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Le glioblastome (GB), tumeur primitive du cerveau, la plus agressive, et la plus
fréequente chez l'adulte, présente une prolifération vasculaire importante. Des
agents thérapeutiques innovants ciblant a la fois I'angiogenése et les cellules
tumorales sont recherchés, ainsi que des systémes pour augmenter leur délivrance
dans la tumeur cérébrale. Un de ces agents est le sorafénib (SFN), un inhibiteur de
tyrosine kinase. Sa mauvaise solubilité aqueuse et ses effets secondaires
indésirables limitent son utilisation. Le premier objectif de cette thése était
d'encapsuler cet agent dans des nanocapsules lipidiques (NCL) pour contrer ces
inconvénients. Nous avons développé des NCL avec une haute efficacité
d'encapsulation du SFN qui inhibaient in vitro I'angiogenése et la viabilité de la
lignée de GB humain U87MG. La délivrance intratumorale de SFN-NCL chez des
souris porteuses d’'une tumeur intracérébrale U87MG induit une normalisation
vasculaire tumorale précoce qui pourrait améliorer I'efficacité de la chimiothérapie
et de la radiothérapie. Le second objectif était de définir si la délivrance intranasale
de NCL pouvait constituer une voie non-invasive alternative. Nous avons étudié via
le transfert d'énergie par résonance de type Forster, le devenir des NCL chargées
d’un fluorochrome a travers des monocouches de cellules Calu-3, un modéle de
I'épithélium nasal. L'utilisation de NCL augmente le passage du fluorochrome a
travers les cellules Calu-3, mais les particules sont rapidement dégradées aprés
leur capture. Ces données mettent en évidence que les NCL sont appropriées pour
la délivrance locale du SFN mais doivent étre modifiées pour une délivrance

intranasale.

Mots-clés: Glioblastome; Systémes de délivrance; Anti-angiogénique;
Nanocapsule lipidique; Intranasal; Barriére épithéliale; FRET; Nanomédecine



Glioblastoma (GB), the most aggressive, and the most frequent primary tumor of
the brain in adults, present a prominent vascular proliferation. Innovative therapeutic
agents targeting both angiogenesis and tumor cells are urgently required, along with
competent systems for their delivery to the brain tumor. One such agent is sorafenib
(SFN), a tyrosine kinase inhibitor. However, poor aqueous solubility and undesirable
side effects limit its clinical application. The first objective of this thesis was to
encapsulate this drug inside lipid nanocapsules (LNCs) to overcome these
drawbacks. We developed LNCs with a high SFN encapsulation efficiency (> 90%)
that inhibited in vitro angiogenesis and the viability of the human U87MG GB cell
line. Intratumoral delivery of SFN-LNCs in mice bearing intracerebral U87MG
tumors induced early tumor vascular normalization which could be used to improve
the efficacy of chemotherapy and radiotherapy in the treatment of GB. The second
objective was to define whether intranasal delivery of LNCs could be an alternative
non-invasive route. In this regard, we investigated through Forster resonance
energy transfer, the fate of dye-loaded LNCs across Calu-3 cell monolayers, a
model of the nasal mucosa. We showed that employment of LNCs dramatically
increased the delivery of the dye across Calu-3 cell monolayer but they were rapidly
degraded after their uptake. These data highlight that LNCs are suitable
nanocarriers for the local delivery of SFN but must be redesigned for enhancing

their nose-to brain delivery.

Keywords: Glioblastoma; Delivery systems; Anti-angiogenic; Lipid nanocapsules;

Intranasal; Epithelial barrier; FRET; Nanomedicine
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General Introduction

1. Glioblastoma and angiogenesis

1.1. Background

1.1.1. Epidemiology

Gliobastoma (GB) is the most common and aggressive primary malignant brain tumor
in adults, with a poor prognosis [1,2]. It has been estimated that GB count for 12-15%
of all brain tumors, and 60-75% of astrocytic tumors [3]. This type of tumor occurs in
patients of all genders and races, even though it is more usual amongst Caucasians
race. The average age at diagnosis of GB is 64 years of age, and it has shown a clear
male predilection, being about 1.6 times more common in males than females [4]. In
France, the incidence of this type of tumor is 4.96 cases/100,000 inhabitants/year [5].
In the UK, the reports show that the incidence of GB is 4.64 cases/100,000
inhabitants/year [6].

1.1.2. Histology and molecular biology

The most frequently utilized and widely used classification for malignant gliomas is
primarily based on a consensus by the World Health Organization (WHO), which
designated GB a WHO grade IV neoplasm. WHO grading was based on GB as a
“cytologically malignant, mitotically active, necrosis-prone neoplasm normally related
to fast pre- and postoperative disease evolution and deadly outcome [7].” Drawbacks
with using the WHO schema consist of lack of ability to account for molecular
subtypes, therapeutic responses, or size and region of lesion. In order to overcome
these drawbacks numerous researchers, also clinicians supports a molecular
evaluating framework which takes into account those evolving comprehension of the

sub-atomic pathogenesis of GB.

On histology, gliomas exhibit a number of characteristic namely anaplasia, high levels
of mitotic activity, cellular pleomorphism, nuclear atypia, and coagulation necrosis that
accompanies microvascular proliferation [8]. Necrosis is the outcome of ischemia
resulting from endothelial cell hyperplasia and hypertrophy. There is a hypercellularity
present all over the tumor, with atypical mitotic figures, abnormal nuclei, and
multinucleated cells. Generally alluded to is the idea of pseudopalisading necrosis,
which comprises of tumor cells that seem to encompass centralized necrotic zones.

The presence of both necrosis and endothelial proliferation is fundamental for the
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General Introduction

histologic diagnosis to be complete, to separate glioblastoma from anaplastic

astrocytoma (Figure 1).
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Figure 1: Standard and prototypical histopathologic hematoxylin and eosin stain of glioblastoma.
Clearly observed are necrotic foci (pink) encompassed by a pseudopalisading necrosis.

These histologic observations have been being used for quite a long time, and stay
imperative in the underlying characterization after biopsy or resection of a tumor.
Lately, and importantly, Verhaak and partners [9], categorized a group of high-grade
gliomas into four individual types as indicated by genetic and molecular hallmarks in
light of genomic variations from the norm found in The Cancer Genome Atlas Network.
The specialists utilized the factor analysis technique to incorporate information from
GB and ordinary brain tests on three distinctive gene expression platforms. Consensus
clustering and further validation at last yielded four subtypes that were named from
their signature gene expression: proneural, neural, classic, and mesenchymal (Table
1).
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Table 1: GB molecular subclassifications

Subtype Features
Classic - Chromosome 7 amplification
- Chromosome 10 loss
- EGFR amplifications
- Lack of TP53, NF1, PGFRA, or IDH1 mutations
- Expression of NES, Notch and Sonic hedgehog signaling pathways
Proneural - PDGFRA alterations
- IDH1 mutations
- TP53 mutations
- Expression of development genes (PDGFRA, NKX2-2, OLIG2, SOX, DCX,
DLL3, ASCL1, TCF4)
- Developmental disturbances
Neural - Overexpression of neuronal markers (NEFL, GABRA1, SYT1, SLC12A5)
- Neuron projection and axon and synaptic transmission disturbances
Mesenchymal - NF1 deletions/mutations
- PTEN mutation
- Expression of mesenchymal markers (CHI3L1, MET)
- Genes of tumor necrosis factor family and NF-kB pathways

Over the past decade, advances in molecular biology have had a significant impact on
the diagnosis, classification and even therapeutic management of GB. In GB, several
prognostic, diagnostic or predictive markers of tumor chemosensitivity have been
identified through molecular biology. The most studied molecular markers, are the
isocitrate dehydrogenase (IDH), the methylation of the promoter of O8-methylguanine-
DNA methyltransferase (MGMT), the epidermal growth factor receptor (EGFR), the
1p/19q co-deletion and the p53.

The mutation of the IDH is the most recently identified marker in gliomas [10]. The
IDH1 and 2 genes encode the IDH enzyme which participates in the decarboxylation
of the isocitrate to a-ketoglutarate. The most frequent mutation in glial tumors is the
R132H mutation on the IDH1 gene, which is present in more than 90% of cases and
whose identification is feasible in immunohistochemistry using specific antibodies. In

addition, the mutation of the IDH2 gene is not frequent.

Diagnostic value: Mutation of the IDH1 gene is present in more than 70% of
diffuse gliomas and in only 5% of primary GB. The presence of this mutation is
used in current practice to distinguish between secondary GB, developed from

a low-grade glial lesion, and de novo GB. [10].

Prognostic value: A factor of prognosis, independent of the histological grade
of the tumor [11].
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The second marker identified in GB is an epigenetic marker: methylation of
the MGMT promoter [12]. This epigenetic modification of the MGMT promoter causes
a decrease in the production of this protein, which is a molecule that opposes the

action of alkylating agents such as temozolomide (TMZ).

Prognostic value: A good prognostic marker of GB regardless of the received
treatment [13-15]

Tumor chemosensitivity value: Methylation of the MGMT promoter and
therefore the repression of the expression of this protein makes it possible to
increase the chemosensitivity of the tumor to the alkylating agents

conventionally used in the treatment of GB [16].

The amplification of EGFR is common in de novo GB. This amplification leads
to structural alterations of the receptor that may have pro-oncogenic properties, such
as the variant Il of this receptor (EGFRUVIII), which is a constitutively active form even
in the absence of ligand [17]. The amplification of EGFR remains exceptional in
oligodendroglial tumors. The amplification of EGFR, in particular variant VIII, is

detectable in immunohistochemistry.

Prognostic value: EGFR amplification has a prognostic value in some patient

populations [18].

1p/19q (short arm of chromosome 1 and long arm of chromosome 19) co-
deletion is a chromosomal marker. This mutation is associated in 100% of cases with
the mutation of the IDH1 gene and in 90% of cases with methylation of the MGMT
promoters [19]. This marker is associated with an oligodendroglial histological
phenotype and is therefore not found in tumors of the astrocytic line, of which the GB
is a part, unless the GB has an oligoendroglial component. It is possible to evaluate
the presence of a 1p/19q co-deletion by assaying the expression of internexin a, the
overexpression of which is predictive of the presence of a co-deletion with a positive

predictive value of 76%.

Diagnostic value: Identification of a 1p/19q co-deletion is a characteristic of the

presence of an oligodendroglial contingent with GB [20].
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Prognostic value: A good prognostic marker of GB regardless of the received

treatment [21].

Tumor chemosensitivity value: Randomized controlled trials have
demonstrated an increased therapeutic response in patients with this co-
deletion [22].

The p53 protein is a transcription factor involved in the regulation of a number
of cellular functions such as mitosis or apoptosis. This mutation is not predictive of the
therapeutic response or a better prognosis in GB, unlike so-called infiltrating glial
tumors of low grades, of which it is a factor of poor prognosis. This mutation is
detectable in immunohistochemistry by observing an intranuclear accumulation of the
p53 protein [23].

Diagnostic value: A marker of the tumors of the astrocyte line which GB is part
of it [24]

Prognostic value: The frequency of p53 immuno-positivity is higher in high-
grade patients than that in low-grade category. Immunohistochemical
expression of this protein has an effective usefulness in predicting the

prognosis in patients with glioma [25].
1.1.3. Clinical presentation and diagnosis

The symptoms and initial clinical presentation of a GB depends on its size and location.
Because of the fact that GB can grow rapidly, the most common symptoms are usually
caused by increased pressure in the brain [26]. Common presenting symptoms
include, slowly progressive neurologic deficit (usually motor weakness), generalized
symptoms of increased intracranial pressure (including headaches, nausea and
vomiting, and cognitive impairment), seizures, hemiparesis, sensory loss, visual loss

and aphasia.

The first step in diagnostic imaging may include a magnetic resonance imaging (MRI)
or computed tomography (CT). In the case of MRI, GB enhances with gadolinium
contrast and exhibit an irregularly shaped mass with a dense ring of enhancement and
hypointense center of necrosis (Figure 2). Necrosis is considered as a hallmark

feature of GB, and presence of necrosis is necessary for a brain tumor to be classified
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as GB based on the WHO system [27]. Ventricular distortion or displacement,
hemorrhage and vasogenic edema may also be present on diagnostic imaging [28,29].
In nearly 13% of the patients, GB may appear as multifocal (more than two lesions
including leptomeningeal dissemination), distant (second lesion noncontiguous with

primary lesion), diffuse disease [29,30].

Figure 2: Radiographic features of GB obtained from MRI: (A) T1 post-gadolinium contrast with dense
rim enhancement; (B) axial flair showing extensive vasogenic edema resulting mass effect on the left
ventricle; (C) T1 pre-gadolinium exhibiting hemorrhage (white areas) along posterior lateral margin of

tumor; (D) multifocal bihemispheric disease
1.1.4. Treatment of glioblastoma

1.1.4.1. Conventional therapy

GB has one of the poorest survival rates of any malignant brain tumor. Such poor
survival rate contributes disproportionately to cancer mortality and morbidity. The first
step in GB management is surgical excision of the brain lesion [26]. This excision
makes it possible to make the histological diagnosis through the anatomo-pathological
examination of the operative specimen, which is also the first step of the GB
management. Currently, the complementary reference treatment after surgical
resection of a GB is a protocol described by Stupp et al [16,31], combining adjuvant

radiotherapy and TMZ (Figure 3). This protocol includes:

e Primary phase: Multiple sessions of 2 Gy each 5 days in a week for a period of 6
weeks to reach a total dose of 60 Gy along with a daily dose of TMZ administered

orally at a dose of 75 mg/m?/day.

e Treatment break: a break in the treatment for a period of 4 weeks
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e Secondary phase: Six cycles consisting of 150-200 mg/m?/day for 5 days during
each 28-day cycle.

Primary phase Break Secondary phase
- > - > -

TMZ: Six cycles
consisting of 150-
200 mg/m?/day for
5 days during each
28-day cycle

TMZ: 75 mg/m?/day during the
radiotherapy period

|
I
|
|

- .
o .

Fractionated stereotactic radiotherapy:
60 Gy in 30 session of 2 Gy 5 day/7
during 6 weeks 1 week

Figure 3: Schematic representation of radiotherapy plus concomitant and adjuvant TMZ for GB

As it is reported, median survival after diagnosis with GB is nearly 12 months, and this
survival period raises to almost 14.6 months when patients are treated with the

protocol validated by Stupp et al. [16,31].

Another therapeutic option in the management of GB is the employment of local
therapies. Gliadel®, comprised of carmustine implants placed within the surgical
resection cavity, is the only local treatment of GB which is commercially available.
Randomized controlled trials have demonstrated a significant increase in survival of
carmustine implant-treated patients, showing an overall survival increase of 2.3
months [32,33]. It is reported that combination of Stupp protocol and carmustine
implants can increase overall survival for 3.4 months [34]. This study also
demonstrated that although the postoperative complication rate is higher with the use
of carmustine implants, this has no negative impact on patient survival. Moreover, it is
possible to employ antiangiogenic treatments, such as the most famous one which is
bevacizumab (Avastin®), an antibody directed against vascular endothelial growth
factor (VEGF). Bevacizumab was approved for the treatment of patients with recurrent
GB in a number of countries, including the United States [35]. European authorities
refused approval on the grounds of insufficient evidence for improved overall survival
time [36]. Recently, it is shown that in patients with GB who received bevacizumab
after the failure of standard care, including radiotherapy, TMZ and also lomustine,

progression-free survival (PFS) time was 3.5 months, suggesting an increase in
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comparison to the outcomes of standard therapy [37]. However the median overall

survival was not increased [37], indicating that it is not efficacious enough.

In general, the results of conventional therapies are not satisfactory and the tumor
typically recurs within a few months. This failure can be attributed to the reasons such
as: a) inadequate drug delivery across the blood-brain-barrier (BBB); b) the infiltrative
nature of GB; c) complicated vascular structure in GB; and, d) the presence of cancer
cells resistant to radiotherapy and chemotherapy [7,38]. The latter reason could be as
a result of unrestricted growth of resistant cell clones in proximity of the original tumor.
Such phenomenon can be stimulated by the high rate of mutagenesis of malignant
glial cells, which is augmented by both ionizing radiation and antineoplastic drugs. To
overcome these failures, researchers and clinicians are consistently studying novel
approaches for treatment of GB in order to enhance the median survival of the

patients.
1.1.4.2. Novel strategies in treatment of glioblastoma

Phototherapy is one of the approaches in GB treatment which falls into two main
categories: photodynamic therapy (PDT) and photothermal therapy (PTT). PDT as an
effective, noninvasive and nontoxic therapeutic modality for cancer was developed
over the last century. It is now becoming a more widely used medical tool, having
gained regulatory approval for the treatment of various diseases such as cancer and
macular degeneration [39,40]. It is a two-step technique in which the delivery of a
photosensitizing (PS) drug is followed by irradiation with near-infrared light, infrared
light, visible light, UV rays or even X-ray photons [41]. Therefore, activated
photosensitizers transfer energy to molecular oxygen, which results in the generation
of reactive oxygen species. As a result, this photodynamic pathway activates a
cascade of activities, such as apoptotic and necrotic cell death in both the tumor and
the neovasculature, leading to a permanent lesion and destruction of GB cells that
remain in the healthy tissue. PDT may promote significant tumor regression and
extend the lifetime of patients who experience glioma progression [42]. PTT is a
treatment regimen involving the irradiation of cancer cells with electromagnetic
radiation (VIS-NIR light) to cause thermal damage [43]. PTT in GB treatment remains
controversial due to the fact that it is technically difficult to exert a lethal amount of

heat to all cell populations within the GB tumor mass. In addition, the heterogeneous

POURBAGHI MASOULEH Milad |
Development of lipid nanocapsules for antiangiogenic treatment of glioblastoma | @IoEle) |9



General Introduction

response to different grades of hyperthermia may change the biological nature of the

surviving tumor cells [44].

Immunotherapy is another highly regarded strategy for treatment of GB. Researchers
believe that it is possible to design immunotherapeutic strategies that counteract GB
through inducing, enhancing, or suppressing an immune response in this type of brain
tumor. There are multiple immunotherapeutic approaches such as autologous
inhibitors of immune checkpoint, cytokine therapy and immunotherapy with dendritic
cells, viral therapy, stimulated lymphocytes and tumor or peptide based vaccines,
which can be beneficial for treatment of GB. Despite of the advances in development
of immunotherapeutic approaches for GB treatment, patient's selection, response
monitoring and assessment of clinical outcomes or their possible side effects, are
among the multiple problems that need to be solved [45]. In addition, promising
preclinical results cannot be easily entered to clinic because of the low relevance of
animal models to the human situation. Moreover, setting a maximum tolerable dose in
many cases is very challenging. Furthermore, monitoring the immune responses to

immunotherapy in animal model is another reported difficulty [26].

Another strategy for GB treatment is employment of nanocarriers for better delivery of
the drugs to the tumor cells. In fact, even though many of the available therapeutic
agents exhibited promising outcomes in vitro against GB, most were unsuccessful to
reproduce such effects, when systemically administered in vivo. The main reason of
the limited success is the incapability of the drugs to efficiently traverse the BBB and
to penetrate inside the tumor tissue [46]. Over the last few decades, nanocarriers have
attracted progressively increasing attention as brain tumor targeted drug delivery
systems, because of their capacity to cross the BBB and specifically deliver the
therapeutic agents in the tumor tissue. Various nanocarriers have been investigated
and reported as potential brain tumor targeted delivery systems [47]. Nanoparticles
could be made of different biocompatible materials with different sizes and shapes. It
is possible to load the therapeutic agent on or inside them. Therefore, these
nanocarriers have been employed to enhance the delivery of different clinically
available therapeutic molecules, siRNA, DNA, etc. for pre-clinical research on
treatment of GB [48]. Some of these nanocarriers such as gold nanoparticles,
albumin-based nanoparticles and nanoliposome, have also entered to clinical trials
and most of them are ongoing. Furthermore, the nanocarriers can be tailored to
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simultaneously carry both drugs and imaging probes and designed to specifically
target molecules of diseased tissues. These nanosytems are called nanotheranostics.
Up to now, different nanotheranostics have been developed for benefiting GB
treatment [49]. The inorganic nanoparticles could also be utilized not only for drug
delivery, but also for diagnostic purposes or hyperthermia therapy. Hyperthermic
treatment strategies utilize a magnetic medium such as thermoseeds and magnetic
NPs to produce moderate heating in a particular area of the organ where the tumor is
located. In addition, nanocarriers have already been employed to increase the GB
targeting efficiency for the photosensitive drugs [42]. Overall, treatment of GB through
recruitment of nanoparticles is an emerging topic which shows promising sign for their

clinical practice in the near future.

Targeting the tumor vessels is another approach for fighting against malignant tumors
which has shown promising results up to now. To the fact that vasculature in GB tumor
plays an important role in its growth and progression, antingiogenic therapy has

become an important topic for researchers and clinicians.

1.2. Angiogenesis in glioblastoma

Microvascular proliferation is one of the eminent pathological characteristics of GB
which distinguishes them from low-grade brain tumors. Hence, the high population of
blood vessels in this type of glioma tumor is necessary for its growth and colonization
in the brain [50]. The process of formation of new blood vessels from pre-existing blood
vessels is termed as angiogenesis [51]. It is well proven that GB tumor growth and its
invasion is highly dependent on new vessel formation [52]. In the WHO grading
system, endothelial cell proliferation in glioma blood vessels is counted as a key
feature of high grade gliomas [53]. The tumors need to be supplied with proper amount
of blood in order to grow. Since the growing tumors reach a point at which the existing
blood supply is no longer enough to support the necessities of the tumor, it results in
a condition in which the tumor is deprived of adequate oxygen supply. This
phenomenon is technically called hypoxia. As a result of the hypoxia that control
crucial processes associated with tumor aggressiveness such as angiogenesis [54],
GB tumor pass through an “angiogenic switch” and increase the release of assorted
growth factors to induce the formation of new blood vessels [55]. Such vessel

formation results in a complicated vascular structure. The importance of tumor
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vasculature in GB growth and progression led to the development of the strategies
which attack this vasculature through the agents which inhibit angiogenesis and this

strategy is termed as “antiangiogenic therapy”.

1.2.1. Angiogenesis mechanisms

As it is previously described, because of the hypoxia occurrence, GB tumor forms a
complicated blood vessel structure through release of specific growth factors. Of these
factors, VEGF has a pivotal role in GB angiogenesis to advance tumor growth by
interacting with different pathways [56], namely epidermal growth factor (EGF) [57,58],
MAPK/ERK , PTEN/pl3-kinase/Akt [59], nitric oxide [60], Notch-Delta like ligand 4
(DLL4) [61], tumor necrosis factor a (TNF-a) [62], basic fibroblast growth factor (bF GF)
[63,64] and platelet-derived growth factor B (PDGF-B) [64]. The angiopoietins, Ang-1
and Ang-2, are of the other vascular growth factors which have a complex interaction
with VEGF through their tyrosine kinase receptors (Tie1 and Tie2). Ang-2 promotes
vessel sprouting while VEGF is secreted, but in the absence of VEGF, Ang-2 causes
vessel regression [65]. The release of these vascular growth factors, especially in the
tumors surrounding the necrotic core, suggests the most probable pathway for
stimulating the formation of new blood vessels from pre-existing normal endothelial
cells. The mentioned pathway includes both endothelial cell proliferation and
enhanced vascular permeability (Figure 4-B). Such neovascularization also could be
a result of the recruitment of bone marrow-derived endothelial progenitor cells or
through mesenchymal or hematopoietic stem cells. Migration of these cells into the
tumors through the systemic circulation results in new blood vessel formation (Figure
4-C) [66,67]. GB stem cells could also contribute to the formation of tumor blood
vessels by differentiating into endothelial cells or pericytes (contractile cells that
enclose the endothelial cells of small blood vessels) (Figure 4-D) [68—71]. These are
the most important pathways that could result in a structurally and functionally

abnormal vasculature in GB tumors [72].
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Figure 4. Mostly important pathways for formation of new blood vessels in GB tumor

The resulting vessels are leaky, heterogeneous, serpentine, irregular branching,
dilated and saccular with haphazard pattern of interconnection (Figure 5). Notably,
aberrant morphology in endothelial cells lining is evident. In addition, cells that provide
support for the endothelial cells, pericytes, are loosely attached or absent, and the
basement membrane is often abnormally thick, and sometimes entirely absent. As a
consequence, a spatial and temporal heterogeneity originates in tumor blood flow. In
brief, these abnormalities in the vasculature of the tumor cause an anomalous tumor
environment in which acidosis, interstitial hypertension and hypoxia take place.
Subsequently, paucity of blood supply and interstitial hypertension hamper the delivery

of therapeutics in the tumor [73].
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Figure 5. Vasculature in normal tissue and tumor tissue

1.2.2. Antiangiogenic therapy

A number of antiangiogenic agents such as endogenous inhibitors, antibodies,
tyrosine kinase inhibitors (TKIs) have already been tested in GB experimental models.
Basically, it is hypothesized that antiangiogenic agents result in antitumor effect via
induction of apoptosis in endothelial cells, suppression of new blood vessel growth,
elimination of small vessels, and reduction in tumor perfusion. These effects leads to
a decrease in the supply of oxygen and nutrients necessary for the tumor and it is
termed “tumor starvation” [52]. Nevertheless, in the early steps of the treatment, these
agents temporarily normalizes the abnormal vasculature in the tumor through
decreasing permeability and diameter of blood vessels which contradictorily increases
tumor perfusion, diminishes interstitial pressure, and progresses tumor oxygenation
[74—76]. Therefore, such condition facilitates sensitization for radiotherapy and leads
to elevation of tumor exposure to cytotoxic drugs in chemotherapy (Figure 6) [76].
Moreover, it is possible that antiangiogenic therapy stops VEGF-mediated vascular
regrowth resulting from exerted injuries in endothelial cells through cytotoxic therapies
[77-79]. In addition, antiangiogenic agents may show inherent antitumor activity
against GB stem-like cells located in the perivascular niche [80,81]. Furthermore,
these agents have the potential to intervene in VEGF-mediated recruitment of tumor-
infiltrating VEGFR1+ monocytes [82]. Additionally, antiangiogenic therapy could

potentially play a role in raising host immunity through decreasing VEGF-mediated
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immune suppression [83], and by that means, enhancing the efficiency of

immunotherapy [84].

Normal Abnormal Normalized Inadequate

Figure 6: Normalization of tumor vasculature: (A) Tumor vasculature naturally has abnormal structure
and function. Antiangiogenic therapy transiently reverses the abnormality in both function and tumor
vessels. However, continuous antiangiogenic therapy may finally lead to a vasculature that is both
inadequate for conveyance of therapeutics or oxygen and resistant to further treatment. (B) Patterns of
vessel structures before, during and with sustained VEGFR2 blockade. (C) The concomitant alteration
in basement membrane thickness (blue) and pericyte coverage (green) before, during and with
sustained VEGFR2 blockage. (D) Alteration in the balance of antiangiogenic and pro-angiogenic factors
resulting in the phenotypic changes.

Antiangiogenic agents tested in clinical trials as monotherapy for GB treatment

are presented in Table 2.

POURBAGHI MASOULEH Milad |
Development of lipid nanocapsules for antiangiogenic treatment of glioblastoma | @loEle) |15



General Introduction

Table 2: Clinical trials of VEGF/VEGFR targeting agents as a monotherapy in GB patients

cw
. ORR PFS6 ¢ =£
Type Agent Mechanism Dose (%) (%) OE é Ref

. Humanized anti- 10mg/kg
o Bevacizumab VEGE mAb biweekly 28 43 9.3 [35]

Antibodies Soluble decoy 4 mg/kg
Aflibercept VEGER biweekly 18 7.7 9.8 [85]
Pazopanib VEGFR TKI 800 mg daily 5.7 3 8.8 [86]
Cediranib VEGFR TKI 30 mg daily 15.3 16 8.0 [87]

Small 200 mg twice

molecule Nintedanib VEGFR TKI a dgay 0 4 8.1 [88]
inhibitors o iinib VEGFRTKI  37.5mgdally 10 104 94  [89]
Vandetanib VEGFR TKI 300 mg daily 12.5 6.5 6.3 [90]

Abbreviations: kg, kilogram; mAb, monoclonal antibody; mg, milligram; ORR, overall radiographic
response; OS, overall survival, PFS-6, progression-free survival at six months; TKI, tyrosine kinase
inhibitor; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor

As described before, Bevacizumab (Avastin®) is the most commonly utilized
antiangiogenic agent for treatment of patients with recurrent GB. It is a recombinant,
humanized monoclonal antibody and its half-life is approximately 20 days. In this
regard, it is administered every 2 weeks and sometimes every 3 weeks. Bevacizumab
binds VEGF and prevents the interaction of VEGF with target receptors VEGFR-1 and
VEFGR-2 on the surface of endothelial cells. Neutralizing the biological activity of
VEGF reduces tumor angiogenesis, thereby inhibiting tumor growth and vasogenic
brain edema [91]. Early studies with bevacizumab in recurrent GB demonstrated
radiographic response rates of 28-40% and 6-month progression free survival (PFS-
6) rates of 40—-50% [92,93]. This compared favorably to previous studies in recurrent
GB in which the median PFS-6 was reported as 15% [94]. Although the potential
benefits of bevacizumab employment with an optimal dose, a proper schedule and
also drug combination have been already better understood, data driven from phase
[l clinical trials of utilization of bevacizumab in treatment of patients with GB tumors,
shows that some GB tumor could be naturally resistant to this therapy [95,96]. Such
resistance could be partially attributed to intrinsic insensitivity of the vessels to VEGF
inhibition in some GB tumors [97]. Moreover, an antibody like bevacizumab must be
administered by intravenous infusion, and it is comprised of large molecular weight
protein molecules with limited penetration of the intact BBB. In general, many
resistance mechanisms could involve in prevention of antiangiogenic therapy. While

the antiangiogenic agents begin inhibiting VEGF signaling, tumor and its
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microenvironment secrete alternative pro-angiogenic growth factors to advance
VEGF-independent angiogenesis (Figure 4-D)[98—-100], which may further increase
through recruitment of pro-angiogenic myeloid cells, e.g. M2-skewed macrophages,
monocytes, granulocytes and myeloid-derived suppressor cells [82,101,102]. In
addition, the pericytes which cover the functional vessels may protect endothelial cells
against apoptosis induction. Lastly, adaptive resistance has been identified through a
transition to a mesenchymal and more invasive tumor phenotype [103—105]. In order
to counteract this resistance, TKls such as sorafenib (SFN) are being explored
because of their targeting for several growth factors pathways involved in GB growth

and angiogenesis.
1.2.3. Sorafenib as an antiangiogenic drug

SFN (BAY 43-9006, Nexavar®), is a novel diaryl urea compound (a necessary
pharmacophore/fragment in producing anticancer molecules to its nearly perfect
binding with specific acceptors) which was developed in 1995 [106] and its molecular
formula is C21H16CIF3N4O3 (Figure 7). SFN is considered as an oral anticancer drug
that is accepted by the U.S. Food and Drug Administration (FDA) for the purpose of
treating unresectable or metastatic hepatocellular carcinoma, advanced renal cell
carcinoma and locally metastatic or recurrent, differentiated and progressive thyroid
carcinoma refractory to radioactive iodine regimen [107]. It is also being investigated

in acute myeloid leukemia and many other solid tumors in children and adults.
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Figure 7: Chemical structure of SFN

SFN is considered as a multikinase inhibitor with inhibitory role on tyrosine kinase
receptors including VEGFR-1, -2, -3, PDGFR-(, FIt-3, RET and c-Kit in addition to the
RAF serine/threonine kinases (RAF-1, wild-type BRAF and oncogenic B-Raf [V600E])
and the RAS/RAF/MEK/ERK pathway [108]. In contrast, SFN is not active against a
kinases like ERK-1, MEK-1, EGFR, HER-2/neu, IGFR-1, c-met, c-yes, PKB, PKA,
CDK1/cyclin B, PKCa, PKCy and PIM-1. In addition, SFN boosts apoptosis in
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endothelial cells, pericytes and tumor cells [109,110]. Such suppression leads to a
decrease in blood vessel area in the tumor and deprivation of nutrients in cancer cells
[106,111]. SFN can also suppress Mcl-1 (myeloid cell leukemia 1) by a MAPK-
independent mechanism, which increases the share of apoptosis intrinsic pathway in
tumor cells [112,113]. Furthermore, previous studies have mentioned that eukaryotic
translation initiation factor 4E (elF4E) could be involved in SFN-dependent Mcl-1
inhibition [114]. Moreover, SFN improves TRAIL-induced cell death. Such cell death
induction happens as a result of decrease in signal transducers, activators of
transcription type 3 (STAT3) phosphorylation (Tyr705STAT3), associated proteins

Mcl-1, cyclin D1, and survivin in hepatoma cells [115].
1.2.3.1. Sorafenib in treatment of glioblastoma

The activeness of STAT proteins, in particular STATS3, is often raised in a vast variety
of solid tumors which is associated with their proliferation and maintenance [116,117].
Therefore, STAT3 has emerged as a favorable molecular target in particular types of
solid tumors [118]. In different types of brain tumors, activated STAT3 is expressed.
These tumors include both low-grade and high-grade gliomas [119]. It is demonstrated
that inhibiting STAT3 signaling pathway results in suppression of proliferation and
induction of apoptosis in GB [120,121]. Yang et al. [122], found that SFN leads to
induction of apoptosis and inhibition of cell proliferation corresponding to the inhibition
of STATS3 signaling in medulloblastomas, the most common type of pediatric malignant
primary brain tumor [122]. Referring to these results, the same group found that SFN
can also inhibit cell proliferation and induces apoptosis in two primary cell cultures and
two established cell lines (U87, U251) of human GB [123]. They reported that SFN
effects on GB through inhibition of STAT3 signaling, alongside with the down-
regulation of cyclin D, cyclin E and Mcl-1 proteins. These findings suggest that SFN
has the potential to be a promising candidate for treatment of GB due to not only
attacking angiogenesis, but also targeting the GB cells. Furthermore, it is observed
that SFN acts in a synergistic fashion with gamma-radiation to induce GB cell death
via the apoptosis pathway. It is also reported that SFN can inhibit two important
pathways in GB tumor-initiating cells, MAPK and PI3K/Akt, leading to the block of
proliferation and, most of all, the induction of apoptosis via Mcl-1 inhibition [124]. In

addition, Siegelin et al. [125], reported that systemic delivery of SFN in orthotopic GB
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tumor model in mice was well tolerated, and significantly suppressed intracranial
glioma growth via inhibition of cell proliferation, induction of apoptosis and autophagy,
and reduction of angiogenesis. Importantly, systemic treatment with SFN was not
associated with systemic or organ toxicity, and did not result in animal weight loss
throughout treatment and median survival was significantly prolonged in SFN-treated

animals in comparison to the control group.

