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FOREWORD

Glioblastoma (GB) is the most common and malignant type of primary brain cancer in adults,
with poor prognosis. Its aggressiveness, heterogeneity and resistance to current standard
treatment with high recurrence rates makes it a formidable challenge in the realm of neuro-
oncology. The blood-brain barrier (BBB) complicates treatment by hindering drug delivery to
the tumor site, especially to the infiltrative cells in the margin of the tumor, which are mainly
responsible for tumor recurrence. Therefore, innovative strategies are needed to enhance drug
delivery in the core and in the margins of the tumor. Nowadays, strategies to open the BBB

have been described as promising to achieve this objective.

The aim of this Ph.D. thesis is thus to assess different strategies of BBB opening in GB,
using various investigative methods based on imaging and histology analyses. The
strategies used in this work include osmotic shock using hypertonic mannitol solution,

irradiation at increasing doses and normalization of tumor vessels via anti-angiogenic agents.

Chapter I — Introduction explains the concepts necessary for understanding this thesis, where
the GB, methods for diagnosis, current treatment options and mouse models are first described.
Then, BBB features with its associated challenges in GB treatment and the various strategies to
open the BBB are explained. After that, currently available methods to assess BBB opening

based on imaging techniques and markers/biomarkers of vascular integrity are depicted.

In Chapter II — Aim of the thesis, the rationale of the thesis project with the objectives and

methodology are described.

In Chapter III — Assessment of hyperosmolar BBB opening in Glioblastoma via
histology with Evans blue and DCE-MRI, Chapter IV — Exploring the impact of
irradiation on glioblastoma BBB permeability: insights from DCE-MRI and histological
analysis and Chapter V — Changes in perfusion and permeability in glioblastoma model
induced by the anti-angiogenic agents cediranib and thalidomide, we evaluate the impact
of three different BBB opening strategies on the tumor perfusion and vascular permeability in

glioblastoma.

Finally, Chapter VI — Discussion and perspectives gathers the major findings of this Ph.D.
thesis. The advantages and limitations of the strategies used in our studies and the methods for

evaluating them are discussed. In addition, we provide perspectives regarding strategies to open



the BBB, the assessment of techniques to tackle BBB opening and the effectiveness of the

combination of BBB opening together with anticancer drugs.
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ABBREVIATIONS

2HG 2 hydroxyl-glutarate

11C-MET Carbon-11 methionine

18F-FET Fluorine-18 fluoroethyltyrosine
A2AR Adenosine 2A receptor

ADC Apparent diffusion coefficient
Ang-2 Angiopoietin 2
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BBB Blood-brain barrier

BTB Blood-tumor barrier
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CBF Cerebral blood flow

CDKN2A/B  Cyclin-dependent kinase inhibitor 2A/B

CED Convection-enhanced delivery

cIMPACT Consortium to inform molecular and practical approaches to CNS tumor
taxonomy

CLX Cell-line xenograft

CMT Carrier-mediated transport

CNS Central nervous system

CSF Cerebrospinal fluid

CT Computed tomography

CTLA-4 Cytotoxic T-lymphocyte associated protein 4

Cy5 Cyanine 5

DAPI Diamidino-2-phenylindole

DCE Dynamic contrast enhanced

DNA Deoxyribonucleic acid

DSC Dynamic susceptibility contrast
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Food and Drug Administration
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Functional magnetic resonance imaging
Focused ultrasound

Glioblastoma

Gadolinium-based contrast agent
Gadobenate dimeglumine

Gadolinium-gadoteric acid

Gadolinium-diethylenetriamine penta-acetic acid

Genetically engineered mouse
Glucose transporter 1
Horseradish peroxidase

Heat shock protein 70

Isocitrate dehydrogenase 1 and 2
Immunoglobulin G

Intravenous
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ROI Region of interest
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I. GLIOBLASTOMA

1.1. EPIDEMIOLOGY

Glioblastoma (GB) is the most aggressive and common malignant primary brain tumor in adults,
accounting for more than 50% of all gliomas [1-3]. It has an incidence of less than 10 per 100,000
persons and occurs slightly more frequently in males than in females (1.6:1) and in Caucasians
compared with other ethnic groups [4-6]. The median age of diagnosis is 64 [1,7] but it can occur at
any age. The prognosis for patients with GB remains poor, with a high recurrence rate, a median
overall survival of 10 to 16 months and a five-year survival rate of 5%, making it a public health

issue [8-11].

