widely used because the insertion is stable and easy to perform.
Conditions can be optimized by adjusting the temperature and the ligand/lipid ratio [151]. Post-
insertion has been mainly used for liposomes[145, 152, 153], but it has also been adapted with
success to phospholipid nanomicelles [154], lipid-coated polystyrene nanoparticles [109], LNC

[155], and exosomes using sonication to increase the efficacy of the post-insertion [156]
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Figure 13. Noncovalent grafting techniques

(a) Lipid anchor inserted in the membrane during formulation or by post-insertion and examples of lipid anchors.
(b) Ionic interaction by electrostatic or NT'A-Nickel-His-Tag chelation. (c) Biological interaction by streptavidin-
biotin or folate-folate binding protein.

Ionic interactions have been used to adsorb targeting ligands on the surface of lipid nanoparticles
(i.e., electrostatic adsorption and chelation). Ionic interactions are quite weak, and biological media
can induce their dissociation or ion exchange [157]. Therefore, multiple ionic interactions are
needed. The objective is to pair up a charged nanoparticle with an oppositely charged ligand. This
is the simplest method when feasible, as it does not need a chemical reaction. By default, lipid
nanoparticles tend to have a slightly higher negative surface charge [138, 158]. Therefore, it is
possible to adsorb a positively charged ligand, such as a cell-penetrating peptide, to the surface of
a lipid nanoparticle. Another strategy is to add a cationic lipid surfactant to the formulation to
produce positively charged nanosystems that can then interact with a negatively charged ligand
[159, 160]. As a drawback, cationic nanoparticles can be toxic and are quickly cleared from the
blood [138, 161]. Therefore, ideally, the nanoparticle surface charge should be neutralized by the
adsorption of the negative ligand before IV administration. Ionic interactions can also be used for
chelating strategies. It is indeed possible to create a stable noncovalent binding between

nitrilotriacetic acid (N'TA), nickel (Ni*"), and a His-tag coupled to the targeting ligand by aqueous
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incubation at room temperature [162]. However, Ni-based chelation is unstable after IV
administration and the associated ligand can be lost by competition with endogenous proteins, or
endogenous chelators can remove the nickel [162, 163]. Ni-NTA has thus been replaced by
porphyrin-phospholipid to create a metallo-porphyrin-phospholipid bilayer in the presence of
cobalt™ ions, resulting in more stable binding with His-tagged proteins [163] [164], and improving
the final coupling yield by spatial interaction. Biological interactions can also be used for the non-
covalent coupling of ligands. The advantages are that conjugation happens in physiological media
with good specificity. The biological interaction with the highest affinity and most stability is
between biotin and streptavidin. The last technique, which does not require a chemical reaction, is
gene engineering. Indeed, exosomes can be produced via previous transfection of the exosome-
producing cells with a vector associating lamp2b, an exosomal membrane protein, with the desired
targeting peptide [165, 166]. The produced exosomes then have a targeting ligand at their surface

without the need for further modifications.

117.2.4. Covalent grafting

Noncovalent grafting offers several advantages for the targeting of lipid nanoparticles, but the links
it creates can be less stable and versatile than covalent coupling [129, 144]. A covalent link is the
result of a reaction between the ligand and a head reactive group at the end of a PEGylated lipid
[129]. To be compatible with fragile ligands, the reaction should be in an aqueous solvent and free
from side-product formation, such as ligand-ligand or particle-particle association. Meeting these
criteria significantly reduces the number of chemical reactions that can be used. We consider here
the direct covalent coupling between a preformed lipid particle and the targeting ligand, but the
same reactions can be used to link the ligand with a lipid polymer before formulation or post-

insertion [129] (Fig.14).

Amide bond coupling between an amine and a carboxylic group is one of the most popular
techniques to form a covalent link between a ligand and a lipid nanoparticle [167]. It is used for
nanoparticles showing either carboxylate or amine moieties. para-Nitrophenylcarbonyl (pNP) can
also be added to the formulation to react with primary amines in an aqueous buffer between pH 8
and 9.5. This reaction does not need any adjuvant molecule or special conditions, except a pH
change [168]. Forming a thioether bond has also been used to attach a targeting ligand. Usually, a
linker bearing a maleimide group reacts specifically with thiols in the pH range of 6.5-7.5 by a
Michael addition reaction [167]. The ligand must contain a thiol group via a cysteine or by thiolation

using e.g. Traut’s reagent (2-iminothiolane). This reagent is a cyclic imidothioester that can react
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with primary amines at pH 7-10 in a ring-opening reaction to exhibit a free sulthydryl group [133].
N-Succinimidyl 3-(2-pyridyldithio)propionate (SPDP) can also be used to add a thiol group.
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Figure 14. Covalent grafting techniques.

pNP: para-nitrophenyl; DSC: N,N’-Disuccinimidyl Carbonate; SM(PEG): succinimidyl-[(N-maleimidopropionamido)-
tetracosaethyleneglycol] ester; SPAAC: copper-free strain-promoted cycloalkyne—azide cycloaddition

The N-succinimidyl portion reacts with amine groups, whereas the pyridyldithiopropionate moiety
can be reduced to a thiol by tris(2-carboxyethyl) phosphine hydrochloride (TCEP) or dithiothreitol
(DTT). Once the ligand has reacted with the maleimide moiety, it is advised to inactivate he
remaining maleimide by adding cysteine [169]. Another strategy is to use a cross-linking agent that
will successfully bind to lipid nanoparticles and ligands thanks to two adapted reactive groups. The

cross-linking agent can be homobifunctional or heterobifunctional. The latter option has the
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advantage of preventing homologous ligations between two lipid nanoparticles or ligands. A wide
variety of commercial cross-linking agents is available [133]. Two other bonds can also be created
by reacting with an amine group on the lipid nanoparticle surface. The formation of a labile Schiff
base with an aldehyde group can be further reduced to produce a stable secondary amine bond
[170], while reaction with an isothiocyanate produces an isothiourea bond [171]. Stable triazole
bonding is obtained by click chemistry with copper-free strain-promoted cycloalkyne—azide
cycloaddition (SPAAC) based on the Cu(l)-catalyzed Huisgen 1,3-dipolar cycloaddition of azides
to terminal alkynes. In aqueous medium, this reaction is orthogonal against other biological
functional groups and proceeds in good yield. Finally, cyanuric chloride is a reagent with three
aromatic chlorides that can react by nucleophilic substitution at basic pH. Each substitution
requires specific temperature and time conditions, allowing selectivity. No derivatization is
necessary, and unmodified proteins will be coupled by nucleophilic amino acids [133]. Other
techniques, such as disulfide bond or hydrazone bond formation, have been used in the past.
Disulfide bonds are unstable in reducing and acidic environments [172], and hydrazone is also
sensitive to hydrolysis. Active ligand targeting is not the only way to achieve cell targeting. For
instance, a lipid nanoparticle's main constituents can help selectively deliver its cargo to a targeted
population. As an example, cholesterol-based NLC show selectivity towards overexpressing low-
density lipoprotein (LDL) receptor cells, such as some tumor cells [173]. In this case, cholesterol
is not exposed at the surface but constitutes 60% of the NLC excipients. The same LDL receptor
was recently used in a study where squalene-based nanoparticles were designed to interact with
lipoproteins and be carried towards tumors by LDL [174]. Therefore, there is a place for innovative

strategies for tissue and cell targeting.

Lipid-based nanoparticle surface decoration has not only been used for cell-targeting, but it has
also been investigated for crossing biological barriers such as the BBB. Crossing this barrier to get
the bioactive molecule to the CNS is one of the biggest challenges encountered by MS therapies
delivery and all other CNS diseases.

The BBB is an anatomical barrier that protects the CNS composed of endothelial cells, tight
junctions, pericytes, astrocytes, and neurons (Fig.15) [175]. Therapeutic compounds commonly
administered intravenously or orally need to pass through the BBB to reach the CNS and generally
display very low availability [122]. Nanomedicines can improve drug availability, but even then,
their crossing of the BBB is not very efficient. This is the reason why nanoparticle surface
modification strategies have been proposed. The two major surface modifications that have been
applied to lipid nanoparticles are based on either cationic polymer adsorption or grafting of a ligand

that will interact with a receptor-based on the endothelium to highjack receptor-mediated
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endocytosis. For the latter, transferrin, lactoferrin, insulin and low-density lipoprotein receptors
(LDLRs) have mainly been targeted [176]. One of the most popular strategies targets the transferrin
receptor (TrF), highly expressed on BBB endothelial cells [124], or the LDLR. LDLs enter the CNS
by binding to this receptor, followed by transcytosis [177]. Examples of nanoparticle surface
modification aiming for TrF or LDLR are collected in Table 4. A less usual strategy was proposed
by Hui et al. They used borneol, a bicyclic monoterpene extracted from Dryobalanops aromatica, at

the surface of SLNs to open the BBB tight junctions [175].
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Figure 15. A schematic representation of the blood—brain barrier and pathways across this barrier
[178]

(A) Brain barriers. The brain has several barriers, including (1) the BBB, (2) the outer blood—cerebrospinal fluid
(CSF)-brain barrier, and (3) the blood—CSF bartier. (B) BBB structure. The BBB is formed by endothelial cells
that are in close association with astrocyte end feet and pericytes (C) Routes for molecular trafficking across the
BBB are shown. Hydrophilic compounds can only pass through tight junctions of the BBB, which ultimately
limits their penetration in the brain. Large molecules, such as insulin and transferrin, require receptors, whereas
small molecules require carrier-mediated transport to move across the barrier. On the other hand , small lipophilic
molecules can pass the BBB via passive diffusion. (D) Tight junctions. Tight junctions are typically located on
the apical region of endothelial cells. The tight junctions form complex networks that result in multiple barriers
that restrict the penetration of polar drugs into the brain. AZT= azidothymidine
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As specific targeting moieties used to decorate lipid nanocarrier’s surface often target receptors,
these nanocarriers are often related to receptor-mediated endocytosis mechanisms. As example,
transferrin functionalized nanoparticles are known to be internalized via clathrin-mediated
endocytosis. Clathrin-mediated endocytosis is one of the many internalization routes that
functionalized nanomedicine can take. In the following paragraph, we will discuss nanoparticles

uptake by cells and why it is primordial to understand the endocytosis process used by nanocartiers.

57



Table 4. Examples of lipid nanoparticle surface modifications for BBB targeting.

Nanocarrier Surface modification Grafting technique Modification outcome References
Target Transferrin receptor
cationic solid lipid nanoparticles OX26 Thiol-maleimide reaction Enhancement of the PK profile of Baicalin in the cerebrospinal fluid [1 79]
INCs OX26 Thiol-Maleimide In vitro: LNC-OX26 interacted with cells expressing TrF [124]
Liposome Transferrin receptor DNA  Thiol —maleimide reaction Better accumulation of DAL-TRAM in the brain parenchyma than non-coated [1 80]
aptamere liposome.
reduce cocaine-induced hyperlocomotion better than the non-coated liposome 7
vivo
Liposome R17217 Thiol-Maleimide or Avidin-biotin enhancement on permeability value on BBB in vitro model hour after hour. No [181]
control (
hCMEC/D3 cell monolayers).
Confocal microscopy. after 2h incubation
SLNs OX26 Thiol-Maleimide Permeability enhanced in vitro (ECs) derived from hematopoietic stem cells [182]
Tight junction opening
SLNs Borneol Amide reaction -enhancement on permeability value on BBB in vitro model [1 7 5]
with succinic anhydride as the linker. -enhancement of the HBMEC cell uptake.
-higher and faster accumulation in the brain.
Target LDLR
SLNs Apolipoprotein E Avidin-biotin enhancement on permeability value on BBB in vitro model ( [183]
hCMEC/D3 cell monolayers)
Combination strategy
Liposome ApoE, anti-TfR and TREG ~ Thiol-Maleimide In vivo: multi-functionalized liposome has a higher penetration in the brain  [184]

compared to the dua labeled ApoE and anti-TtF liposome
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IV.3. LirID NANOMEDICINE ENDOCYTOSIS BY CELLS

One can think that the higher the accumulation of a drug-loaded nanoparticle in the cell, the higher
the biological effect, but things are not that simple. In Malfanti et al.’s study, folated polyplexes
nanoparticles had lower cell uptake by the breast cancer cell line MDA-MB-231 than their unfolated
counterparts [185]. However, when the biological effect of these siRNA-loaded polyplexes was
assessed, the unfolated formulation was more efficient in silencing the genes of interest. After
investigation, they found that the folated polyplexes escaped lysosomes fusion hence degradation,
and were internalized via caveolin pathway, explaining their efficacy. Hence, a better knowledge of
the fate of nanoparticles at a subcellular level is crucial to achieve efficient drug biodistribution.
Furthermore, it is essential to understand how they are internalized by the cells of interest to predict
their subcellular fate. Indeed this will allow adapting the surface modification strategy based on the

endocytosis mechanism.

Depending on the localization (i.e., cytoplasmic, nuclear, mitochondrial) of the target of the drug
that has to be delivered, some endocytosis pathways are more beneficial than others. There are five
main endocytosis pathways: (1) phagocytosis, (2) macropinocytosis, (3) clathrin-dependent
endocytosis (4) caveolin-dependent endocytosis (5) clathrin- and caveolin-independent endocytosis
(Fig.16) [1806]. Each of these endocytosis pathways is linked to a distinct intracellular trafficking
mechanism. Nanoparticles endocytosis by cells remains quite complex to solve since it depends on
several factors such as the size, shape, surface charge, and composition of the nanoparticles. In

addition to these criteria, nanoparticles endocytosis is also cell-dependent.

117.3.1. Endocytosis pathway

Phagocytosis

Phagocytosis mainly involves pathogen and cell debris or non-endogenous material clearance by
immune cells triggered by cell surface receptors such as Fc receptors or complement receptors.
Nanoparticle clearance is mainly mediated by opsonization and adsorption. After internalization,
nanoparticles are found in phagosomes that later fuse with lysosomes, giving birth to a new
structure: the phagolysosomes [186]. The content of phagolysosomes is then enzymatically
digested; thus, the nanoparticle should avoid this internalization route. Adding PEG chains at the
surface of nanoparticles is one of the most common strategies to limit nanoparticle opsonization.
However, the disadvantage of this strategy is that with repeated administration PEG
immunogenicity may increase, leading to the production of anti-PEG antibodies directed towards

these nanoparticles leading to loss of therapeutic efficacy [187].
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Macropinocytosis

Macropinocytosis is also a non-specific endocytosis pathway that primarily relies on the uptake of
extracellular fluids and solutes but includes other elements such as nanoparticles [188]. After
signaling, the cell membrane extends itself through an action-stabilized mechanism to engulf fluids
or other elements (for this matter, nanoparticle). Following internalization, nanoparticles are in a
large vesicle called macropinosomes (up to 1,5 pum) that can also fuse with the lysosomes [180].
The advantage of macropinosomes is that they are leaky; therefore, nanoparticles could more easily

escape them and be released in the cytoplasm.

Clathrin-dependent endocytosis

Clathrin-mediated endocytosis is a receptor-mediated endocytosis pathway often involved in
surface-modified nanoparticle internalization. It is activated when ligands bind to their cell
membrane receptors. For example, transferrin receptors and low-density lipoprotein receptors are
involved in clathrin-dependent endocytosis [186]. Upon binding of the ligand, a clathrin-coated pit
is formed. This step induces plasma membrane bending and invagination followed by scission of
the upper part of the invagination to form an intracellular vesicle. Clathrin proteins unbound
themselves from the vesicle that will fuse with an endosome. Later, this endosome will mature to
a late endosome and either fuse with a lysosome for degradation or be recycled to the surface

(mechanism involved in cell membrane receptors recycling) [186].

Caveolin-dependent endocytosis

Caveolin-mediated endocytosis is another receptor-mediated type of endocytosis. The process is
more or less similar to the clathrin-dependent pathway, except that the pits are coated with caveolin
proteins. The vesicle formed afterward is called caveosome [186]. This kind of vesicle is typically
trafficked through the cytoplasm to the Golgi apparatus or the endoplasmic reticulum. Hence
comparatively to the clathrin-dependent endocytosis, transportation via caveosome seems to avoid
degradation or exocytosis, making the caveolin endocytosis pathway particularly interesting if the
drug of interest needs to be delivered to the cytoplasm or organelles. Of note, caveosomes can also
merge with lysosomes and can be degraded. As reviewed by Donahue et al., nanoparticle surface
modification with folic acid, albumin, and cholesterol seems to favor this kind of endocytosis [186].
Moreover, it seems that this type of endocytosis in epithelial cells results in transcellular
transportation of caveola, making this type of endocytosis also interesting for crossing barriers.
Hence, surface modification to favor caveolin-dependent endocytosis seems to be a promising

strategy to deliver drug-loaded nanoparticles.
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Figure. 16 Endocytosis pathways potentially used by nanoparticles to penetrate cells.
ER=Endoplasmic reticulum

Clathrin- and caveolin-independent endocytosis

Unspecific endocytosis pathways do not involve receptor/ligand interaction and are clathrin- and
caveolin-independent routes. This unspecific endocytosis mechanism often involves lipid raft-
mediated endocytosis, rich cholesterol, and sphingolipid domain that can invaginate into the cell.
This mechanism is undertaken by some nanoparticles, viruses, or toxins but is mainly involved in
interleukins internalization by immune cells. Lipid composition of the cell membrane can critically
impact nanoparticle internalization, as demonstrated by Carradori et al. [189]. NFL (NFL-TBS.40—
63 peptide) functionalized LNC (NFL-LNC) have a higher penetration rate in subventricular zone-
neural stem cells (SVZ-NSC), however almost none in central canal-NSC stem cells (CC-NSC).
They showed that depending on the localization of these stem cells (brain vs. spinal cord), the
proportion of the different types of lipids were different. Cholesterol in SVZ-NSC membranes was
2-fold higher than in CC-NSC membranes and proportions ceramides and sphingomyelins were
also higher in SVZ-NSC than in CC-NSC membranes. Since lipid rafts are enriched in
sphingolipids, such as sphingomyelins and cholesterol, the authors hypothesized that SVZ-NSC
have more lipid rafts involved in NFL-LNC endocytosis [189].
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As reviewed, nanoparticles can undertake different endocytosis pathways to deliver their cargo.
The endocytosis of nanoparticles can be impacted by different parameters, such as their size or
surface charge. Hence, this knowledge can help researchers engineer efficient nanomedicines to

escape intracellular degradation. These parameters will be discussed in the following section:

117.3.2. Size and Shape

Generally speaking, large particles, supetior to 500 nm, are uptaken either by phagocytosis and/or
micropinocytosis [188]. Smaller molecules are uptaken by clathrin or caveolin endocytosis.
Particles around 60 nm are uptaken by the former, and larger particles around 120 nm -250 nm by
the latter [188]. In any case, it is complicated to set up a strict correlation between nanoparticles
size and subsequent endocytosis pathway for two main reasons: the first is that endocytosis
mechanisms are rarely exclusive, and most of the time, several pathways are involved. Secondly,
the process is cell-dependent. For example, Albanese et al. report that in Hela and A549 cells,
monodispersed gold nanoparticles with a size of 30 nm were better uptaken than 170 nm gold
nanoparticle aggregates. However, the polydisperse particles were more internalized in MDA-MB-
435 cells (a human melanoma cell-line) than the monodisperse nanoparticles when using another

cell line.