In contrast to the sound preclinical rationale for use of SFN in GB treatment, this
antiangiogenic factor does not function efficiently as a monotherapy in clinical trials or
in combination with other chemotherapeutics (Table 3) [126,127]. These inefficiencies
are the reasons that none of these trials has already entered to phase Ill. However,
there are other investigations about applying SFN on metastatic kidney [66] and renal

cell carcinoma [67] cancer which have entered phase lll.
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Table 3: GB treatment with SFN in clinical trials

General Introduction

° National
Intervention ) i Clinical %
ortreatment ~ £ Conditions Status  qias (NCT) @
Number
Sorafenib Brain Tumor
Everolimus I/l Glioblastoma Ongoing NCT01434602 NP"
Anaplastic Glioma
Sorafenib tosylate gggﬁlr?:xrzgult Brain Neoplasm
}/alpro[c e}md I Malignant Glioma Ongoing NCT01817751 NP
Sildenafil citrate WHO Grade Ill Glioma
Conventional Adult Giant Cell Glioblastoma
surgery Adult Glioblastoma Completed .
Sorafenib tosylate ) Adult Gliosarcoma (Apr. 2018) MO (/2
Temsirolimus Recurrent Adult Brain Tumor
Sorafenlb_tqsylate Adult Giant Cell Glioblastoma
Erlot|n|b. Adult Glioblastoma Completed .
hy_lc!iroi?:rlrc])irg)de I Adult Gliosarcoma Si));eg) NCT00335764 NP
part Recurrent Adult Brain Tumor
Temsirolimus
Radiation Therapy . . Completed
Sorafenib y  ClesEsipme Mlienwe (Sep.  NCTO0544817 [128]
Temozolomide 2016)
Sorafenib tosylate Adult Giant Cell Glioblastoma
L Adult Glioblastoma Completed
) iggtr:?étr)u ‘o I Adult Gliosarcoma (Avril 2016) \CT00445588  [129]
Y Recurrent Adult Brain Tumor
Sorafenib tosylate Brain and Central Nervous Completed
Bevacizumab ! System Tumors (Feb. 2016) NIy ey
Radiation Therapy ; Completed
Sorafenib | g:!Ob"";StonTa (Nov. NCT00734526  NP'
Temozolomide losarcoma 2015)
Glioblastoma
Gliosarcoma Completed
Sorafenib | Anaplastic Astrocytoma (Nov. NCT00884416 [131]
Anaplastic Oligoastrocytoma 2014)
Anaplastic Oligodendroglioma
Adult Anaplastic Astrocytoma
Adult Anaplastic
. Oligodendroglioma Adult Giant Completed .
Sorafenib tosylate I Cell Glioblastoma (May 2014) NCT00093613 NP
Adult Gliosarcoma
Recurrent Adult Brain Tumor
Sorafenib I Recurrent Glioblastoma CO(F‘TS:]eeted NCT00597493  [132]
Temozolomide Multiforme 2013)

NP’: Not published

The poor results obtained from clinical trials in GB may be due, in part, to the route of

administration of the SFN. SFN is poorly soluble in water or buffered solution at

different pH values (from pH 1.2 to pH 7.4), and in consequence, it is only clinically

available in oral tablet formulations. Such oral administration may be efficient for

peripheral tumors, such as hepatocellular carcinoma, renal cell carcinoma, and thyroid
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cancer, but efficacy may be limited for brain tumors, for which SFN does not penetrate
into the brain in sufficient amounts. High systemic doses of this drug are required to
obtain effective brain-tumor concentrations but the potentially adverse events
associated with the systemic distribution of SFN, such as hand-foot skin reactions,
rash, upper and lower gastro-intestinal distress, fatigue, and hypertension often lead
to SFN dose reductions or discontinuation [133]. In order to tackle the mentioned
problems, novel approaches for efficacious delivery of SFN have been suggested,

such as the use of nanosystems.

1.2.3.2 Nanosystems for delivery of sorafenib

The purpose of the use of nanotechnology in pharmacology is, firstly, to protect a
therapeutic agent against potential degradation, and secondly to modify the natural
distribution of this agent in the body. It is then theoretically possible to direct and
accumulate the therapeutic agent at the desired site of action and away from unwanted
sites to limit side effects. Nanoparticles have various applications in cancer treatment
and more specifically they have been extensively studied in the field of oncology. Up
to now, various types of nanoparticle with different shapes, size and surface
modifications such as lipid and polymer based nanoparticles, inorganic nanoparticles,
hybrid nanoparticles, liposomes and nanoemulsions have been employed for
enhancing the delivery of SFN for treatment of different type of cancer models (gastric,

breast and liver cancer) (Figure 8).
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Figure 8: Applied nanocarriers for delivery of SFN

Up to now, the nanosystems developed for enhancing the delivery of SFN have not
been employed for treatment of GB tumor. In the current thesis, we selected lipid
nanocapsules (LNCs) to encapsulate SFN to their outstanding advantages such as
production without using organic solvent and employment of generally recognized as
safe (GRAS) excipients. These nanocapsules are highly stable and are generally
capable of encapsulating higher amount of drugs in comparison to liposomes and solid

lipid nanoparticles [134].
2. Lipid nanocapsules for drug delivery

2.1. Lipid nanocapsule formulation

LNCs are biomimetic lipid-based nanovectors with an approximate size range from 20
to 150 nm which were developed and patented for the first time by Heurtault et al.
[135]. The main compontents of LNC are generally an oily phase, a nonionic surfactant
and an aqueous phase. Based on classical LNC [135], the oily phase is triglycerides
of capric and caprylic acids which is commercially available under the name of
Labrafac™ lipophile WL 1349. Kolliphor® HS 15 is the hydrophilic surfactant which is
a derivative of PEG (a mixture of free PEG 660 and PEG 660 hydroxystearate). The

aqueous phase contains sodium chloride dissolved in MiliQ® water. Moreover, Lipoid®,
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another surfactant, composed of 69% phosphatidylcholine soya bean lecithin, is
included into LNC formulation, specifically for obtaining a size between 50 to 100 nm,
to noticeably increase LNC stability [136,137]. Based on the applications or limitations,
LNCs could also be prepared from other excipients through modification of the
classical LNC formulation technique. For example, Transcutol® HP, widely employed
in the development of emulsions or microemulsions [138-140] could be utilized as a
co-surfactant in the formulation. Consequently, Labrafil® M1944 CS, a hydrophilic oil
in which Transcutol® HP is soluble, should be selected and employed as oily phase.
Since solubilization of Lipoid® in Labrafil® M1944 CS is limited, Labrafac™ lipophile
WL 1349 should also be added in order to overcome this obstacle [141]. In another
example, Labrafac™ lipophile WL 1349 is replaced by glyceryl tricaprylate and
formulated as previously described [142]. Interestingly enough, all the utilized
components have FDA approvals for oral, topical and parenteral administrations. Each
precursor brings an advantageous effect on the final structure of the LNC and its

stability which is summarized in Table 4.

Table 4: Influence of different factors on the formulation and stability of LNC

Factor Influence References
Amount of nonionic LNC formulation and stability [143-145]
surfactant
Lipophile surfactant LNC shell rigidity — Freeze drying of the formulation [137,146]
Oil proportions Increasing or decreasing the size [145]
NaCl Decreasing phase-inversion temperature (PIT) [147,148]
Number of temperature In favor of LNC formulation — Enhancing the quality
. ) [144,149]
cycles of LNC and it homogeneity

Based on the above mentioned procedure in the patent [135], the LNC formulation
process comprises two important steps. The first step is to mix all the components
(proportions may vary based on the desired formulation) under magnetic agitation and
heating from room temperature to a higher temperature (T2), beyond the phase-
inversion temperature (PIT), to obtain a water in oil (w/o) emulsion. This step is further
continued by cooling to a lower temperature (T1), below the PIT, which forms an oil-
in-water (o/w) emulsion. Subsequently, multiple temperature cycles crossing the
phase-inversion zone between T2 and T+ are applied. The second step is a final
quench exerted to the system by abrupt addition of cold water to the mixture at the
temperature that hydrophilic-lipophilic balance (HLB) occurs in the nonionic surfactant
(Figure 9). By addition of cold water to the system, the microemulsion system
disentangles in the phase-inversion zone which leads to the formation of stable
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nanocapsules. Incidentally, the cyclic heat is normally exerted to the system between
60 to 90 °C at a rate of 4 “C/min [141,148].

___ Oil phase (0) ater at2’C
| Water phase (W) e — »

Y

Dilution

Low temperature High temperature LNC

Figure 9: Preparation of LNC formulation based on the phase inversion technique

This process results in production of LNCs with an oily core which is surrounded by a
tensioactive and cohesive shell. The shell is a mixture of Lipoid® anchored in the oily
phase along with a Kolliphor® decoration which is oriented towards the aqueous phase
(Figure 10-A) [150]. Although no schematic representation of LNCs incorporating a
co-surfactant has been proposed up to now, Figure 10-B could illustrates the structure
of this kind of LNCs.

Af\l\r PEG (Kolliphor® HS15)

A %, ? A B
: N Lecithin (Lipoida°)
—=allll Co-surfactant

Oil

Figure 10: Schematic representation of LNC: (A) Classical LNC, (B) LNC prepared with co-surfactant

2.2. Physical characteristics of lipid nanocapsules

The proportion of components applied in the formulation of LNCs plays a vital role in
their particle size and dispersity. The ternary diagram established for classical LNC by
Heurtault et al. [145,148], could further elaborate this relation (Figure 11). In brief, this
diagram is used for optimizing the component proportions. If the proportions of sodium
chloride in water and Lipoid® are fixed at 1.75% and 1.5%, a feasibility domain is

determined as a parallelogram. This domain in the ternary diagram is approximately
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located between 10 to 40% of hydrophilic surfactant, 10 to 25% of oil and 35 to 80%
of water. Following the mentioned proportions, if the nanocapsules are formed, their
average volume size is in the range of 20 to 150 nm with polydispersity index (PDI)
<0.2 which indicates a noticeably narrow dispersion of these nano-objects.
Considering the feasibility domain, the size of LNC is greatly under the influence of the
percentage of hydrophilic surfactant, Kolliphor®. If this percentage increases, a
substantial reduction in average particle size occurs and this is referred to the
interaction between triglyceride and water at their surfaces [143]. In contrast, by
adding a greater proportion of oil, particle size would increase. In addition, the

proportion of water brings no change to the particle size.

It is reported that LNC formation is highly dependent on the heating cycles applied
during the preparation process. By increasing the number of cycles, the obtained LNC
is more favorable in terms of size and dispersion. Altogether, when the amount of
added surfactant decreases, the required number of temperature cycle to stabilize the
LNC dispersion increases [144]. Moreover, if the proportions are determined based on
the feasibility zone, increasing the number of temperature cycle appears to be

unhelpful for enhancing the size and polydispersity of the LNC.

e Mieclles
O  MNano-ohjests
u Mo structure

Figure 11: The feasibility zone obtained for formation of classical LNC
Zeta potential is the potential difference existing between the surface of a solid particle
immersed in a conducting liquid (e.g. water) and the bulk of the liquid. This is an

important factor in LNC stability. LNCs normally have a negative surface charge
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resulting from the presence of phospholipid molecules [151] and contribution of PEG

dipoles on their membrane [137].
2.3. Therapeutic agent loading and functionalization

Benefiting the advantages of LNCs, there is a great opportunity to encapsulate
different kinds of therapeutic agents inside these nanocapsules. Up to now, LNCs
showed capability of efficaciously encapsulating hydrophobic drugs such as as
docetaxel [152], paclitaxel [142], etoposide [153], ferrociphenol [154] or SN38 [141]
which provides a pharmacological solution for intravenous or oral administration of
therapeutic substances. These nanocapsules are also capable for loading hydrophilic
drugs such as fondaparinux18, doxorubicin hydrochloride, erlotinib hydrochloride,
DNA or siRNA through integrating the water-soluble molecule either into lipoplexes in
LNCs or through formation of reverse micelle-loaded nanocapsules [155-161]. Up to
now, many therapeutic cargoes have been efficiently encapsulated inside LNCs with
noticeable encapsulation rates over 90% [134], whereas the encapsulation rate for
liposomes is generally about 50% [162]. Incorporation of cargoes to LNCs is
performed in two ways, either through encapsulating the hydrophobic drug inside the
nanocapsules during the preparation of the LNC formulation or through modifying the

shell of the LNCs via a post-insertion technique.

Not only could LNCs be a better option than liposomes in terms of drug encapsulation
capacity, but they also outclass liposomes in terms of physical stability. In addition,
their remarkably sustained release of the payload is another feature which stands out.
For instance, Roger et al. [141] encapsulated SN38 inside LNCs with a size of about
50 nm and they reported that only 7% of SN38 was released after 5 days of in vitro
drug release study, while the cumulative release of the same drug from PEGylated
nanoliposomes with a size of about 150 nm in the same conditions was reportedly
more than 40% [163]. Such feature could be of interest for development of drug

delivery systems for different purposes.

Drugs in the form of colloids are susceptible to rapid removal from the blood circulation
by the mononuclear phagocyte system (MPS), more specifically through Kuffer cells
in liver and macrophage in bone marrow or spleen due to the fact that colloidal
particles are considered as foreign bodies [164]. In this regard, the surface of
nanoparticles could be decorated with PEG and its derivatives which have been
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proven to decrease the opsonization and prolong their half-life while being circulated
in the blood [165,166]. Hence, the presence of PEG on the shell of the LNCs at high
density raises the half-life of the colloidal system in the bloodstream. In addition, such
dense layer of PEG improves passive targeting [167]. While passive targeting is
related to half-life of the colloidal system and MPS, active targeting relies on an
antibody-based, aptamer-based or ligand-based targeting agent for targeting
pathological sites or traversing the biological barriers following a molecular recognition
process [168]. The rigidity of the shell in LNCs facilitate their surface modification by a
targeting agent [169] or their improvement for a better passive targeting though post-

insertion technique [152].

2.4. Application of LNCs in the treatment of glioblastoma

Many studies have been done to investigate the possibility of applying LNCs for a
sustained local release of biologically active substances for the treatment of GB. In
this regard, various therapeutic cargos have been loaded inside LNCs and they have
been tested on heterotopic or orthotropic GB models through different administration
routes (Table 5).

Table 5: Employment of LNC for the treatment of orthotopic GB model

o © s
2 25 c %
— c
2 9 % 9 hid = 2 Findings “
25 | B8 3 s 23 &
© O < Q 2 0’ £ =
3] o ] (&) S
£ F ® 3 E
7] <
S Synergistic effect between
o chemoradiotherapy and  external
.'?:% radiotherapy: longer survival times
% +ER Fischer oL CED (60%), including 10,5% of long-term =
P rats survivors (up to 100 days), a I~

statistically substantial raise
comparing with groups treated with
either of them separately

Improvement in median survival time
aL v compared with the control group (28
vs. 25 days)

DSPE- Fischer
mPEG2000 rats

[171]
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MIAMI cells

Nude
mice

U87MG

IC

Improvement in median survival time
compared with the control group
treated without MIAMI cells (29 vs.
26.5 days)

[172]

DSPE-
mPEG2000

Fischer
rats

9L

CED

Surface-functionalized LNC was not
capable to increase the median
survival time (24 days). The reason
was linked to the PEG coating on the
LNC which hinders uptake.

[173]

DSPE-
mPEGzo00+
HBD

Fischer
rats

9L

Hyperosmolar coated-LNC r median
survival time of 20% (30 days)
compared with both untreated and
uncoated-LNC treated groups. Such
hyperosmolarity results in shrinkage of
endothelial cells and could disrupt the
BBB through tight junctions opening.

[173]

NFL

Fischer
rats

9L

CED

Decreased median survival time (11
days) in comparison with the untreated
group (25 days). Such toxicity had not
been previously noticed in the case of
untargeted  Fc-diOH-loaded LNC
(135).

[174]

0X26

Fischer
rats

9L

CED

A reduction in median survival time (22
days) compared with the control group
(25 days). Such toxicity had not been
previously noticed in the case of
untargeted  Fc-diOH-loaded LNC
(135).

[174]

DSPE-
mMPEG2000+
0OX26

Fischer
rats

9L

No significant difference in median
survival times in comparison with
control group (25 days) (Possibilities:
(A) The applied dose was under
pharmacological threshold. (B) Limited
active targeting which could be
because of low antibody coupling on
the surface of LNC.

[174]

NFL

Fischer
rats

9L

Median survival times significantly
increased (44 days)

[174]
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+ER

Fischer
rats

9L

CED

A two-fold increase in median survival
time and 10% of long-term survivors
(over 106 days) compared with the
untreated group. Although, no
statistically significant difference with
radiotherapy alone suggests dose
optimization and/or targeting moiety
grafting as a proper approach to
further increase the median survival
time.

[175]

Lauroyl-gemcitabine

Nude-
NMRI
mice

U87MG

- LNC in form of injectable hydrogel

- Median survival time for the mice
treated through |IT injection was
reportedly 49 days while for the mice
treated with drug solution through IV
injection was 36 days. Median survival
time for the mice without treatment
was 24 days.

[176]

Nude-
NMRI
mice

U87MG

- LNC in form of injectable hydrogel

- Median survival time for the mice
treated injection inside the cavity after
tumor resection was reportedly 62
days while the mice without treatment
was 35.5 days.

[176]

Methotrexate

Wistar
rats

C6

MTX treatment raised CD73 enzyme
expression and AMP hydrolysis,
resulting in elevation of adenosine
production and immunosuppressive
capability

[177]

188Re

CXCR4
Antibody

Scid
mice

CXCRA4-
positive
us7MG

CED

In control groups, the median survival
time was near to 36 days for both
saline solution and blank LNCs,
approximately 39 days for CXCR4
antibody-LNCs. Treating the animals
with 12G5-LNC'8Re resulted in a 50%
increase in median survival time
compared to the groups treated with
CXCR4 antibody-LNCs. Two animals
survived more than 100 days.

[178]
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- Complete distribution all over the
tumor and peritumoral region without

Nude- Lab1 Ieakgge into the contralateral
_ NMRI GB CED hemisphere §-
mice cells® - Median survival time for the treated =

mice was 56 days while for the

untreated mice was 21 days.

In comparison with control group, 80%
Fischer increase in median survival time (upto —
i rats oL CED 45 days), and 33% long-term survivors §

(over 100 days).

S| and CED combination strongly

increased median survival time (up to

257%), with an unprecedented rate of

long-term survivors, i.e., over 120 days

Fischer CED (17 of 24), as a result of tumor

- oL and/or eradication observed by MRI. Re-
rats .

Sl challenge of long-term survivors once
again resulted in an enhanced median
survival span (148%) and 3 long-term
survivors, thereby demonstrating an
induced memory antitumor response.

[181]

Abbreviation: SC: subcutaneous; CED: convection-enhanced delivery; IV: infravenous; Sl: stereotactic
injection; IC: intracarotid; IT: intratumoral; IP: Intraperitoneal; A: Injection inside the cavity remained
after tumor resection; 9L: rat gliosarcoma model; U87MG: experimental human glioma model; F98: rat
glioma model; GL261: mouse GB model; MIAMI cells: marrow-isolated adult multilineage inducible
cells; DSPE-mPEGz00 : 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-polyethylene glycol; P-gp:
glycoprotein P; PEG2p00-LAA: polyethylene glycol-2-alkyl-lipoamino acid; ER: external radiotherapy;
NFL: NFL-TBS.40-63 (cell-penetrating peptide); OX26: OX26 monoclonal antibody; HBD: hypertonic
barrier disruption;* Lab1 GB cells obtained from a recurrent GB that relapsed 6 months after treatment
of the initial tumor through fractionated radiotherapy (60 Gy)).

Table 5 shows that systemic or direct delivery to the brain has been used to deliver
drug-loaded LNCs and various approaches have been evaluated for their selective GB

targeting.

Systemic LNC delivery: The greatest advantage of using systemic drug-loaded LNCs
delivery approaches for GB treatment is their non-invasive nature. The most
commonly applied method for administration of LNCs into the body is the intravenous
route. As it is mentioned before, this systemic delivery is limited owning to the non-
specific uptake of LNCs by the MPS as well as problems in penetrating the BBB.
Various factors such as the nature of the components, size, the apparent electrical
charge and hydrophilicity of LNCs play a pivotal role in their fate during circulation
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[182]. Ideally, these LNCs have to be small, and their surface must be neutral and
hydrophilic. It is well proven that a generation of nanoparticles decorated with
hydrophilic polymer chains like PEG and its derivatives could provide the colloidal
system with a steric repulsion and this effect could lead to their prolonged circulation
time in blood stream [165,166]. In the case of LNCs, presence of PEG surfactant on
the shell results in prolonged circulation time in blood stream. For example, PEG1s00
stearate dramatically increase the plasma elimination half-life time of the
nanocapsules up to 5.5 h after intravenous injection into healthy rats, in the way that
20% of total dose was still present after 24 h [183]. In addition, applying other
derivatives of PEG such as (DSPE)-PEGz2000 or DSPE-PEGso000 resulted in a more

prolonged half-life time of over 6 h after intravenous administration [184].

Direct LNC delivery: To overcome the BBB, direct intracranial drug delivery by
stereotaxic injection would be considered as a more proficient administration
alternative. LNCs can be administered directly into the brain via a bolus injection. This
has the advantage of delivering much higher concentrations of drug-loaded LNCs to
the brain through bypassing the BBB. However, a major problem is the slower
movement of LNCs within the brain owning to limited diffusion coefficients and
backflow of the injection. This is because of the naturally packed arrangement of cells
in both the gray and white matter microenvironments [185]. Convection-enhanced-
delivery (CED) has been employed to overcome these problems. Using an external
pressure gradient inducing fluid convection in the brain via a surgically implanted
catheter, this method allows a greater volume of distribution to be achieved while being
compared with diffusion method alone [186]. Allard et al. [180], treated 9L-bearing rats
with a single injection of ®Re-SSS-labelled LNC by CED and reported an increase in
the median survival time about 80% compared to the control group, and 33% of the

animals were long-term survivors (over 100 days).

Approaches for selective brain tumor-targeting: Passive and active targeting strategies
were used to deliver drug-loaded LNCs. Passive targeting is based on the
characteristics of brain tumor tissues such as hyper-vascularization, defective
vascular architecture, and a deficient lymphatic drainage system. These features lead
to preferential accumulation and retention of LNCs in tumor tissues rather than normal

tissues via the EPR effect. In one study, it is reported that the EPR effect is more
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pronounced for LNCs which are further decorated by longer PEG chains such as
DSPE-PEGz2000 due to their longer circulation in comparison to normal LNCs [156]. It
should be considered that such EPR effect is not homogenous, in the way that the
accumulation of the LNCs deep inside the tumor is more noticeable [174]. Although,
higher concentration of PEG could correlate with a prolonged half-life and circulation
time, the hydrophilic PEG coating can also hamper interaction between LNCs and the

cell, which would be unhelpful for delivery of drug to the tumor.

Despite of the fact that it is possible to prolong the circulation of LNCs in bloodstream,
the BBB blocks the entrance of LNCs to the brain site and passive targeting fails for
this purpose. Active targeting consists of functionalizing the drug-loaded LNC surface
with ligands and antibodies to specifically target the tumor endothelium and tumor-
associated antigens (TAA). For example, monoclonal antibody OX26 as covalently
grafted on LNCs to target the transferrin receptor (TfR) which is over-expressed on
the brain capillary endothelium and surface of GB cells [187]. At 24 h post-injection,
the brain concentrations of OX26-LNCs were 2-fold higher than non-targeted LNCs.
In another study, Balzeau et al. [188], reported that when paclitaxel-loaded LNCs
decorated with a neurofilament derived cell-penetrating peptide (NFL-TBS.40-63)
[189], were injected in mice bearing a glioma tumor, they are preferentially targeted to
the tumor and reduce its progression. However, these active targeting approaches
present limitations because due to the inter-tumor heterogeneity and the inter-patient

variability, it is difficult to target all tumor cells.

Another promising strategy for targeting GB is to take advantage of the special tropism
of stem cells such as mesenchymal stem cells (MSCs) or neural stem cells (NSCs) for
glioma cells. In this regard, various studies employed stem cells as vectors to carry
the therapeutic cargo to the tumor site [190]. Our laboratory showed that MSCs or a
subpopulation of human MSCs, called “marrow-isolated adult multilineage inducible”
(MIAMI) cells were able to employ their endogenous tumor homing activity to distribute
ferrociphenol-loaded LNCs in GB after their intratumoral injection (Figure 12)
[172,190,191].

POURBAGHI MASOULEH Milad |
Development of lipid nanocapsules for antiangiogenic treatment of glioblastoma | @loEle) |32



General Introduction

Figure 12. Fluorescent microscopy images of tissues obtained from orthotopic GB tumor in mice after
intratumoral injection of MIAMI cells loaded with LNCs after 7 days. The red dots represent MIAMI cells
which are labeled with red Y-chromosome and the green fluorescence show coumarin-6 which was
encapsulated inside LNCs [190].

In this strategy, the localization of LNCs inside MIAMI cells or MSCs as the vector
plays a pivotal role. In case of LNCs, it is assumed that the presence of
hydroxystearate-PEG of the Kolliphor®, which is located on the surface of the
nanocapsules, bring a lysosomotropic tendency to the LNCs and therefore disturbs

the stability of the lysosome membrane [192].

In general, intracranial administration of therapeutics via CED could lead to higher
concentrations in the brain compared to intravenous injection. Although local
administration of chemotherapeutic drugs has shown beneficial effects on patients,
drawbacks are unfortunately integral with this administration route [193]. Infection,
inflammation, seizure, edema and wound healing related problems are of the
complications of this method to say the least [194,195]. It is worthy of mention that
local administration routes are unlikely to be a logical choice for the drugs which are
needed to be administered chronically. On the whole, in previous years, the intranasal
pathway, as a non-invasive alternative for the mentioned local administration methods,
has been emerging due to the fact that it could be a more safe and efficient way for

drug delivery to the brain.
3. Nose-to-brain drug delivery

The intranasal administration route is suggested as a non-invasive approach for
delivery of therapeutics directly to the tumor site inside the brain. By benefiting this
route of administration, it is possible to bypass the BBB and decrease systemic
secondary effects. By this route, pharmacological agents could reach the brain through

trigeminal and olfactory nerves. In order to further enhance the nose-to-brain transport
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of pharmacological agents, many nanoformulations have been developed. In this
section, the aim is to further elaborate on the lipid-based nanoformulations, which
enhance the nasal permeability of pharmacological agents to the brain, improve drug
delivery at a sustained and slow release rate, protects agents from degradation during

the transport, elevate mucoadhesion, and finally enhance nasal transport.
3.1. Intranasal administration

Nose-to-brain transport happens through direct transport of the pharmacological
agents or therapeutic tools from the nasal cavity to the brain. This transport is primarily
extracellular and transcellular, involving the respiratory and olfactory regions of the
nasal cavity. For many years, intranasal administration has been utilized as an
alternative for drugs that cannot be taken orally. Through this route, the administered
drugs will reach the systemic circulation. It is only a few decades ago that the
possibility of intranasal administration for the purpose of drug delivery to the CNS has
appealed to researchers and clinicians [196,197]. Through such transport,
pharmacological agent can circumvent the BBB during drug delivery and pass into the
CNS. Normally, permeability across the BBB is observed for lipophilic molecules with
a molecular weight lower than 600 Dalton [198]. Furthermore, the ideal drug partition
coefficient between water and octanol (Log P), is reckoned to be 1.5 to 2.7 for an
effective transport across the BBB [199]. It is reported that the low rate of permeability
across the BBB is related to low levels of pinocytosis and the existence of tight
junctions, which is vital for the CNS to retain its homeostasis [200]. In addition, there
are also many drug transporters all over the BBB. For instance, the presence of P-
glycoprotein (P-gp), hinders the penetration of the pharmacological agents to the CNS
[201]. Through bypassing the BBB via intranasal conveyance, the range of therapeutic
agents can be expanded to nucleotides, proteins, chemotherapeutics, cells and viral
vectors. Furthermore, nose-to-brain delivery of therapeutic agents brings other
advantages such as diminishing the risk of systemic secondary effects and hepatic or
renal clearance, evasion in the systemic circulation, and the possibility of chronic or
repetitive administration. In addition, other advantages such as non-invasiveness, high
patient compliance, the possibility for self-administration, and the fast onset of action
makes it evident that it should be accepted as an appealing option for the prognosis

for GB patients.
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3.1.1. Macroscopical anatomy of nasal cavity

For understanding nose-to-brain transport, it is important to firstly comprehend the
anatomical structures of the nasal cavity. Therefore, in this section, the important
issues around the anatomical organization in the nasal cavity, which is relevant to
intranasal transport of therapeutic agents to the central nervous system (CNS), is
emphasized. In the beginning, the routes that are responsible for an effectual nose-to-
brain transport are elaborated. Then, a more precise look is provided into the
anatomical structures that define whether the employed agents can withstand nose-

to-brain transport.
3.1.1.1. Olfactory region

The precise mechanisms accounting for nose-to-brain transport have remained an
unanswered question, although the olfactory pathway appears to have an important
role in this issue. Nearly 10% of the nasal cavity in the human nasal system is
considered to be covered by the olfactory region [202]. It is possible for the therapeutic
agents to have a rapid access into the CNS through the olfactory nerve fibers located
in the olfactory bulb (Figure 13). This is the sole direct physical contact between the
CNS and the environment [203]. The olfactory pathway starts at the olfactory receptor
neurons, located in the olfactory mucosa.
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Figure 13: Cellular structure of the olfactory and respiratory mucosa

These cells pick up olfactants and transmit the information to the CNS, mediating the

sense of smell [204]. The olfactory receptor neurons are enveloped by microvillar,
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basal and supporting cells and all of them are connected by epithelial tight junctions.
The olfactory receptor neurons have a continuous activity and they can be constantly
replaced by the basal cells which are indeed neural progenitor cells. Such continual
replacement of olfactory receptor neurons results in a “leaky” or permeable olfactory
mucosa; therefore, such permeability facilitates nose-to-brain transport [205]. From
these receptor neurons, axons ramify through the cribriform plate which divides the
cranial and nasal cavities, and reaches to mitral cells in the olfactory bulbs. Afterwards,
the information received by axons are sent from mitral cells to a couple of regions
containing the olfactory tubercle, olfactory nucleus, amygdala, piriform cortex,
entorhinal cortex and hypothalamus [206,207]. Hence, through intranasal

administration, perineural and intraneural transport is reportedly feasible [208].