1.2. PHYSIOPATHOLOGY AND CLASSIFICATION

In recent years, there have been many changes in the way to classify glioblastoma. The latest

classifications by the World Health Organization (WHO) were made in 2007, 2016 and 2021.

I1.2.1. 3 edition of WHO classification

During the 3rd edition of WHO classification in 2007, the WHO established a classification of

brain tumors based essentially on the histological characteristics of the tumor [12].

This classification proposes a typing of gliomas according to the predominant cytological type
(astrocytic, oligodendrocytic or mixed) and grade (from I benign to IV malignant), the grade being

based on the absence or presence of malignant histological criteria.

Glioblastoma is classified as a grade IV diffuse glioma arising from astrocytes [12,13]. Its
histopathological features are as follows: rapid endothelial cells proliferation, infiltration of healthy
tissues, vascular proliferation with increased blood vessel diameter, thickened basement

membranes, necrosis areas with pseudopalisading features and peri-tumoral oedema [14,15] (Figure

)
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) GB tumor cells

Cancer stem cells
+ Dividing cells
Pericytes

@ Apoptosing necrotic cells

Histopathologic features of GB

* High heterogeneity and malignancy * Cancer stem cells

* Rapid proliferating cells * Angiogenesis

* Infiltrative * Pseudopalisading features - Necrosis
Figure 1. Histopathologic features of GB. Glioblastoma is characterized by intra- and inter-tumoral heterogeneity,
rapid proliferation of endothelial cells, heavy infiltration of healthy tissue, extensive vascular proliferation, necrotic
areas with pseudopalisading features and peritumoral oedema.
In this classification, a distinction is made between primary (or de novo) and secondary GB. Primary
GB is the most common (90% of GB). It occurs in patients aged over 60 and is characterized by a
short clinical history (< 3 months) with no previous history of glioma (hence the term de novo).
Secondary GB results from the anaplastic transformation of a grade II or III infiltrating glioma. It
occurs in younger patients (45 years), has a longer clinical history, less necrosis and a better

prognosis [16].

Although this classification is essential for optimizing treatment, it is still too general and does not
reflect the genetic and epigenetic characteristics of the tumor, which can complete the histological

analyses and guide the choice of treatment.

I.2.2. Clinically relevant genetic and epigenetic abnormalities in GB

1.2.2.1. IDH1/2 gene mutation

One of the most important discoveries resulting from high-throughput genomic studies, which has
led to a remodeling of the understanding of gliomas, including GB, has been the identification of

mutations in the genes of metabolic enzymes isocitrate dehydrogenase 1 and 2 (IDH1/2) [17]. The
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majority of grade 2, 3 gliomas and secondary GB have this mutation, suggesting that the IDH1/2

mutation could be used as a genetic marker for this type of GB.

IDH is an enzyme involved in the Krebs cycle, allowing the decarboxylation of isocitrate to o-
ketoglutarate. The mutated IDH1/2 enzymes have acquired the ability to transform isocitrate not
into a-ketoglutarate but into 2-hydroxyl-glutarate (2HG). IDH1/2 mutant cells will have a greatly
increased level of 2HG, allowing rapid identification of an IDH mutation in cancer cells. This
reduction in a-ketoglutarate production will inhibit the enzymes involved in histone demethylation
and therefore in epigenetic regulation. Indeed, histone demethylases are a-ketoglutarate-dependent

and cannot function correctly without their cofactors.

These epigenetic changes target notably an important gene in GB genetics: the gene coding for

O°-methylguanine-DNA methyl-transferase (MGMT).

1.2.2.2. MGMT promotor methylation

The promoters of several genes are hypermethylated in GB, leading to an alteration in the

CXPICSSiOﬁ of tumor Suppressor genes.

One of the most clinically important DNA methylation markers in GB is the MGMT promoter,
encoding the O°-methylguanine-DNA methyl-transferase (MGMT) [17]. MGMT is a DNA repair
enzyme that has the ability to restore guanine from O°methylguanine, which is the type of genomic
damage induced by alkylating agents such as temozolomide (chemotherapy used in the treatment
of GB) (Figure 3). Promoter methylation of this enzyme results in its inactivation and,
consequently, improved efficacy of chemotherapy due to the absence of reparation. It is therefore
a good predictive marker of response to the alkylating agents used in GB [18-22]. It is found in
around 40% of patients with primary GB. In secondary GB, methylation of the MGMT promoter
is generally correlated with the presence of the hypermethylation phenotype induced by IDH
mutation, so the majority of secondary GB have the MGMT promoter methylated. Therefore, the