Aside from the size, the other morphological element that influences particle uptake is shape. For
instance, Xie et al. [190] synthesized different shapes of gold nanoparticles (stars, rods, and triangle)
and assessed their uptake by macrophages. All nanoparticles were internalized by clathrin-mediated
uptake. Rods were also internalized via caveolae/lipid raft-mediated endocytosis and triangles via
additional actin and dynamin-dependent pathways (possibly phagocytosis and/or

macropinocytosis) [190].

117.3.3. Surface Charge

Based on Coulomb's law, positively charged nanoparticles penetrate the negatively charged cell
membrane more easily than their neutral and anionic counterparts [188, 191, 192]. Nevertheless, a
positively charged surface is not a prerequisite for cell internalization, and negatively charged
nanoparticles can also successfully penetrate the cells [193, 194]. To appreciate the charge at the
surface of a nanoparticle, the zeta ({) potential is measured by scientists as a routine
characterization. When a nanoparticle has a net surface charge, ions of opposite charge of the
buffer they are dispersed in, clusters around the nanoparticle (Stern layer) (Fig.17). A second
diffuse outer layer is composed of loosely associated ions. The zeta potential is a measure of the

difference in potential between the fluid in which a particle is dispersed (slipping plane) and the
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layer of fluid containing the oppositely charged ions that is associated with the nanoparticle surface

[195].

E{—o ¢ Potential
1

Figure 17. Zeta potential at the surface of nanoparticles

The magnitude of the zeta potential provides information about particle stability. The higher the
magnitude of the zeta potential, the higher is the electrostatic repulsion between particles. These
repulsions forces limit the flocculation of particles and thus increase the stability of a colloidal
solution [195]. Zeta potential is a buffer-dependent parameter and is often measured in water or
saline but does not represent surface charge in biological fluids such as blood. Hence in water and
serum, for instance, it can be quite different. Furthermore, nanoparticles are generally surrounded

by a corona of negatively charged serum proteins in biological fluids.

117.3.4. Surface modification

The presence of ligands on nanoparticles’ surface can impact their uptake by the cells, as these
ligands often bind to cell membrane receptors. The binding often triggers receptor-mediated
endocytosis via clathrin or caveolin-dependent internalization. For instance, epidermal growth
factor functionalized gold nanoparticles are uptaken through clathrin-mediated endocytosis [188].
To increase their stability or increase their half-time, nanoparticles can also be decorated with
citrate to give the particle a repulsive negative charge to avoid flocculation or with PEG to escape
phagocytosis by immune cells. A surface modification with one or the other molecule leads to a
different endocytosis route. Gold nanoparticles coated with citrate were taken up by
macropinocytosis as well as clathrin- and caveolae-mediated endocytosis, whereas when this same
nanoparticle was functionalized with PEG, they were internalized via clathrin- and caveolae-

mediated endocytosis only [188].
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Besides peptides, antibodies are also used to functionalize nanoparticles’ surfaces. Due to their high
affinity towards their antigen, they can be a suitable choice to achieve cell-targeting. Many studies
showed that an antibody's grafting impacted the nanoparticle's internalization inside the cell of
interest. For instance, grafting of cetuximab, an antibody directed against the epidermal growth
factor receptor (EGFR) at the surface of PLGA nanoparticles, enhanced their association in

PANC-1 cells and BxPC-3, two cancer cell-line, expressing EGFR [196].

Although antibody bestow high specificity, their Fc region can mediate cell uptake via Fc receptor
highly expression immune cells. This can ultimately favor their elimination by the immune system
(antibody-dependent cellular cytotoxicity and phagocytosis). Hence, an alternative is to use
antibody fragment as mentioned in section 2.2.2. These fragments are devoid of the Fc region and

are only composed of the Fv region. In Lee et al.'s study, cytotoxic T-cell targeting was achieved

by grafting fragments of an anti-CD8a antibody on PLGA nanoparticles’ surface [197].

IV.4. INTRANASAL DELIVERY OF NANOMEDICINE: A PRIVILEGED ROUTE FOR CNS

DELIVERY?

(adapted from the “Extracellular vesicles for the treatment of central nervous system diseases”

published in Advanced drug delivery review)

There are many hurdles limiting drug delivery to the brain. Indeed, following systemic
administration, therapeutic agents may be metabolized or taken up by other tissues thus reducing
the amount of drug delivered to the CNS [198]. Furthermore, the CNS is protected by the BBB,
which regulates molecular transport and cellular trafficking between the blood and the brain. It
consists of endothelial cells, which are linked by tight junctions, pericytes, which have the ability to
control the diameter of the vessels, a basement membrane, which provides an additional barrier
and finally astrocytes, which provide a link between neurons and vessels. The BBB plays a major
role in the protection of the neural tissue from pathogens and toxins. However, certain molecules
need to cross the BBB, essentially for CNS homeostasis, for which specific modes of transport
exist across the BBB. Transporters such as GLUT1 (glucose), CAT-1 (cationic amino-acids) and
LAT-1 (neutral amino-acids) are enriched on the surface of CNS endothelial cells. Passive diffusion
through the BBB is possible for molecules presenting a high lipid solubility, a molecular weight <
400 Da and less than 8 hydrogen bonds. These stringent conditions limit the number and type of
drug molecules that can reach the CNS parenchyma. Moreover, efflux transporters (e.i. P-
glycoprotein) are also expressed by CNS endothelial cells. They limit toxin, but also therapeutic
drug, entry into the CNS. All in all, the BBB excludes more than 98% of small molecule drugs and

almost 100% of large molecule therapeutics from the brain [199]. The intranasal administration is
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a particularly interesting non-invasive approach as it provides direct access to the brain [198].
Several reviews underline the growing interest of the nose-to-brain transport for treating CNS
diseases. Indeed, the intranasal administration route offers several advantages, including a non-
invasive entry to the brain, a rapid onset of action with reduced systemic side effects and an ease
of administration with a potential for self-medication. Moreover, the intranasal drug delivery
route is of particular interest in chronic situations when multiple dosing regiments are required.
Although the exact mechanisms of the nose-to-brain drug delivery are not fully understood, several
evidence suggest four main pathways. In brief, after instillation, the drug can be directly transported
to the brain via the trigeminal nerve, present in both the olfactory and respiratory regions of the
nasal cavity, or the olfactory nerve, considered to be the most direct pathway in humans [198, 200]
(Fig.18). In both cases, the drug is either transported alongside the nerves via bulk flow processes
and/or reaches the brain by transneuronal retrograde transport. The drug can also be transported
through or along the supporting cells of the olfactory epithelium. Since the respiratory region of
the cavity is well vascularized, a fraction of the administered drug can also enter the systemic
circulation and reach the brain depending on its ability to cross the BBB [200]. To promote
deposition to the olfactory region, several devices have been developed including Vianase an
electronic atomizer developed by Kurve Technology® and Opt-Powder by Optinose®, a bi-
directionnal delivery device [201].However, the nasal cilial clearance diminishes drug residence time
in the nasal cavity and drugs administered via the nasal route can be metabolized by the nasal
mucosa enzymes. To address the challenges, another strategy is to encapsulate the bioactive
molecules in nanosized delivery systems to protect them and increase their bioavailability during
the nose-to-brain transport.
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Figure 18. Intranasal administration of nanomedicine [202].
Pathways of nanomedecine distribution after intranasal administration.Compounds pass through the nasal epithelium
to reach the lamina propria primarily via extracellular transport.
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V. AIM OF THE THESIS

Nowadays, numerous clinical trials are ongoing to evaluate molecules that successfully promote
myelin repair in animal models. Unfortunately, other molecules got to this point in the past but
never made it out of phase 2 due to lack of efficacy or side effects. Some of the factorst that might
cause these failures are : 1) The drugs may have a poor biodistribution, because of the BBB, in the
CNS and consequently in OPC. 2) Another theory is that even if they manage to get through the
BBB, the concentrations that reach OPC are not high enough to favor their differentiation
effectively. 3) Lipophilic molecules offer an additional challenge as they are insoluble in
physiological solutions thus cannot be administrated intravenously without a proper formulation
or chemical modification (i.e prodrug). Hence, they are taken per os most of the time, making them
subject to hepatic first-passage and diminishing their plasma concentration. Our work will aim
to improve the properties of lipophilic pro-remyelinating molecules by encapsulating them
inside LNC to 1) increase their solubility and 2) address them to OPC to foster their

differentiation into remyelinating oligodendrocytes (Fig.18).

OPC targeted drug-loaded LNC

nd
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oPC Oligodendrocyte

Figure 18. Aim of the thesis

The first part of the thesis focused on the development of OPC-targeted LNC. To achieve OPC
targeting, we grafted an anti-PDGFRa antibodies at the surface of the LNC. This tyrosine-kinase
receptor is predominantly expressed at OPC surface in the CNS in humans (and rodents) and it
undergoes endocytosis upon binding with its ligand, the PDGFAA growth factor. We hypothesized
that interactions of the anti-PDGFRa at the nanoparticle surface with PDGFRa at the OPC
membrane will ultimately increase LNC uptake by OPC. To graft the anti-PDGFRa we explored
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three different techniques. We selected the most effective formulation to evaluate the impact of

the anti-PDGFRa antibody at LNC surface on their uptake on primary OPC culture (chapter 2).

The second part of the thesis explored the intranasal delivery of pro-remyelinating lipophilic
molecules. The advantage of this administration route is its direct access to the CNS. Indeed, the
nasal epithelium is the only part of the human body that connects the CNS to the outside work
[199]. After administration, compounds can get to the brain either by the olfactive bulb and get to
the brain by transcellular or paracellular means or pass via the trigeminal nerve by endocytosis or
transcellular transport [199]. The success of the nose-to-brain administration depends on several
factors: drug solubility, residence time, metabolic stability, and rate of mucociliary clearance of the
nasal epithelium. Using LNC as a nanocarrier for these lipophilic compounds of interest can limit
their clearance, facilitate their endocytosis, and prevent their degradation by enzymes of the nasal
cavity [203]. However, more importantly, it will solubilize them and avoid the administration of a
suspension with aggregates that will be an obstacle for their delivery. To evaluate whether pro-
remyelinating therapies could be effective when delivered intranasally, we encapsulated in LNC
two bioactive molecules lipophilic compounds showing encouraging data in animal models: a/-
trans-retinoic acid (RA) [204-206] and Cal [101, 207]. Their logP of 6.3 and 5.5 respectively make
them the perfect candidates to be encapsulated in LNC to improve their nose-to-brain delivery and
in-fine their efficacy. Therefore, we evaluated 7 vitro and in vivo, using a cuprizone model, the effect
of RA-loaded LNC, Cal-Loaded ILNC, and the combination of those two formulations to explore

a possible synergistic effect between those two compounds (chapter 3).
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ABSTRACT

Impairment of oligodendrocyte progenitor cell (OPC) differentiation into oligodendrocytes and
chronic inflammation are key determinants of poor remyelination observed in diseases such as
multiple sclerosis. For many pro-myelinating molecules, the therapeutic potential is hindered by
poor solubility or limited access to the targeted cells. A promising approach to improve the delivery
of those molecules to OPC is to encapsulate them in functionalized Lipid Nanocapsules (LNC).
We aimed to develop the first OPC-targeting LNC, by grafting an anti-PDGFR« antibody on the
surface of the LNC using several strategies and evaluating the interaction with PDGFRa via
ELISA. We found that only site-selective click-chemistry grafting allowed the grafting of an
average of 5 antibodies per LNC. Additionnaly with this approach anti-PDGFRa/PDGFRa
association was mainted after the antibody association with LN (40% of association compared to
control), confirmed 7 vitro on primary rat OPC. In conclusion, we demonstrated that it was possible
to produce anti-PDGFRa functionalized LNC, confirmed the antibody's ability to recognize its

receptor after grafting and optimized techniques to characterize antibody functionalized LNC.

KEYWORDS

Lipid nanocapsules, Surface modification, Multiple sclerosis, Nanomedicine Remyelination
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I. INTRODUCTION

The myelin sheath, formed by oligodendrocytes in the central nervous system (CNS), is crucial in
the transduction of electrical impulses along the axons and neuron metabolic support. In
demyelinating diseases, such as multiple sclerosis (MS), loss of the myelin sheath causes invalidating
symptoms such as cognitive dysfunction, impaired locomotor function and disorders such as
optical neuritis [208]. In MS, demyelination results from a complex physiopathological process
involving a targeted immune response towards the myelin sheath [47]. Until now, the trigger of this
autoimmune disease is still unknown, but the onset of MS is most likely multifactorial (i.e. genetic,

environmental, hypovitaminosis D, viral) [64].

Endogenous repair of myelin sheaths occurs via the recruitment and differentiation of
oligodendrocyte progenitor cells (OPC) into new myelinating oligodendrocytes [47]. As a result, a
new functional myelin sheath is rebuilt around axons, restoring efficient electrical impulse
conduction. However, with time and MS progression, this mechanism becomes less efficient.
Several mechanisms are at cause and limited OPC differentiation into myelinating oligodendrocytes

is one of them |28, 47].

Most MS therapies focus on reducing peripheral inflammation and on lengthening remission time
between relapses. However, no treatments stimulating remyelination are currently available [209].
To reach this goal, one strategy is to enhance remyelination by promoting OPC differentiation into
mature oligodendrocytes [23]. For the last decades, researchers have been working to decipher
OPC differentiation pathways to find molecules that would enhance remyelination [23]. A few
drugs have been tested, in preclinical or clinical settings, in this context. For instance, retinoic acid
and calcitriol have been studied 7z vitro for their differentiating potential of OPC. Bexarotene, a
lipophilic retinoid X receptor gamma (RXRy) agonist, showed some interesting results on
remyelination in a recent clinical trial involving relapsing-remitting MS patients [97]. However, the

trial was interrupted due to two major off-target effects, hypothyroidism and hypertriglyceridemia.

Using targeted nanomedicines is one strategy to reduce side effects. In this context, lipid
nanocapsules (LNC) are gaining interest. Indeed, LNC are very efficient in solubilizing lipophilic
bioactive drugs, are biocompatible, can protect their cargo from degradation and facilitate their
transport across membranes [210]. Moreover, their surface can be modified to favor the interaction
with a cell or tissue. For instance, LNC surface has been modified to target a specific cell type [158,

211-213], mainly by adsorption of a targeting peptide [214-216]. As platelet-derived growth factor
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receptor « (PDGFRu) is specifically expressed by OPCs in the CNS [217, 218], we hypothesized
that grafting an anti-PDGFRa antibody at LNC surface would favor the targeting of OPC.

Thus, here we compared three different approaches to graft an anti-PDGFRa at LNC surface
(LNC-ADb). Two are based on thiol-maleimide chemistry but involved different approaches to link
the maleimide at LNC surface (transacylation ss post-insertion) and the third one is based on copper
less click-chemistry. Following an extensive characterization of the obtained LNC-Ab, we assessed
their targeting ability, first using a custom-made ELISA assay and then 7 vitro, in rat OPC primary

cultures.
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II. MATERIALS AND METHODS

II.1. MATERIALS

Labrafac® provided by Gattefosse SA (France) and Lipoid® S100 by Lipoid Gmbh (Germany).
Kolliphor HS15%, poly-D-Lysine hydrobromide (70000-150000 Da), fluorescamine, 2-
Iminothiolane*HCl and propidium iodide were purchased from Sigma (United-States). 1,2-
Distearoyl-sn-glycero-3-phosphorylethanolamine-PEG  oo0-Maleimide (DSPE-PEG-Maleimide)
and NHz-PEGgso0- Dibenzocyclooctyne (NH:-PEG-DBCO) were purchased from Nanocs
(United-States). NH>-PEG (so00-Maleimide was purchased from Creative PEGWorks (United-
States). Anti-PDGFRa was purchased from Biolegend (United-States). Anti-rat-HRP, DMEM
(41966-029), HEPES, Pen/Strept, DMEM 0.05% trypsin-EDTA (1x), Presto blue Cell Viability
Reagent, DiD'solid, SiteClick™ Antibody Azido Modification Kit and Alexa-488-Phalloidine were
purchased from Thermo Fisher Scientific (United-States). Platelet-derived growth factor A
(PDGFAA) and fibroblast growth factor 2 (FGF) were purchased from Peprotech (United
Kingdom). rmPDGFRA /Fc chimera (soluble PDGFRo) has been purchased from R&Dsystems.
Spectra-Por Float-a-lyzer G2 300 kDa dialysis membrane and Rotilabo®-syringe sterile 0.22 um
filters were purchased from Carl Roth GmbH (Germany).