3.1.1.2. Respiratory region

Beside the olfactory region, the other vital participant in nose-to-brain transport is
considered to be the respiratory region which accounts for 80% to 90% of the nasal
cavity in humans. The epithelium layer in this region is crucial for humidifying and
warming the inspired air, and for eliminating particles, microorganisms and allergens.
This cellular layer is formed out of ciliated and non-ciliated columnar, goblet, and basal
cells (Figure 13) [209]. Among these cells, the goblet ones secrete mucus which is
propelled by the ciliated cells towards the nasopharynx, where it is swallowed or
ejected through cough. Projection of the trigeminal nerves abound in the respiratory
region. Interestingly, these nerves also facilitate the transport to the brain [208]. The
trigeminal nerves are comprised of: (a) the ophthalmic nerve, (b) the maxillary nerve,
and (c) the mandibular nerve. Between these three branches, only the ophthalmic and
maxillary nerve supply the nerves throughout the nasal passage via the nasal,
nasopalatine, and ethmoidal branch [210]. These branches in the respiratory
epithelium, enter the brain from two different sites: the cribriform, and the lacerated
foramen. By this means, this pathway ends in two entry sites in both the rostral and
the caudal brain regions. In brief, when a pharmacological agent is intranasally
administered, the agent could move along the olfactory and trigeminal pathways,
projecting towards the more rostral and more caudal, regions respectively. Finally, like
in the olfactory region, transport to the brain through the nerves in respiratory region

is perineuronal and intraneuronal.
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3.1.1.3. Other pathways

It is very probable that perineuronal and intraneuronal transport through trigeminal and
olfactory nerves plays a major role in the nose-to-brain pathway. Meanwhile, there are
some other pathways that might be involved in connecting the nasal cavity to the CNS.
The Gruenberg ganglion or the facial nerve are also entrances toward the CNS and
might be considered as nose-to-brain pathways [211]. In addition to neural pathways,
other routes such as vasculature pathways are also emerging. The vascularization in
olfactory region originates from limited branches of the maxillary artery [212]. Drugs
which are administered through the intranasal route can reach the systemic circulation
through these vessels and cross the BBB for entering the brain site, particularly when
the administered drugs are hydrophobic. It is more probable that the molecules are
transferred through perivascular regions situated between the adjacent cells from
surrounding tissue and the outmost cellular layer of the blood vessels[213]. The
mentioned transport pathway originates from diffusion, arterial pulsation and bulk flow.
This might account for the quick distribution in the CNS after intranasal administration
of the drugs [214]. Involvement of the cerebrospinal fluid in the transport of drug from
the nasal cavity to the brain has also been reported, although it is still not well-
investigated [215,216]. Transport of intranasally administered substances through

lymphatic vessels has also been reported [217].
3.1.2. In-depth overview of transport across epithelial cells in nasal cavity

In this section, the intranasal barriers that need to be surmounted for the applied
substances to travel to the brain site are discussed. Figure 14 schematically illustrates
the detailed microscopic view of the way nanoformulations can further improve the

nose-to-brain delivery of substances.
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Figure 14: Detailed microscopic view of nanoparticles transport across epithelium cells

3.1.2.1. Nasal Mucosa and Mucus

In general, the very first hurdle that a therapeutic agent will face upon intranasal
administration is the layer of mucus spread all over the respiratory and olfactory
mucosa. In human, mucus is a multicomponent blend which is secreted by the goblet
cells located in mucosa. This mixture is composed of 95% water, 2% mucin, 1%
albumin, 1% salt, lactoferrin, lipids, immunoglobulins and lysozyme [218]. The pH of
this mixture in the nasal cavity is reported to be neutral or marginally acidic (pH: 5.5 to
6.5) [219]. The cilia propel the mucus cover toward the pharynx. Only the cilia situated
on the respiratory mucosa have the potential to relocate the mucus, due to the fact
that the cilia on the olfactory mucosa do not have the dynein arms which are essential
for movement [220]. The cilia beat rate (1000 beat/min) results in the propulsion of the
mucus at 5 mm per min [221]. If a therapeutic agent successfully enters the nasal
cavity, mucus is supposedly the initial barrier to traverse before reaching the brain site.

Thereafter, the agent could cross the cell transcellularly or paracellularly.
3.1.2.2. Paracellular transport between epithelial cells

When substances are administered intranasally, multiple barriers are faced during
penetration and crossing the epithelial cells. Junctions are structures that makes the
epithelial cells to be in proximity of each other. These structure are tight junctions,
adhering junctions, gap-junctions, and desmosomes [222]. These junctions play a
pivotal role in paracellular transport of substances across epithelia since their size is
limited. The size of the hydrophilic channel among the epithelial cells is approximately

8 A [222]. One of the obstacles in paracellular transport across these cells is the
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integrity of junctions which normally are not loosened, due to the fact that the olfactory
receptor cells are constantly being regenerated and replaced, which renews the entire
mucosa [223]. There are some formulations that can momentarily unfasten these
junctions and consequently enhance substance permeation [224], which leads to

enhance nose-to-brain transport.
3.1.2.3. Transcellular Transport across epithelial cells

It is believed that entities smaller than 20 nm are more probably subjected to
paracellular transport across epithelial cells [225]. Thereby, the larger nanomaterials
are more likely to be transported transcellularly. Diverse mechanisms, i.e. caveolae-
dependent or independent, clathrin-dependent or independent, phagocytosis and
micropinocytosis, are suggested in the literature for this type of transport and they are
highly dependent on the nature of the applied substance [226]. Materials larger than
200 nm and up to 1000 nm would be internalized through clathrin-mediated
endocytosis, while nanosystems with a size of 20-200 nm have a tendency toward
caveolae-mediated endocytosis [227]. As it is expected, transcellular transport is
slower than paracellular in general, ranging from hours to a couple of days. When
materials are introduced to olfactory receptor neurons, consequently they undergo
intraneuronal transport following the anterograde direction toward the olfactory bulb
[228,229].

3.1.2.4. Axons in olfactory region

The lamina propria is a thin layer of loose areolar connective tissue, just beneath the
olfactory mucosal layer. In this region, the various axons of olfactory receptor neurons
meet each other and are enveloped by Schwann cells [230]. Naturally, 20 axons are
packed in this bundle. One Schwann cell can normally contain 5 to 10 of these
bundles, which cumulatively incorporates more than 100 axons. Perineuronal
channels with a size of 10 to 15 nm are spotted next to each axons which act as ionic
reservoirs. Mesaxons, defined as pores that permit the transport of extracellular fluids,
are also found inside this nerve organization. It is reported that transneuronal transport
through these axons is very dependent on their size, which in human varies from 100
up to 700 nm [231].
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3.2. In vitro models for nasal permeability studies

To study the absorption/permeation of the therapeutic agent though the nasal mucosa,
multiple in vitro models have been developed for preclinical screening goals. The
advantage of this type of models is mainly the ability to control variables. In addition,
it is possible to separate the absorption process from the ulterior distribution and
elimination process in vivo. For investigation on therapeutic agent
absorption/permeation, artificial membranes, primary cell culture, cell lines and nasal

tissue are generally utilized. In this section, these methods are briefly covered.
3.2.1. Artificial membranes

Artificial membrane models have been employed to imitate and predict drug
permeation through various biological barriers, such as the BBB, skin, and intestinal
mucosa [232-236]. Such models are normally based on a filter-supported lipid
membrane system, although different materials have been used as the lipid membrane
or the supporting filter. The noticeable limitation of these models is that it is only
possible to predict the permeation of therapeutic agents that are majorly transported
via transcellular passive diffusion. Therefore, it lacks the possibility to study the
paracellular or active transport of the therapeutic agent [237,238]. Thus, the

permeation of small hydrophilic substances could be underestimated.
3.2.2. Nasal tissue

Excised nasal tissue

This method is based on excised nasal mucosae obtained from animals, such as
cattle, sheep, rabbits and pigs [239-242]. It is reported that the bovine nasal mucosa
is similar to the typical respiratory epithelium. However, extracting and preparing
excised nasal tissues is very challenging, particularly when wider pieces of fresh
tissues are needed. Moreover, stripping the integral tissue from the wall of the nasal
cavity is another difficulty which is integral to this method [243].

As it is been reported, there are differences between different animal nasal mucosae,
and also between animal and human nasal mucosae [243-245]. To the fact that the
junctions shaped between goblet cells or between columnar cells and goblet cells are
looser in comparison to the junctions between columnar cells themselves, the

proportion of columnar cells and goblet cells , which differs from one type of animal to
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the other one, could affect the permeability in the nasal mucosae [243]. Such
differences are also evident in the activities of different enzymes. Zhou et al [244],
investigated nasal enzyme activities in dogs, rabbits, rats and guinea pigs utilizing
nasal tissue homogenates and showed the species variations in the activity of
esterases and aminopeptidases. In fact, such species variations exist in all of the

excised tissue models from animals.

EpiAirway™

There is another tissue model that can be employed for therapeutic agent permeability
studies which is commercially available under the name of EpiAirway ™ from MatTek
Corporation. This tissue is composed of normal human bronchial/tracheal epithelial
cells and it forms a pseudo-stratified, highly differentiated tissue that greatly mimics
the epithelial tissue of the respiratory region. There are many studies which have done
on nasal drug delivery using EpiAirway™, and it was reported that this tissue is
suitable enough for such studies [246—-248]. In a comparison with other in vitro models,
the benefits of EpiAirway™ are that (a) they can be utilized without any preparation
after arrival and (b) they are manufactured out of normal human respiratory epithelial
cells and therefore possess a more appropriate differentiation than cancer cell lines.
However, to maintain the viability of the manufactured tissue, the total delivery time of
EpiAirway™ from the United States of America, where these tissues are prepared, to
the receiver should be less than 48 hours. Hence, it might not be practically feasible
for many researchers to pre-plan the studies using this kind of tissue. In addition, this

model is far more expensive in comparison to other in vitro models.
3.2.3. Primary cell cultures

In general, human primary nasal epithelial cells are acquired from patients during
nasal surgery [249,250]. In some cases, the cells are obtained through nasal scraping
of healthy candidates [251]. Considering the fact that the nasal cavity is comprised of
different divisions and each of these divisions possesses dissimilar constitution and
function, the source of the sample can highly influence the features of the primary cell
culture model [243]. The respiratory region is considered to be the optimal region for
nasal drug absorption. Hence, the samples for extracting primary cell culture are

normally collected from this region [245,252].
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Several studies have reported that human primary epithelial cells are capable of being
cultured into differentiated epithelial cell monolayers which have ciliated nasal cells
and mucus secreting goblet cells with tight junctions [249-251,253,254]. Although, the
main problem with this model is its restricted access and short-term lifespan. These
cells can be subcultured for only 3 or 4 passages without any morphological change
in the best case scenario. This behavior in nasal primary cells makes the long-term
reproducibility challenging [250,254]. In addition, providing the necessary condition for
culturing human primary nasal epithelial cells is quite complicated and expensive ,
since different proteins such as epidermal growth factor, insulin, transferrin and

triiodothyronine should be added in the culture medium[243,250].
3.2.4. Cell lines

In order to cope with some of the limitations of the above mentioned in vitro models,
like reproducibility and availability, cultured models founded on cancer cell lines, with
prolonged lifespan or maybe immortality, have been of interest. At the moment, RPMI
2650 and Calu-3 cells are the commercially available cell lines that have been

employed for human nasal drug delivery researches [255].

RPMI 2650 cell line

The RPMI 2650 cell line was obtained from a human nasal septum squamous cell
carcinoma. However, there is no consensus on the permeability and morphology of
these cells. The differentiation of these cells has been reported to be low and the cells
cannot form a confluent and homogeneous monolayer [243,253,256]. Therefore, this
type of cell might not be appropriate as a model for permeation studies. Nevertheless,
there is one study that employed the cell line to investigate the permeation of drug-
loaded microspheres [257]. The RPMI 2650 cell culture model is however applicable

for nasal metabolism researches [255].

Calu-3 cell line

In a comparison to RPMI 2650, the Calu-3 cell line has been well studied. Briefly, these
cells are derived from a human bronchial adenocarcinoma. They can form a tight and
polarized mucus secreting cell monolayer with apical microvilli [258—261]. Moreover,
it has been reported that the monolayer also exhibit cilia at their surface [262,263]. Up

to now, these cells have been extensively assessed and employed for pulmonary drug
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delivery or transport studies. Although these cells are derived from human bronchia,
there is a plethora of studies taking advantage of the features of the Calu-3 cell line to
mimic the mucus secreting nasal epithelia in vitro [261,264—273]. For instance, Seki
et al. [274], investigated the improving effect of an aminated gelatin (forming a cation
by reacting gelatin with ethylenediamine) for the nasal transport of insulin in the Calu-
3 cell line model. In another study, Witschi and co-workers employed the Calu-3 cell
line to investigate the influence of bioadhesive polymers on the transport of proteins
[275]. Similarly, Li et al. [261], utilized this cell line model to evaluate carbopol

mediated transport improvement of desmopressin through nasal permeation.
3.3. Lipid-based nanoformulations for nose-to-brain drug delivery

Nanoparticles could enhance nose-to-brain drug delivery, due to the fact that they are
capable of protecting the encapsulated drug from chemical and/or biological
degradation, and from P-glycoprotein (P-gp) which pumps the drugs (in high doses)
out of the cells and thus reducing their cytotoxicity [276]. In addition, retention of
bioadhesive nanoparticles on the mucosal regions of the nasal cavity, along with their
capability of momentarily opening the tight junctions of the mucosal epithelium (thanks
to surfactants utilized in the formulation) participate in the enhancement of nasal drug
delivery to the brain [277].

One of the important aspects of nasal nanoformulations is the toxicological and safety
profile of the nanoparticles. The prolonged exposure of nanoformulation with the nasal
mucosa might result in irritation, damage, ciliotoxicity, epithelial or sub-epithelial
toxicity. Such problems could prepare a suitable environment for the growth of
bacteria. Furthermore, the nanoformulations for intranasal drug delivery should not
cause any damage in the sense of smell and the primary olfactory nerves [278]. This
issue is crucial when it comes to intranasal delivery of cytotoxic drugs for the purpose
of malignant brain tumor treatment. Up to now, different experimental approaches
have been practiced for nose-to-brain delivery of cytotoxic drugs, although these drugs
can bring local damages after nasal administration [279]. It suggests that nose-to-brain
delivery of drugs for brain tumors treatment necessitates a proper drug carrier that can

safeguard the drugs from premature release during the delivery process.
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Many colloidal nanocarriers, such as nanoemulsions, vesicular systems, lipid and
polymer nanoparticles, have been used for the purpose of nose-to-brain drug delivery
[280], although among these nanocarriers, lipid-based nanoparticles are the most
promising ones for this goal [281]. Because of their biocompatibility, ease of surface
functionalization, stability and cost-effective scale-up, lipid-based nanoparticles have
been frequently utilized as nose-to-brain drug delivery system. Up to now, there are
multiple accounts on successful intranasal delivery of therapeutic agents for the
treatment of various neurodegenerative disorders such as Amyotrophic Lateral
Sclerosis, Parkinson’s, Alzheimer’s and Huntington’s diseases, through employment
of liposomes [269,282-287] and SLNs [288-294]. Interestingly, the lipid-based
nanoparticles also have been utilized for GB treatment via the nasal administration
route. For example, Zhuang et al. [295], used folic acid-decorated SLNs for nose-to-
brain delivery of miR17. The results showed a rapid delivery of miR17 to the brain of
the GB tumor-bearing mice and the nanoparticles were selectively taken up by GL-26
tumor cells. In addition, the authors observed that the mice treated intranasally had
delayed brain tumor growth more than the ones in control group. In another study,
Khan et al [296], demonstrated that TMZ-encapsulated lipid-based nanoparticles
could be delivered intranasally to the brain of Wistar rats, with TMZ penetration in the
brain more than two times higher than with the same formulation administered
intravenously. Through an ex vivo experiment on porcine nasal mucosa, the
permeability coefficient and flux for TMZ-encapsulated lipid-based nanoparticles were
almost double than those obtained for a TMZ solution. Lipid-based nanoparticles were
also used for intranasal delivery of curcumin for GB treatment [297]. It is reported that
the lipid-based nanoparticles had an extremely low level of toxicity on astrocytoma-
GB cells. In the same study, it is also mentioned that intranasal administration of
curcumin loaded lipid-based nanoparticles in rats noticeably increased the presence

of curcumin in the CNS, in comparison to a curcumin solution.

One of the important issues in nose-to-brain drug delivery is the fate of the nanocarrier
itself. Since the drugs used for GB treatment are cytotoxic, an appropriate nanocarrier
for these toxic drugs could be the one that increases the permeability across epithelial
barriers while maintaining its nanostructure before reaching the tumor site. Hence, it

is of high importance to address this issue in preclinical studies.
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The treatment of GB remains difficult so that no contemporary treatments are
efficiently curative. While overall mortality rates remain high, recent efforts on
understanding of the molecular mechanisms and gene mutations combined with
clinical trials are leading to more promising and tailored therapeutic approaches. New
studies have thus revealed the path to a new type of therapeutic approach — target
therapy — based on the selected targeting of neoplastic cells by means of agents
directed against molecular components, whose inhibition is detrimental for tumor
development but not for normal tissues. At present, the current idea is that inhibiting
both tumor cells and angiogenesis, supporting the oxygen and nutrition delivery to the
tumor, would gain better results in GB treatment. Therefore, the single-target therapy
is fading in favor of a multitarget approach. The new generation of TKils, such as SFN,
responds to this multitarget approach and represents a potential interest for GB

therapy.

In clinical studies in patients with progressive or recurrent GB, SFN treatment has
been shown to be of very limited efficacy as a monotherapy or in combination with
other chemotherapeutics. This may be due, in part, to the route of administration of
the SFN. The poor solubility of SFN strongly limits its application for local treatment
and this drug is orally administered in the form of SFN tosylate tablets. Such systemic
administration may be efficacious for peripheral tumors but efficacy may be limited for
brain tumors, for which SFN does not penetrate into the brain in sufficient amounts
due to the presence of the BBB. Increasing the dosage is required to obtain effective
brain tumor concentrations but the potentially adverse events associated with the
systemic distribution of SFN do not allow it. Therefore, delivery systems for this drug
need to be optimized to increase brain-tumor delivery and limit side effects. In this
regard, the first objective of the current thesis was to reformulate SFN in order to
enhance its efficacy. Knowing that LNCs have shown promising results in drug delivery
for GB and also the capability of these nanocapsules for encapsulating high doses of
hydrophilic drugs, SFN-loaded LNCs were prepared and characterized. Moreover,
further studies were conducted to evaluate the efficacy of the prepared formulation on

GB and endothelial cells in vitro, and after intracranial injection in in vivo GB model.

Although intracranial administration of the prepared formulation could help bypassing
the BBB, such approach necessitates surgery, thereby it lacks repeatability. An
alternative administration route which facilitates both avoiding the BBB and repeatable
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administration, is intranasal route. In comparison to intravenous injections, many
studies have reported higher brain concentrations from formulations administered
intranasally. In this regard, the second objective of the current thesis is to find out
whether LNCs have the potential to be employed as a suitable nanocarrier for nose-
to-brain drug delivery. In this regard, the fate of LNCs with different sizes and matrix
components after transport across a model of nasal epithelial barrier was particularly
studied.
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Scientific context

Even though chemotherapy is an imperative auxiliary treatment for GB, the clinical
outcome is commonly restricted because of the specific features of GB, such as the
highly abnormal and dysfunctional vasculature. Therefore, drugs with multiple targets
could provide a feasible option for the treatment of GB. Among these, SFN is a TKI
that could target both GB cells and angiogenesis. Presently, this drug is administered
orally using SFN tosylate tablets and the results obtained from clinical trials in patients
with GB show that such systemic administration had very limited efficacy. The
systemic distribution of SFN is associated with potentially adverse events preventing
to increase the dose of this drug. In order to solve this problem, local administration of
this drug might result in better outcomes, but SFN is poorly soluble in aqueous medium
limiting such administration. In order to overcome this obstacle, SFN was
encapsulated in LNCs (SFN-LNCs) which are prepared from regulatory-approved
components and through a solvent-free process. Characterization of SFN-LNCs
revealed that they had a diameter of 54 + 1 nm, high encapsulation efficiency (> 90%),
and a drug payload of 2.11 + 0.03 mg/g of LNC dispersion. The in vitro release study
showed that there is a slow and sustained SFN release up to 20% after 5 days. We
observed that the prepared formulation inhibited in vitro angiogenesis and the viability
of the human U87MG GB cell line similarly to free SFN. Further investigation on the
U87MG human GB orthotopic xenograft model revealed that intratumoral
administration of SFN-LNCs or free SFN decreased the proportion of proliferating cells
in the tumor relative to control groups. For interest, SFN-LNCs were more effective
than free SFN in inducing early tumor vascular normalization, characterized by
increased tumor blood flow and reduced tumor vessel area. The vascular
normalization induced by SFN-LNCs could be used to improve the efficacy of

chemotherapy and radiotherapy in the treatment of GB.
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Abstract

Anticancer agents that target both tumor cells and angiogenesis are of potential
interest for glioblastoma (GB) therapy. One such agent is sorafenib (SFN), a tyrosine
kinase inhibitor. However, poor aqueous solubility and undesirable side effects limit its
clinical application, including local treatment. We encapsulated SFN in lipid
nanocapsules (LNCs) to overcome these drawbacks. LNCs are nanocarriers
formulated according to a solvent-free process, using only components that have
received regulatory approval. SFN-LNCs had a diameter of 54 + 1 nm, high
encapsulation efficiency (> 90%), and a drug payload of 2.11 + 0.03 mg/g of LNC
dispersion. They inhibited in vitro angiogenesis and the viability of the human U87MG
GB cell line similarly to free SFN. In vivo studies showed that intratumoral
administration of SFN-LNCs or free SFN in nude mice bearing an orthotopic U87MG
human GB xenograft decreased the proportion of proliferating cells in the tumor
relative to control groups. SFN-LNCs were more effective than free SFN in inducing
early tumor vascular normalization, characterized by increased tumor blood flow and
reduced tumor vessel area. These results highlight the potential of LNCs as delivery
systems for SFN. The vascular normalization induced by SFN-LNCs could be used to

improve the efficacy of chemotherapy and radiotherapy in the treatment of GB.

Keywords: drug delivery; glioblastoma; lipid nanocapsules; sorafenib
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Introduction

Glioblastomas (GBs) are the most frequent, aggressive, and fatal type of brain tumor,
with a mean five-year survival rate of less than 5% [16,31]. Despite considerable

scientific and technological progress, the treatment of GB is still a major challenge.

Signaling pathways initiated by activated receptor tyrosine kinases (RTKSs), including
those for epidermal growth factor (EGFR), platelet derived growth factor (PDGFR), or
vascular-endothelial growth factor (VEGFR), play a key role in the growth,
invasiveness, and angiogenesis of this tumor and are attractive therapeutic targets
[298-300]. Several drugs directed against RTK signaling pathways have been
developed. Sorafenib (Nexavar™, SFN), approved for the treatment of advanced
hepatocellular carcinoma, renal cell carcinoma, and thyroid cancer, is one such drug
[301]. SFN is a multikinase inhibitor that acts on cell surface RTKs (e.g., VEGFR-2
and VEGRF-3, PDGFR-B, c-kit, and FIt-3) and down-stream intracellular
serine/threonine kinases (e.g., Raf-1, wild-type B-Raf, and mutant B-Raf). SFN has
demonstrated anti-GB activity in both in vitro and in vivo models, inhibiting cell
proliferation and angiogenesis [123—125]. However, SFN treatment has been shown
to have very limited efficacy in patients with progressive or recurrent GB, either as
monotherapy or in combination with temozolomide or other targeted drugs, such as
erlotinib [126,129,131,302-305]. This may be due, in part, to the route of
administration of the SFN. The poor solubility of SFN strongly limits its application for
local treatment and this drug is orally administered in the form of SFN tosylate tablets.
Such systemic administration may be efficient for peripheral tumors, such as
hepatocellular carcinoma, renal cell carcinoma, and thyroid cancer, but efficacy may
be limited for brain tumors, for which SFN does not penetrate into the brain in sufficient
amounts [306]. High systemic doses of this drug are required to obtain effective brain-
tumor concentrations. The systemic distribution of SFN is associated with potentially
adverse events, such as hand-foot skin reactions, rash, upper and lower gastro-
intestinal distress, fatigue, and hypertension [307]. Patient tolerance can be severely
limited, which in turn limits the dose and associated patient response. Therefore,
delivery systems for this drug need to be optimized to increase brain-tumor delivery
and limit side effects. Recently, we used mesenchymal stromal cells (MSCs) to

transport SFN to brain tumors [308]. However, despite the potential of MSCs to carry
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SFN to brain tumors following intranasal administration, the therapeutic effect was
modest, probably due to the pro-tumorigenic properties of the MSCs themselves,
which may counteract the action of the released SFN. The use of nanocarriers for
tumor delivery and controlled release of SFN could be another alternative. Here, we
chose lipid nanocapsules (LNCs) for SFN encapsulation and selective delivery
because of the advantages they offer with respect to other types of nanocarriers.
These include their production by a phase-inversion process using generally
recognized as safe (GRAS) excipients, without the use of organic solvents, their high
stability and drug loading capacity (in comparison to liposomes), and the possibility of
easy scale-up for their production [134,153]. Modification of the LNC surface, through
the grafting of ligands that recognize specific cancer cell receptors, is an additional
strategy that could improve the specificity of these nanovectors toward their desired
target [188,309,310]. Furthermore, several studies have demonstrated the interest of

using LNCs to deliver drugs to glioma tumors [134,174,311,312].

Here, we describe the preparation of SFN-loaded LNCs (SFN-LNCs), which were
characterized for size, polydispersity index (PDI), surface charge, drug payload, in
vitro drug release, and storage stability. Their toxicity toward the U87MG GB cell line

and effect on angiogenesis was evaluated in vitro and in vivo.

Materials and methods
Chemicals

SFN powder was purchased from LC Laboratories (Wobern, USA). Oil solubilizers and
excipients were provided by Gattefosse S.A (Saint-Priest, France). Lipoid® S75-3
(soybean lecithin at 70% phosphatidylcholine and 10% phosphatidylethanolamine)
and Kolliphor® HS15 (mixture of free polyethylene glycol 660 and polyethylene glycol
660 hydroxystearate) were a gift from Lipoid Gmbh (Ludwigshafen, Germany) and
BASF (Ludwigshafen, Germany), respectively. NaCl was purchased from Prolabo
VWR International (Fontenay-sous-Bois, France). Purified water was obtained from a
MilliQ185 System (Millipore, Paris, France). Formic acid, acetic acid, acetonitrile,
dimethylsulfoxide (DMSO), methanol, and HPLC-grade tetrahydrofurane (THF) were
purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France) and Carlo Erba

reagents (Val-de-Reuil, France).
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Analytical methods
Analysis of SFN by high-performance liquid chromatography (HPLC-UV)

An HPLC-UV method was used to quantify SFN as previously described [308]. Briefly,
HPLC was performed on a Waters modular system (600/717/996/2414) (Waters,
Saint-Quentin-en-Yvelynes, France) with a SunFire® C18 column (150 x 4.6 mm; 5
pm) at 37°C. SFN was eluted with an isocratic mobile phase (acetonitrile/methanol/1%
acetic acid, at a ratio of 35:38:27) at a flow rate of 1 mL/min, with monitoring at 266
nm. The chromatograms were recorded and integrated with Empower 3 software

(Waters). The range of linear response was 0.5-32 ug/mL.
Analysis of SFN by liquid chromatography tandem-mass spectrometry (LC-MS/MS)

A specific LC-MS/MS method was previously developed [308]. Briefly,
chromatography was performed on a Waters Alliance® 2695 system with an
Uptisphere® 5 0DB (150 x 2.0 mm) column, at 25°C, using an isocratic mixture of
0.1% formic acid in water/0.1% formic acid in acetonitrile: 20/80 (v/v) at a flow rate of
0.3 mL/min. Detection was performed using electrospray ionization in positive ion
multiple reaction monitoring (MRM) mode with the mass transition, m/z 465 — 270.
Quantification was achieved using QuantLynx® (Waters), by comparing the observed
peak area ratios of SFN samples with a calibration curve obtained under the same
experimental conditions. The calibration curve was linear in the concentration range
of 50-1000 ng/mL.

Solubility studies

A screening study was performed to determine the excipients which could solubilize
SFN. Ten mg SFN was added to 1 g of excipients. Preparations were vortexed for 5
min, sonicated for 45 min, and centrifuged. Supernatants were extracted and analyzed
by HPLC-UV.

LNC formulation

SFN-LNCs were prepared according to the phase-inversion temperature method
[313]. SFN was first solubilized in Transcutol® HP (0.7 g) by vortexing for 5 min. Then,
Labrafac® WL1349 (0.4 g), Labrafil® M1944CS (1 g) and Lipoid® S75-3 (150 mg)
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were added. The compounds were heated on a hot plate at 80°C, with agitation at
1200 rpm, until the complete solubilization of Lipoid® S75-3. Once the mixture
returned to ambient temperature, the other compounds of the formulation i.e., water,
NaCl, and Kolliphor® HS15 (1.8 g, 0.1 g, and 1 g, respectively) were introduced. Three
cycles of progressive heating and cooling between 60 and 90°C were then carried out,
and at 75°C during the last cycle, an irreversible shock was induced by adding 5 mL
0°C water. Slow magnetic stirring was then applied to the LNC suspension for 5 min
at room temperature. The formulation was filtered through a Minisart® 0.2 um filter
(Sartorius, Goettingen, Germany) and stored at 4°C for further characterization. The
same procedure was applied to formulate blank LNCs (B-LNCs), from which SFN was

omitted.
LNC characterization
Patrticle size and zeta potential measurements

The size, PDI, and charge distribution of LNCs were measured by dynamic light
scattering (DLS) on a Zetasizer® Nano series DTS 1060 (Malvern Instruments S.A.,
Worcestershire, UK). The PDI was used as a measurement of the size distribution. A
PDI value < 0.2 indicates a unimodal size distribution. LNCs were diluted 1:60 (v/v) in

deionized water and three consecutive measurements performed.
Encapsulation efficiency and drug loading

Determination of drug loading was carried out by measuring the amount of the
remaining SFN in the sample after filtration by Minisart® 0.2 um filter (Sartorius) using
HPLC-UV as described above (filtration of SFN-LNCs results in elimination of the
amount of SFN which is free in the solution and not encapsulated inside LNCs).
Therefore, three samples were prepared by dissolution of 10 L filtrated SFN-LNCs in
990 uL 79/20 (v/v) methanol/THF and then filtered through a Millex-LG filter unit (0.2
pum) for HPLC-UV analysis. Experimental SFN loading was determined by calculating
the area under the peak at 266 nm as mentioned earlier and expressed in mg of SFN/g
of LNC dispersion. Theoretical SFN loading was determined by dividing the quantity
of SFN used in preparation of formulation to the final quantity of the prepared
formulation. The encapsulation efficiency (%) was determined by dividing the

experimental by theoretical drug loading.
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Storage stability studies

The stability of SFN-LNC formulations (n = 4) was evaluated after storage at 4°C for
four months. Particle size, PDI, zeta potential, and drug payload of the samples were
determined after filtration through a Minisart® 0.2 um filter (Sartorius) as described

above.
Evaluation of drug-release profile

We determined the SFN release from nanocpasules by an indirect method. In this
regard, the reduction in drug payload was considered as drug release. For this
purpose, 1 mL of SFN-LNCs (n = 4) were diluted directly in 170 mL of DPBS (Ozyme,
St Quentin-en-Yvelines, France) and incubated at 37°C with shaking. A 1 mL sample
was withdrawn from top of the dilution in the container at intervals of 0.5, 1, 2, 3, 8, 24,
48, and 120 h and replaced by 1 mL DPBS. Samples were filtered through a Minisart®
filter with 0.2 mm pores (Sartorius), to remove precipitated SFN. Samples were diluted
10 times by 80/20 (v/v) methanol/THF and then filtered through a Millex-LG filter unit
(0.2 ym) for LC-MS/MS analysis. The release of SFN from LNCs was determined
indirectly, by evaluating SFN loading by the LC-MS/MS method and calculating the
reduction in drug loading based on the SFN loading at the start of the experiment.