IDH mutation also represents a prognostic marker of response to treatment [23].
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IDH-wildtype IDH-mutant
MGMT MGMT
Unmethylated Methylated
0%-meG ™™Z 0%-meG
MGMT-mediated Apoptosis,
DNA repair Autophagy
Cell survival

Figure 2. MGMT promoter methylation as a predictive marker for Temozolomide (TMZ) treatment. MGMT is a
DNA repair enzyme can restore guanine from O6-methylguanine, which is the type of genomic damage induced by
alkylating agents such as temozolomide. Promoter methylation of this enzyme results in its inactivation and,
consequently, improved efficacy of chemotherapy due to the absence of reparation. It is therefore a good predictive
marker of response to the alkylating agents used in GB. IDH-mutant glioblastomas mainly present a methylated
MGMT promoter and therefore have a good response to TMZ treatment, contrarily to IDH-wildtype glioblastomas
that can present either a methylated or an unmethylated MGMT promoter. Thus, the IDH mutation also represents a
prognostic marker of response to treatment.

Abbreviations: IDH = Isocitrate dehydrogenase; MGMT = O¢-methylguanine-DNA methyl-transferase; O%-meG =
Of-methylguanine; TMZ = Temozolomide.

Thus, advances in genomic technology have enabled the identification of different molecular
subtypes, emphasizing the intra- and inter-tumoral heterogeneity of GB and leading to a revision

of the WHO classification in 2016 and 2021.

I1.2.3. 4™ and 5" editions of WHO classification

The 2016 4th edition of WHO classification incorporates the mutation status of IDH1/2 to
characterize the tumor. Thus, diffuse gliomas including oligodendrogliomas and astrocytomas,
either low-grade (grade 2 or 3) or glioblastomas (grade 4), were divided into 3 categories: IDH-
wildtype, IDH-mutant and NOS (Not Otherwise Specified, for tumors with inconclusive or
unavailable genetic testing). IDH-wildtype GB closely corresponds to previously defined primary

GB while IDH-mutant most often corresponds to secondary GB [3,16,24].
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In 2021, the 5" edition of the WHO classification adopted some recommendations of the
“Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy
(cIMPACT)”, moving further to advance the role of molecular diagnosis but remaining rooted in
the other established approaches to tumor characterization, including histology and
immunohistochemistry [25,26]. Indeed, molecular markers, such as TERT promoter mutation,
EGFR gene amplification, +7/-10 chromosome copy-number alterations or the presence of
CDKN2A/B homozygous deletion, are now involved in the diagnosis of grade 4 diffuse gliomas.
In this new classification, a subdivision of diffuse gliomas between adult-type and pediatric-type
was added and the classification of adult-type diffuse gliomas was simplified (Table 1). While each

grade previously had a specific type of name, the grade within tumor types is now used.

Table 1. Diffuse gliomas in WHO CNS 5 (Adapted from [20]).

Diffuse glioma types CNS WHO grade
Adult-type diffuse gliomas
Oligodendroglioma, IDH-mutant, and 1p/19q-codeleted 2/3
Astrocytoma, IDH-mutant 2/3/4
Glioblastoma, IDH-wildtype 4
Pediatric-type diffuse low-grade gliomas
Diffuse astrocytoma, MYB-or MYBI 7-altered 1
Angiocentric glioma 1
Polymorphous low-grade neuroepithelial tumor of the young 1
Diffuse low-grade glioma, MAPK pathway-altered NA
Pediatric-type diffuse high-grade gliomas
Diffuse midline glioma, H3 K27-altered 4
Diffuse hemispheric glioma, H3 G34-mutant 4

Diftuse pediatric-type high-grade glioma, H3-wildtype and IDH-wildtype 4
Infant-type hemispheric glioma NA

Abbreviations: CNS = Central nervous system; IDH = Isocitrate dehydrogenase; NA = Not assigned; WHO = World

health organization.

Thus, since 2021, GB is defined as an IDH-wildtype, grade 4, diffuse astrocytic glioma. IDH-
mutant diffuse astrocytic glioma, grade 4, is now part of the astrocytoma, IDH-mutant type [25].
Table 2 gathers the definition, genetic alterations and management of these two high-grade adult-

type diffuse astrocytic gliomas.
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Table 2. Definition of the adult-type grade 4 diffuse gliomas (Adapted from [25-27]).