I1.2. PREPARATION OF ANTI-PDGFRA LIPID NANOCAPSULES (LNC-AB)

11.2.1.  Preparation of the LNC

LNC were prepared following the protocol developed by Heurtault et al. [125]. Briefly, 0.846 ¢
of Solutol HS15, 0.075 g of Lipoid®, 0.089 g of NaCl, 1.028 g of Labrafac® and 2.962 ml of water
were mixed under magnetic stirring for 5 min at 50 °C. Next, three temperature cycles of
heating/cooling were done between 60 °C and 90 °C, also under magnetic stirring. During the
cooling of the last cycle, at 77 °C, 12.5 ml of cold water (4°C) were added, under high-speed
stirring. The resulting nanoparticle of 126mg/ml were filtered with a 0.2 pm filter for sterilization
and stored at 4 °C until use. LNC concentration was calculated by the total weight of Kolliphor

HS 15, Lipoid® and Labrafac® divided by the final volume the LNC formulation [219].

Fluorescent LNC, obtained by loading DiD into LNC (14,7 pg/ml of DID in LNC), were used for

confocal and uptake experiments [220]. DiD was added before the heating/cooling cycles.
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I1.2.2. Preparation of LNC-PEG-Maleimide

To graft Ab to the surface of the LNC, two approaches based on the coupling between thiol and
maleimide moieties were used. The first one consisted of the transacylation of PEG chains
(Kolliphor) exposed at LNC surface using NH,-PEG-Maleimide (Approach 1), while the second
one consisted of the post-insertion of DSPE-PEG-Maleimide in the PEG corona of the LNC
(Approach 2) (Fig.1A). For both approaches, the thiolated antibody was covalently coupled to the

PEG by reaction with the maleimide moiety.
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Figure 1. Preparation of LNC-PEG-Maleimide and grafting of Ab (created with Biorender.com)
(A) The PEG-Maleimide conjugate was added to the surface of the LNC using two different approaches: Approach 1
consisted of the transacylation of NH»-PEG-Maleimide, and Approach 2 involved the post-insertion of DSPE-PEG-
Maleimide. Both led to the formation of LNC-Maleimide.

(B) The Ab (anti-PDGFRa) was thiolated by using IMT (2-iminothiolanesHCI). Then, the thiolated Ab formed a
thioether bond with the maleimide moiety present at LNC surface. Unattached Ab were removed by dialysis.
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Transacylation of NH,-PEG-Maleimide (Approach 1): Transcylated LNCs were made according
to Messaoudi et al protocol [221]. Briefly, 5 mg of NH,-PEG-Maleimide (1:100, molar ratio of

Maleimide: Kolliphor HS® with 2 ml of LNC and 100 ul of NaOH (10 M) were incubated under
agitation for 15 minutes. Then 2 ml of glycine buffer (50 mM of glycine and 5 mM of HCI, pH=
2) were added. NH, reacted with the hydroxystearic acid moiety of the Kolliphor HS®, to form an
amide bond linking the LNC to the NH,-PEG-Maleimide. After NH,-PEG-Maleimide covalent
grafting at the surface of the LNC, the formulation was dialyzed for 48h (cut-off 300 kDa) against

water to remove the unbound PEG-maleimide.

Post-insertion of DSPE-PEG-Maleimide (Approach 2): Post-inserted LNC were made according
to Perrier et al. protocol [222]. Briefly, DSPE-PEG-Maleimide (1:100 molar Ratio of PEG-
Maleimide: Kolliphor HS®) dissolved in PBS was incubated for 1 h at 60°C under agitation.

Afterward, 300 pl of this solution were added to 400 ul of LNC prepared as described in section
2.2.1. The resulting mixture underwent seven cycles of 15 min incubation at 60°C under stirring

followed by 15 minutes of incubation on ice.

[I.2.3. Preparation of LNC-PEG-DBCO

NH,-PEG-DBCO was covalently grafted to the surface of the LNC by transacylation as described
in section 2.2.2 (Approach 3) (Fig. 2). Five mg or 10 mg of NH,-PEG-DBCO (1:100 or 1:50 molar
ratio of PEG-DBCO : Kolliphor HS® with 2 ml of LNC and 100 pl of NaOH (10 M) were
incubated under agitation for 15 minutes. Then, LNC-PEG-DBCO were separated from unreacted

components as described in 2.2.2.
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Figure 2. Preparation of LNC-PEG-DBCO and grafting of Ab (created with Biorender.com)

(A) A transacylation reaction was used to add the NH-PEG-DBCO conjugate at LNCs surface.

(B) The azide moiety was added on Ab using the Thermofisher® Site-Click kit. The modification was made on the
carbohydrate chains of the Fc region of the Ab specifically. The DBCO alkyne reacted with the Ab azide to form a
triazole bond, linking the Ab covalently to the LNC.

II.24. Grafting of anti-PDGFRa on LNC

For LNC-PEG-Maleimide (Approach 1 and 2)

The primary amines on the anti-PDGFRa (Ab) were thiolated with 2-iminothiolanesHCI (IMT) in
PBS (Fig. 1). A mixture of Ab and IMT was made using a molar ratio Ab:IMT of 10:1, with a
concentration of IMT of 13.7 pg/ml. Ab and IMT were kept under agitation for 1h during which
the solution was vortexed every 15 min [223]. Then, 200 ul of LNC were mixed with 100 pl of the
Ab : IMT solution and incubated under agitation for 2h (vortexed every 30 min). To block the
remaining free maleimide at the LNC surface, cysteine*HCI was added to the suspension and was
further incubated for 30 min. The resulting suspension was dialyzed for 48 h (cut-off 300 kDa) to

remove unbound Ab.

For INC-PEG-DBCO (Approach 3)

According to supplier instructions, Ab and anti-IgG2a were azido-modified using the
Thermofisher® Site-Click kit (Fig. 2). Briefly, a 3-galactosidase enzyme was used to remove the

terminal galactose residues of the carbohydrate chains localized on the Fc region of the antibody.
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Those terminal residues were replaced by an azide-containing sugar (GalNAz) using a 3-1,4-
galactosyltransferase. Then 200 ul of LNC were incubated overnight with 100 ul of a solution
containing 280 pug/ml of azido modified antibody diluted in PBS. According to the manufacturer,
the average number of DBCO moieties per antibody was 3 to3.5. The resulting suspension was

dialyzed for 48h (cut-off 300 kDa) to remove unbound Ab.
I1.3. CHARACTERIZATION OF LNC-AB

Size, polydispersity index and zeta potential of LNC-Ab were measured in milliQ) water using a

ZetasizerUltra® (Malvern, United Kingdom).

To determine the antibody grafting yield, following removal by dialysis of the unbound Ab from
the LNC preparation (see above), primary amines of the Ab were quantified with a fluorescamine
assay [224, 225]. Briefly, 50 ul of LNC-Ab were mixed with 50 pl of HCI 12 M and incubated for
12 hours at 120 °C to hydrolyze the peptidic bonds. After heating, 100 ul of NaOH 6M were added
to the mixture. Five hundred pl of a fluotescamine solution (30mg/100ml of dioxane), 1,5 ml of
borate buffer (pH = 9, 45 mM of boric acid and 76 mM of borate) and 40 pl of sample were mixed
in a quartz cuvette extemporaneously and resulting fluorescence was read at Aex=400 nm and
Aem=480 nm (Spectramax® reader, Molecular Device®, United Kingdom). The calibration curve
was made using increasing amounts of Ab (2.25 to 27.5 ng/ml) in the presence of LNC as a mattix.
A representative calibration curve can be found in the supplementary data (Fig 1.S). The detection
limit and the quantification limit of the method are 2.83 ng/ml and 9.83 pg/ml, respectively. The
intraday day precision was 8.2% and 5.4%, and the interday precision was 6.8% and 4.5 %, when
using 13.7 ug/ml and 27.5 pg/ml, respectively. The calculated accuracy is of 8.7%, and 3.5 % for
13.7ug/ml and 27.5 pg/ml, respectively.

To determine the amount of antibody, present in the LNC-Ab, the samples were prepared similarly
to the calibration curve, where an increasing quantity of sample was reacted with fluorescamine,
resulting in a sample curve that follows the equation Y = ax. Grafting efficiency was then

calculated with the following equation:

. .. Slope of Sample curve
Grafting ef ficiency (%) = Slope of Calibration curve * 100

To obtain an estimation of the number of antibodies per LNC, the quantity of antibody was divided
by the number of LNC in the sample (Table 1.S; measured by nanoparticle tracking analysis (NTA)

(Zetaview®, Particle Metrix®, Germany)) using the following equations:
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Quantity of Ab (g) = Amount of Ab introduced in LNC (g) X Grafting ef ficiency

quantity of Ab X Na
Molecular weight of Ab

Total number of Ab in the formulation =

Amount of Ab per L
Number of Ab per LNC =

Number of particles per L
Na: Avogadro number = 6.022 X 10* mol™

Molecular weight of Ab = 150 000 g.mol'1
11.4. IMPACT OF THE GRAFTING ON THE INTERACTION OF ANTI-PDGFRA WITH ITS TARGET

The impact of the grafting on the Ab ability to interact with its target has been assessed by an
ELISA optimized in our lab. A 96-well plate was coated with 100 pl of soluble
PDGFRa (rmPDGFRa) diluted at different concentrations (from 0.3 to 20 nM) in PBS and
incubated overnight at 4°C. Then, the plate was washed 3 times and blocked with 300 pl of a 1%
BSA solution in PBS during 1 h. Then, LNC-Ab and all other conditions were diluted in a 0,1%
BSA solution at 1 nM of Ab. Following 4h of incubation at room temperature and 3 washes, 100
ul of anti-rat-HRP antibody (1:2000 dilution) were added to the wells and incubated for 1h at
RT. TMB (3,3’,5, 5’- tetramethylbenzidine) was used as HRP substrate, and the optical density was
read at 450 nm. The Ab / rmPDGFRu association was appreciated by calculating the percentage

of Ab response rate using the following equation:

OD,so of modified Ab at 20 nM

— * 100
OD,so of unmodified Ab at 20 nM

% response rate =
where a response rate of 100% would correspond to a similar recognition of the rmPDGFRa by

the modified Ab and the commercial Ab.

To evaluate PEG chain impact on Ab activity, the Ab was pegylated according to the protocols

used for Approach 1 and 3.

Peoylation of Ab with NH,-PEG-Maleimide

The primary amines on the anti-PDGFRa (Ab) were thiolated with 2-IminothiolanesHCI (IMT) in
PBS (Fig. 1). A mixture of Ab and IMT was made using a molar ratio Ab:IMT of 10:1, with a
concentration of IMT of 13.7 ug/ml. Ab and IMT were incubated under agitation for 1h during
which the solution was vortexed every 15 min [223]. Then, 200 ul of a NH»-PEG-Maleimide
solution (1.25 mg/ml in MilliQQ watet) were mixed with 100 ul of the Ab: IMT solution and

incubated under agitation for 2h (vortexed every 30 min).
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Pegylation of Ab with NH,-PEG-DBCO

According to supplier instructions, Ab and anti-IgG2a were azido-modified using the
Thermofisher® Site-Click kit (Fig. 2). Briefly, a 3-galactosidase enzyme was used to remove the
terminal galactose residues of the carbohydrate chains localized on the Fc region of the antibody.
Those terminal residues were replaced by an azide-containing sugar (GalNAz) using a 3-1,4-
galactosyltransferase. Then 200 pl of a NH,-PEG-DBCO solution (1,25 mg/ml in MilliQQ water)
was incubated with 100 pl of a solution containing 280 pg/ml of azido modified antibody diluted
in PBS.

I1.5. OPC PRIMARY CULTURE

Cortical mixed glial cultures were generated from Sprague-Dawley rat pups (postnatal day 0-2),
according to Directive 2010/63/EU, to guidelines of the Belgian Government following the
approval by the ethical committee for animal care of the faculty of medicine of UCLouvain
(2017/UCL/MD/030), as described previously by Miron et al [43]. Briefly, brains were dissected
and the cerebellum, olfactory bulbs, and meninges were removed. Brains were then digested using
papain (40 pg/ml) and platted in T75 flasks, for 10 days, in DMEM containing 4.5 g1”" glucose, -
glutamine, pyruvate, 10% fetal calf serum (vol/vol) and 1% penicillin/streptomycin (vol/vol). To
remove microglia, flasks were shaken on a rotary shaker at 230 rpm (1h, 37°C). After addition of
10 ml of fresh media, OPC were retrieved after further agitation (16 hours on a rotary shaker at
37°C at 220 rpm). OPC were then pelleted (250xg for 5 min) and plated at 1X10* cells/well in poly-
D-Lysine coated (4ug/ml) 96 well plates Tc treated (BD Falcon) or 12 well plates. The medium
consisted in DMEM containing 4.5 g/L glucose, L-glutamine, pyruvate, SATO (16 pg/ml
putrescine, 400 ng/ml L-thyroxine, 400 ng/ml tri-iodothyroxine, 60 ng/ml progesterone, 5 ng/ml
sodium selenite, 100 ug/ml bovine serum albumin fraction V, 10 ug/ml insulin, 5.5 pg/ml halo-
transferrin (all from Sigma-Aldrich)), 0.5% fetal calf serum 1% penicillin/streptomycin, 10 ng/ml
PDGFAA, and 10 ng/ml FGF. For experiments with depleted PDGFAA media, PDGFAA was

removed 18h prior to LNC treatment.
I1.6. LNC CcYTOTOXICITY ON OPC

LNC were diluted at different concentrations (0.63 mg/ml to 0.15 mg/ml) in OPC medium and
were incubated for 1h, 4h and 24h with OPC 2 days post-seeding. The media was then removed
and replaced with fresh OPC medium containing 10% of PrestoBlue® Cell Viability Reagent. After
18h of incubation, the fluorescence was read at Aex = 530 nm and Aem = 580 nm. Untreated OPC

were used as positive control (100 % viability).
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I1.7. LNC-AB ASSOCIATION WITH OPC

II.7.1. Confocal microscopy

Cells were seeded in 96 well plates and were treated 2 days after seeding with LNC (DiD)-Ab for
30 min, at the concentration of 0.42 mg/ml. Then they were washed once before fixation (15 min,
PFA 4%). Cells were then washed 3 times with PBS, blocked and permeabilized using PBS
containing 5% normal goat serum and 100 pg/ml digitonin. Cells were then washed gently 3 times
with PBS and were incubated 30 min with Phalloidine-488 (1:100) diluted in PBS 1% Normal goat
serum for 30 min. Cells were then washed 3 times and kept in PBS. Images were taken using a Cell

Observer Spinning Disk Confocal microscope (ZEISS) and a 40x oil objective.

II.7.2.  Fluorescence associated cell sorting (FACS)

Cells were seeded and treated in 12-well plates, with either LNC (DiD)-Ab or LNC (DiD)-IgG2a
isotype or LNC (DiD). The nanoparticles were diluted at a concentration of 0.15 mg/ml in
complete DMEM media and incubated with OPC for 30min. After incubation, the media was
removed, and cells were rinsed with Dulbecco's phosphate-buffered saline. To detach the cells,
500 ul of DMEM 0,05% trypsin-EDTA wete added into each well and incubated at 37°C for 8
min. Cells were then pelleted (300xg for 5min) and washed in FACS buffer (0.1% BSA and 1 mM
EDTA in PBS). Dead cells were excluded from the analysis based on Propidium iodide staining.
To differentiate DIiD™ cells from DiD" ones, cells that were not incubated with LNC were used as
control. Samples were analyzed with a BD FACSverse™. Flow cytometry data were treated with

the Flowjo© software.
T1.8. STATISTICAL ANALYSIS

T-tests, one-way ANOVA and two-way ANOVA were performed using PRISM version 9
(GraphPad Software, United-States) to determine statistical significance. Results were considered
significant if p < 0.05. N indicates the number of independent experiments and n the number of
replicates. Detailed information about the number of replicates and the statistical test applied can

be found in figure captions.
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ITI. RESULTS

ITI.1. CHARACTERIZATION OF LNC-AB OBTAINED WITH THE MALEIMIDE COUPLING

STRATEGY

LNCs had a size of 58 nm, a PDI of 0.04 and a zeta potential of -3 mV (Fig. 3). The addition of
maleimide moieties on LNCs surface with approach 1 significantly increased their size (+9 nm)
and decreased their zeta potential (from -3 to -24 mV). The second approach increased LNC size
(+13 nm), although it did not significantly impact the zeta potential (-3 to -8 mV). The PDI was <
0.2 for all these formulations. Grafting the Ab on LNC-Maleimide had no impact on their size and

PDI, while it impacted LNC zeta potential for approach 2 (-8 mV vs -24 mV).
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Figure 3. Impact of transacylation and post-insertion of PEG-Maleimide on the physicochemical
properties of LNC

Following transacylation with NH>-PEG-Maleimide (approach 1) or post-insertion of DSPE-PEG-Maleimide
(approach 2) of the LNC, the Ab was linked to the LNC-Maleimides. LNC size (A) and Zeta potential (B) were
measured, in water, using a Nanosizer. The values were presented as mean+SD (N=3, n=3). Statistical significance
was determined by a one-way ANOVA test, *p < 0.05.
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II1.2. IMPACT OF PEG-MALEIMIDE INSERTION METHOD ON AB GRAFTING EFFICIENCY

The average number of Ab grafted at LNC surface was quantified using a primary amine
quantification assay developed by Schelté et al. [224]. Approach 1 resulted in a higher number of
antibodies at the nanopatticle's surface, with an estimate of 49 Ab per LNC, than approach 2 where
an average of 7 Ab per LNC was detected (Table 1). Since approach 1 provided the highest grafting

efficiency, it was selected for the next step.

Molar Ratio of antinugm;g d"fd | Grafting Number of
Formulations Maleimide / o l;’ y acce ¢ | efficiency | antibodies per
Kolliphor HS® the beginning o (%) LNC
the reaction (ug)
LNC-Ab approach 1 1:100 28 66t9 49 1
LNC-Ab approach 2 1:100 28 3817 7t 4

Table 1. Impact of PEG-Maleimide insertion method on Ab grafting efficiency. The values are
presented as meantSD (N=3)

IT1.3. IMPACT OF GRAFTING ON THE INTERACTION BETWEEN ANTI-PDGFRA AND PDGFRA

As grafting could modify Ab interaction with its receptor, the objective of this part was to evaluate
if LNC-Ab had the same degree of interaction with its receptor than the unmodified Ab. We also
evaluated if LNC would interfere with the ELISA signal by using the same concentration of Ab
diluted in LNCs (Ab+LNC) but there was no significant change on the biding curve, meaning that
LNC did not interfere with the assay (Fig. 4).