Finally, the cumulative release was calculated by:

Cumulative percentage release (%) = Volume of sample withdrawn (mL)/bath volume
(V) x P ¢-1) + Pt

Where Pt is percentage release at time t and P (t- 1) is percentage release previous to
t.

In vitro studies
Cell culture

The human GB cell line U87MG was obtained from the ATCC (LGC Promochem,
Molsheim, France) and expanded in DMEM-high glucose medium (DMEM-HG,
Ozyme) containing 10% FBS (Fisher Scientific, lllkirch, France) and 1% antibiotics
(Sigma-Aldrich). Human umbilical vein endothelial cells (HUVECs) were purchased

from Lonza (Verviers, Belgium). Cells were cultured, according to the supplier's
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instructions, in endothelial cell growth medium-2 (EGM-2), corresponding to
endothelial basal medium-2 (EBM-2), containing the supplements and growth factors
of the EGM-2 SingleQuot™ kit (Lonza). U87MG cells and HUVECs were maintained
under an atmosphere containing 5% CO2 (37°C), in a humidified incubator, until

reaching 80% confluence.
U87MG viability assay

UB7MG (5x102 cells/cm?) were plated in 96-well plates. After 48 h, the culture medium
was removed, and cells were treated with SFN and SFN-LNCs at concentrations of
0.001 to 100 uM. B-LNCs were also tested with the same excipient concentration as
the others. After 96 h, the medium was removed and the plates were stored at -80°C
until the assays were carried out. Cell survival was estimated with the CyYQUANT® cell

proliferation assay kit, according to the manufacturer’s instructions (Fisher Scientific).
Endothelial cell tube-formation assay

HUVECs (5x10* cells/cm?) were incubated in Corning® Matrigel® basement
membrane matrix-coated 96-well plates (VWR International, Fontenay-sous-Bois,
France) for 16 h in EGM-2, with or without SFN, B-LNCs, or SFN-LNCs. The formed
endothelial tubes were photographed and quantified. The degree of tube formation
was assessed by manual counting of the number of tube-like structures in four wells

from each condition.
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In vivo studies

A scheme for the protocol used in this study is described in Figure S1.

D0 — | US7MG cell
injection

|CED intratumoral administration:

-HBSS
ﬂ D9 _|-B-LNCs

- SFN-LNCs
- SFN

- Tumor volume
- Tumor blood flow

D13 —

Histology and IF

D16  _Kie7* cell number
-CD31* vessel area

area 1 area 2 area 3

WINNOIIIEY

Figure S1: Schematic protocol of the in vivo study. U87MG-bearing mice received HBSS, B-LNCs,
SFN-LNCs, or SFN by CED on day 9. Four days later (D13), MRI analyses were performed to follow
tumor volume and perfusion. Blood flow was measured in the tumor core (ROI1), the surrounding tissue
(ROI2), and in the contralateral striatum (ROI3). On day 16, mice were killed for histological and
immunofluorescence analyses. Ki67* cell number and CD31* vessel area were analyzed in three areas
of the tumor approximately 400 um apart to be representative of the entire tumor.

Intratumoral administration of SFN-LNCs in the U87MG GB model
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Female Swiss nude mice (8-10 weeks old) were obtained from Charles River
Laboratories (L’Arbresle, France). The protocol was approved by the Committee for
the Ethics of Animal Experiments of the “Pays de la Loire” (Permit no. 01785.01).
Animals were anesthetized by an intraperitoneal injection of xylazine (13 mg/kg body
weight) and ketamine (100 mg/kg body weight) and positioned in a Kopf stereotaxic
instrument. On day 0, U87MG cells (5x10%) in 5 yL HBSS, with Ca?* and Mg?*, were
injected into the right striatum of the mice [coordinates: 2.1 mm lateral to the bregma
and 0.5 mm anterior and 3 mm interior to the outer border of the cranium]. On day 9,
the mice were assigned to four groups and received an injection by convection-
enhanced delivery (CED) (5 pL; 0.5 yL/min) at the same coordinates of (a) HBSS with
Ca?* and Mg?* (n = 5); (b) B-LNCs (n = 5); (c) SFN-LNCs (n = 7, 3.5 ug); or (d) SFN
(n =5, 3.5 pug). Tumor volume and perfusion were measured on day 13. Mice were
killed on day 16 for the analysis of the number of proliferating Ki67* cells or the area
of CD31* vessels in the U87MG tumor. Brains were snap-frozen in liquid nitrogen-
cooled isopentane and stored at -80°C. Coronal sections of the brain were cut at 10
pMm intervals and collected on silane-treated slides. For histological analysis, ethanol
(95%)/acetic acid (5%)-fixed brain sections were stained with Mayer's hematoxylin

solution and permanently mounted.
In vivo measurement of brain tumor volume and perfusion

MRI was performed using a 7T scanner (Biospec 70/20 Avance lll, Bruker,
Wissembourg, France), equipped with a BGA12S gradient system (675mT/m), under
isoflurane anesthesia (1.5-0.5%, O2: 0.5 L/min). The body temperature was
maintained at 36.5-37.5°C with a feedback-regulated heating pad during the entire
imaging protocol. Tumor volume was assessed over time using a 1H cryoprobe and
rapid acquisition with a relaxation enhancement (RARE) sequence [TR = 3,200 ms;
effective echo time (TEeff) = 21.3 ms; acceleration factor = 4; FOV = 2 x 2 cm; matrix
256 x 256; 11 contiguous slices of 0.5 mm, Nex = 1]. Volumes were calculated from
manually drawn regions of interest (ROI). Tumor perfusion was assessed by
segmented fast imaging with a steady-state precession arterial spin labeling sequence
(FISP-ASL), as previously described [314]. Homogeneous radiofrequency excitation
was achieved using a proton volume resonator (diameter 87 mm, homogeneous

length 80 mm) and signal reception was performed with an actively decoupled phased-
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array surface coil (4 channels). Blood flow was measured from two T1 maps acquired
once with slice-selective inversion and once with global inversion [315]. A series of 40
gradient echoes were acquired after the inversion pulse to acquire T1 maps (flip angle
= 8°, echo time = 1.8 ms, field of view = 18 mm x 18 mm, matrix size = 128 x 128,
excitation hermite pulse duration = 800 ps, inversion hyperbolic secant pulse duration
=15 ms, imaging slice thickness = 1.5 mm, labeling slice thickness = 3.9 mm, with the
first echo started 20 ms after the inversion pulse and the duration between each
echoes lasting 60 ms). Thirty-two segments were used to fill k-space. A repetition
delay of 13 s was introduced after the acquisition of a set of gradient echoes to allow
for full relaxation between two inversion pulses. The total measurement time was
approximately 14 min. ROIs were manually outlined in the tumor core, the surrounding
tissue, and out to the contralateral side of the brain for comparison. Blood flow in these

ROls was calculated using ParaVision 5.1 software (Bruker).
Immunofluorescence

For CD31 and Ki67 expression analyses, brain cryosections were allowed to air dry,
rehydrated in DPBS, and fixed by incubation for 10 min in 4% PFA, pH 7.4, at 4°C.
Nonspecific binding was blocked by incubating the sections in 4% BSA and 10%
normal goat serum in DPBS. The sections were incubated overnight, at 4°C, with
isotype controls and primary antibodies against endothelial cells (mouse CD31, BD
Biosciences, Le Pont de Claix, France) and proliferative cells (Ki67, Agilent
Technologies, Les Ulis, France). The primary antibodies were detected with
biotinylated secondary antibodies and the signal was amplified with Alexa Fluor 488
streptavidin (Interchim, Montlugon, France). Nuclei were counterstained with DAPI
(Sigma-Aldrich). Cryosections of four mice from each group described above (a, b, c,
and d) were analyzed under an Axioscope® 2 fluorescence microscope. CD31* and
Ki67* cells were counted with the MetaView computerized image-analysis system in
six brain cryosections per mouse, corresponding to three areas of the tumor
approximately 400 ym apart (Figure S1). Five fields per cryosection, at x200

magnification, were randomly selected for each tumor.
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Statistics

Results are expressed as the means + SEM (standard error of the mean). The Mann—
Whitney U-test and the one-way ANOVA-test, followed by Dunnett's multiple
comparison post-test, were used for statistical analyses. Differences were considered

to be significant if the p-value was < 0.05.
Results

Production of SFN-LNCs

Solubility studies of SFN

The solubility of SFN in six different excipients (five oils and one co-surfactant) that
can be used to formulate LNCs was analyzed at 1% (w/w). SFN was only soluble in

Transcutol® HP with a maximum solubilization of 120 mg/g (Table 1).

Table 1: Solubility of SFN in various excipients at 1% (w/w) (S: Soluble, NS: not soluble)

Excipients Function Solubility
Transcutol® HP Co-surfactant S
Labrafil® M1944CS Qil NS
Peceol™ Qil NS
Labrafac® WL1349 Qil NS
Captex® 8000 Oil NS
Oleic acid 299% Qil NS

Formulation of SFN-LNCs

Based on the solubility of SFN in Transcutol® HP and the previous results of Roger et
al. (2011), a mixture of Labrafac® CC, Labrafil® M1944CS, and Lipoid® S75-3 was
used to formulate LNCs. B-LNCs had a mean diameter of 49 + 1 nm and a narrow size
distribution (PDI = 0.11) (Table 2).

We assessed the physicochemical characteristics of SFN-LNCs (filtration, peak
number, particle size, and PDI) as a function of the amount of SFN (15, 20, 30, 50 and
84 mgq) solubilized in Transcutol® HP (0.7 g). The formulations became increasingly
difficult to filter as the quantity of SFN increased and showed a greater and
heterogeneous size distribution (Table S1). We set the amount of SFN used in the
formulation to 20 mg based on these observations. The resulting SFN-LNCs had
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physicochemical properties similar to those of B-LNCs and a drug payload of 2.11
mg/g of LNC dispersion with an encapsulation efficiency > 90% (Table 2).

Table 2: Characterization of B-LNCs (n = 6) and SFN-LNCs (n = 17)

. Zeta Potential | Drug payload Encapsulation
Sample Size (nm) PDI (mV) (malg) Efficiency (%)
B-LNCs 49 +1 0.11 £ 0.01 -79+04 - -
SFN-LNCs 54 +1 0.15 + 0.01 -7.8+0.6 2.11+£0.03 105+ 1

In vitro release profile

We next assessed the percentage of SFN released from SFN-LNCs into DPBS buffer
over time (Figure 1). We observed a burst release of SFN within the first 8 h and the
dose reached ~11% of the total SFN. Subsequently, SFN was gradually and

sustainably released: ~20% of the initial dose within 120 h.
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Figure 1: SFN release profile from LNCs in DPBS (n = 4).
Storage stability

SFN-LNCs were physically stable at 2-8°C for at least four months (Table S2). We
observed no meaningful change in mean LNC size, pH, or zeta potential. In addition,

there was no variation in drug payload after four months.
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(size, polydispersity, zeta potential, and drug payload) (n = 4)

Time Size PDI Zeta potential Drug payload
(day) (nm) (mV) (mglg)
0 54 +2 0.14 £ 0.01 -74+0.6 2.09 £ 0.03
15 53+2 0.14 £ 0.01 -9.7+1.0 2.24 +0.04
30 54 +2 0.13 £ 0.01 -9.0+15 2.19 £ 0.01
60 55+ 6 0.13 £ 0.01 -9.6+0.6 2.24 +£0.02
120 51+2 0.13 £ 0.01 9.7+17 2.22 £ 0.06

In vitro and in vivo effects of SFN-LNCs

Effect of SFN-LNCs on U87MG tumor cells and endothelial tube formation

Neither free SFN nor SFN-LNCs altered the growth of U87MG cells at concentrations

below 5 yM (Figure 2a). Above 5 uM, U87MG cell survival decreased, corresponding
to an IC50 of 7.39 £ 016 uM for free SFN, 7.56 £ 0.07 uM for SFN-LNCs AND >20 uM
for B-LNCs. The viability of U87MG was unaltered by B-LNCs, except at the highest
concentration tested. We examined the antiangiogenic properties of SFN-LNCs using
a HUVEC tube-formation assay (Figure 2b, c). Treatment with B-LNCs did not affect
EGM-2-induced tube formation, whereas incubation with 5 or 10 uM of SFN-LNCs or
SFN markedly and dose-dependently abolished tube formation (Figure 2b, c).
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Figure 2: Effect of SFN-LNCs on U87MG tumor cell viability and the ability of HUVECs to form tube-
like structures. (a) U87MG cell viability following exposure to various concentrations of B-LNCs, SFN-
LNCs, or SFN (0.001-100 uM). Data are expressed as the means + SEM (n = 4). The results obtained
for U87MG cells grown in culture medium alone were considered to correspond to 100% survival (*P <
0.05 for B-LNCs, SFN-LNCs or SFN vs culture medium alone, Mann-Whitney U-test). (b) and (c)
Formation of tube-like structures by HUVEC following treatment with B-LNCs, SFN-LNCs, or SFN (5 or
10 uM). (b) Angiogenesis was quantified by manually counting the number of tube-like structures.
Results are presented as the means + SEM. The number of tube-like structures obtained in EGM-2
alone was considered to correspond to 100% (*P < 0.05 for SFN-LNCs or SFN vs EGM-2, Mann—
Whitney U-test). (c) Representative phase-contrast micrographs of HUVEC tube formation on Matrigel
16 h after treatment with 5 uM B-LNCs, SFN-LNCs, or SFN. The positive control corresponded to EGM-
2 medium alone (scale bar = 100 uym).
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Evaluation of the intratumoral administration of SFN-LNCs in the orthotopic US87MG
GB model

We assessed the effect of intratumoral CED infusion of SFN-LNCs on U87MG growth

and angiogenesis as described in Figure S1.

Tumor volume alterations. There was no significant difference in tumor volume
between control vehicle-treated groups (HBSS and B-LNCs) and SFN-LNC- or
SFN-treated groups four days after administration (HBSS mean = 7.2 + 0.6 mm3, B-
LNC mean = 9.1 + 0.9 mm3, SFN-LNC mean = 9.5+ 0.9 mm3, SFN mean=7.4 + 0.7
mm3, P > 0.05) (Figure 3a). The tumor volume was approximately 8 mm3. Control
vehicle-, SFN-LNC- and SFN-treated-tumors showed the same growth rate between

MRI (D13) and histological and immunofluorescence analyses (D16) (data not shown).

Tumor perfusion analyses. We determined tumor perfusion from ASL-MRI perfusion
maps to assess tumor microvasculature. For all animals, tumor blood flow (TBF) was
reduced with respect to blood flow in the surrounding tissue or contralateral brain
tissue (Figure 3b, c). There was a slight increase of blood flow in the tumor core of
mice treated with SFN-LNCs relative to that of control vehicle-treated mice and SFN-
treated mice (Figure 3b, ¢) (HBSS mean = 50 £ 3 mL/100 g/min, B-LNC mean = 51 %
2 mL/100 g/min, SFN-LNC mean = 62 + 4 mL/100 g/min, SFN mean =49 + 3 mL/100
g/min, P < 0.05: SFN-LNC vs HBSS).
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Figure 3: Effect of SFN-LNCs on tumor volume and perfusion in U87MG-bearing mice. (a) Tumor
volume distribution in each group, calculated from MRI images four days after treatment (D13). (b)
Perfusion MRI images of B-LNC- and SFN-LNC-treated U87MG glioma-bearing mice on day 13. T2-
weighted morphological images are shown in the top panels (i), and perfusion maps in the bottom
panels (ii). (c) Graph showing blood-flow values in the tumor core, the surrounding tissue, and the
contralateral striatum. Blood flow (mL/100 g/min) was measured using the ASL perfusion MRI method
(*P < 0.05 for SFN-LNCs vs HBSS, one-way ANOVA-test followed by Dunnett's multiple comparison
post-test).

Immunofluorescence analyses of proliferative intratumoral Ki67* cells and
CD31" vessels. SFN-LNC or SFN treatment decreased the number of intratumoral

Ki67* proliferative cells in U87MG-bearing mice relative to control vehicle-treated
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groups seven days after administration (Figure 4a, b) (HBSS mean = 671 £ 24 Ki67~*
cells/mm?, B-LNC mean =629 + 10 Ki67* cells/mm?, SFN-LNC mean = 537 + 22 Ki67*
cells/mm?, SFN mean = 556 + 11 Ki67* cells/mm?, P < 0.05: SFN-LNC or SFN vs
HBSS). SFN-LNC treatment reduced tumor vessel area relative to HBSS, B-LNC or
free SFN treatment (Figure 4a, c¢) (HBSS mean = 130 + 9 um?, B-LNC mean = 124 +
6 um?, SFN-LNC mean = 105 + 5 ym?, SFN mean = 128 + 6 um?, P < 0.05: SFN-LNC
vs HBSS). Control vehicle-, SFN-LNC- and SFN-treated animals had similar numbers
of tumor vessels (data not shown).
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Figure 4: Effect of SFN-LNCs on Ki67* cell number and CD31* vessel area. (a) Immunofluorescence
staining for Ki67 and CD31 in the tumor on day 16 in each group of animals (scale bar = 100 um). (b)
and (c) Quantitative results for Ki67 and CD31 immunofluorescence. Results are expressed as the
mean number of Ki67* cells per mm2 + SEM (b) or CD31* vessel area + SEM (c) (*P < 0.05 vs HBSS,
one-way ANOVA-test followed by Dunnett's multiple comparison post-test).

Discussion

SFN has been shown to be a potential targeted molecular therapeutic agent for various
solid tumors including GBs. It targets RTKs as well as the RAF/MEK/ERK pathway

and thus acts as a combined antiangiogenic and antitumorigenic drug. However, poor
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aqueous solubility and undesirable side effects limit the clinical application of SFN,
including local treatment. Strategies to overcome these drawbacks need to be
implemented. Among such strategies, nanoformulations of SFN might be of interest
by combining the intrinsic toxicity of the drug with the nanodelivery approach.
Numerous studies have assessed SFN encapsulated or entrapped in various
nanocarriers, including polymeric carriers [316—323], lipid-based carriers [320,324—
330] and polymer-lipid hybrid nanoparticles [331,332]. These nanocarriers showed
promise in liver and gastric cancer models. However, most of these formulations have
major drawbacks, such as the presence of organic solvents or toxic compounds,
preventing their clinical use. Here, we encapsulated SFN in solvent-free LNCs, which

were produced using only GMO-free and GRAS excipients [333-335].

We determined the solubility of SFN in various LNC constituents for their formulation.
Among them, only Transcutol® HP was able solubilize SFN. As this compound is a
co-surfactant, Labrafac® WL1349 and Labrafil® M1944CS were added to constitute
the oily phase of the formulation. SFN-LNCs have a PDI < 0.2, demonstrating the
mono-dispersity of the formulation, and the average size was 54 + 3 nm. The surface
charge of SFN-LNCs was negative, favoring the dispersion of LNCs instead of their
agglomeration. The encapsulation efficiency of SFN-LNCs was > 90%, indicating that
the SFN was highly entrapped within the LNCs. SFN-LNCs were stable for over four
months at 4°C, without alteration of their characteristics. After five days in DPBS
buffer, approximately 20% of the SFN was released. This low release profile suggests
that most of the SFN remained associated with the LNCs, which may be beneficial, as
it would allow sufficient time for cells to capture the loaded LNCs. High encapsulation
efficiency and slow drug release have also been described for liposomal formulations
of SFN [320,327].

SFN-LNCs had a similar cytostatic effect against tumor cells and endothelial cells as
free SFN, suggesting that its activity is conserved by LNC encapsulation. We
evaluated the in vivo effect of SFN-LNCs in nude mice bearing an U87MG human GB
orthotopic xenograft after their CED intratumoral administration. We were particularly
interested in detecting early vascular changes in response to SFN-LNCs, as
endothelial cells are highly sensitive to SFN. We thus performed ASL-MRI, a

noninvasive and quantitative technique that measures perfusion by magnetically
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labeling water as a freely diffusible endogenous tracer [336], on large established
U87MG tumors (approximately 8 pL). Several studies have already used this
technique to evaluate early antiangiogenic treatment responses of brain tumors in
humans [337,338], and rodents [339-342]. Blood flow in the tumor core was reduced
relative to normal brain tissue, in accordance with the results of Sun et al. (2004 ) [343].
Such impaired blood flow is largely described in GBs, resulting from a dilated, tortuous,
disorganized, and leaky vasculature [344-346]. Four days after treatment, we
observed an increase in perfusion in the tumor core of animals treated with SFN-LNCs,
relative to that in control animals and animals treated with SFN alone. The SFN-LNC
treated group showed a TBF value of 62 + 4 mL/min/100g, whereas the HBSS control
group showed a TBF value of 50 £ 3 mL/min/100g. This increase in blood flow was
localized only to the tumor core. Blood flow was not altered in the surrounding tissue
nor in the contralateral striatum. It is now well established that TBF is dependent on
tumor size, irrespective of the type of solid tumor [314,347,348]. Lemaire et al. (2016)
observed a reduction of approximately 3 mL/min/100g of TBF for every 1 uL increase
in tumor volume. The average tumor size was 9.5 £ 0.9 yL and 7.2 + 0.5 yL for the
LNC-SFN treated and HBSS control groups, respectively. Thus, the increase of TBF
observed in the LNC-SFN treated group was not due to a decrease in tumor volume.
In addition to the increase of perfusion with SFN-LNC treatment, we observed a
decrease in tumor vessel area. These data suggest that SFN-LNCs may have
normalized abnormal vessel structures, potentially leading to increased blood
perfusion. Vessel normalization following treatment with SFN or other tyrosine kinase
inhibitors has already been described for various malignancies [74,301,349-351]. We
did not observe such vascular changes following the treatment of U87MG-bearing
mice with free SFN, highlighting the potential of SFN-LNCs. This may be due to the
capacity of LNCs to improve the retention of SFN within the tumor. The prolonged
retention of LNCs in brain tumors following intratumoral CED administration was
previously shown using LNCs loaded with a lipophilic complex of Rhenium-188
(LNC'®Re-SSS) [181,352]. Seventy percent of the 188Re-SSS activity was present in
the tumor region 24 h after LNC'8Re-SSS injection, whereas free '®Re-perrhenate
was rapidly eliminated in the urine and feces. In addition to the induction of early
vascular changes, SFN-LNC-treatment reduced the number of proliferative Ki67* cells
in the tumor. We also observed this effect following treatment with free-SFN, probably
due to the faster cellular uptake of free SFN by tumor cells than by endothelial cells.
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Although SFN-LNCs increased tumor perfusion and reduced tumor vessel area and
the number of Ki67* cells, this was not sufficient to modify the growth rate of US7MG
tumors. However, the treatment was carried out on large established U87MG tumors
to allow perfusion analyses, which required a tumor thickness of 1.5 mm. This
condition was not adapted to achieving a therapeutic effect, given the aggressiveness
of U87MG tumors (median survival of approximately 24 days following intrastriatal
administration of 5x10* U87MG cells).

Strategies which improve vascular function in GBs provide a window of opportunity for
enhancing the efficacy of chemotherapy or radiotherapy [353]. For example, the
delivery of temozolomide in a preclinical intracerebral model of glioma increased after
treatment with the angiogenesis inhibitor SU5416, which restored the capillary
architecture [354]. Wang et al. [355], showed that GB-bearing mice treated with
irinotecan in combination with bevacizumab, an antibody to VEGF, survived longer
than those treated with irinotecan alone. Thus, the combination of SFN-LNCs with
other chemotherapy treatments could be considered to improve efficacy in GB

patients.
Conclusion

Here, we demonstrated successful encapsulation of SFN in LNCs by a phase-
inversion process, without the use of organic solvents. SFN-LNCs showed in vitro
cytotoxic activity against human U87MG glioma cells and endothelial cells, similar to
that of free SFN. Intratumoral CED administration of SFN-LNCs to U87MG-bearing
mice decreased the proportion of proliferating cells and induced an early increase in
tumor blood flow, associated with a reduced area of tumor vessels, consistent with the
induction of a vascular normalization process. The induction of this process by SFN-
LNCs suggests their possible use to enhance the efficacy of chemotherapy or

radiotherapy.
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Scientific context

The BBB restricts the transport of potential drugs to the brain site for treatment of
malignant brain tumors. One innovative approach to address this challenge is to
administer the therapeutics intranasally to noninvasively bypass the BBB. The
intranasal route can thus transport drugs directly to the brain from the nasal cavity
along the olfactory and trigeminal nerves. Nanosized drug carriers were shown to
improve the intranasal delivery of drugs to the brain compared to equivalent drug
solution formulations. These nanocarriers firstly should cross nasal epithelial barriers
before reaching the brain site. LNCs have shown promising results both in crossing
epithelial barriers and also drug delivery to the malignant brain tumors. Therefore,
these nanocapsules could be a favorable candidates for nose-to-brain drug delivery.
To employ LNCs for this purpose, their integrity after transport across nasal epithelial
barrier must be maintained to avoid the release of the cargo before reaching the brain
site. The aim of the present study is to investigate the fate of LNCs after their transport
across a Calu-3 based nasal epithelial barrier model. We employed Forster
Resonance Energy Transfer (FRET) to evaluate the fate of nanocapsules. The results
show that nanocapsules enhances the delivery of hydrophobic fluorophore across
epithelial barrier; however, the LNCs were degraded. This study shows that LNCs

should be redesigned in order to be efficient for nose-to-brain drug delivery.
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Abstract

This study investigated the ability of lipid nanocapsules (LNCs) to cross the nasal
epithelial barrier, represented by the in vitro cell culture model of Calu-3 monolayers.
The LNCs with different matrix component and particle size (30, 50 and 100 nm) were
prepared by a low-energy emulsification method. Toxicity studies demonstrated that
size and composition of LNCs influenced the viability of Calu-3 cells. Incorporation of
a hydrophobic fluorophore, 3,3'-Dioctadecyloxacarbocyanine Perchlorate (DiO)
demonstrates that LNCs significantly increased internalization of the fluorophore into
the cells, and the transport of the encapsulated material across the epithelial cell
monolayer in a size dependent fashion, while the layer integrity remained
uncompromised, as judged from transepithelial electrical resistance measurements.
The incorporation of a Forster Resonance Energy Transfer (FRET) fluorophore pair
(DiO:Dil (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate) in an
optimized ratio) was used to study the fate of nanocapsules both inside the cells and
after transport across the cell monolayer. The confocal microscopy analysis
demonstrated as appearance of a FRET donor probe fluorescence inside the cells
after 2 and 4 hours, which occurs when the FRET pair is separated, indicating hence
that the nanocapsules integrity is affected. Furthermore, co-localization studies point
to a possible presence of the nanocapsules inside the lysosomes. The results suggest

that the nanocapsules are not intact after transport.

Keywords: Lipid nanocapsules, FRET, Nasal epithelial barrier, Calu-3, Integrity
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1. Introduction

Intranasal drug delivery is a systemic drug administration route which has been
exploited for many years in treatment of patients [356]. The nasal mucosa allows a
rapid and high absorption of therapeutics thanks to: i) a highly vascularized and
permeable endothelial membrane [357], ii) the avoidance of first-pass metabolism
[358], iii) a large surface area for interaction [359] and iv) ease of accessibility [356].
Lately, the nose-to-brain path has attracted great interest to the passage from the
nasal cavity to the brain through the olfactory and trigeminal nerves, bypassing the
blood brain barrier and offering quick delivery of drugs from the nose to the brain site
[360—-363]. Furthermore, intranasal transport is a non-invasive and safe way of drug
administration which reportedly has resulted in high patient compliance [364].
However, the amount of drug delivered to the brain through this administration route
is less than 1% of quantity of the applied drug. For this reason, the nose-to-brain
delivery is therapeutically viable only for highly potent drugs, or if the drug transport is
enhanced by using novel drug delivery techniques [365]. In this context, various
nanosystems such as nanosuspensions [366], nanoemulsions (NEs) [367],
nanostructures [368,369], liposomes [286] and micelles [370] have been applied to
enhance the delivery of drugs from the nose to the brain site. The inherent
mechanisms exerted by these nanosystems were reported as prolonged retention in
the nasal mucosa, improved permeation through epithelium cells, avoidance of
enzymatic degradation and by-passing of the P-gp efflux pump [371,372]. Lochhead
and Thorne [373] suggested that there are three sequential transport steps essential
for a therapeutic substance to be transported to far-reaching sites within the central
nervous system (CNS) following intranasal administration: (1) crossing the olfactory or
respiratory epithelial barriers located within the nasal passages, (2) conveyance from
the nasal mucosa to area of brain entry near the pial brain surface in the cranial
compartment (i.e. entrance of peripheral olfactory or trigeminal nerve-associated
sections incorporating the delivery pathways), and (3) movement of the therapeutic
substance from these entries to other locations of the CNS. As it appears, the first
issue that should be addressed for intranasal drug delivery to the brain by
nanosystems is the fate of the applied nanocarriers after crossing the nasal epithelial

barrier.
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Lipid nanocapsules (LNCs) are nano-sized drug carriers obtained through a low-
energy emulsification process and can be formulated with ‘generally recognized as
safe’ excipients in absence of organic solvents [334]. Furthermore, LNCs are capable
to encapsulate many therapeutics and more specifically hydrophobic drugs [134]. Up
to now, LNCs have shown promising results for brain targeting [374] and more
specifically for the treatment of malignant brain tumors [172,174,179,191,375-378].
These nanocapsules could be favorable candidates for nose-to-brain drug delivery if
they can efficaciously cross nasal epithelial barrier. To date, no investigation has done
on behavior of LNCs in transport of cargoes across nasal epithelial barrier, however
these nanocapsules have already shown favorable properties for delivery of different
hydrophobic drugs such as paclitaxel [142] and SN38 [141] across intestinal epithelial

barrier models.