Astrocytoma, IDH-mutant, grade 4 Glioblastoma, IDH-wildtype, grade 4

Definition IDH-mutant diffuse infiltrative IDH-wildtype, H3-wildtype, diffuse
astrocytic glioma with one or more of infiltrative astrocytic glioma with one or
the following features: more of the following features:

o Microvascular proliferation o Microvascular proliferation
o Necrosis o Necrosis

o CDKN2A/B homozygous deletion o TERT promoter mutation
o EGFR gene amplification
o +7/-10 chromosome copy-number
alterations

Recurrent IDHT or IDHZ2 mutation, ATRX loss, TERT promoter mutation, EGFR gene

genetic TP53 mutation, CDKN2A/B amplification, +7/-10 chromosome

alterations homozygous deletion. copy-number alterations, and frequently
MGMT promoter methylation.

Management Resection and radiation & alkylating Resection and radiation * alkylating

and therapy. More indolent than GB, IDH-  therapy. MGMT promoter methylation

prognosis wildtype, but CDKIN2.A/B deletion is is associated with better treatment
associated with poor prognosis. response.

Abbteviations: ATRX = a-thalassemia/mental-retardation-syndrome-X-linked; CDKN2A/B = Cyclin-dependent
kinase inhibitor 2A/B; EGFR = Epidermal growth factor; GB = Glioblastoma; IDH = Isocitrate dehydrogenase;
MGMT = OS¢-methylguanine-DNA methyl-transferase; TERT = Telomerase reverse transcriptase; TP53 = Tumor
protein 53.

This clarification in the new WHO classification implies that genetic understanding of GB is

essential for diagnosis and will help guide therapeutic management.

1.3. DIAGNOSTIC

I.3.1. Clinical signs and symptoms

There is a wide variety of neurological symptoms depending on the areas of the brain affected by

the tumor and its size. However, it is possible to distinguish 3 main syndromic frameworks:

- Motor, sensory, visual neurological deficits and/or disorders of higher, cognitive, language

functions.

- Intracranial hypertension syndrome: this is linked to the tumor growth, a significant oedematous
petitumoral reaction and/or a blockage of the cerebrospinal fluid outflow tract leading to

obstructive hydrocephalus.

- An epileptic syndrome: this may be partial, secondarily generalized, or generalized from the outset.

This affects 20-25% of GB patients.
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These clinical signs, that are often progressive and insidious, can significantly compromise patients'
quality of life and require in-depth medical assessment to establish a precise diagnosis and

implement an appropriate treatment plan.

I.3.2. Medical imaging

1.3.2.1.  Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) is a non-invasive technique that can provide detailed and multi-
parametric information on the anatomy, function and metabolism of the brain. Today, MRI is the
reference technique for the management of GB. If GB is suspected, a “multimodal” brain MRI

with T1-weighted, T1-weighted with the injection of contrast agent, T2-weighted, FLAIR,

diffusion and perfusion sequences should be performed (Figure 3).

Figure 3. Multimodal brain MRI using T'1-weighted (A), T'1-weighted with injection of contrast agent (B), FLAIR (C),
T2-weighted (D), diffusion (E) and perfusion (F) sequences (adapted from [28]).
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1.3.2.1.1  Conventional structural MRI

Several acquisition modes are used in conventional structural MRI [29]:

- T1-weighted imaging: The contrast and brightness of a T1-weighted image are predominately
determined by the T1 (spin-lattice relaxation time) properties of tissue. Regions with short T'1 (such
as fat) appear hyperintense while areas with long T (such as CSF) will appear dark. Tumors here
will correspond to a hypointense signal. T1-weighted images are considered better for gross

structural information.

- T1-weighted imaging with enhancement by a contrast agent (usually gadolinium) [30]: These
images will show a hypersignal correlated with the disruption of the blood-brain barrier (BBB).
Under normal circumstances, gadolinium does not cross the intact BBB. However, when the BBB
is compromised, as in glioblastoma, the gadolinium extravasates from the blood into the brain

tissue due to its small size, causing signal enhancement.

- T2-weighted imaging: The contrast and brightness of a T2-weighted image are predominately
determined by the T2 (spin-spin relaxation time) properties of tissue. Regions with short T2 appear
dark while areas with long T2 will appear bright (such as CSF or regions with high water content).
A hyperintense signal is suggestive of a tumor and provides biological information about the tumor

(e.g., the presence of oedema).