While mixing LNC with Ab and Ab thiolation (Ab-SH) did not impact their interaction with the
rmPDGFRa, covalently grafting the Ab on LNC surface (with approach 1) impaired its ability to
recognize its antigen (Fig. 4). We also wanted to assess impact the impact of PEGylation on Ab.
It appeared that the addition of PEG-Maleimide on the Ab (Ab-PEG-Maleimide) prevented its

interaction with its target.
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Figure 4. Impact of Ab grafting to the surface of the LNC (approach 1) on its interaction with
PDGFRu«.

An ELISA was used to determine the interaction between the Ab and its target protein (PDGFRa). Data are shown
as a percentage of 1nM Ab response to 20 nM of PDGFRa. All percentages were calculated relatively to unmodified
anti-PDGFRa. In all conditions, Ab was at 1nM. The values were presented as mean+SD (N=3, with 3 different
batches of LNC-Ab, Ab-PEG-Maleimide, and Ab-SH).

We reasoned that if the unspecific multi-pegylation of the Ab was responsible for the loss of
response of the Ab-PEG-Maleimide, then decreasing the number of thiols on the Ab could
overcome the inactivation of Ab. The hypothesis was that if less PEG-Maleimide chains were
grafted on the Ab, its activity might be less affected. Thus, different concentrations of IMT were
used for the Ab thiolation but the interaction between the modified Ab and its target remained

poor, regardless of the concentration of IMT used (supplementary data Fig 2.5).

While these approaches are primarily used and reported in the literature for other types of
nanoparticles [226-228], our data showed that they were pootly efficient as far as Ab grafting on
LNC surface was concerned. An alternative strategy was thus used to graft the Ab at LNC surface

using click chemistry.
I11.4. IMPACT OF THE CLICK CHEMISTRY METHOD ON AB ACTIVITY

A third strategy, based on click chemistry, was explored as an alternative to the maleimide-thiol

coupling (approach 3) [229].

Grafting of the PEG-DBCO polymer at LNC surface increased LNC size and decreased its zeta

potential, similarly to what was observed following the addition of the maleimide conjugate with
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Approach 1 (Table 2). Adding the azido-modified Ab did not modify LNC size, but significantly
(p< 0,05) increased LNC zeta potential from -28 mV to -19 mV.

Formulations Size (nm) PDI Zeta-Potential (mV)
LNC 58 3 0.04 £0.03 -3£0.6
LNC-DBCO 06 =2 0.11 £0.09 -28£3
LNC-Ab (approach 3) 67+ 1 0.11 £0.10 -19£2

Table 2. Impact of Ab grafting using Approach 3 on LNC physicochemical properties.
Size, PDI and Zeta potential were measured by Nanosizer in water. The values were presented as mean+SD
(N=3, n=3). Statistical significance was determined by a one-way ANOVA test, *p < 0.05.

When using a 1:100 molar ratio of PEG-DBCO: Kolliphor HS®, no Ab was detected using primary
amine quantification. As it is selective, click-chemistry offers less linkage sites. Thus, to compensate
the lower amount of linking sites, the ratio of PEG-DBCO: Kolliphor HS® was increased to 1:50.
Using this molar ratio, an average of 513 Ab per LNC was obtained (23£7 % of grafting efficiency).

Ab azido-modification (Ab-N;) and PEGylation using PEG-DBCO (Ab-PEG-DBCO) did not
affect Ab interaction with the PDGFRa (Fig. 5A). When Ab-PEG-DBCO was grafted on LNC
surface, the Ab was still able to recognize its target, albeit to a lesser extent than the unmodified

Ab (Fig. 5B). This grafting strategy was consequently used for the following experiments.
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Figure 5. Impact of Ab grafting with approach 3 on its interaction with PDGFRa.
An ELISA was used to determine the interaction between the Ab and its target protein (PDGFRa) for (A) modified
Ab and (B) Ab grafted on the LNC. Data are shown as a percentage of 1nM Ab response to 20 nM of PDGFRa. All

percentage were calculated relatively to Ab (unmodified anti-PDGFRay). The values were presented as mean£SD
(N=3, with 3 different batches of LNC-Ab, Ab-N3 and Ab-PEG-DBCO).

IT1.5. IMPACT OF AB GRAFTING AT LNC SURFACE ON LNC INTERACTIONS WITH OPC

This part of the study aimed to characterize the interactions between LNC-Ab obtained with

Approach 3 and OPC iz vitro.

First, LNC impact on OPC viability was evaluated. The highest nontoxic concentration was 0.31
mg/ml of LNC for 1 and 4h of incubation (Fig.6). However, LNC were toxic (no metabolic

activity) for OPC after 24h of incubation whatever the concentration (data not shown).
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Figure 6. Effect of LNC on OPC viability.

OPC were incubated in the presence of LNC for 1 and 4h before assessment of their viability using PrestoBlue®
Cell Viability Reagent. The dotted line represents 100% of living cell and corresponds to untreated OPC. The values
were presented as meantSD (N=3, n=4).

Then, DiD-loaded LNC-Ab, in conjunction with confocal microscopy and FACS, were used to
assess whether LNC-Ab were able to interact with OPC. As illustrated by figure 7, LNC (DiD)-Ab
were mainly visible in the cytoplasm of OPC, supporting their ability to enter these cells. Additional
pictures of OPC treated with LNC (DiD)-Ab and negative control (untreated OPC) can be found
in supplementary data (Fig 3.5).
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Figure 7. Visualization of LNC-Ab localization in OPC.

Representative picture of LNC localization in OPC. LNC-Ab wete diluted to 0.42 mg/ml in OPC media and incubated
1 h with the cells. Blue is DAPI for cell nucleus; green is Alexa 488-Phalloidine, for F-actin, cytoskeleton; red is DiD
for LNC.(A) Merged image of y—z, x—z, and z—y sections; (B) DiD-labeled LNC image of y—z, x—z, and z—y sections.

FACS was then used to quantify the amount of LNC associated with OPC and whether the Ab at
LNC surface would increase LNC/OPC association compated to unmodified LNC. As shown in
figure 8, grafting of the PDGFRa Ab at LNC surface allowed to increase by 1.5-fold their

association with OPC.
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Figure 8. Impact of anti-PDGFRa grafting on LNC OPC-associated fluorescence.
DiD-Loaded LNC wete incubated for 30 min with OPC at a concentration of 0.15 mg/ml. The fold increase in Mean
Fluorescence Intensity per cell (MFI) was calculated relatively to LNC's MFI. Statistical significance was calculated
based on an unpaired t-test *p < 0.05. The values were presented as meantSD (N=3, n=3).
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As modifying the surface of a nanomedicine can strongly influence its interaction with cells [230,
231], this part aimed to determine whether the increased interaction of LNC-Ab with OPC was
specific of the anti-PDGFRa or was linked to LNC surface modification due to Ab grafting. Thus,
OPC association with LNC-Ab was compared with LNC grafted with an isotype control (LNC-
IgG2a). It appeared that grafting the isotype control had the same effect than grafting the anti-
PDGFRa (Fig. 9). Finally, to determine if LNC-Ab interactions with OPC could be affected by the
presence of PDGFAA in the culture medium, the same experiment was repeated but without
PDGFAA (i.e. the ligand of the receptor targeted by the Ab). However, the results were the same
as the ones obtained in the presence of PDGFAA.

%
|
ns ¥k
— [ mm [NC
257 * 1 ns = LNC-Ab
L 2.0 I—l |_ E LNC-IgG2a
c
@ 1.5- |
o
o
S 1.0
£
i®)
S 0.5-
0.0- T |

10 0
PDGFAA ng/ml

Figure 9. Impact of LNC-Ab and LNC-IgG2a uptake by OPCs in the presence of PDGFAA in the
media. Statistical significance was calculated based on a two-way ANOVA*p < 0.05, **p<0,01. The values were
presented as mean+SD (N=3, n=3).
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IV.DISCUSSION

Nowadays, the only treatments available for multiple sclerosis are immunomodulatory therapies
with mostly a peripheral action. Although they limit the burden of the symptoms, none of them
stimulate the remyelination process [232]. This is why, for the last decades, researchers have
developed strategies to promote remyelination, notably by inducing OPC differentiation into
myelinating oligodendrocytes. Nevertheless, these therapies need to be efficiently delivered to OPC
to be effective, and this aspect remains challenging. Hence, our goal was to improve the efficiency
of pro-remyelinating therapies by improving their delivery and selectivity towards OPC. To do so,
we selected lipid-based nanocarriers and we grafted an anti-PDGFRa at their surface to specifically
target OPC. In the present work, for the first time, we successfully grafted an anti-PDGFRa at
LNC surface, comparing two strategies: thiol-maleimide interaction and copper less click-
chemistry. We were also able to quantify Ab at LNC surface, and for the first time, to demonstrate

that modification of LNC surface by an antibody affected their uptake by OPC.

The thiol-maleimide chemistry is a classic technique widely used to modify nanoparticle surface
[233]. To attach the maleimide moiety, we used two approaches already described in the literature,
transacylation (approach 1) and post-insertion (approach 2). The transacylation of NH,-PEG-
Maleimide has never been used to graft an antibody at LNC surface. However, transacylation itself
has been used to functionalize LNC surface with chitosan by Messaouidi et al. [221]. We observed
an increase of LNC size and a decrease of zeta potential after post-insertion of DSPE-PEG-
Maleimide. Perrier et al. reported similar observations [222] after the post-insertion of DPSE-PEG-
OCH;. However, in the work of Béduneau et al., after post-insertion of DPSE-PEG-Maleimide,
the size of LNC increased to a lesser extent than in our case (+24 nm vs. +7 nm in our study)
[124]. This might be explained by the smaller amount of maleimide moiety used in our work (50-

fold lower).

To compare the different approaches regarding grafting efficiency, a reliable method to quantify
the Ab at LNC surface was essential. Unfortunately, LNC interacted with most of the classical used
methods for proteic ligand quantification or detection at a nanoparticle surface (i.e., Bradford,
RMN, SDS PAGE...) [35, 234, 235], inducing a strong background signal (data not shown). Only
the method developed by Schelte et al., based on primary amine quantification, allowed the direct
quantification of the Ab at LNC surface without interferences [224]. To our knowledge, this is the
first time that this methodology has been used to quantify an antibody at LNC surface and
represent a real asset for surface modification characterization of LNC with a proteic moiety. We

observed that transacylation provided the highest grafting efficiency compared to post-insertion.
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As transacylation linked the maleimide moiety covalently to LNC surface when post-insertion only
incorporated it in the LNC shell, we hypothesized that either more maleimide moieties were
attached to LNC, as the whole LNC surface was accessible, or/and that the association was more
stable in case of transacylation. To our knowledge, no other work has been published concerning
the grafting of an antibody on LNC surface using the transacylation of NH,-PEG-Maleimide, and
no other study directly compared post-insertion and transacylation. Béduneau et al. successfully
grafted an antibody at the surface of LNC using post-insertion and calculated that +/- 67

antibodies were incorporated in LNC, but they used an indirect quantification [124].

Chemical modification of antibodies occurring during grafting can hinder their ability to associate
with their antigen. We found that thiolation of antibody’s lysines with IMT did not decrease Ab
response level. However, the subsequent PEGylation of the thiol residues resulted in the loss of
Ab activity. Our results suggest that PEGylation very likely occurred at the Fv region of Ab upon
thiolation by IMT of the lysines of the Fv region. Hence, the pegylation of the Ab most likely
hindered its interaction with PDGFRa resulting in a loss of Ab activity. This could explain why
LNC-Ab obtained using approaches 1 and 2 were not able to interact with PDGFRa. Of note,
Béduneau et al. also demonstrated that a thiolated OX26 antibody could still interact with its target,
but no investigation was made after grafting of the antibody on the nanoparticle [124]. Kitamura
et al. reported that the unspecific coupling of PEG via active ester on an antibody led to a decrease
of 90% of the antibody activity [236]. The decrease was linked to the number of PEG on the
antibody and their molecular weight, reinforcing the hypothesis of a steric hindrance [236, 237].
This is why we finally used the more specific approach represented by the click-chemistry. While
fewer Ab were grafted per LNC, nor its azido modification nor its PEGylation affected the Ab
association with PDGFRa. Gai et al. modified an anti-CD11 Ab using the same strategy and
observed no impact of the azido modification on the anti-CD11 functional integrity compared to
the native antibody [238]. Taken together, our data and those reported by others put forth a site-

specific modification strategy for Ab grafting.

Nonetheless, we found that once on LNC surface the Ab response level decreased of 40%. We
hypothesized that this could be due to a steric hindrance created by the LNC, mainly via the PEG
moieties at its surface, as they could prevent the Ab from reaching its target. Interestingly, Botosa
et al. observed a similar phenomenon with PEGylated liposomes. They demonstrated, using
surface plasmon resonance, that antibody-functionalized liposomes could interact with their
antigen, whereas PEGylated antibody functionalized liposomes had a decreased interaction with
the antigen. They showed that it was related to PEGylated lipid fraction and PEG molecular weight
[239].
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The association of LNC-Ab with primary OPC cultures was higher than LNC but the extent of
this increase was more modest than we hoped for. As OPC uptook LNC quite quickly (87% of the
cells were DiD positive after 30 min of incubation only) the advantage conferred by the Ab was
more difficult to highlight. While the uptake of the lipid-based nanoparticles by OPC is not
extensively studied, Osorio-Querejeta et al. found that primary OPC endocytosed liposomes to a
greater extent than PLGA nanoparticles and exosomes (96%, 83 %, and 61%, respectively) [240].
This tropism for lipid-based nanoparticles is likely due to the involvement of several unspecific
endocytosis pathways, as reported for other types of cells. For instance, it has been shown that
vectorized LNC with the NFL-TBS.40-63 peptide use clathrin-, caveolin-, and micropinocytosis-
mediated pathways to enter oligodendrocytes [241], whereas for monocytes they use mostly

caveolae-mediated endocytosis and pinocytosis [242].

For the targeting to be efficient, LNC need to enter OPC primarily by specific receptor-mediated
endocytosis rather than by unspecific pathways such as those mentioned above. The antibody
addition only induced a slight increase in uptake. Probably because the uptake occurring through
receptor-mediated endocytosis is negligible compared to the other pathways. It can be speculated
that a nanoparticle with a lower tropism for OPC would have been more suitable to target OPC,
as receptor-mediated endocytosis would have been the most significant route to penetrate the cell.
As many studies have demonstrated that different types of nanoparticles have different uptake rates

for the same cell line [223], this strategy could be considered for future experiments.

Lastly, we observed that grafting an isotype control produced the same increase in LNC/OPC
association as grafting the anti-PDGFRa antibody. While this critical control is lacking in many
papers, Walters et al. showed that the grafting of an isotype control on PLGA nanoparticle surface
increased their cell association compared to the unmodified nanoparticle [243]. We can hypothesize
that this could be due to the interaction of the Fc region with the immunoglobulin Fc receptors
(FcR). These receptors are traditionally at the surface of immune cells, such as macrophages and
monocytes, but are also present at OPC surface (especially the y subunit) [244]. Hence, having an
antibody at LNC surface may have unlocked receptor-mediated endocytosis via the FcR. The
question remains on whether increasing the anti-PDGFRa at LNC surface is required to reach a
threshold allowing to differentiate between Ab and control isotype as suggested by some studies

[245].
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V. CONCLUSION

In summary, we produced anti-PDGFRa functionalized LNC to target OPC to favor remyelination
and reduce off-target effects by targeting OPC. To graft the antibody, we used three different
approaches (transacylation, post-insertion of maleimide moiety and finally coperless click-
chemistry). To evaluate the anti-PDGFRa grafting efficiency on LNC, we used primary amine
quantification. This method can be considered a real asset to quantify the amount of functionalized
protein moiety on LNC since these nanoparticles interfere with classical protein quantification
techniques. We also developed an in-house ELISA to gauge the anti-PDGFRa activity after
grafting on LNC. Our results demonstrated that site-selective antibody grafting on nanoparticles
was the best way to maintain its activity. Nevertheless, 7z vitro uptake by primary OPC was only
modestly increased by the Ab grafting and to the same extent as isotype control-grafted LNC. This
observation highlights how crucial appropriate control is for uptake studies involving nanoparticle

surface modification and how this modification impacts cell-nanoparticle interaction.
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VI.SUPPLEMENTARY DATA
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Figure 1.S. Calibration curve for the Ab quantification.
The calibration curve was built to quantify the PDGFRa Ab in presence of LNC used as matrix The values were
presented as mean*SEM (N=3).

Formulation Number of particles per L
LNC-Ab (Approach 1) 43.10°+1,4.10"
LNC-Ab (Approach 2) 32.10"°+2.10'

LNC-Ab (Approach 3) 38.10°+1,2.10"

Table 1.S. Measurement of LNC-Ab particles concentration using Nanoparticles Tracking

Analysis. The values were presented as mean=SD (N=3)
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Figure 2.S. Impact of 2-Iminothiolane*HCI concentration on Ab interaction with PDGFRu«.

An ELISA was used to determine the interaction between the Ab and its target protein (PDGFRe). Different
concentrations of IMT were used to thiolate the antibody, going from the initial concentration used in the rest of the
study (Ab-PEG-Maleimide 1/1) to 0 ( Ab-PEG-Maleimide without IMT). Data are shown as a petcentage of 1nM Ab
response to 20 nM of PDGFRa. All rates were calculated relatively to Ab (i.e., unmodified anti-PDGFRa). The values
were presented as meanESD (N=3)

Figure 3.S. Additional visualization of LINC-Ab localization in OPC.