For drug delivery across epithelial barriers, it is crucial to design nanocarriers that are
able to be absorbed while maintaining their integrity, and therefore capable to act as
stable nanocarriers after crossing the epithelial barriers. Up to now, numerous
physicochemical characterisation techniques such as microscopy (TEM, AFM,
confocal), spectroscopy (IR, UV, FTIR, NMR) and dynamic light scattering (size and
charge analysis) have been used to characterize the overall nanocarrier structure or
its individual components, but not their integrity. Therefore, new techniques are
necessary to investigate the fate of these nanocarriers. In nanomedicine, the FRET
mechanism has been widely employed for several goals, including biosensing,
molecular imaging and tracking of drug release as well as nanocarrier degradation
[379]. FRET is based on non-radiative energy transfer (long-range, <10 nm, dipole—
dipole coupling) from a donor fluorophore in an electronic excited state to a second
fluorophore which is the acceptor and has a spectral overlap with the donor emission
spectrum and the acceptor absorption spectrum [380]. In this regard, applying the
FRET effect in preparation of LNCs offers the possibility to investigate the fate of these
nanocapsules after their interaction with cells or the cell microenvironment. Utilizing
the FRET effect, Roger et al. [381], demonstrated that glyceryl tricaprylate-based
LNCs with size of about 55 nm can cross the intestinal epithelial barrier model while
maintaining their integrity. In addition, Groo et al. [382], demonstrated that the same
type of LNCs can maintain their integrity after exposure to pig intestinal mucus.

Conclusively, these findings show that LNCs could enhance the delivery of
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hydrophobic drugs across intestinal epithelial barrier while they maintain their integrity.
However, the fate of these nanocarriers after crossing nasal epithelial barrier is still

unknown.

In this study, LNC formulations with different particle sizes of 30, 50 and 100 nm,
considering the size range appropriate for cellular internalization and transport across
epithelial cell monolayers [383], were fabricated. Moreover, in order to find out the
behavior of nanocapsule composition on epithelial cell monolayer, three LNC
formulations with different matrix components with a size of 50 nm were also prepared.
The Calu-3 cell line was selected to prepare a nasal epithelial barrier model which is
representative of epithelial cells from respiratory [384] and olfactory [267] regions.
Firstly, the toxicity of the nanocapules on Calu-3 cells were determined. Based on the
toxicity results, the prepared formulations were tested on Calu-3 cell monolayer to
obtain the transport capability of the nanocapsules. Finally, by using FRET method,
we characterized the fate of nanocapsules in both undifferentiated and polarized Calu-
3 cells. Intracellular trafficking of nanocapsules was further analyzed by confocal

microscopy and lysosomal staining.
2. Materials and methods

2.1. Materials

Methanol (MeOH), tetrahydrofuran (THF) and dimethyl sulfoxide (DMSQO) were
purchased from Sigma-Aldrich (Poole, UK). Medium chain triglycerides (Labrafac™
lipophile WL 1349), oleoyl polyoxyl-6 glycerides (Labrafil® M1944 CS) and diethylene
glycol monoethyl ether (Transcutol® HP) were gifts from Gattefosse S.A (Saint-Priest,
France). Glycerol tricaprylate 299% was purchase from Sigma-Aldrich (Poole, UK).
Lipoid® S75-3 (soybean lecithin at 70% of phosphatidylcholine and 10% of
phosphatidylethanolamine) and Kolliphor® HS15 (a mixture of free polyethylene glycol
660 and polyethylene glycol 660 hydroxystearate) were purchased from Lipoid GmbH
(Ludwigshafen, Germany) and BASF (Ludwigshafen, Germany), respectively. NaCl
was purchased from Sigma-Aldrich (Poole, UK). Ultrapure water was obtained from a
Milli-Q® Advantage A10 System (Merck Millipore, Darmstadt, Germany). 3,3'-
Dioctadecyloxacarbocyanine Perchlorate (DiO) and 1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindocarbocyanine Perchlorate (Dil) were purchased from Sigma-Aldrich
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(Poole, UK). Calu-3 cells were purchased from the American Type Culture Collection
(Rockville, MD, USA) and used between passage 30 and 40. Twelve well
polycarbonate Transwells® (with 0.4 um pore size and a surface area of 1.12 cm?)
were obtained from Corning Costar (Kennebunk, US). All the cell culture reagents and
chemicals were procured from Sigma-Aldrich (Poole, UK). Dulbecco’s modified
Eagle’s medium / Ham’s F12 nutrient mixture (DMEM: F12), trypsin/EDTA,
antibiotic/antimycotic solution, fetal bovine serum (FBS), L-glutamine, nonessential
amino acids (NEAA) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
were purchased from Sigma-Aldrich (Poole, U.K.). Hank’s balanced salt solution
(HBSS), Triton X-100, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
paraformaldehyde, Hoechst (33342) nucleic acid stain, and were also obtained from
Sigma-Aldrich. Phosphate buffered saline (PBS) was purchased from Oxoid Ltd. (UK).
Lactic dehydrogenase assay (LDH) was obtained from Sigma-Aldrich, and CellTiter
96 AQueous Cell Proliferation Assay (MTS) was obtained from Promega (USA).

2.2. Preparation and characterization of LNC formulations

2.2.1. LNC formulations

Blank LNC: Blank LNC (B-LNC) batches were prepared based on the patent filed by
Heurtault et al. [135], through a phase-inversion process [148]. In this method, the
PEG-chains of the Kolliphor® HS15, which is one of the surfactants of the LNC, are
dehydrated following an increase in temperature. This phenomenon leads to lowering
the Hydrophile-Lipophile Balance (HLB) and induces the phase inversion to water in
oil emulsion from oil in water emulsion. In order to study the effect of LNC size and
matrix component, different LNC batches were prepared (Table 1). Briefly, the oily
phase (Labrafac™, Labrafil®M1944 CS, Transcutol® HP, and Glyceryl tricaprylate)
which could be attributed to the core of lipid nanocapsules were mixed with Lipoid®
S75-3, and heated by a hot plate at 80°C under magnetic stirring in order to obtain a
homogenous mixture. In the next step, once the ambient temperature of the mixture
was recovered, the other compounds of the formulation i.e., water, NaCl and
Kolliphor® HS15 were introduced. Thereafter, the heating cycles were performed
between 60 and 90°C with a gradient of 4°C/min while the system was quenched
(addition of ice-cold water which irreversibly shocks the system) at the temperature
which phase-inversion happens in each batch (71°C for L30, 72°C for L50, 75°C for
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L50, 75°C for T50 and 72°C for C50) by adding the determined amount of 0°C Milli-Q®
water during the third cycle. Finally, the agitation of 1200 rpm was provided until the
solution reached the room temperature. At last, the LNC formulation was filtered
utilizing Minisart® 0.2um filter (Sartorius, Goettingen, Germany) (see chapter 1, 2.1.

Lipid nanocapsule formulation).

Table 1: Amount of different excipients for preparation of different batches of lipid nanocapsules

Formulation L30 L50 L100 T50 C50
Labrafac™ (mg) 846 1028 1209 400 -
Labrafil®M1944 CS (mg) - - - 1000 -
Transcutol® HP (mg) - - - 700 -
Glyceryl tricaprylate (mg) - - - - 1200
Lipoid® S75-3 (mg) 75 75 75 150 65
Kolliphor® HS15 (mg) 1934 850 484 1000 1000
NaCl (mg) 103 90 157 100 75
Water at 25°C (uL) 2055 296 3143 1800 1800
Water at 0°C (mL) 125 125 12.5 5 5.8

DiO loaded LNC: In order to encapsulate the DiO inside the LNC (DiO-LNC), the same
procedure was applied. Firstly, a stock solution of DiO in DCM at a concentration of
33.9 mM was prepared. Then, 65 pL of this solution was added to the oily compartment
of the formulation, and gently mixed for 20 minutes at room temperature. In order to
eliminate DCM from the system, the mixtures, while being stirred, were water-bathed
at 60°C for 1 hour and the rest of the steps for preparation of LNC formulations were
taken as mentioned before. Finally, DiO-LNC formulations were dialyzed at 4°C (10

kDa cut-off, Spectra/Por®, Spectrum® Labs) overnight, filtered again and kept at 4°C.

FRET loaded LNC: DiO and Dil were selected as the FRET fluorophore pair [380,385].
Firstly, to find the ideal FRET-LNC, L50 formulations with different weight ratios of DiO
to Dil (DiO:Dil) (w:w) were prepared. In this regard, stock solutions of DiO in DCM
(1.13 mM) and Dil in DCM (1.07 mM) were prepared. Then, different volumes of these
solutions were added to the oily compartment in order to have a DiO:Dil ratio of 2:1,
1:1, 1:2, 1:5 and 1:10 (w:w). The rest of the steps were taken as it was described for
DiO-LNC. The final FRET-LNC formulations were prepared based on the best
resulting DiO:Dil ratio with sixteen times more concentrated stock solutions of
fluorophore in DCM.
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2.2.2. Characterization of LNC formulations

The hydrodynamic diameter, polydispersity index (PDI) and zeta potential of LNC
batches were determined at intensity in the range 10*-10° counts/s and
measurements were performed at 25 °C on 90° angle on a Zetasizer Nano ZS
(Malvern Instruments Ltd.). The samples were diluted 1:60 (v:v) in Mili-Q water in order

to assure optimal scattered intensity on the detector.

2.2.3. Fluorescence measurement

The experiments with DiO-LNC were assessed by fluorescence spectroscopy using
an Infinite M200 plate reader (Tecan, Switzerland) at excitation slit width of 5 nm, an
emission slit width of 5 nm and an integration time of 0.5 s, at Aex/Aem 484/529 nm.
Quantification of DiO was calculated by means of standard calibration curves derived
from a mixture of DIO-DMSO stock solution/THF/MeOH for control sample and DiO-
MeOH stock solution/LNC/THF/MeOH for LNC samples. Fluorescence spectra were
recorded on a (Varian Cary Eclipse, UK). Emission spectra were collected from 470
to 600 nm with a 1 nm increment. An excitation slit width of 5 nm, an emission slit width
of 5 nm and an integration time of 0.5 s were applied. FRET ratio (was calculated

according to the following equation below:

FRET ratio =

Ip +1,

where Ip and /4 are the maxima of fluorescence intensity of the donor (502 nm) and
acceptor (568 nm), respectively. For the experiments done with L50 to find the
optimum DiO:Dil ratio, /4 was considered as the maximum of fluorescence at the

second peak (acceptor) (Method S2).
2.3. Cell Studies

2.3.1. Calu-3 Cell culture

Calu-3 cells were cultured in Dulbecco’s modified Eagle’s medium/Ham’s F12 nutrient
mixture (DMEM: F12) 1:1 completed with 10% v/v of fetal bovine serum (FBS, non
USA origin and sterile filtered), 1% v/v of 2 mM L-glutamine, 1% v/v of penicillin-
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streptomycin antibiotic solution and 1% v/v of non-essential amino acids. The cells
were maintained at 37 °C in a humidified CO2 atmosphere, the medium was changed
every alternative day and cells were subcultured weekly using 0.22% (v/v)
EDTA/0.25% (v/v) trypsin solution.

For the purpose of preparing air-liquid interface Calu-3 cell monolayer, cells were
seeded at a density of 1 x 10° cells/cm? on Transwells® and incubated overnight. Then
the medium was removed from the apical and basolateral chamber which followed by
adding 500 pL of the medium in the basolateral chamber and the cells were grown at
an air-liquid interface using culture conditions as described previously [258]. The
culture medium in the basolateral chamber (500 yL) was changed every two days.
Cell layer integrity and tight junction formation was assessed by periodic
measurements of transepithelial electrical resistance (TEER), conducted using an
EVOM epithelial voltohmmeter (World Precision Instruments, Stevenage, UK). Finally,
cells were used for studies after 14 days of culture only if the TEER value was above
500 Q.cm?.

2.3.2. LNC cytotoxicity studies

The effect of B-LNC formulations on cell metabolic activity was determined employing
the CellTiter 96 AQueous (MTS) cell proliferation assay kit. The cells were seeded onto
96-well plates in a total volume of 150 uL of culture medium at a number of 1x104
cells/well and incubated for 48 hours prior to the study. Culture medium was removed
and replaced with 150 uL of LNC suspensions diluted in HBSS-10 mM HEPES (HBSS-
HEPES) at different concentrations of LNC matrix component (0.001 to 5 mg/ml
(LNC/HBSS-HEPES)) (Method S1) for 4 hours. Cells incubated with HBSS-HEPES
or with Triton X-100 (0.2% v/v in HBSS) were used as negative and positive control,
respectively. After this interval, LNC formulation samples were removed and cells were
washed two times with PBS. Thereafter, 100 pyL of culture medium was added into
each well, followed by 20 pyL of the MTS reagent. After 2h of incubation, MTS
absorbance was measured at 490 nm by a plate reader. Percentage of cell metabolic
activity from the MTS assay was calculated employing the following equation:

x 100
H-T

Cell viability (%) =
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where S is the absorbance measured from the tested samples, T is the absorbance
obtained with Triton X-100, and H is the absorbance observed with HBSS-HEPES.

2.3.3. Evaluation of LNC transport across Calu-3 cell monolayers

Transport studies were conducted on confluent Calu-3 cell monolayer. The culture
medium was removed and cells washed two times with PBS (37°C). HBSS-HEPES
was applied to both chambers of the Transwells®, and cells equilibrated in this solution
for 30 min at 37 °C. HBSS-HEPES in the apical chambers was then replaced with 0.5
mL of DiO-LNC formulations diluted in HBSS-HEPES, at 0.05 mg/mL (LNC/HBSS-
HEPES) (Method S1) and the basolateral solution was replaced with 1.5 mL of fresh
HBSS-HEPES. Nanocapsule transport across the Calu-3 cell monolayer was
determined by sampling the basolateral solution at regular time points (every 30 min
for 4 h), with the replacement of sampled solution with fresh HBSS. Then, the samples
were diluted with THF and then MeOH and finally analyzed by a plate reader. In order
to study the effect of treatment on monolayer integrity, TEER value was measured

every 1 h until the end of the experiment.
2.3.3.1. LNC association with cells

Following the transport studies, association of LNCs with cells after 4 h of experiment
was quantified by measuring the intensity of fluorescence resulting from internalized
DiO-LNCs. The remnant from the transport studies were removed from the apical
chamber, and cells were washed extensively with ice-cold PBS. The quenching of
external fluorescence, which distinguishes internalized from surface-adherent DiO,
can be accomplished by applying trypan blue [386,387]. In this regard, the cells were
washed with trypan blue (diluted in PBS) and ice-cold PBS. Afterward, the cells were
lysed after 20 minutes of incubation with Triton X-100 (0.2% v/v in PBS) [388—-390].
The cell lysate from each well was sampled and diluted with tetrahydrofuran THF and
then methanol MeOH. The amount of DiO was finally quantified. The lysate of

untreated cells was used as the control.
2.3.4. Investigation on integrity of LNC using FRET effect

The stability of the different LNCs in HBSS-HEPES was investigated using the FRET
effect. In this regard, FRET-LNCs were diluted with HBSS-HEPES to reach 0.05
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mg/mL (LNC/HBSS-HEPES) (Method S1) and subsequently 0.5 mL of the dilution
was added to the apical chamber of Transwell® and after 2 and 4 h, the FRET ratio

was calculated.

The integrity of nanocapsules after exposure to Calu-3 cells was estimated through
analyzing the FRET effect. At first, in order to comparatively study the integrity of
nanocapsules before and after transport, cell monolayers were treated with different
FRET-LNC formulations following the same dilution as above. Samples were collected
after 2 and 4 h from the apical and basolateral chamber and directly analyzed by
fluorescence spectroscopy. Afterwards, the integrity of the cell-associated
nanocapsules was analyzed by fluorescence-activated cell sorting (FACS)
measurement. Therefore, the treated cells in previous step were collected and
prepared samples were analyzed by FACS. Following the detachment of cells by
adding trypsin/EDTA, they were washed multiple times by ice-cold PBS and trypan
blue/PBS (4% v:v). The cells were collected by centrifugation at 1500 rpm for 10 min.
Finally, 200 uL paraformaldehyde (4%) and 300 pL PBS were added to the cell pellet,
mixed and kept at 4°C. To compare the effect of polarized and undifferentiated Calu-
3 cells on the fate of LNCs, Calu-3 cells were seeded on 24-well plates at the density
of 1.9 x 10° cells/well for 3 days, then were treated with 0.5 mL of FRET-LNC
formulations with the same dilution as before and finally samples were prepared for
FACS analysis using a Beckman Coulter Astrios EQ instrument. A blue laser at 488
nm (Aem: 513/526 nm) and a yellow/green laser at 561 nm (Aem: 579/616 nm) were used
as excitation source for the detection of DiO and Dil fluorescence, respectively. For
FRET detection, the laser at 488 nm with the emission filter at 576/621 nm was used.
10* events/sample were acquired and analyzed with the Kaluza Analysis 1.3 Software
[385].

2.3.5. Confocal laser scanning microscopy

Calu-3 cells were seeded on cover slips inside 24-well plates; for uptake study 15 x
10* cells were seeded whereas, to avoid Calu-3 cells clumping and hence obtain better
images, 8 x 10* cells per well were seeded for FRET and lysosomal confocal
microscopy studies. Following 24 hours growth, cells were washed with HBSS-HEPES
and 0.5 mL suspension of LNCs (0.05 mg/mL (LNC/HBSS-HEPES) (Method S1) was
introduced to each well. After 2 or 4 hours, cells were washed twice with HBSS-HEPES
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and fixed by adding 0.2 mL paraformaldehyde (4%) and 0.2 mL PBS for 10 min at
room temperature. The nucleus was stained by adding Hoechst stain (1 ug/mL) and
lysosomes were stained with LysoTracker Red DND-99 (L-Red) (red, Aex 577 nm-Aem
590 nm) (Sigma, UK) (100 nM) for 1 hour. Confocal imaging was performed using a
Zeiss LSM 700 Confocal Laser Scanning Microscope equipped with Argon (488 nm)
and HeNe (561, 639 nm) lasers and a 40X/1.2 NA water objective. FRET images were
acquired with Aex 488 nm and spectral filters of 505-530 nm and LP 560 nm for DiO
and Dil detections, respectively. Zen 2009 image Software was utilized for image

processing.

2.4. Data analysis

Student's t-tests were applied for comparison between two groups GraphPad Prism
7.03 (GraphPad Software, La Jolla, CA, USA). Differences at p’<0.01 or p”<0.001

were considered as statistically significant.
3. Results

3.1. Development and characterization of LNCs

Table 1 shows compositions of different LNC formulations prepared in this study. In
particular, formulations referred to as L30, L50 and L100 (with average particle
hydrodynamic diameter around 30, 50 and 100 nm, respectively, Table 2), were
prepared to study the size effect, with constant composition of the lipid components.
The desired particle sizes were achieved by balancing the content of the core forming
material and surfactant (i.e increasing the quantity of Labrafac™ and decreasing
Kolliphor® HS15 content, respectively), as per the ternary diagram [134]. To compare
the effect of the composition on LNC behavior in in vitro cell model, two additional
formulations with an average particle size of approximately 50 nm were prepared
following the general protocol; T50 (containing Labrafac™ in addition to
Labrafil®M1944 CS and Transcutol® HP)[141] and C50 (containing only glyceryl

tricaprylate) as core materials [142].
Table 2 summarizes characterization of the LNC formulations prepared. The desired
sizes of approximately 30, 50 and 100 nm were achieved for specified composition,
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with a PDI less than 0.2 and particle size distribution profile indicating relatively
homogeneous systems (Figure S2-A). All the LNC formulations exhibited a relatively
small negative charge, in order of ~ -10 mV in Mili-Q water, indicating the importance
of steric stabilization by the surfactants for their colloidal stabilization in the
suspensions, as reported previously [148]. Encapsulation of DiO or DiO/Dil pair
(FRET-LNC) did not measurably affect the physical characteristics of the LNCs.

Table 2: Physicochemical properties of different batches of LNC formulations

Formulation L30 L50 L100 T50 C50
Size” + SEM (nm) 2843 5215 95+7 45+4 5513
O
< @ PDI 0.09 0.04 0.03 0.15 0.06
A Z
@ = Zeta Potential £ SEM (mV) -9+2 -9+1 =71 -7+2 -9+1
O Size £ SEM (nm) 3314 5612 9947 5411 5715
Zq
—6' 4 PDI 0.1 0.07 0.06 0.16 0.09
a8~ Zeta Potential £ SEM (mV) -9+1 -7 12 -512 -5+3 -8+3
E oo Size + SD (nm) 32 57 103 56 54
'5.':J z 34 PDI 0.11 0.09 0.07 0.17 0.12
L= - Zeta Potential (mV) -6 -4 -5 -6 -7

"The size of the LNC corresponds to the intensity peak.
* Three measurement for each attempt was applied (n=3).

With the view that this study focused on the fate of nanocapsules after internalization
into and transport across Calu-3 cell monolayer, DiO and Dil probes combination was

selected as FRET pair to enable this analysis [380,385].

Optimizing DIiO to Dil ratio using L50 formulation: Initially L50 was selected to
encapsulate different Dio:Dil ratio (w:w) in order to optimize the FRET effect (Method
S2 and Table S5). As Figure 1-A illustrates, the decrease in DiO:Dil ratio results in
gradual disappearance of donor peak (DiO) until at 1:10 ratio the only observed peak
is emission of acceptor (Dil) with maximum intensity at 568 nm which corresponds to
the maximum FRET effect can be obtained among the tested samples (Figure 1-C).
Knowing the fact that the FRET effect appears once the fluorophores are adjacent to
each other, we utilized THF, a strong solvent that can solubilize LNCs, to disassemble
the nanocapsule structure and thereafter analyze the FRET effect (Method S2).
Figure 1-B shows that once the 10 puL of FRET-L50 formulations are solubilized by 10
ML of THF and further diluted with MeOH, the extent of Dil emission peak at 568 nm
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effectively disappeared or was profoundly reduced, with a corresponding increase in

DiO emission peak at 502 nm.

A 200 B so C 10
. Without THF — 2:1 (Dio:Dil With THF
— 241 Dio:Dil) ithout ~ 31 {Dioil '
— 11 Dio:0il) 40 1:2 (Dio:Dil) 0.8
=) 150 12 (Dio:Dil) —_ — 1:5 (Dio:Dil)
s — 15 (Dio:Dil) F] — 1:10 (Dio:Dil) 2
< — 1:10 (Dio:Dil) s s 0.6
% 100 g E 0.4
E E
50.] = 0.2
J 0.0
0 NN A LS

At NN NV P e
Dio:Dil (w:w)

500 550 goo 0
Wavelenght (nm)

500 550 600
Wavelenght (nm)

w)
-
S

Without THF With THF

E
c
o
o
wn:

T..568 nm
.. 5302 nm
....568 nm

FRET ratio
(=) (=)
P

o

Intensity (a.u.)
=
Intensity (a.u.)
N
[+.]

® Without THF
o O With THF

=]
o

o o o o

M N SO v

a4 d =
-

c50

500 550 600 500 550 600
Wavelenght (nm) Wavelenght (nm)

Figure 1: FRET-LNC analyses. A) Emission spectra of FRET-L50 formulations with various Dio:Dil
ratios (w:w) (diluted with MiliQ water, 1:99 v:v corresponding to FRET-LNC:water), B) Emission spectra
of FRET-L50 formulations for various Dio:Dil ratios (w:w) (diluted with THF and MeOH, 1:1:98 v:viv
corresponding to FRET-LNC:THF:MeOH), C) Evolution of FRET ratio as a function of Dio:Dil (w:w) for
the FRET-LNC formulations, D) Emission spectra of different FRET-LNC formulations prepared at
DiO:Dil ratio of 1:10 (w:w) (diluted with water to 0.05 mg/mL (LNC/HBSS-HEPES)), E) Emission spectra
of different FRET-LNC formulations prepared at DiO:Dil ratio of 1:10 (w:w) (diluted with 10 yL of THF
and finally diluted with MeOh to reach 0.05 mg/mL (LNC/HBSS-HEPES)). F) A comparison between
the FRET ratio of FRET-LNC formulations in presence and absence of THF. The samples were excited
at Aex: 484 nm and emission spectra for DiO and FRET effect were collected at Aem: 502 nm and Aem:
568 nm respectively. Dilution procedures are elaborated in Method S1 and Method S2.

Analysis of optimized FRET-LNC formulations: Considering the optimized DiO:Dil at
ratio of 1:10 obtained from previous step, FRET-LNC formulations were prepared with
sixteen times more concentrated stock solutions of each fluorophore to ensure the
proper intensity at lower concentrations that must be applied for cell studies. Figure
1-D shows the emission spectra of all the FRET-LNC formulations at concentration of
0.05 mg/mL (LNC/HBSS-HEPES) (Method S1 and S2) after excitation at 484 nm (Aex
for Dio which is the donor). As it can be seen, based on the optimized DiO:Dil ratio, all
the energy is transferred to acceptor at 568 nm (Aem for Dil which is the accepter) and
no peak is evident at 502 nm (Aem for DiO which is the donor). When FRET-LNCs were
solubilized by THF and further diluted with MeOH to reach the desired concentration,

the juxtaposition of DiO and Dil molecules are affected, hence emission peaks at 568
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nm (Aem for Dil) which attributed to FRET effect, decreases, resulting in the appearance
of an emission peak at 502nm (Aem for DiO which is the donor) (Figure 1-E). The
results suggests that the prepared FRET-LNC formulations are totally functional in the
way that once the FRET pair juxtaposition in nanocapsules is affected by an external
factor, the FRET effect noticeably decreases (Figure 1-E and 1-F). Moreover,
absence of donor emission (502nm) could benefit FRET confocal imaging (Figure 1-
D).

3.2. Toxicity studies

Figure 2 shows the effect of different B-LNCs on the cell metabolic activity of Calu-3
cells, as determined by the MTS assay. No cytotoxicity was observed for any of the
formulations tested at doses lower than 0.1 mg/mL (LNC/HBSS-HEPES) (Method
S1). Furthermore, no significant difference between the toxicity behaviors of the
formulations was evidenced. In the concentration range 0.1-5 mg/mL (LNC/HBSS-
HEPES), metabolic activity of the cells decreases proportionally with an increase in
the amount of LNC matrix component per mL of the medium. In particular, by
comparing the ICso of LNC formulations, it is noticeable that both size and composition
affect the level of toxicity for the concentrations more than 0.1 mg/mL (LNC/HBSS-
HEPES). Comparing the I1Cso of L30, L50, and L100 shows that as the size of the LNC
increases, the level of toxicity decreases; ICso for L30, L50 and L100 is 1.19, 2.37 and
5.0 mg/mL (LNC/HBSS-HEPES), respectively, illustrating a clear size dependency of
the toxicity. If one considers the LNCs of different compositions at size of 50 nm, ICso
for T50 is 0.8 mg/mL, for L50 is 1.19 and for C50 is 2.33 mg/mL (LNC/HBSS-HEPES)
pointing to the importance of the nanocapsules composition in toxicity induction in

Calu-3 cells.
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Figure 2: Relative cell metabolic activity (%) as indicated by the MTS assay after incubation of Calu-3
cells with B-LNC formulations in a 4 h experiment at 37°C. B-LNCs were diluted in HBSS:HEPES at
different concentrations (Method S1). Triton X-100 (TX; 0.2% v/v) was employed as a positive control,
and HBSS:HEPES was used as a negative control. Data represents the meantSEM (N=4, n=4)

The finding suggests that both the size and composition of the nanocapsules play roles
in toxicity induction on Calu-3 cells at concentrations higher than 0.1 mg/mL
(LNC/HBSS-HEPES), whereas the lower concentrations could be considered as safe.
Based on these results, concentration of 0.05 mg/mL (LNC/HBSS-HEPES) was
selected as a safe amount of LNC per mL of medium (mg/mL) for all preparations
tested for the next cell experiments. In fact, cytotoxicity results obtained through LDH
assay, a well-known indicator of plasma membrane integrity (Method S5), confirmed

the safety of the selected concentration.
3.3. Transepithelial transport of LNC

The results of LNC transport across Calu-3 cell monolayers are shown in Figure 3. A
solution of DIO in DMSO was used as ‘free DiO’ control. Results in Figure 3-A
demonstrate the ‘free DiO’ which is extensively associated with cells after 4 h of

transport study, as would be expected for lipophilic molecules [142].
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Figure 3: DiO transport study. The Calu-3 cell monolayers were treated with DiO-LNCs at concentration
0.05 mg/mL (LNC/HBSS-HEPES) (Method S1) for 4 h. A) The percentage of detected DiO to the initial
amount of exerted DiO in apical chamber (Detected DiO/Initial DiO (%)) in different stages (Remnant,
Associated and Transported) after 4 h, B) DiO transport: the percentage of transported DiO to the initial
amount of exerted DiO in basolateral chamber (Transported DiO/Initial DiO (%)) by different DiO-LNC
formulations (L30, L50, L100, T50 and C50) after each 30 min interval in a 4-h experiment, C) TEER
value of Calu-3 monolayers during the experiment. The data represents the mean+SD deviation (n=4)
and a difference of p’<0.01 or p™<0.001 was considered statistically significant.

Encapsulation of the DiO dye into LNCs completely modified its behavior. All the LNC
formulations showed a lower cell association of DiO, relative to free fluorophore, at
approximately 7-13 % of the total exerted amount of the initial DiO in each LNC
formulation while for ‘free Dio’ sample, more than 98% of the applied DiO is associated
with the Calu-3 cell monolayer. Furthermore, approximately 7-10 % of applied
encapsulated amount of DiO in each LNC formulation was translocated from the apical
to the basolateral chamber. Comparison of data for L series (30, 50 and 100 nm sized
nanocapsules), indicated a statistically significant (p<0.001) size dependent effect on
cell association and translocation of DiO whereby, for example, 100 nm nanocapsules

showed particularly increased cell association and 30 nm counterparts showed
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relatively low DiO translocation across the cell layer. Considering the nanocapsules
composition, there is a small significant difference in the cell association and
translocated amount of DiO for L50, T50 and C50 series. The data hence demonstrate
that particle size effect on Dio association with, and translocation across, the Calu-3

cell layers, although composition of nanocapsules is not a decisive factor.

Figure 3-B displays the profile of DiO transported into the basolateral chamber as a
function of time. As expected, no transport of free DiO was detected. It should be
mentioned that no specific binding of the DiO to the Transwell® membrane was
observed (Method S4). Interestingly, the transport profiles for the tested DiO-LNC
formulations do not exhibit a linear relationship vs time (Figure 3-B), and it was hence
not possible to compare the transport for different capsules formulations by calculating
the apparent permeability coefficients. One could however observe that between 150
and 180 min, the transport is significantly increased for all tested samples, reaching a
plateau 180-240 minutes. The integrity of the cell layers remaining unchanged during
the experiment (Figure 3-C) eliminates a possibility that the nanocapsules were

transported due to a damage to the cell layer or the samples effect on tight junctions.
3.4. Evaluation of LNCs integrity

In this study, FRET was used to investigate whether the nanocapsules retain their
integrity during and after their translocation across Calu-3 cell monolayer. Initially
FRET-LNC formulations were applied on Transwell® containing no cells for 4 h in the
same conditions as the transport experiments to confirm that the FRET ratio is not
affected by nancocapsules exposure to the Transwell® membrane (Figure 4-A). In
addition, a control experiment was conducted to confirm that no significant effect on
the lipid nanocapsules occurs when these are exposed to the cell monolayers in the
apical chamber (Figure 4-B). Results in Figure 4-C show that FRET ratio of samples
taken from the basolateral chamber. The data clearly demonstrate that after 2 hours
the FRET ratio in the basolateral chamber of all the lipid nanocapsules formulations
decreased to approximately 50% of the initial value, followed by a further smaller
decrease between 2 and 4 h which could be attributed to the faster rate of uptake in
comparison to exocytosis. The loss of FRET ratio indicates that LNCs underwent

degradation after translocation from apical to basolateral chamber.
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Figure 4: LNC integrity. Variation in FRET effect after exposure of 0.05 mg/mL (LNC/HBSS-HEPES)
(Method S1) FRET-LNC formulations: A) FRET ratio in apical chamber of Transwells® (without cell),
B) FRET ratio in the apical chamber of Transwell® after treating the Calu-3 cell monolayers with FRET-
LNC formulations, C) FRET ratio in basolateral chamber of Transwells® after treating the Calu-3 cell
monolayers with FRET-LNC formulations. The samples were excited at Aex: 484 nm and emission
spectra for DIO and FRET were collected at Aem: 502 nm (Dio as donner) and Aem: 568 nm (Dil as
acceptor), respectively. The data represents the meantSD (n=4).