1.3.2.1.1  FLAIR MRI

FLAIR (Fluid Attenuated Inversion Recovery) is a sequence that suppresses the signal from
cerebrospinal fluid (CSF). This sequence is well suited to cerebral imaging and improves the
detection of brain parenchyma lesions, particularly those located at the brain parenchyma-CSF
interface. Lesions of the brain parenchyma (tumor, inflammation, demyelination processes) appear

hyperintense and are particularly well highlighted [31].

1.3.2.1.2  Diffusion MRI

Diffusion MRI enables the study of water molecule movements within biological tissues without
the use of an exogenous contrast agent, providing nuanced insights into cellular microstructure.
One key parameter derived from diffusion MRI is the Apparent Diffusion Coetficient (ADC). The
ADC quantifies the ease with which water molecules move through tissues, offering valuable
information about cellular density. Generally, alow ADC can be interpreted as a low water mobility,
meaning a high cell density. Thus, ADC is a good factor for assessing tumor grade; the higher the
grade, the higher the cell density and therefore the lower the ADC. The lowest ADC is obtained

for GB as it is a tumor with a high cellular component [32].
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As well as helping to establish the diagnosis, diffusion MRI can also be used to assess the efficacy
of cytotoxic treatments used to treat GB (e.g. chemotherapy, radiotherapy). Indeed, the evolution
of the ADC and therefore of the cell density allows the monitoring of a potential cytotoxic effect

of the treatment on the tumor cells [33-35].

1.3.2.1.3  Perfusion MRI

Perfusion MRI allows to explore the microcirculation and tissue perfusion of the tumor, as well as
the permeability of the blood-brain barrier (BBB). This will therefore enable the assessment of
tumor angiogenesis and provide information about its malignancy. Two methods are commonly
used to measure perfusion using MRI: dynamic susceptibility contrast (DSC) and dynamic contrast

enhanced (DCE).

- DSC-MRI: DSC perfusion imaging begins with a bolus of contrast agent (usually gadolinium)
injected intravenously, followed by a series of rapidly acquired gradient-echo images of the organ
of interest. This technique, also known as bolus tracking MRI, depends only on the first pass of
the contrast agent. The image acquisition time here is therefore very short (around 2 min). During
its first pass through the systemic circulation, gadolinium remains largely confined to the
intravascular space. Because of its paramagnetic properties, gadolinium distorts the local magnetic
field around the vessels, causing a T2 (T2*) phase shift and a loss of signal as the bolus passes
through. By measuring signal intensity as a function of time and fitting it to a mathematical model,
various perfusion parameters such as blood volume, blood flow and mean transit time can be
extracted. The variations in these different perfusion parameters can be used to determine which

regions of the lesion show hyper-microvascularization.

- DCE-MRI: As with DSC-MRI, DCE-MRI also requires an exogenous administration of a
gadolinium-based contrast agent. However, DCE-MRI exploits the T1-shortening effects of
gadolinium, acquiring repeated T1-weighted images over an interval of approximately 5 to 10
minutes. During this time, gadolinium contrast accumulates in the extracellular tissue space at a
rate determined by perfusion, capillary permeability and surface area. Image data can be analyzed
visually or semi-quantitatively. Full quantification can be obtained by applying a mathematical
model to obtain several physiological parameters such as the transfer constant (Ktrans), plasma

fractional volume (Vp) or tissue extracellular space fractional volume (Ve).

Ktrans can be used to distinguish high- and low-grade gliomas with a sensitivity and specificity of
over 90%, but DCE remains an experimental technique and is not yet widely used in clinical

practice [36-39)].
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1.3.2.1.4  Functional MRI

Cerebral functional magnetic resonance imaging (or fMRI) is based on real-time observation of
variations in blood oxygenation, without the injection of contrast agents [40]. This is a cerebral
imaging technique that measures the activity of brain areas in vivo by detecting local changes in
blood flow. Indeed, any neuronal activation is associated with a local increase in blood flow in
order to cover the metabolic needs related to this activation (neurovascular coupling). This will
modify the local ratio between oxyhaemoglobin (diamagnetic) and deoxyhaemoglobin
(paramagnetic), resulting in the appearance of a measurable magnetic signal, the BOLD signal
(Blood-Oxygen-Level Dependent). Statistical analyses are used to extract the signal, and brain
activity is then visualized graphically by superposing the BOLD signal and an anatomical MRI scan.
fMRI is not used here to make the diagnosis as such, but is performed as part of the pre-operative

work-up to identify functional regions in the proximity of the tumor.