(A) Representative picture of LNC localization in OPC. LNC-Ab were diluted to 0,42 mg/ml in OPC media and
incubated 1 h with the cells. (B) Untreated OPC (negative control). Blue is DAPI for cell nucleus; green is Alexa 488-
Phalloidine, for F-actin, cytoskeleton; red is DiD for LNCpresented as mean+SD (N=3)
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ABSTRACT

The blood-brain-barrier (BBB) is a formidable protective barrier that prevents toxic elements from
penetrating the central nervous system (CNS); However, this barrier also limits the distribution of
therapeutics in the brain and thus hinders the treatment of CNS diseases such as multiple sclerosis
(MS). Intranasal administration can be an efficient strategy for bypassing the BBB, favoring drug
accumulation in the brain, and improving efficacy. To engineer an optimal intranasal formulation,
compounds need to be soluble in a physiological solution that can be easily administrated.
Therefore, finding a way to solubilize lipophilic compounds to be administrated by this route is
essential. Lipid nanocapsules (LNC) can be suitable nanocarriers for this matter; indeed, they have
a lipophilic core that can favor lipophilic compound encapsulation, and drug-loaded LNC can be
easily diluted in physiological solutions. Additionally, they are FDA-approved excipients, easily up-
scalable. Oligodendrocyte progenitor cells (OPC) are at the heart of the myelin regeneration
process that occurs after demyelination in MS. These cells can differentiate into myelinating
oligodendrocytes that reform a new myelin sheath. Thus, we aimed to encapsulate in LNC two
lipophilic compounds that can promote OPC differentiation, retinoic acid (RA) and calcitriol (Cal),
to develop an intranasal solution that can be of use in the context of pro-remyelinating therapies.
After encapsulation of RA (LNC-RA) and Cal (LNC-Cal), HPLC-UV analysis indicated stable
molecules for at least 8 weeks. Our results show that RA and Cal maintained their ability to
differentiate CG-4 cells (an OPC cell-line) after encapsulation in LNC. Finally, we evaluated our
formulation 7z vive in the cuprizone murine model of demyelination. After intranasal administration,
LNC and LNC-CARA (i.e. LNC-RA + LNC-Cal) increased corpus callosum myelination and
microglial infiltration. In conclusion, intranasal delivery of lipophilic drug encapsulated LNC is a

potential route of administration for myelinating therapies.

KEYWORDS

Lipid nanocapsules, Intranasal delivery, Multiple sclerosis, Nanomedicine, Remyelination
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I. INTRODUCTION

The differentiation of oligodendrocyte progenitor cells (OPC) into oligodendrocytes is one of the
fundamental mechanisms behind the remyelination process that follows myelin sheath damage in
multiple sclerosis (MS) [25]. Nowadays, finding compounds to enhance myelin sheath regeneration
is at the core of MS research. Among the compounds in clinical trials for remyelination,
opacinumab and clemastine showed effective remyelination in animal models [105]. However, they
were not effective in inducing remyelination in clinical trials. One of the reasons for this failure
may be a low distribution of these drugs in the brain. Central nervous system (CNS) drug delivery
is one of the most prominent challenges scientists must face due to the blood-brain barrier (BBB).
The primary function of the BBB is to protect the CNS from harmful elements (i.e., toxins), and
only drugs with a high logP and a molecular weight less than 400 Da can cross passively [2406].
Intranasal delivery has the advantage of bypassing the BBB, making it an interesting administration
route [203]. Indeed, the olfactive bulb and the trigeminal nerve give direct access to the brain
through transcellular or paracellular pathways. In addition to offering privileged access to the CNS,
intranasal delivery has the advantage of being non-invasive and patient friendly. This aspect is a
considerable asset since MS patients are often subjected to invasive administration such as
intravenous (IV) (ie., natalizumab) subcutaneous (i.e., glatiramer acetate) or intramuscular
administration (i.e., IFN-R). Thus, having treatment for MS in the form of a nasal spray could be

more convenient for patients.

All-trans-retinoic acid (RA) and calcitriol (Cal) are two lipophilic molecules known to promote
remyelination in animal models of MS [100, 206]. RA binds to the RAR and Cal to VDR to form
a heterodimer with RXR. The RAR/RXR or VDR/RXR complexes migrate to the nuclei and bind
to RARE transcription factor (retinoic acid response element) for the former and the VDRE
(Vitamin D Response Element) for the latter. These events will trigger the regulation of genes
responsible for remyelination and OPC differentiation. Furthermore, these two compounds also
have immunomodulatory properties that can be favorable in the scope of neuroinflaimmatory
diseases such as MS [204, 247]. Therefore, they could be good candidates for MS treatment if their
delivery to the CNS is selectively increased. However, nasal administration can be challenging when
dealing with active lipophilic compounds. Indeed, these molecules are insoluble in physiological
solution. Therefore, they can only be administrated as a nasal spray suspension composed of
macroscopic particles that are strongly prone to elimination by ciliary cells in the nasal epithelium
[203]. We hypothesized that the encapsulation of lipophilic molecules in LNC would improve their
distribution in the CNS by allowing their solubilization and protection from enzymatic degradation
in the nasal cavity. Moreover, recent studies have shown that LNC can cross the olfactive bulb and
reach the brain (Mwema et al. in preparation). Therefore, we propose to encapsulate RA and Cal

in LNC for optimal intranasal delivery of those molecules. [6, 7].
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II. MATERIALS AND METHOD

II.1. MATERIALS

Labrafac® WL 1349 was provided by Gattefosse SA (France) and Lipoid® S100 by
Lipoid Gmbh (Germany). Solutol HS®15, poly-d-Lysine hydrobromide (70000-150000 Da),
Sodium pyruvate, Insulin, Apo-transferrin, Biotin, Selenium, Holo-transferrin Bovine insulin, Fetal
Bovine Serum (FBS), Lipopolysaccharides (LPS) from E. e/i (serotype O55:B5,), Dapi, Charcoal,
and all-trans retinoic acid were purchased from Sigma (Merck, Germany). Calcitriol was purchased
from Win-Win Chemical CO., Limited (China). DMEM, HEPES, Pen/Strep, B27 supplements,
Amphotericin B, DMEM 0.05% trypsin-EDTA (1x), Presto blue Cell Viability Reagent, Trizol
reagent, Alexa-Fluor 568 goat anti-rat, Alexa-Fluor 647 goat anti-rabbit, and Green Fluoromyelin,
were purchased from Thermo Fisher Scientific (Bleiswijk, The Netherlands). Myelin Basic Protein
(MBP) rat monoclonal antibody was purchased from Biorad (United-States) and Ionized calcium-
binding adaptor molecule-1 (Ibal) rabbit polyclonal antibody from Wako (Japan). Murine
interleukin-6 (IL-6), Tumor Necrosis Factor « TNFo and monocytes chemoattractant protein-1
(MCP-1) ELISA kit, Platelet-derived growth factor A (PDGF-AA), fibroblast growth factor
2 (FGF), and Ciliary neurotrophic factor (CNTF) were purchased from Peprotech (United
Kingdom). Amicon Ultra-0.5 mL 30 K filters were purchased from Merck Millipore (Germany).
Rotilabo®-syringe sterile 0.22 um, filters, RotiFix© Paraformaldehyde (PFA), Dimethyl sulfoxide,
and trifluoroacetic acid were purchased from Carl Roth GmbH (Germany). Acetonitrile and
SuperFrost plus slides were purchased from VWR (). Primers for RT-qPCR were purchased from
Integrated D.N.A. technologies (Leuven, Belgium). Cuprizone (0,2% cuprizone) and control chow
were purchased from SSNIFF (Germany). Reverse transcription kit was purchased from Promega
Benelux BV (Leiden, The Nethetlands)) and Tissue-Tek® Optimal cutting temperature compound
(OCT) from Sakura Finetek (United-States)

I1.2. RETINOIC ACID-LOADED LNC (LNC-RA) AND CALCITRIOL-LOADED LNC (LNC-CAL)

LNC were prepared following the protocol described in chapter 2. Briefly, 0.288 g of Solutol HS
15, 0.025 g of Lipoid® S100, 0.029 g of NaCl, 400uL of Labrafac®WL 1349, and 0.9 mL of water
were mixed under magnetic stirring for 5 min at 45 °C. Three temperature cycles of heating/cooling
were done between 60 °C and 90 °C, also under magnetic stirring. During the cooling of the last
cycle, at 77 °C, 3.7 ml of cold water were added under high-speed stirring. As for LNC-RA and
LNC-Cal (JRA] = 1mM and [Cal]= 1mM), they were prepared by adding 37.5 pLL of RA or Cal
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stock solution (40 mg/mlL and 55 mg/ml in DMSO, respectively) during the last cooling of LNC
preparation (final volume of 5 mL). Similarly, blank LNC were prepared by adding 37.5 pL of
DMSO at the last cooling cycle. LNC were filtered on 0.22 um filter and stored at 4 °C until further

use.
I11.3. LNC-RA AND LNC-CAL CHARACTERIZATION

Size, zeta potential, and polydispersity index (PDI) of the formulations were measured in water

using a ZetasizerUltra® (United Kingdom).

RA and Cal were extracted from RA-LNC and Cal-LNC by dissolution in methanol at a ratio of
1:20 (RA total). LNC structure disintegrates by dissolution in methanol at a ratio of 1:20 (zota/
amount of compound). In parallel, non-encapsulated RA and Cal were removed from LNC formulation
by ultra-filtration using a 30-KDa molecular weight cut-off membrane. Both molecules were
quantified by High Pressure Liquid Chromatography coupled to aUV detector (Shimadzu®). The
separation was obtained using a Macherey-Nagel® 125/4 NUCLEODUR 100-5 C 18 column and
an isocratic system (ImL/min). For RA, the mobile phase was composed of water and acetonitrile
(15:85, vol/vol), containing 0.1% TFA while for Cal it was composed of water and acetonitrile
(30:70, vol/vol). The volume of injection was 20 pL. and the detection wavelength was set at 342
nm for RA and 269 nm for Cal. RA and Cal encapsulation efficiencies were calculated using the

following formula:

Total amount of compound — non encapsulated compound

E lation Effici = x 100
ncapsulation Ef ficiency Compound introduced in the formulation

II1.4. RA,LNC-RA, CAL AND LNC-CAL STABILITY OVER TIME

A solution of TmM of RA in DMSO and a solution of 1mM of Cal in DMSQO, as well as LNC-RA
and LNC-Cal were stored at 4°C, protected from light. RA and Cal were quantified by HPLC-UV
once a week for 8 weeks using the method mentioned above. The percentage of the remaining

compound was calculated using the following formula:

o Compound at week n
Remaining compound (%) = Compound at week 1 x 100

Size, zeta potential, and PDI of LNC were also measured every week as described in 2.3.
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I1.5. CG-4 CELL LINE CULTURE

CG-4 cells were grown in proliferation medium (DMEM, 1% penicillin/streptomycin, apo-
transferrin, Biotin, Selenium, insulin, B104 conditioned media) and were plated at 50 000 cell/well
in 6 well plates in recovery medium (DMEM, 1% penicillin/streptomycin, insulin, sodium
pyruvate, HEPES). After 30 minutes, the medium was replaced by a fresh proliferation medium.
Cells were cultured overnight under standard conditions (37 °C in a humidified 5% CO; incubator).
CG-4 cells were treated with RA-LNC, Cal-LNC and a combination of RA-LNC + Cal-LNC
(LNC-CARA) for 24h in proliferation medium, followed by 5 days of culture in fresh proliferation
medium. RA, Cal, a 1:1 combination of Cal and RA (CARA) and LNC were used as controls. Then,
500 uL of Trizol were added to each/well and the plates were then stored at — 80 °C for later

assessment
I1.6. MIXED GLIAL CELL CULTURE

Cortical mixed glial cultures were generated from Sprague-Dawley rat pups (postnatal day 0-2) as
described previously by Miron et al. [43]. All the experiments involving animals were done in
accordance with Directive 2010/63/E.U. and following the approval by the ethical committee for
animal cate of the faculty of medicine of UCLouvain (2017/UCL/MD/030). Briefly, brains were
dissected, cerebellum, olfactory bulbs, and meninges were removed. Brains were then digested
using papain (40 pg/mL) and slowly dissociated mechanically using a G18 and a G23 syringe. The
cell suspension was diluted in DMEM medium (4.5 g/L glucose, L-glutamine, pyruvate, 10% FBS
(vol/vol) and 1% penicillin/streptomycin (vol/vol)) then filtered through a 40 pm strainer. As FBS
may contain RA and Cal, to avoid any interference with our treatments, FBS was treated with
charcoal as described [207] to deplete it in RA, Cal, and steroids. FBS was incubated with 2.5%
(w/vol) of activated chatrcoal for 18 h at 4°C and filtered before adding it to the mixed glial cell
culture medium. Cells were then plated at 5%10* cells/well in poly-D-Lysine coated (1ng/mL) 24
well plates for 8 days. Mixed-glial cells culture were treated with RA-LNC, Cal-LNC and CARA-
LNC for 24 hours. RA, Cal, CARA and LNC were used as controls. After treatment removal, cells
were cultured for 5 days in DMEM medium. At the end of the process, 200 pl. of Trizol were

added to each well. Samples were then stored at — 80 °C for later assessment.
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I1.7. BV-2 CELL LINE CULTURE

BV-2 cells (murine microglial cell line) were grown in high-glucose DMEM medium with 10% FBS
and 1% penicillin/streptomycin (vol/vol) under standard conditions [248]. The cells were seeded
into 24-well plates at 200 000/well and treated the following day with 100 ng/mL of LPS for one-
houtr. Then, BV2 cells were incubated with RA-LNC, Cal-LNC and CARA-LNC diluted at
concentrations ranging from (0,03 uM to 3 uM) in fresh media containing LPS at 100 ng/mL. RA,
Cal, CARA and LNC were used as controls. After 8 hours of incubation, supernatants were

collected and stored at -20°C for 1L.-6, TNFa and MCP-1 quantification by ELISA.
I1.8. REAL-TIME QUANTITATIVE POLYMERASE CHAIN REACTION (QPCR)

Total RNA was extracted using the Trizol reagent. cDNA was synthesized using the GoScript
reverse transcription kit (Promega) from 1 pg of total RNA. qPCR was performed using the GoTaq
qPCR Master Mix (Promega) and a STEPone PLUS instrument and software (Applied
Biosystems). Products were analyzed by performing a melting curve at the end of the PCR reaction.
Data were analyzed with the AACt method using the 60S ribosomal protein 1.13 (RPL13) as a
reference gene. RPL13 mRNA expression was not affected by any of the treatments. Primer

sequences used are given in Table 1.

Table 1: Primer sequences

Gene/product Forward primer (5' to 3') Reverse primer (5' to 3")

Mbp/MBP CACACACAAGAACTACCCACTAC | GGTGTACGAGGTGTCACAATG

Rp/13/RPL13 | GGCTGAAGCCTACCAGAAAG CTTTGCCTTTTCCTTCCGTT

MBP: Myelin Basic Protein
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I1.9. RA-LNC AND CAL-LNC NOSE-TO-BRAIN ADMINISTRATION IN A MOUSE CUPRIZONE

MODEL

Fifty-six 7-week-old male C57Bl/6 mice (Janvier©, France) were used for this experiment (n=6
per group). They were housed in filter-top cages under conditions of controlled temperature (20°C-
22°C) and artificial light (12 hours dark/12 hours light) and supplied with water and food ad
libitum. All experiments were performed in accordance with the guidelines of the local ethics
committee 2018/UCL/MD/024 and in accordance with European Directive 2010/63/E.U. To
induce demyelination, mice were given chow (Ssniff©, S8899-E040) containing 0.2% cuprizone
for six weeks [101]. Control mice received the same chow but without cuprizone. LNC-CARA
(ImM) or CARA (ImM) was diluted in saline and administrated by nasal instillation (5 uL./nostril
x 4, 20 uL in total/mouse) under isoflurane anesthesia every day for 6 days (Fig.1). Saline (vehicle)
and LNC were used as controls. Mice were euthanized and perfused with PFA 4% the day
following the last administration. Brains were stored for 24h in PFA 4% at RT followed by 24h in

a 30% sucrose solution. Tissues were embedded in OCT and kept at — 80 °C.

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Cuprizone 0.2 % chow —
| orEonorahow o, Trestment intanasal Administatin €
I T ﬁ
6 V/4
weeks

Figure 1. Study design to evaluate the impact of treatments on remyelination in a cuprizone
model

106



CHAPTER III - IMPACT OF RETINOIC ACID AND CALCITRIOL LOADED LNC ON REMYELINATION AFTER INTRANASAL
DELIVERY IN A CUPRIZONE MODEL

I1.10. HISTOLOGY

Brain rostral cryosections were serial sliced using a cryostat at a thickness of 10 pm (n=6). Each
slide contained three to four brain slices. For immunofluorescence staining, cryosections were
incubated in block solution (0.3% triton and 5% normal goat serum (NGS) in PBS) for 1h. Next,
sections were incubated with primary antibodies (Ibal 1/1000 and Myelin Basic Protein (MBP)
1/300 in block solution) overnight at 4 °C. Detection was performed after incubation with relevant
fluorescent secondary antibodies (Alexa-Fluor 568 conjugated goat anti-rat (1/500) and Alexa-
Fluor 647 conjugated goat anti-rabbit (1/500), respectively), FluoroMyelin (1/300) and Dapi
(1/1000) in block solution for 4h at RT. Image acquisition was performed using a Panoramic P250
Flash I1I slide scanner (3DHISTECH). Image analysis was performed with Visiopharm© software
to quantify the surface of positive staining per analyzed area. Manual thresholding was applied
using the control brain section (healthy mice without cuprizone). Three to four brain slices were
analyzed per animal, and the mean of the values obtained for each slice was then calculated to

generate a single value per animal.
IT.11. STATISTICAL ANALYSIS

T-tests, one-way ANOVA and two-way ANOVA were performed using PRISM version 9
(GraphPad Software, United-States) to determine statistical significance. Results were considered
significant if p < 0.05. N indicates the number of independent experiments and n the number of
replicates. Detailed information about the number of replicates and the statistical tests applied can

be found in figure captions.
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ITI. RESULTS

ITI.1. IMPACT OF RA AND CAL ENCAPSULATION ON LNC PHYSICOCHEMICAL PROPERTIES

We first wanted to verify that RA and Cal encapsulation in LNC did not alter the main nanoparticle
properties (size, polydispersity index (PDI), zeta potential). Upon RA and Cal encapsulation, LNC
size decreased by 6 nm for the latter and increased by 4 nm for the former. However, these size
variations were not significant, nor were the changes in PDI and zeta potential measurements
(Table 2). Regarding RA and Cal encapsulation efficiency in LNC, it was superior to 80 % (83%
for RA and 87 % for Cal), allowing us to reach an average concentration of 830 uM for RA and

860 uM for Cal in LNC formulations, respectively.