To further investigate the integrity of nanocapsules inside the Calu-3 cells, FACS
measurements and confocal imaging were employed. To optimize the experimental
conditions for measuring FRET signals by FACS, we initially set device configuration
with the cells treated with DiO-LNC and Dil-LNC formulations individually and in
combination, following the method described by Banning et al [391]. Gating was
applied to living cells based on forward and sideward scatter (FSC/SSC) and adjusted
photomultiplier tube voltages and compensation for DiO and Dil to specifically assess
FRET in cells. Therefore, through excitation at 488 nm and employing emission filters
at 576/621 nm, FRET was plotted against Dil and a gate was introduced to determine
the amount of FRET-positive cells. This gate was adjusted to FRET-negative cells
treated with Dil and DiO alone. Figure 5 compares the FRET ratio for the LNCs

exposed to undifferentiated or polarized Calu-3 cells.
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Figure 5: FACS analysis of undifferentiated and polarized Calu-3 cells after treatment with FRET-LNC
at concentration of 0.05 mg/mL (LNC/HBSS-HEPES) (Method S1) for 2 and 4 h of incubation: A) FRET
ratio detected in undifferentiated cells after treatment with FRET-LNC formulations, B) Dil intensity
(MFI) of undifferentiated cells, C) FRET intensity (MFI) detected in undifferentiated cells, D) FRET ratio
detected in polarized cells after treatment with FRET-LNC formulations, E) Dil intensity (MFI) of
polarized cells, F) FRET intensity (MFI) of polarized cells. A blue laser at 488 nm (Aem 513/526 nm) and
a yellow/green laser at 561 nm (Aem 579/616 Nnm) were used as excitation source for the detection of
Dio and Dil fluorescence, respectively. For FRET detection, the laser at 488 nm with Aem 576/621 nm
was employed. MFI: mean fluorescence intensity. Cells treated with B-LNCs (L30, L50, L100, T50 and
C50) was considered as negative control. The data represents the mean+SD (n=4) and a difference of
p’<0.01 or p”<0.001 was considered statistically significant.

In both cultured condition (Figure 5-A and 5-D), the FRET ratio dramatically
decreases by the 2h time-point, with a further decrease at the 4 h point. This indicates
that internalized LNCs underwent degradation in both cell culture conditions. The rate
of FRET ratio decrease was higher when LNCs were exposed to undifferentiated cells
than cells grown at an air-liquid interface (Calu-3 monolayer). In Figure 5-B and 5-E,
the mean fluorescent intensities (MFI) of Dil and FRET of Calu-3 cells after treatment
with different LNC formulation for 2 and 4 h, are represented. Through Dil emission
analysis (Aex 561 nm-Aem 579/616 nm), we monitored the uptake rate of LNC in the
cells. As the results show, the rate of uptake in undifferentiated cells are higher than
polarized cells. Regarding Labrafac™-based nanocapsules (L30, L50 and L100), the
uptake behavior of nanocapsules in both undifferentiated and polarized cells are size

dependent and it increases alongside the increase in particle size. Moreover, in
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undifferentiated cells, uptake of nanocapsules significantly increases after 4 h
(p<0.001), while in case of polarized cells, the increase of uptake after the same time
span is not significant. Further comparison between the L50, T50 and C50 reveals that
composition of nanocapsules play a major role in uptake rate in undifferentiated cells
while for polarized cells, the uptake rate is approximately the same as it was observed
before (Figure 2-A). Considering the MFI of FRET, we have an indication of the
amount of intact nanocapsules internalized by cells. Figure 5-C and 5-F suggest that
once the uptake of nanocapsules increases, the FRET intensity, although not
significantly in case of polarized Calu-3 cells, increases. The same behavior could be
better realized by increase in the population of Dil-positive and FRET-positive cells
after 2 and 4 h of incubation, indicating that LNCs uptake and degradation

simultaneously happens (Figure S3).

The confocal images presented in Figure 6 show Calu-3 cells incubated with DiO-
LNC formulations from different formulations for 2 and 4 h. The images generally show
the cell associated presence of DiO green fluorescence at 2 h and 4 h incubation
times. The green fluorescence in Z-sections of L100 nanocapsules treated Calu-3 cells
after 4 h of incubation shows a punctate perinuclear distribution which implies a

lysosomal subcellular localization.
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Figure 6: Confocal microscopy images of DiO-
LNC formulations uptake by undifferentiated
Calu-3 cells. The cells were treated with DiO-
LNC formulations at concentration of 0.05
mg/mL (LNC/HBSS-HEPES) (Method S1) for
2 and 4h. A) 2D images of cellular uptake for
different DiO-LNC formulations, B) 3D images
reconstructed from individual sections (‘Z-
stacks’) taken across the depth of the Calu-3
cells after 4 h of exposure with L100 (40
sections, 0.53 pm thick). The scale bar
represents 20 um. The green signal is DiO and
the blue one is for cell nuclei which were
labelled with Hoechst.
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A panel of images in Figure 7 shows the confocal images of cell associated DiO,
FRET, and Dil fluorescence for tested FRET-LNC formulations on undifferentiated
cells. After 2 h of incubation, red fluorescence of Dil, and yellow fluorescence of FRET
can be observed in the cells, indicating nanocapsules cellular internalization and their
presence in the cells as intact species, although the overall level of fluorescence is
generally relatively low. After 4 h, the Dil signal is increased, as well as FRET signal,
indicating an increased amount of cell-internalized nanocapsules which is confirmed
before by FACS (Figure 5-B). By comparing the increase in the intensity of the Dil
channel from 2 h to 4 h and considering the results obtained from FACS, we can
understand that increase in nanocapsules uptake results in more intense FRET signal
(Figure 5-C). Considering that the cells were treated with nanocapsules encapsulating
the optimal DiO:Dil ratio (Figure 1-E), one should not observe green signal of DiO, as
the appearance of this color represents the dissociation of FRET pair and hence, at
least partial, loss of integrity of the LNCs. All FRET-LNC formulations tested show
appearance of green DiO fluorescence suggesting that the nanocapsules integrity is
compromised.

Figure 7: FRET confocal microscopy showing the change in FRET signal of FRET-LNC formulations
at concentration of 0.05 mg/mL (LNC/HBSS-HEPES) (Method S1) exposed to undifferentiated Calu-3
cells for 2 and 4 h. Zen 2009 image Software was utilized for image processing. Different imaging
channels are displayed horizontally for each sample (from left to right): Hoechst channel which
represents the nuclei (blue), DiO channel (green, Aex 488 nm-Aem 505-530 nm), FRET channel (yellow,

Aex 488 nm-Aem LP 560 nm), Hoechst, DiO and FRET merged channel, and Dil channel (red, Aex 543
nm-Aem LP 560 nm). Scale bars in all images are 20 ym.

(next page —)
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Finally, we investigated a co-localization of encapsulated DiO probe with lysosomal
marker (LysoTracker Red DND-99) following undifferentiated Calu-3 cells exposure to

Dio-LNC formulations (Figure 8).

Figure 8: Confocal microscopy for lysosomal staining representing the localization of DiO-LNCs at
concentration of 0.05 mg/mL (LNC/HBSS-HEPES) (Method S1) exposed to Calu-3 cells for 2 and 4 h.
Zen 2009 image Software was utilized for image processing. Different imaging channels are displayed
horizontally for each sample (from left to right): Hoechst channel which represents the nuclei (blue),
DiO channel (green, Aex 488 nm-Aem 505-530 nm), R-red channel (red, Aex 577 nm-Aem 590 nm),
Hoechst, DiO and R-red merged channel. White arrows in “Merged” column shows the DiO and L-Red,
representing accumulation of LNCs in lysosomes. Scale bars in all images are 20 ym.

(next page —)

POURBAGHI MASOULEH Milad |
Development of lipid nanocapsules for antiangiogenic treatment of glioblastoma | @loEle) |98



Chapter 2

Hoechst Dio L-Red Merged

L30

L50

L100

T50

C50

POURBAGHI MASOULEH Milad |
Development of lipid nanocapsules for antiangiogenic treatment of glioblastoma | @loEle) |99



Chapter 2

Comparing distribution of green fluorescence, representing Dio, with red, representing
lysosomal marker, in the corresponding images (DiO and L-red columns), one can
observe similar patterns of color distribution, further confirmed by the presence of
yellow-orange color in merged column. The images would hence indicate co-
localization of the DiO-containing nanocapsules and lysosomal marker (white arrows),
pointing to accumulation, at least a population, of LNCs inside lysosomes. This
appears to be the case for all the formulations, evident at both 2 and 4h of incubation
(white arrows), although lysosomal accumulation is perhaps less noticeable for L30

than for the other LNC formulations.
4. Discussion

A successful delivery of biologics (high molecular weight compounds such as proteins,
microRNA, siRNA, and antibodies) or new classes of small molecular weight
compounds with low permeability across nasal epithelial barrier will unlock potential of
a non-invasive drug delivery to the brain. In this context, nanocarriers can potentially
enhance transepithelial drug delivery by protecting the encapsulated therapeutic agent
from biological and/or chemical degradation [276] and by acting as a shuttle to carry
the encapsulated material across the nasal epithelial barrier. As previously described,
LNCs are nanocarriers which are formulated with ‘generally recognized as safe’
excipients by a phase-inversion temperature process (a low-energy nano-
emulsification method) and have promising use for drug delivery to malignant brain
tumors [172,174,179,191,374-378] and also transport of therapeutics across intestinal
epithelial barrier [141,142]. Therefore, it is interesting to study potentiality of LNCs for
application in nose-to-brain drug delivery. To employ LNCs for the purpose of
intranasal drug delivery to the brain, their integrity after transport across nasal
epithelial barrier must be maintained to avoid the release of the cargo before reaching
the brain site. Here, for the first time, we have studied the fate of different type of LNCs,

based on size and matrix component, after crossing a model of nasal epithelial barrier.

In this study, we successfully prepared LNCs from oily core of medium chain
triglycerides (Labrafac, Labrafil, or glyceryl tricaprylate) by encircling a rigid shell of
Lipoid® S75-3 (lecithin), which crystallizes, to give an improved physical stability to
LNCs, compared to nanoemulsions [134,146]. Regarding Kolliphor® HS15 (PEG (15)-
hydroxystearate), it has been suggested previously that Kolliphor® molecules
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associate with Labrafac™ core through their lipophilic (hydroxystearate) moiety, and
orientating their hydrophilic (polyethylene) chains towards water phase [148]. It is
worthy to mention that the liquid state of medium chain triglycerides was maintained
after entrapment inside the nanocapsules, thereby the system is comprised of an oily
liquid core surrounded by a tensioactive rigid shell made from a mixture of Lipoid® and
Kolliphor® [148]. Knowing that there is a direct correlation between the size of the
nanocapsule and the oil amount in the formulation, to study the effect of the particle
size on cellular interactions of LNCs, formulations based on Labrafac™ [148] with
three different nominal sizes (30, 50 and 100 nm) were prepared (L30, L50 and L100).
Furthermore, in order to compare the effect of LNC matrix component on their
transport across nasal epithelial barrier, we prepared three different formulations (L50,
T50 and C50), of 50 nm. For the preparation of T50, Transcutol® HP, widely employed
in the development of emulsions or microemulsions [138—140], was utilized as co-
surfactant. Furthermore, Labrafil® M1944 CS, a hydrophilic oil in which Transcutol®
HP is soluble, was selected and employed as oily phase. Since solubilization of Lipoid®
in Labrafil® is limited, Labrafac™ was also added in order to overcome this obstacle
[141]. For preparation of C50, Labrafac™ was replaced by glyceryl tricaprylate and

formulated as previously described [142].

In this work, due to the limitations with primary cell cultures, such as limited
subsequent passages [243], we selected Calu-3 cells, which is a ciliated, mucus-
secreting cell line and has numerously been employed in preparation of nasal
epithelial barrier models [261,264-273]. LNC formulation toxicity, which was
measured using MTS cytotoxicity assay, enabled the identification of nontoxic
concentrations of nanocapsules, which were used in subsequent experiments. A
concentration-dependent effect on cell metabolic activity was observed for LNCs with
different sizes and also matrix components (Figure 2). The safety of the ideal
concentration of LNCs were further validated by LDH assay, a membrane damage
indicating assay, to ensure that nanocapsules do not affect the cell membrane
(Method S5). Knowing the fact that there is a direct relation between the amount of
Kolliphor® and toxicity induction in Calu-3 cells [392], our results suggest that the
decrease in cell metabolic activity of Calu-3 cells is irrelevant to the amount of
Kolliphor® at the concentration of nanocapsules which was introduced to the cells
(Table S1).
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Calu-3 cells were grown at an air-liquid interface on permeable supports to form
polarized cell, to investigate the potential of LNC formulations for transporting a
hydrophilic agent across the cell monolayer. We observed that nanocapsules facilitate
the transport of encapsulated DiO across the cell monolayer to the basolateral
chamber. The difference to the behavior of ‘free’ DiO, where more than 95% of applied
dose was associated with the cell monolayer, due to its high lipophilicity, as already
demonstrated for other types of hydrophobic drugs [141,142], highlights that drug
carriers play a pivotal role in enhancing the drug delivery across epithelial barriers.
The transport of DiO from apical chamber to basolateral was found to be dependent
on nanocapsules size as the rate of DiO transport increases alongside the increase in
the size of nanocapsules, where the highest transepithelial transport of DiO occurred
for the largest, 100 nm LNC formulation (Figure 3-A and 3-B). Such behavior was not

observed in LNCs with different matrix components

The paracellular transport of agents across epithelial barriers is restricted by the size
of the intercellular space and the tightness of junctions present between the epithelial
cells which in case of Calu-3 cells is about 8 A [222]. Furthermore, tight junctions could
be opened up by particular constituents and the width of fully opened tight junction is
known to be less than 20 nm [393]. The paracellular transport of a nanocarrier could
occur once their size and surface modification are suitable. The nominal size of the
smallest LNC formulation was around 30 nm which is even larger than the width
opened tight junction. Moreover, it has been proven that Kolliphor® (>1mM) could open
tight junctions, hence enhancing paracellular transport of agent across Calu-3 cell
monolayer [392], but in the current study, final concentration of this surfactant on the
surface of nanocapsules is way less than the sufficient amount for resulting in
paracellular transport of DiO (Table S1). Knowing that measurement of TEER value
can be utilized as a marker for disruption of the epithelial monolayer [394] and any
decrease in TEER value could reflect an increase of the paracellular permeability
[395], we observed no variation in TEER value during the transport study, due to the
fact that the transport of LNCs did not affect the TEER value (Figure 3-C), hence we
can hypothesize that the DiO transport by LNCs was through intracellular trafficking.
Further characterization of samples taken from basolateral chamber revealed that the
size of the detected nanoparticles noticeably were higher compared to the initial values

and the homogeneity as well decreased (Figure S2-B). The variation in particle size
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and polydispersity could be as a result of agglomeration of nanocapsules, and/or LNC
debris and/or cell-derived entities. Such agglomeration could also occur because of
the nanocapsule interactions with biomolecules of during the metabolic activity of the
cells [396]. Rogers et al. [142], previously reported that transport of tricaprylin based
LNCs (like C50) across Caco-2 cell monolayers could be as a result of transcytosis
based on the transmission electron microscopy observations. Therefore, extracellular
vesicles could be involved in transport of LNCs. We found that these large particles
are detectable after transport in basolateral chamber even for the ‘free DiO’ sample

and it make the idea of transcytosis more probable (Figure S2-B).

To achieve one of the primary goals of this study, which is investigation on integrity of
LNCs after transport across Calu-3 based nasal epithelial barrier, we firstly optimized
FRET-LNC formulations in the way that all the absorbed energy by the donor
fluorophore (DiO) transfers to the acceptor one (Dil), thereby the slightest change in
the juxtaposition of fluorophore pairs could be detected (Figure 1) and efficaciously
benefits the FRET imaging. The findings suggest that different types LNCs prepared
for this study, cannot maintain their integrity while they are internalized by or
transported across Calu-3 cells. We showed that nanocapsules with different sizes
and also different compositions maintain their integrity up to 4 h under culture condition
with or without presence of cell (Figure 4-A and 4-B), but when they cross the
epithelial barrier, the FRET ratio dramatically decreases (Figure 4-C). This result
suggests that LNCs were subjected to degradation through their passage across Calu-
3 cell monolayer because the destruction of LNCs with organic solvents led to the
same decrease of the relative FRET ratio (Figure A). The results obtained from FACS
studies on non-polarized and polarized Calu-3 cells also demonstrated that the FRET
ratio in internalized nanocapsules decreases, indicating that intracellular trafficking
results in nanocapsule degradation (Figure 5-A and 5-D). As Bastiat et al.[397],
demonstrated before, encapsulation of lipophilic carbocyanine dyes (DiO, Dil and DiD)
results in their localization inside the surfactant shell of the nanocapsules. Applying
their method, we found that the FRET fluorophore pair is inside the shell (Method S3).
Therefore, we cannot say whether the degradation is attributed to the surface erosion
or bulk erosion of nanocapsules [398]. Such estimation necessitates a meticulous
study on LNC degradation mechanisms. In addition, intracellular FRET analysis for
undifferentiated and polarized cells demonstrated that, although the LNC uptake
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behavior is slightly variable, which could be attributed to the density of cells and their
differentiation [399], decrease in FRET ratio reduction, which corresponds to
degradation of internalized nanocapsules, occurred for all types of LNC formulations
following the same pattern (Figure 5). Therefore, the FRET imaging of undifferentiated
cells could represent the intracellular fate of LNCs internalized by polarized cell
monolayer (Figure 7). These results further confirms the degradation of nanocapsules

inside the cells.

In contrast to our findings, Roger et al. [381], found that tricaprylin based LNCs (like
C50) could maintain their integrity after transport across Caco-2 based intestinal
epithelial barrier model. Using two complementary techniques, FRET and nanoparticle
tracking analysis (NTA), they found that the LNCs are intact after transport and there
was not a significant change in their size. Groo et al. [51] have also shown the stability
and diffusion of FRET-LNCs in intestinal mucus. The FRET efficiency remained at
78% after 3 h. This slight loss of FRET efficiency (< 25%) was not considered as a
sign of LNC destruction but, rather, they reported that an increase of diameter LNCs
of 5 nm after as a result of contact with mucus could be the reason for this observation.
The difference of results between these studies with ours could be in part due to the
employed technique and the barrier characteristics of epithelial cultures. Roger et al.
[381], used two lipophilic cyanine dyes (DiD and Dil) bearing the highly hydrophobic
tetraphenyl borate (TPB) counterion to achieve an efficient FRET signal. TPB
enhances dye solubility in oil and therefore the dye loading capacity. Employment of
these TPB-based fluorophores may be more sensetive than the lipophilic
carbocyanine dyes we employed to detect integral LNCs. The discrepancy of our
results could also be due to the presence of mucus in the Calu-3 cell layer which is
absent in Caco-2 cell layer. Indeed, Vllasaliu et al. [400] showed that the presence of

mucus notably affect nanoparticle transport across the epithelium.

As previously explained, the rigidity of LNC is due to Lipoid® S75-3 which is composed
of two different phospholipids. If this rigid phospholipid-based shell is affected by any
transcellular mechanism in nasal epithelial barrier, the nanocapsules could not
maintain their integrity. Tagami et al [401], reported that phospholipids are the
substrates for phospholipase A2 (PLA2) which is a family of enzymes capable of

hydrolyzing phospholipids. Thus, phospholipid based-lipid nanocarriers become leaky
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in the presence of PLA2 due to the degradation of phospholipids. PLA2 can cleave the
sn-2 position of a phospholipid to generate the lysolipid lysophosphatidylcholine and
the fatty acid arachidonic acid [402]. Wadsater et al. [403], investigated the lipolytic
degradation of cubic micellar nanoparticles of soy phosphatidylcholine/glycerol
dioleate by PLA2 and reported that it degraded to lysophosphatidylcholine and fatty
acids. On one hand, by considering the enzymatic action of PLA2 on phospholipids,
the degradation of LNC is inevitable. On the other hand, it is well proven that in
epithelial cells, PLAZ2 is not only prevalently present in the cytosol [404], but also it is
highly expressed in the lysosomes of lung cells and are believed to participate in
surfactant catabolism [405,406]. Our results show that LNCs are accumulated in both
cytosol and lysosome of Calu-3 cells (Figure 8), hence degradation of the
nanocaopsules is unavoidable. Furthermore, there are also other types of lysosomal
enzymes that could affect the shell of the nanocapsules such as lecithin:cholesterol

acyltransferase [405] or lysosomal acid lipase [407].
5. Conclusion

In this study, interaction of LNC formulations of different sizes and compositions with
Calu-3 cells was evaluated. It was shown that these nanocapsules could dramatically
enhance the transport of a hydrophobic dye in a size dependent fashion by a
transcellular mechanism, while the composition of the LNCs did not affect the
transport. FRET studies demonstrated that the integrity of all different types of
nanocapsules was affected by the transcellular transport, so that the transported
nanocapsules underwent degradation. Intracellular FRET analyses demonstrate that
the internalized nanocapsules, accumulated in both cytosol and lysosomes, were
degraded. Further investigation is necessary to find out what mechanisms and what
enzymatic activity are directly involved in degradation of the nanocaopsules and such
investigation is integral with a precise understanding about the way LNCs are
degraded. Subsequently, a meticulous design of LNCs could be postulated and thus
experimented in order to minimize the rate of degradation of the nanocapsules once

they are transported across the nasal epithelial barriers.
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Method S1: Dilution of LNC based on formulation mass

To dilute the LNC formulations based on the matrix components that form the
nanocapsules, the quantity of the excipients that constructs the nanocapsules (Oils
and surfactants), utilized in preparation of formulation, were added and divided by the
total quantity of the applied excipients and water (water at 25°C and water at 0°C).
Considering the resulted proportion, the desired concentration of the LNC
compartments were calculated and diluted by addition of the diluent. This dilution is
considered as LNC dilution and its unit is mg/mL (LNC/mL of diluent).

Table S1: Final amount of Kolliphor® in LNC formulations introduced to Calu-3
cells at concentration of 0.05 mg/mL (LNC/HBSS-HEPES)

Formulation L30 L50 L100 T50 C50
Mg 33.9 21.8 13.7 15.4 22.1
pmol 0.035 0.023 0.014 0.016 0.023

UM 0.07 0.045 0.028 0.032 0.046

Method S2: FRET-LNC sample preparation for fluorescent spectroscopy

analysis:

FRET-L50 samples: In order to find the best proportion of DiO to Dil for preparation of
FRET-LNC formulation, we selected L50 and encapsulated the selected fluorophore
pair in the formulation with different Dio to Dil mass (Dio:Dil) ratio (w:w). Once the
samples were prepared, filtered, dialyzed overnight and filtered again (as described in
LNC formulation section). 10 yL of each sample was diluted with 990 uL of MiliQ water
to see the FRET effect (Figure 1-A). Knowing the fact that the FRET effect appears
once the fluorophores are adjacent to each other, we utilized tetrahydrofuran (THF), a
strong solvent that can solubilize LNCs, to disassemble the nanocapsule structure and
analyze the FRET effect. For this purpose, 10 pyL of each sample was diluted with 10
uL of THF, agitated intensively and followed with addition of 980 pL of MeOH (Figure
1-B).

FRET-LNC samples: Considering the selected Dio:Dil ratio (w:w) from the FRET-L50
samples which is 1:10 (w:w), different FRET-LNC batches (FRET-L30, FRET-L50,
FRET-L100, FRET-T50 and FRET-C50) was prepared as described before. In order
to make sure that FRET-LNC formulations could function efficaciously after dilution to
the desired concentration obtained from MTS study (0.05 mg/mL), the samples were
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diluted following Method S1. To investigate the efficacy the FRET effect after
preparation, the prepared LNC formulations were diluted to 0.05 mg/mL by MiliQ water
(Figure 1-D). Furthermore, the LNC formulations were diluted by addition of 10 pL of
THF, agitated intensively and finally MeOH was added to obtain a concentration of
0.05 mg/mL (Figure 1-E).

Method S3: Incorporation of fluorophore to LNC

FRET-LNCs were selected to measure the amount of unassociated fluorophore to
LNCs after dialysis and filtration as described before. In this regard, 500 pL of the
different FRET-LNC formulations were filtered by Amicon Ultra-0.5 mL Centrifugal
Filter (10 kDa, 10000 rpm, 1h, RT). Consequently, the supernatant was analyzed by
fluorescent spectroscopy (Aex: 484 nm — Aem: 502 and 568 nm for DiO and FRET
respectively; and, Aex: 549 nm — Aem: 568 nm for Dil).

Table S2: Analysis of supernatant obtained after filteration of FRET-LNC formulation

Ex/Em FRET-L30 FRET-L50 FRET-L100 FRET-T50 FRET-C50
Aex/Aem: 484/502 ND ND ND ND ND
Aex/Aem: 484/568 ND ND ND ND ND
Aex/Aem: 549/568 ND ND ND ND ND

"ND: Not detected (No peak was detected in the emission spectra).

Lipid transfer experiment

Investigating the association of the DiO and Dil to LNC is a challenging issue.
Therefore, based on the transfer of a fluorescent dye from its hosting nanocarrier to a
lipophilic compartment, an innovative approach was recently developed by Bastiat et
al. [1], to confirm the labeling stability. According to this method, 1 mL of optimized
FRET-LNC formulation at concentration of 0.05 mg/mL (LNC/water) (Method S1) was
mixed with the amount of their oily core (for L30, L50 and L100: Labrafac™; for T50:
Labrafac™, Labrafil® and Transcutol®; for C50: Glyceryl tricaprylate) that participate
in formation of the nanocapsules at the same concentration. The mixtures were
vortexed for 15 s at room temperature, then centrifuged (4000 rpm, 30 min) to separate
the lipophilic compartment from nanocapsules. Once complete separation was
obtained, a white film remains on top which is the lipophilic compartment, thereby the

nanocapsules remain underneath. Therefore, the nanocapsule colloid was carefully
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taken out by a syringe and analyzed by fluorescent spectroscopy. Table S3 shows the

FRET ratio of the samples before and after separation:

Table S3: Analysis of supernatant obtained after filteration of FRET-LNC formulation

FRET- FRET- FRET- FRET- FRET-

Condition L30 L50 L100 T50 C50

FRET ratio of original formulation 0.911 0.927 0.913 0.81 0.935

FRET ratio after lipid transfer 0.891 0.909 0.911 0.763 0.916
experiment

As the results show, there is not a significant difference before and after separation.
Bastiat et al. [1], described that when Dil and DiO are encapsulated in Labrafac™-
based LNC, they are trapped in the shell of the nanocapsule, therefore they could not
be transferred, even in the presence of an external lipophilic compartment(s). In the
prepared FRET-LNC formulations, no significant difference in FRET ratio was
observed before and after lipid transfer experiment which agrees with what Bastiat et
al. [1] claimed. Regarding T50, the minor loss of FRET ratio could be as a result of
Transcutol® which is a co-surfactant and a small proportion of the encapsulated dyes

could be transferred to lipophilic compartments by this excipient.

[1] G. Bastiat, C.O. Pritz, C. Roider, F. Fouchet, E. Lignieres, A. Jesacher, R. Glueckert, M. Ritsch-
Marte, A. Schrott-Fischer, P. Saulnier, J.-P. Benoit, A new tool to ensure the fluorescent dye labeling
stability of nanocarriers: A real challenge for fluorescence imaging, J. Control. Release. 170 (2013)
334-342. doi:10.1016/j.jconrel.2013.06.014.

Method S4: Dio binding to membrane filter of Transwell®

To study the binding between DiO and membrane filter of Transwell®, the same
transport protocol as mentioned before without presence of cells was performed. At
the end, the filters were washed with PBS, excised and mediated with THF and

methanol. Eventually, the samples were analyzed by a plate reader.

Table S4: DiO quantity associated to the membrane filter of Transwell®

Formulation Dio-DMSO Dio-L30 Dio-L50 Dio-L100 Dio-T50 Dio-C50
DiO quantity (ng) ND* ND ND ND ND ND

‘ND: Not detected (The results were lower than limit of detection)
Method S5: LDH assay

The LDH assay was employed to assess the cell membrane integrity as a function of
the amount of cytoplasmic LDH released into the medium. Calu-3 cells were cultured

on 96-well plates at the density of 1x10* cells/well for 48 hours before the assay. Then,
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the culture medium was removed and cells were washed with PBS before adding 150
WL of LNC suspension in each well (0.05 mg/mL) (Method S1). Triton X-100 (0.2% v/v
in HBSS) was used to induce LDH release (positive control), whereas HBSS-HEPES
was used as negative control. After 4h of incubation, 50 pL of the sample solution was
removed from each well, mixed with 150 pL of the LDH reagent and incubated for 25
min at room temperature. Finally, absorbance at 490 nm was measured by the plate
reader. Percentage of LDH release from the LNC treated cells was calculated using

the equation below:

X1
T 00

LDH release (%) =

where S is the absorbance measured from the tested samples, T is the absorbance
obtained with Triton X-100, and H is the absorbance observed with HBSS-HEPES.
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Figure S1: LDH release in the cell culture medium, after incubation of Calu-3 cells with B-LNC
formulations at concentration of 0.05 mg/mL (LNC/HBSS-HEPES) (Method S1) in a 4 h experiment at
37°C. Triton X-100 (TX; 0.2% v/v) was employed as a positive control, and HBSS:HEPES was used as
a negative control. Data represents the mean+SEM (N=4, n=4)

® Characterization of different prepared batches of FRET-L50 based on different
DiO:Dil ratio

Table S5: Size, PDI and zeta potential of the prepared FRET-L50
batches for optimizing DiO:Dil ratio (n=1)

L50 (DiO:Dil) (w:w)  2:1 1:1 1:2 1:5 1:10
Size™* 52 55 53 55 57
PdI* 0.08 0.09 0.09 0.11 0.1
Zeta* 7 7 5 -6 -8

* The size of the lipid nanocapsules corresponds to the intensity peak.
+ The batches were measured once, hence SD is not applied.
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® LNC Size distribution
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Figure S2: Size distribution of (A) a selected batch of each LNC formulation, (B) the samples in
basolateral chamber after DIO-LNC (at concentration of 0.05 mg/mL (LNC/HBSS-HEPES)) exposure
to differentiated Calu-3 cells for 4 h
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® Cell population obtained from FACS analyses
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Figure S3: FACS analysis of the polarized or undifferentiated Calu-3 cells after treatment with FRET-
LNC at concentration of 0.05 mg/mL (LNC/HBSS-HEPES) (Method S$1) for 2 and 4 h of incubation: A)
Comparison between Dil and FRET positive cells in undifferentiated cells, B) Comparison between Dil
and FRET positive cells in polarized cells. A blue laser at 488 nm (Aem 513/526 nm) and a yellow/green
laser at 561 nm (Aem 579/616 nm) were used as excitation source for the detection of DiO and Dil
fluorescence, respectively. For FRET detection, the laser at 488 nm with Aem 576/621 nm was employed.
Cells treated with B-LNCs (L30, L50, L100, T50 and C50) was considered as negative control. As the
figure shows, population of Dil-positive and FRET-positive cells increases after 2 and 4 h, indicating
that LNCs uptake and degradation simultaneously happens. The data represents the mean+SD (n=4).
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GB is the most aggressive, and the most frequent primary tumor of the brain in adults.
The standard therapy consists in gross total tumor resection and post-operative
adjuvant radiation and chemotherapy [16,31]. The prognosis remains poor, with a
mean progression-free survival of 7 months and an average survival of 12 to 15
months. Recurrence occurs 6-7 months after surgery, and in 90% of cases at the
margin of the surgical resection [408]. The location of tumor, its high vasculature and
motility, and its protection by the BBB make difficult the effectiveness of therapeutic
approaches. Over the past decade, angiogenesis has emerged as a leading target of
pharmacological development for GB therapy. This development was as a result of
the unsatisfactory outcomes with cytotoxic drugs and acknowledging that the
substantial pathologic vascularization could make GB potentially susceptible to
antiangiogenic therapy [409]. Bevacizumab, a humanized monoclonal antibody
against VEGF has increasingly been used in the treatment of recurrent and newly
diagnosed GB. Although this agent improves symptoms and allows for reduction in
steroid, it has not demonstrated a significant improvement in overall survival compared

with standard of care therapy [410].