1.3.2.2. CT-scanner

CT-scanner is a medical imaging technique that combines a series of X-ray images taken from
different angles around the body and uses computer processing to create cross-sectional images. It
is used as a first-line imaging procedure for primary care in emergency departments, due to its ease
and speed of access. It is therefore an essential part of the diagnostic management of glioblastoma,
although MRI remains the gold standard for chronic fine-tuning. Historically, CT scan was also
mainly used for patients with medical devices contraindicated for MRI, such as pacemakers, hearing
implants and automated injection equipment (insulin pumps), but nowadays these medical devices

are more and more compatible with MRI.

1.3.2.3. Positron emission tomography

Even though its resolution is lower than MRI, Positron emission tomography (PET) is still widely
used nowadays in neurooncology to facilitate the diagnosis of gliomas. Indeed, PET with amino-
acid radiotracers, including carbon-11 methionine (11C-MET) and fluorine-18 fluoroethyltyrosine
(18F-FET), is a well-established tool in the evaluation of glioma patients in different phases of
disease. In particular, it is accepted that PET can provide added value in the diagnosis of
progression versus pseudoprogression in glioblastoma and can also provide additional arguments,
such as more metabolic information of the tumor, in the event of an ambiguous situation on MRI

[41-45].
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1.3.3. Biopsy

Tumor tissue is required for histological and molecular determination of the grade and type of
glioma. Sufficient material must be collected to allow analysis of molecular factors in order to clarify
the diagnosis and prognosis and/or provide potential therapeutic targets, such as determining the

methylation status of the MGMT promoter [46].

I1.4. THERAPEUTIC PROCEDURE

1.4.1. Standard of care for GB

The current standard of care (SOC) for GB is based on a protocol described by Stupp et al. in 2005
[47]. The treatment consists of removing as much tumor tissue as possible by surgical resection,
followed by adjuvant radiotherapy and chemotherapy to eradicate residual tumor cells and prevent

recurrence.

1.4.1.1.  Surgery

Surgery is an individual approach, which involves striking the right balance to minimize morbidity
while maximizing quality of life and prolonging survival. Surgery aims to relieve intracranial
pressure by reducing the tumor mass. Depending on the location of the tumor and its accessibility,

a standard craniotomy, awake craniotomy or biopsy is performed [48].

Standard craniotomy is performed in the majority of GB surgeries. The tumor is targeted
beforehand using various imaging techniques, and the resection must be as wide and as precise as
possible to remove as much tumor tissue as possible while sparing healthy tissue and functional
areas of the brain. When the GB is close to eloquent areas of the cortex, awake craniotomy can be
considered, even though it is rarely performed in clinics as it is complex to set up (few hospitals
have the necessary equipment) and can be traumatic for the patient. For patients with unresectable
tumors or multiple co-morbidities unable to tolerate extensive cranial surgery, they will only
undergo a stereotactic needle biopsy. This is the least invasive way to obtain tissue for diagnosis.
In newly diagnosed GB, complete surgical resection provides better survival than biopsy or subtotal
resection [49,50]. However, the highly invasive nature of the tumor with infiltrating tumor cells
extending well beyond the visible tumor mass as well as the location of the tumor render total

resection difficult or even impossible and lead to inevitable recurrences [51].
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1.4.1.2.  Radiotherapy

Post-operative radiotherapy is one of the mainstays of GB treatment. It has been shown to improve
survival and quality of life compared with supportive care alone [52]. The standard dose of
irradiation is 60 Gy divided into 30 sessions over 6 weeks [53,54]. However, the dose of irradiation
administered varies according to the patient's age and the Karnofsky Performance Status (KPS)
due to tolerance problems. The KPS is a scale that allows the estimation of the ability of patients
to perform daily living activities and ranges from 0 (dead) to 100 (no evidence of disease) [55]. A
KPS score higher than 70, ensuring independence in daily activities, is considered a good prognostic
factor [56]. Therefore, for patients aged over 70, a dose of 50 Gy fractionated over 28 sessions is
better tolerated [57]. Patients with unfavorable prognostic factors (defined by age and/or KPS) can
also be treated with hypofractionated radiotherapy such as 40 Gy in 15 fractions. Radiotherapy also

remains the treatment of choice for unresectable tumors.