Table 2. Characterization of LNC-RA and LNC-CAL

Size, PDI, and zeta-potential were measured in milliQQ water using a Nanosizet®. The values are presented as mean+SD

(N=3)

Formulation | Size PDI Zeta Potential Encapsulation Compound
efficiency (%) concentration in
LNC
LNC 63+ 2nm 0,06 £ 0,03 -2,3 £ 0,05 mV / /
LNC-RA 67 £ 4 nm 0,01 £0,01 -3,5 £ 0,04 mV 83 £10% 830 £ 101 uM
LNC-Cal 57 £ 6 nm 0,07 £ 0,02 -2,7£ 0,03 mV 86 £ 2% 860 £ 20 uM

To assess whether encapsulation in LNC would preserve RA and Cal from potential degradation
and evaluate our formulations' shelf-life, RA-LNC and Cal-LNC were stored at 4°C for 8 weeks.
As a control, RA and Cal in solution in DMSO were stored in the same condition. After 8 weeks,
more than 85 % of RA and Cal encapsulated in LNC were detected by HPLC-UV (Fig.2). RA
solution in DMSO was less stable than Cal. By the end of week 8, only 72% of RA initial quantity
was detected. Regarding the size and zeta-potential, no substantial variation was observed

throughout these 8 weeks (Supplementary data Fig.1), and PDI was always below 0,1.
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Figure 2. Comparison of RA and Cal stability in LNC and in DMSO.

RA and Cal were quantified by HPLC-UV at each time point in LNC and in DMSO solution. Percentages of the
remaining compound were calculated relatively to the quantity of RA and Cal measured on the day they were produced.
The values were presented as meantSEM (N=3, with 3 different batches of LNC-RA and LNC-Cal and n=3 of RA
and Cal in solution in DMSO). Statistical significance was calculated based on a two-way ANOVA *p < 0.05,
*kp<0,001.

IT1.2. IMPACT OF LNC-RA AND LNC-CAL ON CG-4 DIFFERENTIATION

RA and Cal were shown to affect OPC differentiation [95, 207], therefore we wanted to assess their
effects on the differentiation of an OPC cell line (CG-4 cells) and evaluate whether their
encapsulation in LNC impacted this effect. CG-4 cells are an immortalized OPC cell-line that
express OPC markers such as platelet-derived factor-receptor o [249] and differentiate into
oligodendrocytes as OPC 7 vitro and in vivo. Thus, CG4-cells were first incubated with increasing
concentrations of RA and Cal and MBP mRNA expression was used to assess cell differentiation.
Indeed, MBP, MBP is one of the major proteins localized at the surface of myelinating
oligodendrocytes [250] and has been used to highlight OPC differentiation in several studies [43,
100]

Only the highest RA concentration (200 nM) increased MBP expression in CG-4 cells, while even

the lowest concentration of Cal (10 nM) induced the same level of MBP expression (Fig. 3).
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Figure 3. Impact of RA and Cal on CG-4 differentiation.

Treatments were incubated for 24h, and quantification of MBP mRNA by RT-qPCR was made 5 days after treatment
removal. Statistical significance was calculated compared to Veh. based on a one-way ANOVA p < 0.05, **p<0,01,
Rk p< 0, 0001.The values were presented as meanE=SEM (N=3, n=3).

Since 50 nM and 200 nM of Cal had a similar impact on MBP mRINA expression, the concentration
of 50 nM was selected over 200 nM to limit the putative toxic effect that can be correlated with a
higher concentration. Thus, based on our results (Fig.3) CG-4 cells were treated with LNC-RA at
200 nM and LNC-Cal at 50 nM, to assess the impact of encapsulation on their effect. Furthermore,
CG-4 cells were treated with RA at 200 nM + Cal 50 nM (CARA) and LNC-RA (200 nM) + LNC-
Cal (50 nM) (LNC-CARA) to investigate whether RA and Cal could have an additive effect on
their differentiation. Treatment with CARA also increased MBP mRNA expression compared to
vehicle-treated CG-4, and this to a greater extent than RA and Cal alone, suggesting an additive

effect of those two molecules (Fig.4)
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Figure 4. Impact of LNC-RA, LNC-Cal and LNC-CARA on CG-4 differentiation.

Molecules and drug-loaded formulations were incubated for 24 with CG-4 cells. Quantification of MBP mRNA by
RTgPCR was made 5 days after treatment removal. Statistical significance was calculated compared to Veh. based on
a one-way ANOVA p < 0.05, ¥** p< 0, 0001.The values were presented as meantSEM (N=3, n=3).

While LNC-RA did not increase MBP mRNA expression of CG-4 cells, LNC-Cal significantly
increased MBP mRNA expression (Fig.4). Moreover, CARA maintained its additive effect after
encapsulation. As for LNC, they had no impact on CG-4 cells differentiation (Fig.4).

121, Impact of LNC-RA and I.INC-Cal on OPC differentiation in a primary mixed glial culture

To confirm the effects of the drug-loaded formulations observed on CG-4 cells on primary OPC,
a primary mixed glial cell culture was used. This complex mixed culture system, where astrocytes,
microglia, oligodendrocytes, and OPC co-exist, is an interesting model to evaluate whether our
formulations might induce OPC differentiation in the presence of other cells, hence mimicking an
environment closer to zz vivo settings. RA, Cal, and CARA in solution or encapsulated in LNC at
the same concentrations as paragraph 3.2 were incubated with the co-culture. MBP mRNA

expression was then evaluated seven days after.
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Figure 5. Impact of LNC-RA, LNC-Cal and LNC CARA on OPC differentiation in mixed glial
culture.

Molecules and drug-loaded formulations were incubated for 24h with glial cells. Quantification of MBP mRNA by
RTqPCR was made 7 days after treatment removal. Statistical significance was calculated compared to Veh. based on
a one-way ANOVA p < 0.05, ¥** p< 0, 0001.The values were presented as meanESEM (N=3, n=3).

In this model, LNC-RA, LNC-CARA and Cal significantly increased MBP mRNA expression
compared to the vehicle. Nevertheless, this change was moderate compared to the observed effect
on CG-4 cells for all treatments. For instance, LNC-CARA increased MBP mRNA expression
5,74-fold in CG-4 cell culture, and 1,29-fold in the mixed glial cell culture. In this model, LNC did

not impact MBP mRNA expression either.

IT1.2.2. Impact of RA, Cal, and drug-loaded I.INC on proinflammatory cytokine secretion of BL-2 cells

BV-2 cells are a microglial cell-line that can be activated with LPS to secrete pro-inflammatory
cytokines such as tumor necrosis factor o (TNFox), interleukin-6 (IL-6), and monocyte

chemoattractant protein-1 (MCP-1)[248].

Given that RA and Cal have immunomodulatory properties, we evaluated their impact on pro-
inflaimmatory cytokines secretion by LPS-activated BV-2 cells. We also aimed to evaluate the

impact of CARA (as an equimolar mix of RA and Cal) and drug-loaded formulations. Based on
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previous studies [251, 252], we selected 3 concentrations of RA and Cal (0,03 uM, 0,3 uM and
3uM) to be incubated with LPS-activated BV-2 cells.
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Figure 6. Impact of LNC-RA, LNC-Cal, LNC-CARA on TNFu, IL-6, and MCP-1 secretion by
activated BV-2 cells.

BV-2 cells were stimulated, ptior to treatment, with 100 ng/mL of LPS. After 8 h of treatment+ LPS, the supernatant
was removed, and cytokine quantification was achieved by ELISA. The concentration of cytokines (pg/mL) was
normalized compared to the vehicle (Veh.) Statistical significance was calculated with a Tukey multiple comparison
test. The values were presented as meantSEM (N=3, n=4). Conditions not related by the same letter are significantly
different.

For IL-06, at 0,03 uM, only CARA, LNC-RA, and LNC-CARA significantly decreased the cytokine
level compared to vehicle (Fig.6). While at 0,3 uM, I1.-6 levels were substantially reduced for all
treatments, the dose of 3 uM offered the most significant decrease with a reduction of -33.24% for
Cal, -51.58% for RA, and -62.89 % for CARA. Like CG-4-cells differentiation, a combination of
CARA offered an additive effect in reducing IL-6 secretion. At 0,3 pM, all drug-loaded

formulations were more effective in decreasing IL-6 secretion from BV-2 cells than molecules in
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solution (Fig.6). At 3 uM, LNC decreased up to 42% IL-6 compared to vehicle, implying the

nanocarrier's pharmacological activity on cytokine production (Fig.6).

Similarly, at 0.03 and 3 uM LNC induced a significant decrease of MCP-1 level (-44% compared
to vehicle for 3 pM). While RA, Cal and CARA had no impact on MCP-1 secretion at LNC-RA,
LNC-Cal and LNC-CARA significantly decreased MCP-1 at 3 uM. Hence, encapsulation in LNC

substantially increased the impact of the compounds on MCP-1 secretion (Fig.6)

Regarding TNFa levels, compared to vehicle, none of the selected concentrations significantly

impacted its secretion by BV-2 cells (Fig.0)

IT1.3. IMPACT OF CARA AND LNC-CARA ON MYELINATION AND PRO-INFLAMMATORY

MICROGLIA INFILTRATION AFTER NASAL ADMINISTRATION IN THE CUPRIZONE MODEL

The 7n vitro experiments aimed to evaluate whether, after encapsulation RA, Cal and CARA could
still induce OPC and CG-4 cells differentiation and exert their reported anti-inflammatory
properties on BV-2 cells. Our data showed that the encapsulation in LNC did not hinder their
biological effect. Moreover, according to our data, LNC-CARA has shown the most promising
pro-remyelinating effects and significantly impacted BV2 cytokine secretion among the drug-
loaded formulations. Therefore, our next experiment was to evaluate 7/ vivo whether nasal
administration of LNC-CARA could induce remyelination and limit pro-inflammatory microglia
infiltration in the cotpus callosum of C57/BL6 mice after cuptizone-induced demyelination. The
cuprizone regimen caused a reduction of 13% of the FluoroMyelin positive surface in the corpus
callosum and increased Ibal” cell (microglia and macrophages) infiltration, in the corpus callosum
(Fig.7).

Among the mice that received cuprizone, groups treated with LNC, and LNC-CARA had increased
FluoroMyelin positive area in the corpus callosum. While these results suggest that LNC and LNC-
CARA stimulated remyelination, CARA did not seem to impact myelination (Fig.7). Regarding
microglia infiltration, LNC and LNC-CARA significantly increased the Ibal positive surface in the
corpus callosum to a greater extent than CARA that had a more discrete effect (not statistically

significant).
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Figure 7. Impact of intranasal administration of LNC, LNC-CARA and LNC CARA on
FluoroMyelin and Ibal staining.

After 6 weeks of cuprizone-containing chow (or normal chow), mice received intranasally 4,1 pug of Cal + 3 ug of RA
(CARA) or LNC-CARA for 6 days, then we assessed the corpus callosum of the mice at the histological level. The
percentage of FluoroMyelin positive area (a marker of myelin) or Ibal positive area (a market of microglia) was
calculated with Visiopharm© softwate. Three brain slices were analyzed per animal (N=6 mice per group). The mean
of the values obtained for each slice was then calculated to generate a single value per animal. Statistical significance
was calculated compared to vehicle (Veh)+curpizone based on a one-way ANOVA * p< 0, 05. The values were
presented as mean*SEM; ns = not significant
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IV.DISCUSSION

The therapeutic arsenal against MS has known an incredible expansion since 1993 and the approval
of IFN-R by the FDA [253]. Several routes of administration have been used to deliver medicines
to the patients, depending on the nature of the compound that must be administrated: IV for
monoclonal antibody, per os for small molecules, and subcutaneous administration for peptides.
However, all these administration routes face the BBB, a semi-permeable barrier protecting the
CNS and limiting brain distribution. The nose-to-brain pathway is a delivery route that has been
investigated for CNS delivery because of its unique ability to bypass the BBB [203]. Besides this
important advantage, the intranasal route is also more patient-friendly. Thus, in the scope of MS,
intranasal administration can be an interesting delivery route to investigate. Lipophilic compounds
can be more challenging to administer as nasal spray due to their poor solubility in physiological
solutions. A suspension can be made, but the aggregates formed by the compounds are more likely
to form a deposit in the nasal epithelium than reach the olfactory bulb. Thus, we aimed to
encapsulate two lipophilic compounds that can induce myelination (RA and Cal) in LNC to form

a homogenous nanoemulsion that can be more easily administrated sz the intranasal route.

Our first step was to encapsulate RA and Cal inside LNC. We achieved high encapsulation
efficiency for both molecules (> 80%), which is in line with what has been described in the literature
for other lipophilic molecules such as itraconazole [254].To our knowledge, our group was the first
to encapsulate RA and Cal in LNC. However, other groups encapsulated these molecules in
liposomes. For RA, Cristiano et al.[255] encapsulated 82% of RA in a liposome, which is similar to
our data. But with Calcitriol, encapsulation in liposome was less efficient (58%-78% according to
Rafique et al.[256]). LNC has the advantage of having an oily lipophilic core and a lipid shell.
Therefore, a more considerable volume is available for the molecule to shelter from the hydrophilic
part of the formulation, whereas liposomes have only their phospholipid bilayer to host the

molecule, hence less volume.

For further characterization of LNC-RA and LNC-Cal formulation, we evaluated the stability of
the drugs into the loaded-nanocapsules during eight weeks; stability of the free drugs has been
monitored in DMSO as control. For RA, the remaining compound in the DMSO solution
significantly decreased over time compared to LNC-RA. RA is indeed very unstable in solution
and sensitive to oxidation, and our data suggest that encapsulation in LNC increased its stability.
Indeed, after encapsulation, less than 15% of RA has been degraded in eight weeks (Fig.2). Our

results are in accordance with what can be found in the literature. For instance, in an acetonitrile
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solution containing other retinoids, only 37 % of RA was left in the solution [257]. These results
highlight the utility of using LNC to store RA and maintain its stability. However, encapsulation in

LNC was not a prerequisite for Cal to maintain its stability.

To our knowledge, we are the first to demonstrate that RA and Cal can increase MBP mRNA in
CG-4 cells. These effects could be mediated via the RXR receptor. Indeed, RA binds to RAR, its
nuclear receptor that forms a heterodimer with RXR [258]. Similarly, Cal binds to VDR, a
cytoplasmic receptor that can form a heterodimer with RXR [259]. Even if they can form a complex
with RXR, RAR/RXR binds to the RARE, and VDR/RXR binds to the VDRE. After binding,
transcription factors and coactivators are recruited to modulate gene transcription. Our results
show that CARA increased MBP mRNA to a greater extent than RA and Cal alone. This increased
effect is likely due to RAR/RXR and VDR/RXR simultaneous action to enhance MBP
transcription via their respective response element. This additive effect with LNC-Cal was
maintained since LNC-CARA impact on MBP mRNA was superior to LNC-Cal and LNC-RA

alone.

Conversely, after encapsulation, the impact of RA on CG-4 differentiation was lost. Two theories
could potentially explain these results. The first is related to the quantity of RA that penetrated
inside the cells. Since RA is a highly lipophilic small molecule, thus it can pass the cell membrane
by diffusion. On the other hand, LNC enters the cell by active endocytosis and may be degraded
by lysosomes [260]. Thus, when delivered by LNC, RA concentration in the cytoplasm may be

lesser than RA alone.

Additionally, RA is a small molecule that can cross the cell member and be in the cytoplasm quicker
than LNC that, likely relies on an active endocytosis pathway (slower than passive diffusion) to
enter the cell. The second theory is that since RAR is a nuclear receptor, it may be possible that
LNC does not favor a nuclear delivery but more of a cytoplasmic delivery. This latest theory can

explain why its encapsulation did not impact a molecule such as Cal with a cytoplasmic receptor
p y p p ytop p

VDR in LNC.

When tested on mixed glial cell culture molecules and drug-loaded LNC had a minimal impact on
MBP mRNA. Cal at 50 nM managed a significant increase of MBP mRNA but to a lesser extent
than its impact on CG-4 cells (fold increase compared to the vehicle: 1,3 vs. 3). The same effect
was observed for LNC-RA and LNC-CARA that had minimal influence on MBP mRNA
compared to their effect on CG-4 cell culture. In Dietmer et al.’s work [261] using a similar mixed
culture model, the impact of T-reg conditioned media on OPC differentiation was also lesser in

the mixed culture than a pure OPC culture. As there are fewer OPC in the culture (10 % OPC vs.
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70% of astrocytes), they could be sequestrated by astrocytes and microglia. Therefore, the
concentration of RA and Cal used for CG-4 cell culture could be insufficient to influence OPC in
this setting. We also hypothesized that MBP might not be the best marker to evaluate OPC
differentiation in mixed glial culture in this setting. As MBP is expressed in mature myelinating
oligodendrocytes, assessing the expression of an eatly differentiation marker such as the proteolipid
protein (PLP) (expressed in pre-myelinating oligodendrocytes) might have shown more significant
results [53]. In addition, as CG-4 cells are a modified cell-line and the mixed glial cell culture primary
cells , there are also an intrasec difference between those two models that can explain why the

impact of the drug-loaded formulation was limited in the setting of primary cells culture.

Being the resident immune cells of the CNS, microglia have a central role in perpetuating the
neuroinflammation observed in MS [38]. Since RA [251] and Cal [247] are known in the literature
for having immunomodulatory properties, we decided to treat LPS activated BV-2 cells (a microglia
cell-line) with LNC-RA LNC-Cal, and LNC-CARA to see if RA and Cal could still exercise their
reported effect after encapsulation. LPS activation of BV2- cells is an zz vitro model used in several
studies [262, 263]. Since these cytokines are involved in MS immunopathology, we assessed the
impact of RA, Cal, CARA, and LNC on the secretion of IL-6, TNF « and MCP-1 at different

doses.