In general, the major problems that concerns antiangiogenic therapy is mainly the
antiangiogenic drug selection, the delivery system and, last but not least, the route of

administration.

A smart choice of an antiangiogenic agent is not only based on its potency, but also,
the molecular mechanism that it targets. Recently, multitarget antiangiogenic agents
have attracted extensive attention in the realm of oncology, as potential therapeutic
solutions to malignant tumors [411]. Although the molecular mechanisms that underlie
persistent tumorigenesis and treatment resistance in GB are still insufficiently
understood, it is well-proven that the growth, the invasion and the angiogenesis of the
GB are integral with activation of RTKs [412]. Up to now, various antiangiogenic
agents that target the kinase domains of RTKs have been studied in the context of GB
and one of them is SFN. Despite its potential in in vitro and in vivo GB models, efficient
outcomes are not reported from the clinical trials of SFN employment as a
monotherapy or in combination of other chemotherapeutics for patients with
progressive or recurrent GB [126, 129, 131, 132, 303, 306]. The poor results obtained
from clinical trials may be due, in part, to the route of administration of the SFN. The
poor solubility of SFN strongly limits its application for local treatment and this drug is
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orally administered in the form of SFN tosylate tablets. Such systemic administration
may be efficient for peripheral tumors, such as hepatocellular carcinoma, renal cell
carcinoma, and thyroid cancer, but efficacy may be limited for brain tumors, for which
SFN does not penetrate into the brain in sufficient amounts [413]. High systemic doses
of this drug are required to obtain effective brain-tumor concentrations but the
potentially adverse events associated with the systemic distribution of SFN, such as
hand-foot skin reactions, rash, upper and lower gastro-intestinal distress, fatigue, and
hypertension do not allow it [414]. In this regard, it is desirable to reformulate this
antiangiogenic agent to increase brain-tumor delivery and limit side effects. Up to now,
SFN has been encapsulated inside different nanoparticles, but none of these
formulations have been tested on GB models. Furthermore, most of these formulations
have major drawbacks, such as the presence of organic solvents or toxic compounds,
preventing their clinical use. In the current thesis, we selected LNCs to reformulate
SFN, and studied the effect of the prepared formulation on in vitro and in vivo GB

models.

LNCs have the ability to encapsulate hydrophobic molecules in their lipid core. Up to
now, many cytotoxic molecules have been encapsulated inside these nanocapsules
without causing changes in their activity despite the heating steps in the preparation
process [134]. In addition, LNC formulations have shown promising results for brain
passive and active targeting and an efficacy on in vivo GB models
[415][172,174,179,191,375-378]. In this regard, the primary goal of this project was to
design a LNC formulation that would allow a sustained release of SFN. In general, the
determining factor for LNC design is the excipients that participate in solubilization of
the drug and the formation of the core of the nanocapsules. Based on the solubility
study of SFN in different oily excipients, we found that the ideal one would be
Transcutol® HP. To the fact that, after administration, the nanocapsules will have to
diffuse through the extracellular space which has been estimated between 35 and 64
nm in diameter [416], the LNC was designed based on the Transcutol® HP with an
approximate size of 50 nm (PDI of < 0.2). For finding the optimized SFN-LNCs,
different amounts of SFN were encapsulated inside nanocapsules and the formulation
with the least changes in characteristics, in comparison to blank LNCs, was selected.
This formulation had an encapsulation efficiency of approximately 100%, with a drug

payload of 2.11 £ 0.03 mg/g of LNC dispersion. Our findings indicate that LNCs have
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superior efficiency over its rival which is liposomes. Indeed, Liu et al [320], produced
liposome at size of about 100 nm to encapsulate SFN and even though they obtained
the same encapsulation efficiency as ours, the drug loading was 0.05 mg/mL of SFN
in liposome solution. It means that LNCs are capable to encapsulate SFN forty times
more concentrated than liposomes. Both of these nanocarriers exhibited a much
sustained SFN release in PBS medium at pH=7, where after 5 days, near to 20% drug
release was observed [320,327]. This release is done in a more controlled way than
their polymer counterparts under the above mentioned conditions, so that the release
was reported as ~ 40-100% (in 4-5 days) for polymer nanoparticles [318,320,323,
,332, 369-371] and ~ 30% (in 4-5 days) for polymer dendrimers and micelles [420,421].
The low release profile obtained with LNCs suggests that most of the SFN remained
associated with the LNCs, which may be beneficial, as it would allow sufficient time
for cells to capture the loaded LNCs. SFN-LNCs inhibited in vitro angiogenesis and
the viability of the human U87MG GB cell line similarly to free SFN, suggesting that its

activity is conserved by LNC encapsulation.

We evaluated the in vivo effect of SFN-LNCs in nude mice bearing intracerebral U87M
tumors after their CED intratumoral administration. Drug administration through CED
has the advantage to bypass the BBB and provide sustained drug delivery, leading to
enhanced toxicity profiles and diminished dosing frequency [422,423]. The CED
administration of LNCs has already been performed successfully on orthotopic GB
models to deliver a lipophilic complex of Rhenium-188 (LNC188Re-SSS),
ferrociphenol and paclitaxel [170,180,188]. In our study, four days following this local
administration approach, we observed that SFN-LNCs increased the tumor blood flow
and reduced tumor vessel area in U87MG-bearing mice. These data suggest that
SFN-LNCs may have normalized abnormal vessel structures, potentially leading to
increased blood perfusion. Vessel normalization following treatment with SFN or other
tyrosine kinase inhibitors has already been described for various malignancies [74,87,
302,376]. We did not observe such vascular changes following the treatment of
U87MG-bearing mice with free SFN, highlighting the potential of SFN-LNCs. This may
be due to the capacity of LNCs to improve the retention of SFN within the tumor. The
prolonged retention of LNCs in brain tumors following intratumoral CED administration
was previously shown using LNCs loaded with LNC188Re-SSS [182,353]. Seventy

percent of the 188Re-SSS activity was present in the tumor region 24 h after
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LNC'8Re-SSS injection, whereas free '8Re-perrhenate was rapidly eliminated in the
urine and feces. In addition to the induction of vascular changes, SFN-LNC-treatment
reduced the number of proliferative Ki67* cells in the tumor but this was not sufficient
to modify the growth rate of U87MG tumors. The absence of this effect is probably due
to an insufficient dose of SFN-LNCs. Siegelin et al. [125] observed that a daily
treatment of U87MG-bearing mice with SFN (100 mg/kg) by intraperitoneal injections
resulted in an inhibition of tumor cell proliferation and reduction of angiogenesis with
a prolonged survival of mice. We injected only one dose of SFN-LNCs (3.5 pg/mouse),
a lower dose than was used in the study of Siegelin et al. corresponding to about 2
mg/mouse/day. A repeated-injection regimen should be planned to increase the
injected drug dose and, consequently, to further enhance antitumour efficacy. Despite
of the fact that CED offers a number of advantages over conventional drug delivery
such as bypass of the BBB, high local concentration of drug, targeted distribution
through large brain volumes and minimization of systemic side effects, it remains as
an invasive method making a repeated treatment option difficult. In a clinical context,
systemic administration of SFN-LNCs could be simpler, less costly and would allow
for a chronic treatment. Therefore, it is desirable to find a systemic route for

administration of the LNC formulation.

Because of the presence of the BBB, drug delivery to the brain by systemic routes
remains challenging to achieve an effective response to treatment [425,426]. In the
case of brain tumors, the BBB becomes abnormal [427]. For that reason, the systemic
delivery of drugs for treatment of tumors located in the brain may become achievable.
Brigger et al. [428], demonstrated that after an intravenous injection of PEG-PHDCA
nanoparticles or PHDCA nanoparticles into orthotopic 9L gliosarcoma model in rats,
both types of nanoparticles were preferentially accumulated in the tumor, while no
accumulation of these nanoparticles was detected for the healthy rats at the
intracranial injection of NaCl. However, only a minute fraction of the injected dose was
detected in the tumor tissues after 30 minutes of injection (maximal concentration
about 0.22% of initial does per gram of tumor tissues). Hence, although the BBB was
disrupted because of the brain tumor, the efficiency of drugs administered by a
systemic injection was still minimal by low penetration across this barrier [429].
Furthermore, many solid tumors have a high interstitial fluid pressure, which acts also

as a barrier to transcapillary transport and prevents the homogeneous distribution of
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therapeutic agent in tumor tissues [430]. In case of LNCs, Huynh et al. [171], reported
that a single intravenous injection of ferrociphenol-loaded LNCs, decorated with
DSPE-mPEGz2000, could dramatically decrease the volume of the subcutaneous 9L
gliosarcoma tumor in rats compared to the group treated with drug loaded LNCs
without any further surface modification. In contrast, after treatment of orthotopic 9L
gliosarcoma-bearing rats by a single intravenous injection of ferrociphenol-loaded
LNCs, with or without DSPE-mPEG2000, no significant difference was observed in the
median survival times of the rats (27.5 days vs 28 days, respectively). Such DSPE-
mMPEG2000 surface modification could result in a great accumulation of LNCs in the
heterotopic tumor, but this modification is insufficient to allow an effective LNC
accumulation in the orthotopic tumor model. For interest, the treatment by intra-carotid
injection with ferrociphenol-loaded LNCs coated with a cell-internalizing peptide (NFL-
TBS.40-63) that specifically interacts with tubulin-binding sites demonstrated an
interesting efficacy that was strengthened by the presence of a long-term survival rat
until 44 days after 9L cell implantation [174]. Although intra-carotid injection of drugs
results in higher LNC tumor accumulation, this administration route increases the risk

of embolism and hemorrhage [431].

LNCs have been proven to be interesting nanocariers for oral administration [134] and
they have already shown promising properties for the oral delivery of poorly water-
soluble drugs such as SN38 [141], paclitaxel [142], fondaparinux [157] and miltefosine
[432]. These nanocapsules have demonstrated in vitro stability in simulated
gastrointestinal media [433] and it has been proven that they can enhance diffusion of
therapeutics across the intestinal mucus or the human intestinal epithelium Caco-2
cell model [141,387]. These nanocapsules have never been administered orally for
the purpose of drug delivery to orthotopic GB models. Indeed, choosing oral
administration route for drug delivery to brain is not an ideal approach because the
only way for the drug to reach the brain site is through blood circulation, and therefore
the drug would need to cross the BBB. In this regard, this administration route results
in low therapeutic levels within the brain tissue and the utilization of higher potency or

more concentrated doses may lead to serious toxic side effects [373].

Intranasal administration of LNCs can be considered as a noninvasive and safe
alternative delivery way to intravenous or oral administration route. [434]. It has
attracted great interest due the delivery passages through the respiratory and olfactory
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regions of nasal cavity to the brain, bypassing the BBB and offering fast delivery of
drugs from the nose to the brain site [360-363,435]. Up to now, various lipid and
polymer nanosystems have been developed to enhance nose-to-brain drug delivery
and the inherent mechanisms exerted by them were generally reported as protection
of the encapsulated therapeutic agent from biological and/or chemical degradation,
prolonged retention in the nasal mucosa, improved permeation through epithelium
cells, and bypassing the P-gp efflux pump [277,395,396]. However, there is a paucity
of reports about the fate and the integrity of nanosystems after intranasal
administration for targeting the brain site, knowing that these parameters play vital
roles in the success of the developed delivery system. Lochhead and Thorne [373]
suggested that there are three sequential transport steps essential for a therapeutic
substance to be transported to far-reaching sites within the brain following intranasal
administration: (1) crossing the olfactory or respiratory epithelial barriers located within
the nasal passages, (2) delivery from the nasal mucosa to area of brain entry near the
pial brain surface in the cranial compartment (i.e. entrance of peripheral olfactory or
trigeminal nerve-associated sections incorporating the delivery pathways), and (3)
movement of the therapeutic substance from these entries to other locations of brain
(Figure 12). If the integrity of nanocarriers is conserved after crossing these three
sequential transport steps, such nanocarriers are potential to be successful in nose-

to-brain drug delivery.
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Figure 15: The virtual passages of nose-to-brain delivery
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We investigated the fate of different LNCs, based on size (30, 50 and 100 nm) and
matrix components (Labrafac™, glyceryl tricaprylate, or a mixture of Transcutol,
Labrafac™ and Labrafil®), after crossing the human airway epithelial cell line Calu-3
monolayer that mimics nasal epithelial barrier. Concerning the selection of a model for
pre-clinical studies of nasal administration, in vitro cell culture models that closely
simulate the physiological conditions of nasal mucosa have emerged as an affordable
and efficacious strategy [224,436,437]. In this project, due to the limitations with
primary cell cultures, such as limited subsequent passages [243], we selected Calu-3
cells, which is a ciliated, mucus-secreting cell line and has numerously been employed
in preparation of nasal mucosa models [261,264—273]. To study LNC transport and
permeation through nasal mucosa, we cultured cells on Transwell® at the air interface,
which resulted in differentiated cell monolayers and closely resemble that of in vivo
respiratory mucosa [438]. This model was further validated by measuring the TEER
values which is a strong indicator of the tight junction formation and integrity of the
cellular barrier before the evaluation for transport of drugs or chemicals [439]. For
transport study, we encapsulated DiO, a lipophilic carbocyanine fluorophore, inside
LNCs. According to Bastiat et al. [397], using lipophilic carbocyanine dyes (DiO, Dil
and DiD) for labeling LNCs is recommended since, unlike other dyes, they remain
inside the nanocapsules in the presence of lipid acceptor compartments. We found
that employment of LNCs dramatically increased the permeability of DiO across the
Calu-3 cell monolayer compared with the ‘free DiO’. This result is in agreement with
other studies who observed that LNCs improved permeability of paclitaxel [142] or
SN38 [141] across the human intestinal epithelium Caco-2 cell model. Our
observations revealed that the transport increase of DiO was dependent on size of
LNCs with a highest transport obtained for the largest LNCs and it was independent
of LNC matrix components. Based on these results, it can be concluded that LNCs
could be advantageous nanocarriers for systematic administration. The systematic
administration could facilitate repetition of administration for increasing the uptake
level of drugs by cancer cells. Therefore through systematic administration of LNCs a

therapeutic effect could be achievable.

To use LNCs for the purpose of nose-to-brain delivery of a therapeutic agent, their
integrity after transport across the nasal mucosa model must be maintained to avoid

the release of the agent before its brain penetration. To investigate the fate of LNCs
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after their interaction with the mucosa model, we used the Fdrster resonance energy
transfer (FRET) technique which is the most prevalent fluorescence spectroscopy
technique used to observe proximity at the nanoscale level [440]. Briefly, it is based
on the interactions between spatially-close (2 to 10 nm) donor and acceptor dye
molecules. FRET occurs when the emission spectrum of the donor overlaps with the
excitation spectrum of the acceptor. The excitation energy of the donor is transferred
to the acceptor whose subsequent emission can be detected. The relative FRET
efficiency also called the proximity ratio that characterizes the efficacy of the transfer
and that is closely related to the dye proximity is a reliable indicator a preserved
nanoscale environment [380,441]. In this study, we used DiO (donor) and Dil
(acceptor) as the FRET pair. As it was mentioned before, these carbocyanine dyes
locate in the surfactant shell (Lipoid® and Kolliphore®) around the oil core of the LNCs
[397]. We checked that DiO/Dil encapsulated inside LNCs could not interact with
another lipophilic compartment which could lead to a FRET signal loss even if the
LNCs stayed intact. According to the method of Bastiat et al. [397], the relative FRET
efficiency was preserved after mixing dye-loaded LNCs with pure oils indicating the
absence of a leakage phenomenon. We observed a decrease of the relative FRET
efficiency around 40% after the passage of LNCs across the Calu-3 cell monolayer
regardless of size and matrix components. This result suggests that LNCs were
subjected to degradation through their passage across Calu-3 cell monolayer because
the destruction of LNCs with organic solvents led to a similar decrease of the relative
FRET efficiency. In accordance with that, we did not find particles of size
corresponding to LNCs. Only large particles were observed which could probably be
attributed to extracellular vesicles released by Calu-3 cells since these are also
observed after incubation of the cells with ‘free DiO’. This degradation seems to
happen soon after the capture of LNCs by Calu-3 cells since the analysis of the relative
FRET efficiency inside the cells showed the same percent of decrease. To date,
studies on transport of integral nanocarriers from nose to brain gave conflicting results.
For example, using vertical Franz diffusion chamber or fluorescence microscopy and
stereology, Mistry et al. [442,443], did not observe the transport of polystyrene
nanoparticles across the excised olfactory tissue irrespective of particle size or surface
modification. Ahmad et al. performed ex vivo imaging of nasal mucosa, brain and
trigeminal nerves 1 h after the intranasal administration of nanoemulsions (NESs)

labeled with aggregation-caused quenching (ACQ) probes [95]. They found that
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integral NEs can be delivered to the olfactory bulb, but in minute quantity to the brain,

whereas the cargoes can be released and permeate into the brain in more amount.

Contrary to our data, an integrity of FRET-LNCs was observed though their transport
across the intestinal barrier [381,382]. Roger et al. [381], used two complementary
techniques, FRET and nanoparticle tracking analysis (NTA) to analyze the fate of
LNCs after their passage across an intestinal epithelium model (Caco-2 cell model).
They showed that, after 2 h, the presence of intact FRET-LNCs in the basolateral side
of the cell layer corresponding to around 0.3% of the initial quantity of LNCs. Groo et
al. [384], have also shown the stability and diffusion of FRET-LNCs in intestinal mucus.
The FRET efficiency remained at 78% after 3 h. This slight loss of FRET efficiency (<
25%) was not considered a sign of LNC destruction but, rather, an increase of diameter
LNCs of 5 nm after contact with mucus (swelling). The difference of results between
these studies with ours could be in part due to the employed technique and the barrier
characteristics of epithelial cultures modelling the airway and intestinal mucosa. Roger
et al. [381], used two lipophilic cyanine dyes (DiD and Dil) bearing the highly
hydrophobic tetraphenyl borate (TPB) counterion to achieve an efficient FRET signal.
TPB improves dye solubility in oil and consequently the dye loading capacity.
Application of these TPB-based dyes may be more effective than the lipophilic
carbocyanine dyes we employed to detect integral LNCs. The discrepancy of our
results could also be due to the presence of mucus in the Calu-3 cell layer which is
absent in Caco-2 cell layer. Vllasaliu et al. [400] showed that the presence of mucus

notably restricts nanoparticle transport across the epithelium.

Knowing that LNCs undergo degradation after transport across mucosa model, it is
logical to doubt the success of these nanocarriers for safe delivery of cytotoxic drug
from nose to the brain site. To escort SFN-LNCs from nose to the brain site, we tested
another alternative by using MSCs which can cross the BBB and display brain tumor
tropism after systemic and local administration [154,444—-447]. Our laboratory and
others have shown that MSCs can deliver chemotherapy drugs to brain tumors without
genetic modification [154,172,448-450]. For example, we have shown that MSCs can
deliver LNCs containing an organometallic complex (ferrociphenol) in the heterotopic
and orthotopic U87MG GB models [154,172]. MSCs were also able to take up and
release paclitaxel and to induce cytotoxic damage in GB xenografts [450,451].
Furthermore, similar to what Balyasnikova et al. reported [445], we observed that
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MSCs could penetrate the brain from the nasal cavity and infiltrate intracranial glioma
xenografts in a mouse model [309] (Annex 2). The migration of MSCs may occur
through the cribriform plate and into brain tissue via the olfactory and trigeminal
pathways [452]. These two clues led us toward employing MSCs as a vehicle for SFN-
LNCs that could ameliorate the intranasal delivery of the drug to the brain.
Nevertheless, we observed that MSCs could not internalize the SFN-LNC efficiently,
while these cells can be primed by SFN alone (Table 1) [309].

Table 6: Quantity and percentage of SFN associated with the MSCs after
1 h of incubation with SFN or SFN/LNC (20 pM)

Sample SFN content (pg/cell) SFN uptake (%)
SFN-LNC/MSC ! 0.56 £ 0.02 2.41+£0.09
SFN /MSC 2 8.82 + 0.50 37.94 £ 217

'SFN-LNC/MSC: the MSC cells primed with SFN-LNC formulation

2SFN /MSC: the MSC cells primed with SFN solution
The results do not follow what we previously described, so that MSCs could internalize
ferrociphenol-loaded LNCs (20 pg ferrociphenol/cell and 16% ferrociphenol uptake)
[172]. Such discrepancy could be attributed to the lipid components used in the
formulation of these two types of loaded LNCs. Ferrociphenol-loaded LNCs were
prepared with Labrafac™, whereas SFN-LNCs were produced with Transcutol®,
owning to the fact that SFN is very poorly soluble in Labrafac™. The encapsulation of
a fluorophore, the DiO, in these two types of LNCs validated our hypothesis, since
80% of the MSCs internalized the Labrafac™-based LNCs, while the cell

internalization was around 3% for the Transcutol®-based LNCs (Figure 2).
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Figure 16: Internalization of LNCs (made of Transclutol® or Labrafac™) by MSCs analyzed using flow
cytometry. The nanocaspsules were labeled with Dio, which is a hydrophobic fluorophore. The MSCs
were incubated for 1 h with different concentrations of each LNC. After washing, the cells were analyzed
by flow cytometry and the percentage of Dio-positive cells was determined.
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Such dissimilar behavior of MSCs toward internalization of LNCs with different lipid
components was out of expectation. The Transcutol® that is a co-surfactant might
change the surface of LNCs and this could account for the preferential uptake of
Labrafac™-based LNCs by MSCs.

Following the obtained results, we further continued by directly priming the
MSCs with free SFN. Subsequently, we defined the optimal but non-lethal dose of SFN
that can be internalized by MSCs. We observed that 80% of MSCs remained viable
seven days after priming with SFN. HPLC analysis showed that MSCs were able to
release 60% of the drug into the culture medium after 96 h, in a time-dependent
manner. The cytostatic activity of the released SFN was entirely conserved, resulting
in a significant inhibition of U87MG and endothelial cell proliferation in vitro. We further
investigated the in vivo effect of SFN-primed MSCs on the orthotopic U87MG GB
model, following their intranasal administration. SFN-primed MSCs reduced tumor
angiogenesis, resulting in a significant decrease of the number of large vessels while
no decrease in angiogenesis was observed following the intranasal administration of
SFN alone. This highlights the potential value of MSCs as a vector for carrying SFN
to the intracerebral tumor following administration via intranasal route. Although
antiangiogenic effect was evident, no reduction in tumor size was observed. The
absence of effect of therapeutic MSCs on GB growth inhibition could be attributed the
insufficient dose of SFN. As described above for SFN-LNCs, we injected only two
doses of SFN-primed MSCs (about 5.3 pg/mouse), a lower dose than was used in the
study of Siegelin et al. corresponding to about 2 mg/mouse/day. The dose of SFN
carried by MSCs may be sufficient to have affected endothelial cells, which are four
times more sensitive to SFN than U87MG cells but ineffective against U87MG cells in
vivo. The modest therapeutic effect of MSCs on GB growth inhibition may also be due
to the pro-tumorigenic and proangiogenic properties of these cells. Even if the role of
MSCs in cancer progression remains a matter of heated debate, increasing numbers
of studies are highlighting these properties [454—457]. In line with these studies, we
found that the intranasal administration of unprimed MSCs induced a significant
increase of the number of small vessels in the U87MG tumor, which was abolished
when MSCs were primed with SFN. Different studies indicate that MSCs promote
angiogenesis by secreting angiogenic factors, such as VEGF, releasing exosomes,

recruiting endothelial progenitors, and/or transdifferentiating into endothelial cells
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[458,459]. Even though we did not observe an effect of unprimed MSCs on tumor
volume, MSCs are reported to facilitate tumor growth through their secretion of various
anti-inflammatory cytokines and proangiogenic factors [455—457]. These data indicate
that the pro-tumorigenic and pro-angiogenic properties of MSCs may have limited the
action of the released SFN. This calls into question the suitability of MSCs for use in
GB therapy and renders it necessary to find methods guaranteeing the safety of this

cellular vector after drug delivery.
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In this thesis work, we described a new formulation for SFN via its encapsulation into
LNCs. CED administration of this formulation in U87MG-bearing mice allowed a more
efficient retention of SFN within the intracerebral tumor in comparison to free drug.
This tumor accumulation decreased the proportion of proliferating cells in the tumor
and induced early tumor vascular normalization, characterized by increased tumor
blood flow and reduced tumor vessel area. Despite these changes, the growth rate of
SFN-LNCs-treated tumors was comparable to control vehicle-treated tumors or SFN-
treated tumors. It is considered that strategies which improve vascular function in GB
should improve the delivery of other drugs capable of crossing the BBB and this should
be associated with an increase in therapeutic activity [73]. For example, pre-clinically,
the delivery of TMZ in an intracerebral model of glioma increased after treatment with
the angiogenesis inhibitor SU5416 which restored the capillary architecture [354].
Thus, the vascular normalization induced with SFN-LNCs may create a window where
blood flow is improved, leading to an opportunity to improve drug delivery for other

drugs.

To increase the effectiveness of SFN-LNCs, repeated injections of this formulation are
needed. As described above, CED is an invasive method making a repetitive treatment
option difficult. In a clinical context, systemic administration of SFN-LNCs would be
simpler, less costly and would allow for a chronic treatment. We wanted to use MSCs
to perform systemic administration of SFN-LNCs. However, we observed the inability
of MSCs to uptake Transcutol®-based LNCs while they can uptake free SFN. The
understanding of the reasons why MSCs couldn’t uptake Transcutol®-based LNCs
could be interesting but considering the pro-tumorigenic and pro-angiogenic properties
of MSCs, we need to find ways of guaranteeing the safety of this cellular vector for
clinical use. One possibility would be to use a suicide gene or a small molecule to
induce senescence in the MSCs after drug delivery. In parallel, we determined if the
intranasal administration of LNCs could be a noninvasive and safe alternative delivery
method. We observed that employment of LNCs increased the permeability of the dye
across the nasal epithelial barrier model (Calu-3 cell model), but these nanocapsules
are degraded after their uptake by the cells. The rigid shell around the core of LNC,
which is mainly due to crystallization of Lipoid® [134,146], could not act as a shield
against degradation. The degradation of LNCs could be as a result of phospholipase
A2 (PLA2) activity, which is prevalent in respiratory epithelial cells [404—406]. It is

POURBAGHI MASOULEH Milad |
Development of lipid nanocapsules for antiangiogenic treatment of glioblastoma | @loEe) [129



Conclusions and Future Perspectives

reported that PLA2, could result in degradation of cubic micellar nanoparticles which
have lecithin in their matrix [403]. In another study, Tagami et al [401], prepared hybrid
nanoliposomes which can release a loaded cargo through the PLAZ2 activity. They
have also reported that nanoliposomes made out of mixture of
dipalmitoylphosphatidylcholine and cholesterol were not degraded in presence of
PLA2. In case that PLA2 is the enzyme that causes degradation of LNCs,
nanocapsules should be designed with excipients such as the above mentioned
mixture, which are not substrates for this enzyme. Therefore, for nose-to-brain delivery
of LNC formulations, it is worth developing nanocapsules which their integrity is not

jeopardized by enzymatic activity.

Considering our observations, LNCs are potential nanocarriers for local delivery of
antiangiogenic drugs in GB, but it is necessary to redesign these nanocapsules to

enhance their efficiency for nose-to brain drug delivery.
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Annex 2: Published article in Journal of Experimental & Clinical Cancer
Research

Human mesenchymal stromal cells as cellular drug-delivery vectors for
glioblastoma therapy: A good deal?

Contribution: The samples preparation for HPLC and LC-MS/MS, and their
characterizations and analyses are done by Milad Pourbaghi Masouleh.
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Abstract

Background: Glioblastoma (GB) is the most malignant brain tumor in adults. It is characterized by angiogenesis
and a high proliferative and invasive capacity. Standard therapy (surgery, radiotherapy and chemotherapy with
temozolomide) is of limited efficacy. Innovative anticancer drugs targeting both turnor cells and angiogenesis are
urgently required, together with effective systems for their delivery to the brain. We assessed the ability of human
mesenchymal stromal cells (MSCs) to uptake the multikinase inhibitor, sorafenib (SFN), and to carry this drug to a
brain tumor following intranasal administration.

Method: MSCs were primed with SFN and drug content and release were quantified by analytical chemistry techniques.
The ability of SFN-primed MSCs to inhibit the survival of the human U87MG GB cell line and endothelial cells was
assessed in in vitro assays. These cells were then administered intranasally to nude mice bearing intracerebral US7MG
xenografts. Their effect on tumor growth and angiogenesis was evaluated by magnetic resonance imaging and
immunofluorescence analyses, and was compared with the intranasal administration of unprimed MSCs or SFN alone.

Results: MSCs took up about 9 pg SFN per cell, with no effect on viability, and were able to release 60% of the primed
drug. The cytostatic activity of the released SFN was entirely conserved, resulting in a significant inhibition of U87MG
and endothelial cell survival in vitro. Two intranasal administrations of SFN-primed MSCs in U87MG-bearing mice resulted
in lower levels of tumor angiogenesis than the injection of unprimed MSCs or SFN alone, but had no effect on tumor
volume. We also observed an increase in the proportion of small intratumoral vessels in animals treated with unprimed
MSCs; this effect being abolished if the MSCs were primed with SFN.

Conclusion: We show the potential of MSCs to carry SFN to brain tumors following an intranasal administration. However,
the therapeutic effect is modest probably due to the pro-tumorigenic properties of MSCs, which may limit the action of
the released SFN. This calls into question the suitability of MSCs for use in GB therapy and renders it necessary to
find methods guaranteeing the safety of this cellular vector after drug delivery.

Keywords: Drug delivery, Glioblastoma, Mesenchymal stromal cells, Targeting, Sorafenib
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Background

Glioblastoma (GB) is the most common, invasive and
aggressive primary brain tumor in humans. Over the last
12 years or so, most patients with GB have been treated
with the Stupp protocol [1], consisting of surgical resec-
tion followed by radiotherapy with concomitant and
adjuvant temozolomide (TMZ) chemotherapy. The effi-
cacy of this treatment is limited, with median overall
survival of no more than 15 months [2]. GB treatment is
complicated by the high resistance of these tumors to
standard chemotherapy agents, the critical role of angio-
genesis in their growth and spread and the blood-brain
barrier (BBB), which serves as a physiological obstacle to
the delivery of drugs to the central nervous system. The
development of innovative anticancer drugs targeting
both tumor cells and blood vessels is therefore urgently
required, together with effective systems for delivering
these drugs to the brain.

In recent years, targeted molecular therapies based on
the use of inhibitors of several pathways involved in the
oncogenic process in GB have emerged [3-5]. Sorafenib
(SFN) (Nexavar) is one such inhibitor. It is an oral multiki-
nase inhibitor that targets both cell surface kinase receptors
(VEGER and PDGFR) and downstream intracellular serine/
threonine kinases [6] resulting in diverse cellular effects,
such as induction of tumor cell apoptosis and autophagy,
and reduction of angiogenesis [7-9]. SEN showed efficacy
against different solid tumors and is already approved for
the treatment of advanced hepatocellular carcinoma, renal
cell carcinoma, and thyroid cancer [6]. In clinical studies in
patients with progressive or recurrent GB, oral administra-
tion of SEN has been shown to be of very limited efficacy
as a monotherapy or in combination with TMZ or other
targeted drugs, such as erlotinib [10-16]. This lack of
efficacy is not restricted to SEN; other drugs fell short
of expectations because they penetrated the brain only
inefficiently via the BBB or were unable to target tumor
cells. Various approaches have been developed to overcome
these limitations, including the use of mesenchymal stromal
cells (MSCs), which can cross the BBB and display brain
tumor tropism after systemic and local administration
[17-21]. This property has generated considerable
interest in the use of MSCs as treatment vectors for
GB [22-25].