1.4.1.3. Chemotherapy

Temozolomide (TMZ) is the standard drug used in the treatment of glioblastoma. It is a DNA

alkylating agent of the imidazotetrazine class whose mechanism of action is described in Figure 4.
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Figure 4. Temozolomide mechanism of action [58]. At physiological pH, TMZ is spontancously hydrolyzed into 3-
methyl-(triazen-1-yl)imidazole-4-carboxamide (MTIC). MTIC is then hydrolyzed into 5-amino-imidazole-4-
carboxamide (AIC) and methyldiazonium ions. Methyldiazonium ions react with the DNA and transfer their methyl
groups to it. This DNA methylation causes single and double DNA strand breaks and leads to cell apoptosis.

TMZ is a small (194 Da) hydrophilic molecule (logP = -1.153). It is a stable prodrug at acidic pH,
allowing oral administration, but is unstable above pH 7, with a plasmatic half-life of 1.8 h. At
physiological pH, TMZ 1is hydrolyzed into 3-methyl-(triazen-1-yl)imidazole-4-carboxamide
(MTIC). MTIC is then hydrolyzed into 5-amino-imidazole-4-carboxamide (AIC) and

methyldiazonium ions. Methyldiazonium ions react with the DNA and transfer their methyl groups
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to it. This DNA methylation causes single and double DNA strand breaks and leads to cell

apoptosis [59].

TMZ (Temodal®) is administered orally at a daily dose of 75 mg/m?* throughout radiotherapy.
Four weeks later, maintenance treatment begins with a dose of TMZ of 150 to 200 mg/m? per day
for 5 consecutive days and six cycles (28 days between each cycle). The dose administered during
this maintenance treatment will depend on the patient's tolerance [54,60]. This is the standard of
care for adults with newly diagnosed glioblastoma who are in good general and neurological

condition and are aged <70 years.

Nevertheless, around 55% of GB patients will be resistant to temozolomide due to their DNA
repair system via the MGMT enzyme. Indeed, as described previously, when the MGMT promoter
is not methylated, the MGMT enzyme is functional and will repair the genomic damages caused
by TMZ. However, MGMT promoter methylation, occurring in 35-45% of GB, results in the
inactivation of the enzyme and, consequently, improved efficacy of TMZ due to the absence of
reparation [19,23]. Thus, the benefit from temozolomide is largely limited to patients with MGMT

promoter-methylated glioblastoma.

To summarize, in order to be more effective, treatment is adapted according to various factors

such as:
- The age of the patients: age above 70 years is an unfavorable prognostic factor [56];

- The general conditions of the patients, based on the KPS score: KPS higher than 70 is considered

as a good prognostic factor [55];

- The methylation status of the O°methylguanine-DNA methyl-transferase (MGMT) promoter:
MGMT promoter methylation gives a better response to TMZ and is considered as a good

prognostic factor [18-22].

A summary of the recommended adaptation of GB treatment depending on these prognostic
factors is presented in Figure 5, taken from the European Association of Neuro-Oncology

(EANO) clinical guidelines [56].
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Figure 5. Clinical pathway for glioblastoma treatment, from the EANO guidelines on the diagnosis and treatment of
diffuse gliomas of adulthood [56]. Abbreviations: CT = Computed tomography; IDH = Isocitrate dehydrogenase;
KPS = Karnofsky Performance Status; MGMT = O%-methylguanine-DNA methyl-transferase; MRI = Magnetic
resonance imaging; WHO = World Health Organization.

However, it is important to note that a recent phase III trial showed that TMZ did not add benefit
in the treatment of IDH wildtype glioblastoma compared with radiotherapy alone, regardless of
MGMT promoter status [61]. Nonetheless, these findings require a new well-powered prospective
clinical study to confirm or refute the real efficacy of TMZ treatment in this patient population. If

this is confirmed, it will have a major impact on the therapeutic management of glioblastoma and

will require a redesign of the therapeutic protocol presented previously.

1.4.2. Treatment for recurrent GB

Despite maximal initial resection and multimodal treatment, approximately 70% of patients with
GB will experience disease recurrence within one year after diagnosis [54]. There is no clear standard
of care for the treatment of recurrent GB. The treatment is selected on the basis of prior therapy,
age, KPS, MGMT promoter methylation status and patterns of disease progression. It would

consist of resection, second-line chemotherapy and/or re-irradiation (Figure 5) [56,62].
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Regarding resection, this is considered for certain patients if it is possible. Indeed, surgical reduction
can reduce the mass effect and symptoms, such as convulsions and motor deficits, frequently

observed in recurrence [60].