Among the three cytokines, only IL-6 secretion significantly decreased when treated with the
compounds in solution with a maximal effect at 3 uM (Fig.6). Surprisingly, when BV2 cells were
treated with LNC, IL-6 and MCP-1 secretion significantly decreased, suggesting that LNC has a
pharmacological effect on BV2 cytokine secretion, unlike their impacts on CG-4 differentiation.
LNC’s pharmacological impact has also been reported by Xu et al. [219] on glucagon-like peptide-
1 (GLP-1) secretion by GLUTag cells, a murine L cells cell-line. In their study, the mere fact of
changing LNC size impacted GLP-1 secretion. Drug-loaded formulation decreased to a greater
extent IL-6 secretion than molecules in solution, suggesting an additive effect among LNC and
molecule. However, in the case of MCP-1, LNC impacted its secretion. Since RA, Cal and CARA
had no impact on MCP-1 secretion, the observed effect of LNC-RA, LNC-Cal, and LNC-CARA
is very likely due to LNC. In this setting, it is challenging to decipher if LNC as a whole are
responsible for this effect or a specific component of LNC. As for TNFu, no substantial impact
has been witnessed in our experimental setting. Cytokine secretion after LPS stimulation follows a
certain kinetic. In Lee et al’s study [264], TNFa alpha secretion peaked 4 hours after LPS
stimulation, whereas IL.-6 peaked at 16 hours. This gap between the two cytokines can explain why
we could not appreciate the impact of the formulation and the drug at 8h after treatment. At this

time point, TNFa secretion was probably decreasing.
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Our next goal was to confirm our formulations' pro-remyelinating and immunomodulatory effects
in vivo using a cuprizone murine model. Indeed, this model is largely used to study remyelination
[69]. Cuprizone is a copper-chelator that induces oligodendrocyte death in the corpus callosum, a
rich myelinating area connecting the left and right brain hemispheres. Following oligodendrocyte
apoptosis, inflaimmatory cues activate microglial cells that subsequently infiltrate the corpus
callosum [265]. After 5 to 6 weeks of cuprizone diet, the corpus callosum is less than 25%
myelinated. Upon removal of cuprizone, remyelination occurs spontaneously over 4 weeks, with a
fast remyelination kinetic mostly observed in the first two weeks [71]. In the light of the above,
after six weeks of being fed cuprizone chow, C57BL/6 male mice received intranasally LNC, LNC-
CARA, and CARA. Our goal was to assess and compare the impact of the intranasal delivery of

CARA suspension and the formulation of LNC-CARA on myelination and microglia.

To study the impact on myelination, we chose as marker FluoroMyelin, a dye that labels myelin; as
for microglia, we selected to stain Ibal™ cells, a marker of microglial cells [40]. One week after
cuptizone withdrawal, in accordance with the literature, Ibal™ cells infiltration of the corpus
callosum was observed [265], but to our surprise, cuprizone only discreetly impacted the rostral
corpus callosum myelination (Fig.7). In a recent study published by Toomey et al. [260], they
demonstrated no significant differences in the level of myelination within the rostral corpus
callosum after cuprizone diet. These results are also in accordance with Steelman et al.’s study [267].
However, a significant impact on myelination was observed in the caudal corpus callosum [260,
267]. In their hands, Ibal™ cells infiltration also increased in the rostral corpus callosum, but this

increase was more robust in the caudal orientation [2606].

In our experiment, LNC and LNC-CARA similarly increased Ibal” infiltration in the corpus
callosum with the same magnitude. On the other hand, CARA’s impact was less significant. As
LNC, significantly enhanced Ibal” as the same amplitude as LNC-CARA, our data suggest that the
effect could be more mediated by LNC than CARA itself, mirroring the tendency observed with
BV2-cells (Fig.6). Since LNC and LNC-CARA coincide with higher myelination, we hypothesized
that LNC and LNC-CARA stimulated microglia/macrophage migration into the corpus callosum
to clear myelin debris by phagocytosis and stimulate anti-inflammatory cytokine secretion that
stimulates myelination [36, 265]. In this setting, it is difficult to decipher whether the increase in
myelination observed is mediated by the pro-remyelinating properties of RA and Cal (as
demonstrated in our zz vitro experiments) or by stimulation of myelin debris clearance. Nonetheless,
our results seem to indicate that intranasal administration of LNC-CARA can enhance
remyelination of C57BL/6 mice corpus callosum after cuprizone diet, to a greater extent than

CARA.
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V. CONCLUSION

Our study demonstrated that RA and Cal could be encapsulated in LNC and that these nanocarriers
can have protective properties against molecules degradation. Moreover, we showed that RA and
Cal can promote differentiation of CG-4 cells after encapsulation and that an additive effect existed
between those two compounds. Our work also highlights LNC’s impact on pro-inflammatory
cytokine secretion by LPS stimulated BV2-cells. Indeed, LNC and drug-loaded formulation
decreased IL-6 and MCP-1 secretion to a higher extent than RA and Cal. Via intranasal
administration in a murine cuprizone model, LNC and LNC-CARA promote myelination more
efficiently than CARA suspension. In the light of the above, we can conclude with our study that
LNC can be a suitable nanocarrier to deliver lipophilic pro-remyelinating therapies by intranasal

delivery.
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Figure 1.S Variation of size and zeta potential of LNC-RA and LNC-Cal.

The values were presented as mean*SEM (N=3, n=3 with 3 different batches of LNC-RA and LNC-Cal)
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As emphasized in chapter 1, OPC differentiation into myelinating oligodendrocytes is at the heart
of future MS therapies [23]. Thus, stimulating OPC differentiation by using therapeutical
compounds is of high interest. A few molecules have been tested, but none were efficient to

promote remyelination during clinical trials; others are still in phase 2 clinical trials.

Our main objective was to enhance the delivery of pro-remyelinating therapies by using

two different strategies:

¢ Develop an OPC-targeted LNC to allow preferential accumulation of the molecules
of interest to OPC.

e Bypass the BBB by using an intranasal administration of nanomedicines in order
to increase the delivery of the molecules of interest and by extension remyelination

These approaches were developed and applied to two molecules, namely retinoic acid (RA) and

Calcitriol (Cal), which have reported OPC pro-differentiating effects.

I. MAIN ACHIEVEMENTS

The main achievements of this thesis are:

e Production of a LNC formulation functionalized with an anti-PDGFRa« (Ab)

antibody in order to target OPC

PDGFRu« is a receptor predominantly expressed at the surface of OPC in the CNS. We reasoned
that developing an LNC formulation with an anti-PDGFRa at its surface (LNC-Ab) could
selectively deliver molecules of interest in OPC. To attach Ab at the surface of the LNC, we used
different approaches (chapter 1). While the thiol/maleimide approach (approach 1) allowed a
higher grafting yield, it hindered Ab interaction with PDGFRa. We reasoned that Ab might have
been linked to the LNC via its Fv region (essential for epitope recognition), thus impeding its
binding to the receptor with this technique. Hence, we used a site-selective click-chemistry that
allowed the linkage of Ab to the LNC only via its Fc region (approach 3). Using this approach, we

demonstrated that Ab recognition of PDGFRa was still maintained after grafting.

Although our study focused on Ab/PDGFRa binding, our observations suggest that when
antibodies need to be grafted at the surface of nanoparticles, a site-selective approach needs to be

considered at the risk of losing the antibody functionality.
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¢ Demonstration that the grafting of an antibody at the surface of LNC can impact

their uptake by OPC

Our research showed that LNC can be uptaken by OPC but adding an anti-PDGFRa at the LNC
surface increased their uptake by OPC. Although it was less than Ab, the grafting an isotype control
antibody at the surface of the LNC also modified their uptake. We hypothesized that this impact

might be due to the presence of Fc receptor at OPC surface [268]. Our observation emphasized

how important it is to use an appropriate control to demonstrate that a targeted drug delivery

system can specifically target a given cell. Otherwise false conclusion on the targeting ability of the

nanocatrtier can be made.

¢ Direct quantification of Ab at the surface of LNC

As the number of antibodies per nanoparticle is an important parameter of nanoparticle
characterization (chapter 1 and chapter 2), we needed to find a technique to quantify Ab at the
surface of the LNC. Primary amine quantification using fluorescamine is a technique that has been
developed to quantify peptides or antibodies [225]. In hour hands, contrary to other protein
quantification assays like BCA, the primary amine quantification method did not interfere with

LNC. To our knowledge, we were the first to use this technique to quantify the number of

antibodies present at the surface of LNC. This protocol can be transposed to other kinds of LNC

formulation to evaluate the grafting efficiency of antibodies or peptides.

e Production of drug-loaded formulations for intranasal delivery

In order to deliver RA and Cal to the CNS by intranasal delivery, they were encapsulated in LNC.
Their encapsulation in LNC might prevent their degradation [113] by enzymes of the nasal cavity
and favor their solubilization. Indeed, as described in chapter 3, RA and Cal are insoluble in
physiological solution, but their encapsulation in LNC allowed them to be suspended in a
physiological solution without forming aggregates (more prone to elimination by muco-ciliary
clearance in the nasal pathway). In addition to succeeding in encapsulating RA and Cal in LNC
with a satisfying encapsulation efficiency ( > 80 %), we showed that LNC physicochemical
propetties (size, PDI, zeta potential) are stable over time. Moreover, for RA, we demonstrated that
its encapsulation in LNC protected it from degradation over time and significantly increased their

shelf-life.

128



CHAPTER IV- DISCUSSION AND CONCLUSION

Due to the versatility of this nanocarrier, LNC can deliver a wide range of molecules we used RA

and Cal as proof of concept, but other drugs can be encapsulated in ILNC.

e OPC differentiation and decrease of pro-inflammatory cytokine secretion in

microglial cells by LNC-RA and LNC-Cal

LNC-RA, LNC-Cal and LNC-CARA favored CG-4 cell differentiation and LNC-CARA OPC
differentiation in a mixed glial cell culture (chapter 3). In addition, LNC-RA, LNC-Cal, LNC-
CARA decreased IL-6 and MCP-1 secretion in BV-2 activated cells to a greater extent than the
molecules in solution. LNC also decreased MCP-1 and 1L.-6 secretion. Thus, we reasoned that LNC

might have immunomodulatory properties. Therefore, we think that LNC could have an additive

effect with its cargo in decreasing inflammation. For this reason, we believe that LNC might be an
ideal nanocartier that can be of use in the management of inflammatory diseases such as MS.

¢ Found that LNC and LNC-CARA could favor myelination in vivo after intranasal

administration

In chapter 3, our results suggest that LNC and LNC-CARA increased myelination in C57/BL6
mice to a greater extent than CARA after intranasal administration. Although these formulations
were delivered intranasally, they could have passed through the nasopharynx and the intestinal
tract. Hence the quantified effect can partly be mediated by systemic effect via intestinal absorption

of the compounds. Nonetheless, our results are still very encouraging and show that there is a

possibility to stimulate myelination using the nose-to-brain pathway and that LNC could be a real

asset to deliver pro-remyelinating therapies to the CNS via intranasal administration.
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II. DISCUSSION

Although our results have been discussed in their respective chapters, in this section, we aimed to

discuss further the questions that arose from our data.

e LNC-Ab characterization: a challenge?

While characterizing the size and zeta potential of LNC is straightforward nowadays, characterizing
LNC-Ab is a challenge. Indeed, besides the size, PDI and zeta potential, the number Ab at the
surface of the LNC and the consequences of the grafting on Ab functionality are crucial

information as they can impact the capacity of LNC-Ab to target OPC.

One of the main criteria to choose a grafting method was the yield of the reaction. We thus needed
a reliable way to quantify Ab at LNC surface. While different technics are described in the literature,
none were compatible with LNC, and quantifying Ab at LNC was complicated. Indeed, due to
their lipid nature, when we used classical protein assays such as the Bradford assay [67] or the
bicinchoninic acid assay [269], LNC induced a strong background signal. We explored indirect
quantification methods (i.e., separation of the unbound Ab from the LNC), but we did not obtain
reliable results. Indeed, the classical strategy [234] of ultra-centrifugation with the use of a
membrane with a molecular weight cut-off to separate unbound Ab and LNC-Ab was incompatible

with our system.

On the one hand (using a fluorescent antibody), we realized that ultracentrifugation with 300 kDa
(molecular weight of Ab) cut-off membrane did not permit a 100% recovery of the Ab. On the
other hand, when Ab recovery in the presence of LNC was assessed, only 70% of Ab was
recovered, suggesting that LNC were clogging the filter pores. Therefore, an alternative strategy
needed to be found. We finally collaborated with Prof. Frish’s team (University of Strasbourg) that
applied a primary amine quantification assay (developed by Udenfried et al. [225]) in his previous
work. Thanks to this technique, we were able to perform a direct quantification of Ab at LNC

surface that was not affected by a high signal/noise ratio.

The second challenge regarding the characterization of LNC-Ab was to monitor Ab interaction
with PDGFRa after grafting. As no standardized test existed, we had to develop an assay to assess
the quality of the Ab/PDGFRu interaction. To do so, we developed an in-house ELISA based on
the coating of various concentrations of a soluble PDGFRa that interacts with a constant

concentration of Ab. Importantly, as we have shown, it is not affected by the presence of LNC.
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Our data have shown how vital these characterizations were before 7z vitro experiences. For
instance, approach 1 provided the highest number of grafted Ab, but Ab interaction with its
receptor was hindered, potentially due to changes in the Fv region. Hence, we used LNC-Ab
obtained with approach 3 that maintained Ab interaction with PDGFRa after grafting even if the
grafting efficiency of Ab was lower than approach 1. The advantage of the ELISA assay we
developed is that it can be tunable and thus transposed to evaluate the interaction of a given

antibody, other than Ab, after its grafting at LNC surface.

Of note, other techniques can be used to characterize the grafting of an antibody at the surface of
LNC. Indeed, although not discussed in this manuscript, we had the opportunity to initiate the
study of our formulations by nano-differential scanning fluorimetry (nanoDSF) [270]. NanoDSF
allowed us to have in a few minutes the proof of the presence of Ab in the LNC-Ab formulation
surface with approaches 1 and 2 (Fig.1). Briefly, in nanoDSF, tryptophan and tyrosine residues are
detected at 350 nm and 330 nm as the fluorescence of the sample changes during heat-induced

denaturation.

For both approaches, the fluorescence ratio profiles indicate the presence of tyrosine and
tryptophan residues in the LNC-Ab samples (Fig.1) as their profiles are different from their

respective LNC-Maleimide profile (negative control).
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Figure 1. Fluorescence shift in LINC-Ab profile using nanoDSF.

These data show that as the samples are gradually heated, Ab is unfolded, revealing tyrosine and tryptophan residues
that impact the fluorescence profile. The dotted point in the LNC-AD profile indicates the temperature of inflection
whete a significant spike in fluorescence occurs due to tyrosine and/or tryptophan presence.
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Gai et al. [271] also used nanoDSF but for another application. Their study evaluated the integrity
of the antibody after azido modification (before grafting it on liposomes). Even if nanoDSF is an
exciting technique to confirm the presence of the Ab in the LNC formulation (due to its quick
sample analysis), it cannot quantify the number of antibodies present in the sample and has a high
detection limit. In our hands, when we tried to analyze LNC-Ab obtained with approach 3, we
could not detect any proteins in the sample. In contrast, with ELISA and primary amine
quantification, we observed the presence of the Ab in LNC-Ab sample. Therefore, we assumed
that the number of antibodies in the sample obtained with approach 3 (5 Ab per LNC vs. 49 Ab

per LNC with approach 1) was too low to be detected.

Other approaches as microscale thermophoresis (MST) to calculate the affinity constant of ligand
for its receptor could also be used to evaluate the interaction Ab/PDGFRa. We also had the
opportunity to use this technology by collaborating with Dr. Léopold Thabault in our institute
(CMFA/LDRI). With MST, we found that that LNC-Ab obtained with approach 1 could bind
with the same soluble PDGFRa used for our in-house ELISA. Unfortunately, we were unable to
reproduce our results. Although using MST would have been an innovative technology to evaluate
how the grafting of an antibody could impact its interaction with its antigen, we choose not to
pursue the optimization of our MST protocol since the ELISA already allowed us to assess

Ab/PDGFRu interaction with reproducible results.

e Impact of LNC surface modification on OPC cell uptake: Targeting or not
targeting?

We demonstrated that grafting an anti-PDGFRa at the surface of LNC increased their association
with OPC. But we also established that an isotype control grafted on LNC had the same impact
on OPC uptake. Nevertheless, we pushed our investigation further by evaluating LNC-Ab uptake
by OPC in a mixed glial cell culture. We hypothesized that in a mixed glial culture, where OPC are
the main cells expressing PDGFRa, the advantage of using an LNC-Ab would be more significant
than in a pure OPC culture. Therefore, LNC-Ab were incubated with mixed glial culture, and
uptake in OPC (A2B5 positive cells) was evaluated by FACS (Fig.2).

132



CHAPTER IV- DISCUSSION AND CONCLUSION

1.5+ ns
i |
= 1
.E 1.0- _l_
Q
wn
(1]
o
o
£ 0.5
2
=]
N
0.0- T
O
F F
A%

Figure 2. Impact of anti-PDGFRu grafting on LNC/OPC association in mixed glial cell culture.

DiD-Loaded LNC were incubated for 30 min with mixed glial culture at a concentration of 0.15 mg/ml. The fold
increase in Mean Fluorescence Intensity (MFI) in A2B5*cell was calculated relatively to LNC MFI. Statistical
significance was calculated based on an unpaired t-test. The values were presented as meantSEM (N=1, n=3).

Although more experiences need to be performed to confirm these preliminary observations,
grafting Ab at the surface of LNC did not increase their uptake in OPC in this experimental setting.
As LNC-Ab association with OPC was similar to LNC, we reasoned that using LNC-Ab as a
nanocarrier would not bring any advantage in delivering bioactive compounds to OPC compared
to LNC. Moreover, as previously discussed, LNC-Ab is more challenging to produce and
characterize. This is why we chose not to pursue the targeting strategy and evaluated the impact of

untargeted LNC-RA and LNC-Cal on remyelination in chapter 3.

Of note, LNC targeting capacities can be putatively mediated by other characteristics. Indeed, it
has been demonstrated that certain types of cells are more prone to uptake nanoparticles than
others (i.e., macrophages, microglia). Nanoparticles uptake by cells varies from one cell type to
another and depends on the nanoparticle type. On this same principle, Doxil© (a liposome-
doxorubicin-loaded formulation) decreased doxorubicin cardiotoxicity by sequestering the drug

away from organs such as the heart increased accumulation in liver, spleen, and tumors [272].