MSCs have been genetically modified to overexpress sev-
eral antitumor factors, such as interleukins, interferons,
pro-drugs, oncolytic viruses, anti-angiogenic agents, pro-
apoptotic proteins, and growth factor antagonists [26, 27].
Despite promising results in animal models, the genetic
manipulation of MSCs for clinical application is not risk-
free [28]. We and others have shown that MSCs can deliver
chemotherapy drugs to brain tumors without genetic modi-
fication [29-33]. For example, we have shown that MSCs
can deliver lipid nanocapsules containing an organometallic
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complex (ferrociphenol) in the heterotopic and orthotopic
UB7MG GB models [29, 31]. MSCs were also able to take
up and release paclitaxel and to induce cytotoxic damage in
GB xenografts [32, 34]. A major concern to use these thera-
peutic cells is the delivery method. The surgical injection of
MSCs directly into the brain is the most frequently used
method of delivery. However, this method is invasive
making a repeated treatment option difficult. In a clin-
ical context, systemic administration of this therapeutic
tool would be simpler, less costly and would allow for a
chronic treatment. Intravascular applications of MSCs
could be an option but major obstacles are the entrap-
ment and elimination of cells in peripheral organs and
the risk of vascular and pulmonary embolization [35, 36].
Intranasal administration of MSCs appears to be a prom-
ising noninvasive and safe alternative delivery method to
surgical injection or to intravascular administration [37].
Intranasally administered MSCs were able to enter the
brain in experimental glioma models [19] as well as in
mouse models of Alzheimer's and Parkinson’s disease [38]
and neonate ischemic brain damage models [39].

In this study, we evaluated the ability of MSCs to take
up SEN and target it to the tumor in the orthotopic
U87MG GB model, following intranasal administration.
We paid particular interest to the effects of SEN-primed
MSCs on tumor growth and angiogenesis, through com-
parisons with the intranasal administration of unprimed
MSCs or SFN alone.

Methods

Cell culture and reagents

MSCs were obtained from iliac crest aspirates from a
human male post-mortem organ donor (protocol agreed
by the French Agency of Biomedicine), and were isolated
as previously described [17, 40]. This cell population was
expanded by culture in StemMACS™ MSC Expansion
Media Kit XF (Miltenyi Biotec, Paris, France) in a humidi-
fied incubator at 37 °C, under an atmosphere containing
5% COy, until 70% confluence. All experiments were per-
formed with cells between passages 4 and 5.

The human U87MG GB cell line was obtained from the
ATCC (LGC Promochem, Molsheim, France). Cells were
maintained in Dulbecco’s modified eagle medium-high
glucose medium (DMEM-HG, Lonza, Verviers, Belgium)
containing 10% fetal bovine serum (FBS) (Fisher Scientific,
Illkirch, France) and 1% antibiotics (Sigma-Aldrich, St
Quentin Fallavier, France), under an atmosphere contain-
ing 5% CO, (37 °C), in a humidified incubator, until they
reached 80% confluence.

Human umbilical vein endothelial cells (HUVECs)
were purchased from Lonza. Cells were cultured accord-
ing to the supplier’s instructions, in endothelial cell
growth medium-2 (EGM-2) in a humidified chamber at
37 °C, under an atmosphere containing 5% CO,.
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SEN was purchased from LC Laboratories (Waoburn,
USA). The stock solution was prepared in DMSO (Sigma-
Aldrich), at a concentration of 100 mM. Aliquots were
stored at —20 °C.

Sensitivity of HUVECs, U8B7MG and MSCs to SFN

HUVECs and U87MG cells were plated in 96-well plates
at densities of 5 x 10% cells/cm” and MSCs were plated
at a density of 1 x 10* cells/cm®. After 48 h, the culture
medium was removed and cells were treated with SEN
at concentrations of 0.001 to 100 puM. Four days later,
the medium was removed from the wells and the plates
were stored at —80 °C until their use for assays. Cell sur-
vival was estimated with the CyQUANT” cell proliferation
assay kit, according to the manufacturer’s instructions
(Fisher Scientific).

Priming of MSCs with SFN

MSCs (4 x 10° cells) were incubated for 1 h at 37 °C
with 1 mL SEN (20 or 100 pM) in Hank’s balanced salt
solution (HBSS), with Ca®* and Mg®* (Lonza). At the end
of the incubation period, cells were washed twice with
HBSS, counted, and used for in vitro and in vivo experi-
ments, as described below.

In vitro characterization of SFN-primed MSCs

SFN content of SFN-primed MSCs

The SFN content of MSCs was measured by high per-
formance liquid chromatography (HPLC) method. SFN-
primed MSCs (4 x 10° cells) were suspended in 50 L
HyO. We then successively added 50 pL tetrahydrofuran
and 200 puL methanol. A filtration was performed using a
Millex-LG 0.2 pm filter (Millipore, Guyancourt, France)
and 10 pL was injected onto the HPLC system. Chromatog-
raphy was performed with the Waters modular system
(600/717/996/2414) (Waters, Saint-Quentin-en-Yvelynes,
France) on a SunFire® C18 column (150 x 4.6 mm; 5 pm)
at 37 °C. SFN was eluted with an isocratic mobile phase
(acetonitrile/methanol/1% acetic acid, at a ratio of 35:38:27)
at a flow rate of 1 mL/min, with monitoring at 266 nm.
The chromatograms were recorded and integrated with
Empower 3 software (Waters). The range of linear response
was 0.5-32 pg/mL.

Viability of SFN-primed MSCs

SEN-primed MSCs were used to seed 96-well plates, and cell
survival was estimated one and seven days later, with the
CyQUANT" cell proliferation assay kit, as described above.

Release of SFN from SFN-primed MS5Cs

SEN-primed MSCs (3 x 10°) were used to seed Transwell®
inserts with a pore size of 0.4 um (Millipore) in DMEM-HG
supplemented with 10% FBS and 1% antibiotics. We moni-
tored SEN release at different time points, by collecting the
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cell-conditioned medium (CM) from the lower compart-
ment at 4, 24, 48, 72 and 96 h. Quantification of SFN in the
CM was determined by liquid chromatography tandem-
mass spectrometry (LC-MS/MS).

Chromatography was performed with the Waters Alli-
ance® 2695 system, with an Uptisphere® 5 ODB Cl18
column (150 x 2.0 mm) (Interchim, Montlugon, France).
The mobile phase consisted of an isocratic mixture of 0.1%
formic acid in water/0.1% formic acid in acetonitrile: 20/80
(v/v). The column temperature was set at 25 °C and the
flow rate was 0.3 mL/min, with a total run time of
10 min. The total HPLC effluent was analyzed in a
Quattro® Micro triple quadrupole mass spectrometer
(Waters). lonization was achieved by the electrospray
method, in positive-ion mode. The mass spectrometer was
operated in multiple reaction monitoring (MRM) mode.
The (M — H) + m/z transition for SFN was 465 — 270. A
typical retention time for SEN was 2.3 min. Quantification
was achieved with QuantLynx” (Waters), by comparing the
observed peak area ratios of SEN samples with a calibration
curve obtained under the same experimental conditions.
The range of the linear response was large, extending from
50 to 1000 ng/mL.

Toxicity of SFN-primed MSCs to US7MG cells and HUVECs
We assessed the in vitro toxicity of SEN-primed MSCs to
U87MG cells and HUVECs, by performing coculture ex-
periments in Transwell® plates, with inserts with a pore
size of 04 pm (Millipore). HUVECs and U8S87MG cells
(6 x 10° cells/well) were placed in the lower compartment.
After 48 h, we added SEN, or unprimed or SEN-primed
MSCs to the upper compartment. Three days later, the in-
serts were removed and a CyQUANT" cell proliferation
assay was performed.

In vivo effect of SFN-primed MSCs

U87MG GB model

Female Swiss nude mice (8—10 weeks old) were obtained
from Charles River Laboratories (L'Arbresle, France).
The protocol was approved by the Committee on the
Ethics of Animal Experiments of the “Pays de la Loire”
(Permit no. 01785.01). Animals were anesthetized by an
intraperitoneal injection of xylazine (13 mg/kg body
weight) and ketamine (100 mg/kg body weight) and were
positioned in a Kopf stereotaxic instrument. On day 0
(D0), US7MG cells (3 x 10% in 5 pL HBSS with Ca**
and Mg®" were injected into the striatum of mice [coor-
dinates: 2.1 mm lateral to the bregma, 0.5 mm anterior
and 3 mm interior to the outer border of the cranium].

Analysis of the distribution of MSCs in the U87MG tumor
after their intranasal administration

Intranasal delivery was performed as previously described
[19], but with minor modifications. Thirty minutes before
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cell administration, anesthetized U87MG tumor-bearing
mice (D12) were placed in a supine position and the
nasal cavity of each animal was treated with total of
100 U hyaluronidase (Sigma-Aldrich) in the form of
four repeated inoculations at two-minute intervals
(3 puL per nostril). We then applied either HBSS with
Ca®* and Mg2+, or 6 x 10° MSCs in the same conditions.
For analysis of the distribution of MSCs in the US7MG
tumor, the animals were killed three or seven days later
(D15 and D19, respectively). Brains were snap-frozen in iso-
pentane cooled with liquid nitrogen and stored at —-80 °C.
Coronal sections of the brain were cut at 10 pym intervals
and collected on silane-treated slides. MSCs in tumor cryo-
sections were detected by fluorescence in situ hybridization
(FISH), with a human Y-chromosome probe, as previously
described [34]. The DNA probe was complementary to the
highly repetitive human satellite III sequences located close
to the centromeric region of the human Y-chromosome
DYZ1 locus (CEPY) and was labeled with the SpectrumOr-
ange fluorochrome (Vysis, Abbott Molecular, Rungis,
France).

Cryosections of four mice killed at day 15 or day 19 were
analyzed under a fluorescence microscope (Axioscope® 2
light microscope, Zeiss, Le Pecq, Germany). Y MSCs were
counted on nine cryosections per mouse corresponding to
the central and peripheral portions of the tumor, with the
MetaView computerized image-analysis system (Roper
Scientific, Evry, France). About five fields per cryosection,
at a magnification of x200, were randomly selected for
each tumor.

Analysis of the effect of SFN-primed MSCs in the orthotopic
U87MG GB model

U87MG tumor-bearing mice (D6) were assigned to four
groups receiving intranasal injections according to the
protocol described above: (a) HBSS with Ca®" and Mg™";
(b) SEN; (c) unprimed MSCs; (d) SFN-primed MSCs.
These injections were repeated on day 10. Seven days
later, we measured tumor volume by magnetic resonance
imaging (MRI), as previously described [31], and the mice
were killed for the analysis of Ki67" cells or CD31" vessels
in the US7MG tumor. The presence of intratumoral Y*
MSCs in all US7MG tumor-bearing mice treated with
unprimed or SEN-primed MSCs was checked by FISH. For
CD31 and Ki67 expression analysis, brain cryosections were
allowed to dry in air, rehydrated in PBS and fixed by incu-
bation for 10 min in 4% PFA pH 7.4 at 4 °C. Nonspecific
binding was blocked by incubating the sections in 4% BSA
and 10% normal goat serum in PBS. The sections were
incubated overnight, at 4 °C, with isotype controls and
primary antibodies against endothelial cells (mouse CD31,
BD Biosciences, Le Pont de Claix, France ) and prolifera-
tive cells (Ki67, Agilent Technologies, Les Ulis, France).
The primary antibodies were detected with biotinylated
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secondary antibodies and the signal was amplified with
streptavidin-FITC (Interchim). Nuclei were counterstained
with DAPI (Sigma). Cryosections of four mice from each
of the groups described above (a, b, ¢ and d) were ana-
lyzed under an Axioscope® 2 fluorescence microscope.
CD31" and Ki67" cells were counted with the MetaView
computerized image-analysis system in six brain cryosec-
tions per mouse corresponding to the central and periph-
eral portions of the tumor. Five fields per cryosection, at
x200 magnification, were randomly selected for each
tumor.

Statistical analysis

Results are expressed as means + SEM. The Kruskal—
Wallis test was used for statistical analyses. Differences
were considered significant if the p-value was < 0.05.

Results

Effect of SFN on the survival of UB7MG cells, HUVECs and
MSCs

Both U87MG cells and HUVEC:s displayed dose-dependent
survival inhibition when treated for 4 days with SFN (Fig. 1).
SEN decreased cell viability with an IC5o of 7.39 + 0.16 uM
for UB7MG cells and 1.91 + 0.19 pM for HUVECs. MSCs
displayed relative resistance to SFN treatment (about 40%
cell death at 100 pM).

SFN content of SFN-primed MSCs and control of their
viability

We defined the dose of SEN that MSCs could carry
without deleterious effects on their viability. For this
purpose, MSCs (4 x 10°) were incubated for 1 h at 37 °C
with 20 uM (9.2 pg/mL) or 100 pM (46 pg/mL). MSCs
primed with 20 pM and 100 pM were carrying 8.8 + 0.5
and 52.7 + 5.0 pg SFN per cell, respectively (Fig. 2a).
The incubation of MSCs with 100 uM SEN resulted in a
40% loss of cell viability 1 day after uptake, whereas 80%
of MSCs remained viable when incubated with 20 uM
SEN (Fig. 2b). Seven days after priming, no additional
loss of viability was observed in either set of conditions
and SFN-primed MSCs retained their capacity to prolif-
erate (data not shown). Given the lower cell viability ob-
served following the incubation of MSCs with 100 puM
SEN, we decided to prime MSCs with 20 uM SFN.

Quantification and toxicity of the SFN released by SFN-
primed MSCs

We evaluated the release of SFN over time, by col-
lecting the CM from SFN-primed MSCs 4, 24, 48, 72
and 96 h after priming with SEN (20 uM) and analyz-
ing it by LC-MS/MS. We found that about 20% of
the SFN was released from SFN-primed MSCs in 4 h,
and that 60% of the drug was released in 48 h (Fig. 3a).
No further increase was observed for longer incubation
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Fig. 1 Effect of SFN on cell survival. UBZMG cells, HUVECs and MSCs were seeded in their standard growth media and were treated with various
concentrations of SFN. Cell survival was estimated with the CyQUANT® cell proliferation assay kit. The results obtained for U87MG cells, HUVECs or
MSCs cultured with culture medium alone were considered to correspond to 100% survival. Data are expressed as the mean of four wells £

periods. We therefore estimated that about 40% of the
SEN was retained by the cells. This result was confirmed
in a cytotoxicity assay on U87MG cells and HUVECs (Fig.
3b, ¢). We found that, after 3 days, 6 x 10° SFN-primed
MSCs, corresponding to the release of approximately
3.2 pg SEN, decreased UB7MG cell survival by 23%,
whereas 6 x 10° unprimed MSCs had no effect on
U87MG cell viability (Fig. 3b). This decrease in survival is
intermediate between those induced by 2 pg and 6 pg of
SEN (Fig. 3b). A similar result was obtained with
HUVECs, in which 2 x 10° SEN-primed MSCs,

corresponding to the release of approximately 1.1 pg
SEN, decreased cell survival by 37%, a value close to that
induced by 1.5 pg SEN (35%) (Fig. 3c).

Analysis of the effects of the intranasal administration of
SFN-primed MSCs on U87MG growth and angiogenesis
We first controlled by FISH, the intratumoral distribution
of MSCs following intranasal administration in US7MG
tumor-bearing mice (D12, tumor volume: 2.9 + 0.2 mm*
estimated by MRI) (n = 8) (Fig. 4a). Three days after intra-
nasal administration of MSCs, we observed MSCs in the

\ Y

SFN priming
of MSCs
1hat37°c
| HPLC analysis
SFN content (pglcell)
SFN_20 uM 88+05
SFN_100 pM 52.7+50

[ ]
- SFN
Macs @ < (20 M or 100 M)

Fig. 2 SFN content in primed MSCs and control of their viability. a Determination of the SFN content of primed MSCs. MSCs were
incubated for 1 h at 37 °C with SFN (20 uM or 100 pM). After washing with HBSS, the SFN content of the cell pellet was determined by HPLC. b
Determination of the viability of SFN-primed MSCs. MSCs were incubated for 1 h at 37 °C with or without SFN (20 pM or 100 pM). After washing with
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HBSS, cells were seeded in a 96-well plate. Cell survival was estimated after 24 h, with the CyQUANT® cell proliferation assay kit. The results obtained
for unprimed MSCs were considered to correspond to 100% survival. Data are expressed as the mean of three independent experiments + SEM. As-
terisks (*) indicate significant differences from unprimed MSCs (p < 0.05)
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tumor mass and at the border zone between the tumor
and the normal parenchyma, consistent with tumor-
directed tropism (Fig. 4b). The tumor contained a mean
of 157 + 27 cells/mm” (Fig. 4c). Seven days after intranasal
administration, the number of MSCs in the tumor in-
creased to a mean of 403 + 82 cells/mm’” (Fig. 4c). The
MSCs were evenly distributed throughout the whole
tumor (data not shown). Intranasally administered MSCs
were also able to migrate towards smaller US7MG tumors
(D6, tumor volume: 1.2 + 0.1 mm? estimated by MRI) and
this migration was unaffected by priming with SFN (data
not shown).

The effect of two intranasal administrations of SFN-
primed MSCs was then assessed on U87MG growth and
angiogenesis (Fig. 5a). For this purpose, US7MG tumor-
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bearing mice were treated on day 6 with SEN, or with un-
primed or SFN-primed MSCs, in amounts corresponding
to an SFN dose of about 5.3 pg/mouse. This dose caused
in vitro U87MG cell and HUVEC mortality rates of close
to 40% and 70%, respectively. A control group receiving
intranasal administrations of HBSS rather than treatment
was also established. This injection protocol was repeated
on day 10. Seven days later, we assessed tumor volume,
and the numbers of intratumoral Ki67" proliferative cells
and CD31" vessels. Intranasal administrations of SFN, or
of unprimed or SFN-primed MSCs had no effect on
tumor volume (Fig. 5b). There was no significant differ-
ence in the number of intratumoral Ki67" cells between
control and treated mice (Fig. 5¢, d). Nevertheless, mice
receiving intranasal administrations of unprimed MSCs
had slightly higher levels of angiogenesis: they had signifi-
cantly more small vessels (< 100 pm®) than mice receiving
intranasal administrations of HBSS, SFN or SFN-primed
MSCs (Fig. 5¢, e). This effect was attenuated by the prim-
ing of MSCs with SEN. Furthermore, SEN-primed MSCs
induced a significant decrease in the number of large
vessels (> 100 pm?) relative to HBSS, SFN and un-
primed MSCs (Fig. 5c, e).

Discussion

The best approach to chemotherapy for cancer is to
deliver the drug to the tumor microenvironment, to kill
tumor cells whilst maintaining the lowest possible level
of lethal damage to healthy cells, so as to limit deterior-
ation of the patient’s quality of life. Many approaches to
achieving this objective have been proposed, including
the use of MSCs, which can take up drugs and home to
tumors when administered systemically in vivo [41].

We show here that MSCs can be primed in vitro with
SEN, a targeted chemotherapy drug. We showed that a
priming concentration of 100 pM SFN caused 40%
toxicity in MSCs, whereas a priming concentration of
20 pM was only moderately cytotoxic (about 20%).
This concentration was selected to ensure that a sufficient
number of MSCs reached the brain tumor after an intra-
nasal delivery. HPLC analysis showed that MSCs primed
with 20 uM SFN contained a dose of about 9 pg SEN per
cell and were able to release 60% of the drug into the cul-
ture medium, in a time-dependent manner. This result is
consistent with the findings of Pessina et al. (2011) [34]
who estimated that about 25-30% of PTX was retained by
PTX-primed MSCs and never released. The cytostatic ac-
tivity of the released SFN was entirely conserved, resulting
in the significant inhibition of U87MG cell and HUVEC
proliferation in vitro. The mechanisms by which MSCs
excreted SFN did not seem to involve MSC death since
80% of MSCs remained viable seven days after priming
with SEN. Further work is required to determine the route
by which SEN leaves MSCs, but recent studies have
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suggested that MSCs deliver drugs by secreting membrane
microvesicles [42, 43].

We investigated the in vivo effect of SEN-primed MSCs
on the orthotopic U87MG GB model, following their intra-
nasal administration. Intranasal delivery has the advantage
over direct intracranial deliver of being noninvasive, making
repeated treatment regimens possible. Balyasnikova et al.
(2014) [19] showed, with various technical approaches
(*"'In-oxine, MRI and bioluminescence imaging), that
MSCs could penetrate the brain from the nasal cavity
and infiltrate intracranial glioma xenografts in a mouse
model. We validated their results with another approach,
FISH technique, which can be used for the specific

tracking of male-derived MSCs in female nude mice bear-
ing U87MG tumors, through detection of the Y-
chromosome. Three days after the intranasal administra-
tion of 6 x 10° MSCs, these cells had accumulated in the
US7MG tumor, with a mean of 157 + 27 cells/mm?, and
even greater accumulation was observed after seven days.
These findings are similar to those of Reitz et al, (2012)
[44], who reported a mean accumulation of 54 + 13 cells/
mm? in US7MG tumors five days after the intranasal ad-
ministration of 3 x 10° neural stem/progenitor cells. The
accumulation of MSCs in U87MG was analyzed three
days post-MSC administration to be sure that a sufficient
number of cells could be detected by FISH but part of
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MSCs might have reached the tumor as early as 24 h as
observed by Balyasnikova et al. (2014) [19]. These same
authors analyzed the distribution of MSCs using ''In-
oxine-labeled MSCs and demonstrated the presence of
MSCs in the lung and stomach after intranasal delivery. It
is difficult to specify if MSCs accumulate in the brain
long-term or if they are cleared out from the brain be-
cause the survival time of tumor-bearing animals is short.
In our previous study [17], we assessed the fate of MSCs
seven days after being injected into intracranial U87MG
tumors and compared it to the fate of MSCs injected into
the striatum of healthy mice. MSCs did not seem to clear
out from the brain. We observed that 20% of MSCs
expressed Ki67 proliferation marker in the U87MG envir-
onment. In the healthy environment, we found no MSCs

in a proliferative state suggesting that factors produced by
the US7MG cells induced MSC proliferation. We ob-
served that MSCs can migrate towards large or small
U87MG tumors. This is important in a clinical context be-
cause GB is highly invasive with an infiltration that can ex-
tend several centimeters deep beyond the radiological
limits of the tumor [45]. Furthermore, as previously de-
scribed for other modified MSCs, the priming of MSCs
with SEN did not prevent their migration after intranasal
administration [18, 19].

The treatment of U87MG tumor-bearing mice with
two intranasal administrations of 6 x 10° SEN-primed
MSCs four days apart reduced tumor angiogenesis,
resulting in a significant decrease of the number of large
vessels. No decrease in angiogenesis was observed
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following the intranasal administration of SFN alone,
highlighting the potential value of MSCs as a vector for
transporting SEN to the intracerebral tumor following
administration via this route. We did not observe an ef-
fect of SEN-primed MSCs on tumor volume or the pro-
portion of Ki67" cells in the tumor. The absence of this
effect is probably due to an insufficient dose of SFN-
primed MSCs. Siegelin et al. (2010) [8] observed that a
daily treatment of U87MG-bearing mice with SFN
(100 mg/kg) by intraperitoneal injections resulted in an in-
hibition of tumor cell proliferation and reduction of angio-
genesis with a prolonged survival of mice. We injected
only two doses of SFN-primed MSCs (about 5.3 pg/
mouse), a lower dose than was used in the study of Siege-
lin et al. corresponding to about 2 mg/mouse/day. The
dose of SFN carried by MSCs in our study corresponded
to an effective dose reducing U87MG cell survival in vitro,
but was ineffective against U87MG cells in vivo. However,
it may be sufficient to have affected endothelial cells,
which are four times more sensitive to SEN than U87MG
cells. The intranasal administration of larger numbers of
SEN-primed MSCs may be required for an effect on
U87MG growth. However, if we look at global literature
data on the use of modified MSCs to treat GB, we notice
that the effect of these cells on animal survival is relatively
modest, whatever the route of administration and the
number of administrations. For example, regarding the in-
tranasal route, Balyanikova et al. (2014) [19] showed that
the treatment of irradiated mice bearing intracranial U87-
EGFRvIII GB xenografts by four intranasal administra-
tions of 5 x 10> MSCs expressing TNE-related apoptosis
inducing ligand at one-week intervals prolonged survival
of mice of about ten days compared with irradiated mice
treated with control MSCs. Similarly, Mangraviti et al.
(2016) [18] observed that the treatment of athymic rats
bearing human brain tumor-initiating cells by two intrana-
sal inoculations of 2 x 10° human adipose-derived MSCs
(hAMSCs) producing bone morphogenetic protein 4 one
week apart induced a 21.4% increase in median survival
over that in rats treated with control hRAMSCs.

The modest effect of therapeutic MSCs on GB growth
inhibition may be due to the pro-tumorigenic and pro-
angiogenic properties of these cells. Even if the role of
MSCs in cancer progression remains a matter of heated
debate, increasing numbers of studies are highlighting
these properties [41, 46—48]. In line with these studies,
we found that the intranasal administration of unprimed
MSCs induced a significant increase of the number of
small vessels in the U87MG tumor, which was abolished
when MSCs were primed with SEN. Different studies
indicate that MSCs promote angiogenesis by secreting
angiogenic factors, such as VEGFE, releasing exosomes,
recruiting endothelial progenitors, and/or transdifferen-
tiating into endothelial cells [49, 50]. The mechanisms
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by which SEN inhibited the angiogenic properties of
MSCs need to be elucidated. Even though we did not
observe an effect of unprimed MSCs on tumor volume
or the proportion of Ki67" cells in the US7MG tumor,
MSCs are reported to facilitate tumor growth through
their secretion of various anti-inflammatory cytokines
and proangiogenic factors [41, 46—48]. Furthermore, MSCs
can differentiate into cancer-associated fibroblasts (CAFs),
which have been described in the stroma of carcinomas
and are known to promote tumor growth [46]. In the GB
peritumoral environment, we identified MSC-like cells that
we named GB-associated stromal cells (GASCs) which have
phenotypic and functional properties in common with
MSCs and CAFs [51-53]. Like unprimed MSCs, their
injection into intracranial U87MG tumors had no effect
on tumor volume but promoted angiogenesis with an
increase in the number of intratumoral small vessels
[52]. Other studies isolated MSC-like cells from GB
and these cells were shown to increase angiogenesis,
and GB cell proliferation and invasion [54—58]. Consistent
with these findings, it has been recently observed that the
percentage of GB-associated MSC-like cells is inversely
correlated with overall survival, indicating a role for these
cells in promoting the aggressive behavior of GB [59, 60].
All these data raise the question if MSCs are interesting
candidates as cellular vehicles for the delivery of a thera-
peutic molecule in a GB context. Even if MSCs have the
potential to deliver the therapeutic agent in the tumor,
their pro-tumorigenic and pro-angiogenic properties may
limit the effect of this agent. We need to find ways of
guaranteeing the safety of this cellular vector for clinical
use. One possibility would be to use a suicidal gene or a
small molecule to induce senescence in the MSCs after
drug delivery.

Conclusion

This study demonstrates the capacity of MSCs to carry
SEN to GB after their intranasal administration and to
decrease angiogenesis. Despite this encouraging result,
the anti-angiogenic effect was not enough to affect tumor
growth. The pro-tumorigenic and pro-angiogenic proper-
ties of MSCs may be responsible for the weakness of the
therapeutic effect observed, and the SEN released may not
be sufficient to counteract these MSC properties. These
findings call into question the suitability of MSCs for use
in the cell-based delivery of therapeutic agents for GB
treatment.
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Développement de nanocapsules lipidiques pour le traitement anti-angiogénique du glioblastome et
évaluation de leur potentiel pour la délivrance de médicaments au cerveau par voie intranasale

Mots clés : Glioblastome; Systémes de délivrance; Anti-angiogénique; Nanocapsule lipidique; Intranasal;

Barriére épithéliale; FRET; Nanomédecine

Résumé : Le glioblastome (GB), tumeur primitive du
cerveau, la plus agressive, et la plus fréquente chez
ladulte, présente wune prolifération vasculaire
importante. Des agents thérapeutiques innovants
ciblant a la fois I'angiogenése et les cellules tumorales
sont recherchés, ainsi que des systémes pour
augmenter leur délivrance dans la tumeur cérébrale.
Un de ces agents est le sorafénib (SFN), un inhibiteur
de tyrosine kinase. Sa mauvaise solubilité aqueuse et
ses effets secondaires indésirables limitent son
utilisation. Le premier objectif de cette thése était
d'encapsuler cet agent dans des nanocapsules
lipidiques (NCL) pour contrer ces inconvénients. Nous
avons développé des NCL avec une haute efficacité
d'encapsulation du SFN qui inhibaient in vitro
I'angiogenése et la viabilité de la lignée de GB humain
U87MG. La délivrance intratumorale de SFN-NCL

chez des souris porteuses dune tumeur
intracérébrale U87MG induit une normalisation
vasculaire tumorale précoce qui pourrait améliorer
l'efficacité de la chimiothérapie et de Ia
radiothérapie. Le second objectif était de définir si la
délivrance intranasale de NCL pouvait constituer une
voie non-invasive alternative. Nous avons étudié via
le transfert d'énergie par résonance de type Forster,
le devenir des NCL chargées d’un fluorochrome a
travers des monocouches de cellules Calu-3, un
modele de I'épithélium nasal. L'utilisation de NCL
augmente le passage du fluorochrome a travers les
cellules Calu-3, mais les particules sont rapidement
dégradées apreés leur capture. Ces données mettent
en évidence que les NCL sont appropriées pour la
délivrance locale du SFN mais doivent étre
modifiées pour une délivrance intranasale.

Development of lipid nanocapsules for antiangiogenic treatment of glioblastoma and evaluation of their

potential for nose-to-brain drug delivery

Keywords : Glioblastoma; Delivery systems; Anti-angiogenic; Lipid nanocapsules; Intranasal; Epithelial

barrier; FRET; Nanomedicine

Abstract : Glioblastoma (GB), the most aggressive,
and the most frequent primary tumor of the brain in
adults, present a prominent vascular proliferation.
Innovative  therapeutic agents targeting both
angiogenesis and tumor cells are urgently required,
along with competent systems for their delivery to the
brain tumor. One such agent is sorafenib (SFN), a
tyrosine kinase inhibitor. However, poor aqueous
solubility and undesirable side effects limit its clinical
application. The first objective of this thesis was to
encapsulate this drug inside lipid nanocapsules
(LNCs) to overcome these drawbacks. We developed
LNCs with a high SFN encapsulation efficiency (>
90%) that inhibited in vitro angiogenesis and the
viability of the human U87MG GB cell line.
Intratumoral delivery of SFN-LNCs in mice bearing

intracerebral U87MG tumors induced early tumor
vascular normalization which could be used to
improve the efficacy of chemotherapy and
radiotherapy in the treatment of GB. The second
objective was to define whether intranasal delivery of
LNCs could be an alternative non-invasive route. In
this regard, we investigated through Forster
resonance energy transfer, the fate of dye-loaded
LNCs across Calu-3 cell monolayers, a model of the
nasal mucosa. We showed that employment of LNCs
dramatically increased the delivery of the dye across
Calu-3 cell monolayer but they were rapidly
degraded after their uptake. These data highlight that
LNCs are suitable nanocarriers for the local delivery
of SFN but must be redesigned for enhancing their
nose-to-brain delivery.