As described in our introduction, our goal by targeting OPC was to increase remyelination and
limit hypothetical side effects that could stem from off-target cell uptake. For instance, bexarotene,
an RXRy agonist used in clinics to treat lymphomas, has an exciting potential to stimulate
remyelination. Nevertheless, the absence of cell selectivity makes it a last therapeutic choice for

chronic diseases like MS [97]. Indeed, in addition to OPC, bexarotene can bind into RXR vy in
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thyrotrope cells, responsible for thyroid-stimulating hormone (TSH) secretion. Upon RXR
activation, TSH secretion decreases, inducing hypothyroidism [98]. Therefore, it would be
interesting to assess if LNC can penetrate thyrotrope cells efficiently as OPC, as the mere fact of
using LNC as a nanocarrier might have a targeting effect. As thoroughly discussed in chapter 1,
nanocarrier cell endocytosis varies from one cell type to another, making this hypothesis worth

investigating.

e Is PDGFRu the right target for selective OPC delivery?

The PDGFRa receptor is a tyrosine kinase receptor present at the surface of OPC. Upon activation
by its ligands (PDGFA-B and -C), the homodimerization of the receptor is triggered [273]. The
dimerized receptor is autophosphorylated on several domains, enabling downstream signaling
cascades. Following activation, the receptor is internalized and degraded [273].
The blockade of PDGFRx by an anti-PDGFRa antibody is a therapeutical strategy used in cancer
therapy. For instance, the anti-PDGFRa drug, olaratumab, blocks PDGF-AA, PDGF-BB, and
PDGF-CC. Its binding prevents PDGFRa activation and its internalization and degradation [273,
274], thus inhibiting the proliferation of tumors. In OPC, PDGFRux activation by PDGFA leads
to their increase, essential in remyelination [275]. Therefore, blockade of the receptor by an
antibody might be problematic and may prevent OPC proliferation and differentiation.
Furthermore, as discussed in chapter 2, targeting can only be achieved if LNC-Ab is mostly uptook
by OPC via internalization of PDGFRa after binding to LNC-Ab. As olaratumab has been
reported to induce PDGIFRa internalization and its degradation, LNC-Ab, and by extension, the

drug it may carry, could meet the same fate.

Other options, such as neural/glial antigen 2 (NG2), a proteoglycan at OPC sutface, can be
interesting to target. Rittchen et al. targeted OPC using polylactic-co-glycolic acid (PLGA)
nanoparticles functionalized with an anti-NG2 antibody [276]. Their study showed that targeted
PLGA nanoparticles loaded with Leukemia inhibitory factor (LIF) were more efficient in
promoting OPC differentiation than LIF-loaded untargeted nanoparticles. Iz wvivo, they
demonstrated that brain organotypic cultures demyelinated with lysolecithin had thicker
remyelinated myelin sheath when treated with LIF-loaded nanoparticles compared to LIF and LIF-
loaded untargeted nanoparticles. Given that the association of LIF-loaded nanoparticles and
untargeted LIF-loaded nanoparticles was not quantified by flow cytometry (as we did in chapter
2), it is impossible to know whether anti-NG2 antibody increased nanoparticles accumulation in

OPC or not. Thus, the efficacy of the targeted formulation may be due to a higher accumulation
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of LIF in the cells or linked to other effects related to endocytosis. Indeed, as thoroughly discussed
in chapter 1, modifying the surface of a nanoparticle may favor an endocytosis pathway more
favorable for drug delivery, as for instance the caveolin-dependent pathway, where drug-loaded

nanoparticles are less prone to degradation.

e Are Cal and RA future MS therapies?

Cal and RA have interesting properties in the context of MS. Indeed, RA and Cal have
immunomodulatory properties and promote remyelination in animal models [101, 206, 207, 277].
We demonstrated that these molecules and their combination (CARA) favored CG-4
differentiation and that CARA was more effective than RA and Cal. In BV-2 cell experiments,
CARA impact was more robust in decreasing IL.-6 and MCP-1 secretion. I vive, Parastoueti et al.
found in an EAE mouse model that Cal reduced the clinical score of the mice to a more

considerable extent than RA, and than the combination of the two molecules [278].

Vitamin D, the precursor of Cal, has been administrated to MS patients at several doses to assess
its immunomodulatory properties (see chapter 1 for more details). A few studies have reported an
impact on inflammation in MS patients. However, as mentioned in chapter 1, most clinical studies
failed to demonstrate any benefits of using Vitamin D in MS but there are still other ongoing trials
to evaluate different doses regimen, A thorough meta-analysis of Vitamin D impact on the immune
system in MS would be needed to draw any conclusion. Some authors have reasoned that the dose
of Vitamin D might be too low to impact remyelination or neuroinflammation positively.
Unfortunately, high doses of Vitamin D lead to increased calcium absorption and decreased
calcium kidney clearance, leading to hypercalcemia. Generally, Vitamin D-mediated hypercalcemia
occurs only when substantial quantities are ingested (several hundred-fold the recommended
intake; >10 000 UI/day) and can result in life-threatening side effects such as kidney failure and
heart arrhythmias, to cite a few [279]. Regarding RA, it also has been tested in clinical trials but to
a lesser extent than Cal. Qu et al. reported that, in combination with IFN-B3, RA restored the
number of regulatory T-cells in patients [280]. As a stand-alone therapy, RA seemed inefficient in
improving EDSS and did not impact T-cells or B-cells subsets [281]. Similarly to Cal, these
disappointing effects might be due to a low dose of RA. However, increasing RA doses will lead
to side effects such as hypercalcemia, hypothyroidism, and hypertriglyceridemia. These side effects
may seem acceptable for life-threatening conditions, but for a chronic illness such as MS, RA may

not be the best suitable choice because of its side effects.
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Overall, even if several 7z vitro and in vivo preclinical studies seem to support a potential RA efficacy
in halting MS progression [282], more clinical studies are needed to conclude RA efficacy and its

benefice/risk balance.

e Are LNC bioactive nanocatrriers?

As we demonstrated in chapter 3, LNC can decrease I1.-6 and MCP-1 secretion in BV2- activated
cells and increase corpus callosum remyelination 7z vivo. Our data suggest that LNC may have
immunomodulatory properties on their own. On the other hand, LNC had no impact on
OPC/CG-4 cells in vitro. With our data, it is difficult to elucidate whether LNC per se have biological
properties or if the effects we observed are due to one of their components (or the combinations
of all of them). Previous reports are in line with our observations regarding LNC bioactivity. For
instance, Chauvet et al. [283] demonstrated 7z vitro that calcium channels in cortical neurons are
inhibited by LNC, mainly via Kolliphor© HS15, a surfactant used in LNC formulation. Further,
Xu et al. [219] showed that LNC of 100-200 nm can induce GLP-1 secretion by GLUT cells. Very
few studies evaluated the impact of LNC (of the same composition as ours) on biological
parameters (i.e., cell differentiation, cytokine secretion). Thus, it is difficult to conclude whether
LNC can be considered bioactive entities, but pieces of evidence seem to point out that their effect
might be cell-dependent. Aside from their role as a nanocarrier, if LNC immunomodulatory
properties are confirmed in models other than BV-2 cells, they could be useful in
neuroinflammatory diseases such as MS. Indeed, if LNC were to carry an immunomodulatory drug,
drug-loaded LNC immunomodulatory properties could be stronger than the drug itself due to an
additive effect between LNC and the compound, which can be a real asset from a therapeutical

petspective.

e Can LNC-RA and LNC-Cal be produced without organic solvent and up-scalable?

The answer is yes. In Chapter 3, RA and Cal were added as a highly concentrated solution in
DMSO (0.075 % v/v) to facilitate their incorporation in LNC and make the production process
more manageable. However, in parallel, we also explored the possibility of encapsulating those
molecules without using DMSO by solubilizing them in Labrafac® before formulating LNC.
Briefly, RA or Cal were solubilized in Labrafac® by heating and steering at 50 C° for 5 min in an
amber glass tube. The encapsulation efficiency of RA and Cal, whether solubilized in DMSO and
added at the end of the process or solubilized in Labrafac® at the first step of the formulation, was

similar and superior to 80%.
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This organic-solvent-free formulation is a step further towards drug-loaded LNC translation into
human use. Still, before that, LNC need to be scaled up for industrial production to have a larger
batch that can allow their commercialization as human medicine. Urimi et al. performed a scale-up
study to produce 10 L of LNC [284]. Scale-up batches of ibuprofen loaded-LNC and free-drug
LNC were compared to lab-scale batches. Their result showed no difference in physicochemical

characteristics (size, PDI, zeta potential) [284].
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Figure 3. Production of LNC at a large scale [284].

Oscillating baffles cause agitation in the oscillatory baffled reactor to achieve improved heat transfer and better mixing
of the excipient mixture. In the oscillatory baffled reactor, the liquid flow is indicated by dashed arrows and the solid
arrows outside the drawing indicate the movement of the baffles.

To manufacture LNC, they used a vertical oscillatory baffled reactor vessel to have an optimal
production time (Fig.3). The vertical reactor was connected to either one cold water bath (25 °C)
or a warm water bath (95°C) to allow the 3 cycles of temperature needed for LNC production (see
chapter 1 for more details). The connection with the reactor was changed through the process,
and the mixture was agitated in the reactor thanks to the oscillating baffles [284|. Thus Urimi et
al.’s process showed that LNC are nanocarriers that can be produced on a large scale to fit the

demand linked to the market.

e Intranasal delivery: optimal CNS for remyelinating therapies?

As summarized in chapter 1, CNS penetration remains a challenge for a significant number of
drugs. Hence, to reach a therapeutic concentration in the CNS, a high dose must be administrated
in the periphery (i.e. per os, i.m., 1.v.), leading to side effects. Thus, finding a way to increase brain

penetration is of primary interest for CNS therapies, including future remyelinating treatments for
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MS [199]. Intranasal administration is a particularly interesting pathway for CNS since it can bypass
the BBB, as discussed in chapter 1. The results of several studies support the effectiveness of this
approach. For instance, insulin was delivered to the CNS by nasal administration in the scope of
Alzheimer's diseases, improving memory and mood in patients without significant alteration of
insulin and glucose level in the blood [199]. As promising as this pathway can be, it comes with
challenges: 1) mucociliary clearance can remove foreign substances towards the nasopharynx, 2)
efflux transport proteins, such as p-glycoprotein (P-gp), can decrease drug concentration in cells,
and 3) enzymes can cause molecules degradation. LNC as nanocarriers can address some of these
problems. They can protect the compound from enzymatic degradation, likely due to Kolliphor
HS15°, which can inhibit P-glycoprotein efflux on its own [285, 286]. To highlight the advantage
of intranasal administration over IV, Mohsen et al. [287] delivered nimodipine-loaded LNC
(treating subarachnoid hemorrhage-induced vasospasm) intranasally and nimodipine intravenously.
When comparing the pharmacokinetics of nimodipine after both administrations, IV achieved a
higher nimodipine concentration in the brain than intranasal delivery (350 ng/g of brain vs. 200
ng/g, respectively). However, with intranasal delivery, nimodipine was detected into the brain up
to 8h after administration compared to 4h for IV administration (Fig.5). Furthermore, the plasma

concentration of nimodipine after intranasal administration was significantly lower
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Figure 4. Nimodipine (NM) brain concentration profiles following intranasal administration of NM loaded-
LNC and IV administration of NM solution [287].

The IV and nasal dose was 2 mg NM/kg. Data tepresent the mean + SD (n = 16 for each time interval).

Even if the authors did not compare the biological effects following the two administration
pathways, their results show that significant drug concentrations can be obtained in the brain

without increasing the blood levels of the drug [287].
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III. PERSPECTIVES

In this work, our primary aim was to engineer an OPC-targeted LNC by grafting an anti-
PDGFRu at its surface. With this approach, we hoped to improve the delivery of lipophilic pro-
remyelinating molecules by encapsulating them in LNC to 1) increase their solubility, 2) stimulate
OPC differentiation into remyelinating oligodendrocytes, and finally 3) optimize pro-remyelinating

therapies delivery in the CNS by using intranasal administration.

While these objectives have been reached to a certain extent, several short-term perspectives can

be proposed:

e Explore 2 vivo the impact of the targeted LNC-CARA formulation

Our first step was to develop the OPC-targeted formulation, but anti-PDGFRa grafted at LNC
surface modestly increased LNC uptake by OPC. While the admitted postulate is that the more
drug-loaded nanoparticle accumulates in the cell of interest, the better the pharmacological effect,
some studies demonstrated otherwise [185, 240]. In these studies, formulations with lesser cell
uptake had a more significant pharmacological effect than those highly uptook by cells. The data,
in chapter 3 demonstrated that LNC-CARA could favor remyelination of the corpus callosum in
a cuprizone model. In the light of the above, it will be interesting to compare targeted LNC-CARA
to their untargeted counterpart impact. This way, we could evaluate the effect of Ab grafting on

remyelination and assess if the strategy is worth investigating.

e Compare the impact of intranasal administration LNC-CARA vs. oral administration of
CARA on remyelination

The added value of LNC was mostly to solubilize and protect the molecules of interest as RA and
Cal are not soluble in physiological solutions. Suspensions are formed of macroparticles that are
more prone to be cleared by the mucociliary mechanism of the nasal epithelium. Therefore, in a
cuprizone model, we administrated LNC-CARA intranasally to mice. Compared to CARA, LNC-
CARA increased remyelination to a greater extent than CARA. As most lipophilic drugs are
administrated orally, it would be interesting to compare the impact of an intranasal administration
of LNC-CARA vs. oral administration of a CARA suspension on remyelination using the
cuprizone model. The data from these experiences would evaluate whether drug-loaded LNC

intranasal administration can be an asset for pro-remyelinating lipophilic drug delivery.
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Additionally, it will also be interesting to compare the pharmacokinetic and toxicologic profiles of
both administration routes to evaluate whether intranasal administration can limit systemic
distribution of RA and Cal and still be efficient. Overall, these experiments could determine if drug-

loaded administration can propose a higher benefice/risk balance.

In addition to these short-term perspectives, the following long-term perspectives can also be

considered:

e Encapsulation of other pro-remyelinating molecules to confirm LNC added value as a
nanocarrier for intranasal delivery in multiple sclerosis

The data discussed in this thesis have shown that LNC-CARA favored remyelination zz vivo after
intranasal delivery putatively via the RXR receptor. Therefore, to assess if LNC can be a nanocarrier
of choice in delivering pro-remyelinating therapies via the nose-to-brain pathway, it would be
interesting to accumulate evidence that they can do so by encapsulating another molecule in LNC.
The lipophilic (logP = 7.4) RXR agonist, IRX4204, can be candidate of choice [288]. In addition
to having immunomodulatory properties (increasing the differentiation of CD4 + T cells into Treg
cells 7 vitro and attenuating the severity of disease in the EAE model)[289], IRX4204 increased the
density of myelinated axons in the corpus callosum in a cuprizone model after oral administration.

These results have been shared by lo therapeutics© inc.

e LNC: a nanocarrier that can address other drug delivery issues in the scope of MS?

Although in this thesis we highlighted the challenge of working with lipophilic molecules, mainly
regarding their administration and how LNC can address this issue, we also would like to enlighten

the readers on other drug delivery strategies where LNC might be of use.

MicroRNA have reached high popularity in the latest years. In MS, they have been used to promote
differentiation of OPC [240]. However, their high instability 7z 20 and storage conditions
prevented their use as therapeutical entities. As they have already been used to deliver nucleic acids,
we believe LNC could be a sustainable solution to increase their stability and facilitate their
administration intranasally or by IV [290]. Alternatively, to the nose-to-brain pathways, other
strategies can improve pro-remyelinating compound entrance in the CNS. Indeed, drug-loaded
LNC surfaces can be tuned with peptides or antibodies to enhance their crossing of the BBB after
IV administration[122]. In chapter 1, we have given numerous examples of the different entities

that can be grafted at the surface nanoparticles to reach this goal.
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IV.CONCLUSION

Albeit challenging, nanotechnology seems very promising on paper to enhance small molecule
safety/efficacy profile and increase biodistribution of therapeutical compounds in the targeted
organ. Several research groups focused on active targeting strategies for different applications (i.e.,
tumor targeting, BBB crossing); nevertheless, none of them have been approved. The latest failure
is BIND-014, a polymeric nanoparticle made of polylactide polyethylene glycol (PLA-PEG) loaded
with docetaxel and functionalized with a ligand targeting the extracellular domain of prostate-
specific membrane antigen [291]. Even if pre-clinical studies showed a high accumulation of
BIND-014 in tumors [292] and that phase 2 clinical study was promising, BIND-014 did not reduce
docetaxel’s toxicity profile [291]. The clinical translation of active targeting strategies is submitted
to more profound evaluation is particularly challenging since every component of the targeted
formulation needs to be evaluated: let it be from the targeting interaction with its ligand, the toxicity
profile of each element, pharmacological evaluation, drug release studies, and physio-chemistry

characterization similarly to what we did at each step.

Moreover, in chapter 2, we described several strategies to functionalize LNC. All the strategies we
told were multistep processes that will be how expensive and difficult it will be to scale up such a
system and achieve a reproducible formulation batch. Although in this thesis we didn’t succeed in
demonstrating that our formulation can target OPC, based on the results we shared in chapter 2;
still we believe that drug-loaded LNC can be a real asset for non-invasive intranasal delivery in the
scope of MS. Overall, we believe that nanomedicines, such as LNC, can centralize potential drug
candidates into the market. As an example, for the last decades, some active compounds have been
reformulated into a liposomal formulation, improving their toxicity/efficacy profile (more recently
Vyxeox”, a liposomal formulation of cytarabine and daunorubicin). In a similar vein, we think that
LNC could unravel the potential of biological compounds that could be used in MS. In conclusion,
LNC can be a formidable tool to sublime the therapeutic effects of promising compounds that

failed to go into development because of a drug delivery issues (Fig.5).
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Figure 5. The place of LNC in the pipeline of drug development [293].
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