For chemotherapy, repeated administration of temozolomide may be considered, although it is
often less effective as a second-line agent due to the development of resistance by tumor cells.
Bevacizumab (Avastin®), an anti-angiogenic monoclonal antibody that target and inhibit the
vascular endothelial growth factor (VEGF), is the most widely used second-line treatment since
FDA approval in 2009 (not approved by the European Medicines Agency (EMA)) following phase
1T trial data [63-66]. However, it is not used as a first-line treatment because, in patients with newly
diagnosed GB, the addition of bevacizumab to the SOC protocol did not improve survival time
and increased the rate of adverse events [67-69]. Other agents such as carboplatin (Paraplatin®),
etoposide (Toposar®), irinotecan (Camptosar®) and nitrosoutrea-based chemotherapy (lomustine)

can be tried as monotherapy or as part of therapeutic regimens [70-73].

Concerning re-irradiation, additional radiation may be possible for some patients, but the tolerance
of healthy brain tissue to radiation is limited due to the increased risk of radionecrosis. A wide
variety of radiotherapy techniques, including brachytherapy, gamma knife and stereotactic

radiosurgery, can be used for the treatment of recurrent GB [74].

Despite this aggressive treatment, the prognosis remains poor. Indeed, the median overall survival
of patients diagnosed with GB is approximately 10—16 months, with a 2-year life expectancy lower
than 30% [8,9,67]. For patients with unresectable GB (up to 35-40% of patients), which can only
be treated with chemoradiotherapy, the prognosis is even worse with a median overall survival of

less than 9 months [49-51,75].

I.4.3. Symptomatic treatments

1.4.3.1. Intracranial hypertension treatment

Corticosteroids enable rapid reduction of peri-tumor oedema, thereby reducing intracranial
pressure, and also treat inflammation, two factors that are known to influence the prognosis of GB
and the patients' quality of life [76,77]. It should be stressed that this is only really effective on benign
oedema. Steroids are not necessary in patients without increased intracranial pressure or in the
absence of neurological deficits associated with oedema. There is also no benefit in prolonging
corticosteroid therapy after tumor resection or as prophylaxis during radiotherapy in asymptomatic

patients. However, particular caution is required when administering these drugs to elderly patients
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due to the potential risk of delirium, which could lead to a reduction in quality of life [57]. In
addition, the use of steroids is now being questioned because of the associated side effects,
including severe immunosuppression and risk of infection, which may dampen GB patients’
survival. Indeed, recent studies demonstrated that postoperative dexamethasone administration
was associated with lower survival as well as steroid dependency and higher infection rate in GB

patients [78,79].
1.4.3.2.  Epilepsy treatment

Anti-epileptic therapy is indicated only in patients with epileptic seizures. The use of anti-epileptic
drugs should be minimized, both to limit the dose to the minimum necessary to control seizures
and to use only one drug if possible. This limits side effects and interactions with other drugs such

as chemotherapy agents [57].

I.4.4. New therapies

1.4.4.1. Tumor treating fields

Tumor treating fields (I'TF) are a treatment modality that can be added to the SOC. This treatment
consists of placing electrodes on the patient's scalp to deliver a low-intensity transcutaneous electric
field. This electric field delivered to the tumor has an antimitotic effect, interfering with tumor cell
division [80]. Approved in 2011 for recurrent GB and in 2015 as adjuvant therapy for newly
diagnosed GB, TTF improves patients' survival [9,81]. However, the proportion of patients
benefiting from TTF remains low due to its high cost and difficulty of implementation (this

treatment must be delivered more than 18 hours/day to be effective).

1.4.4.2. Targeted therapy

Several targeted therapies have been tested in recent years in phase II and III clinical trials for the

treatment of glioblastoma.

Bevacizumab in particular, as already mentioned in 1.4.2. Treatment for recurrent GB section,
which is an anti-angiogenic agent that targets and inhibits VEGF. It has demonstrated efficacy in
phase II clinical trials for recurrent glioblastoma and has been approved by the FDA as a second-
line treatment in 2009 [64,82,83]. However, it is not indicated as a first-line treatment for GB, as
phase III clinical studies showed that the addition of bevacizumab to the SOC protocol for the
treatment of newly diagnosed GB did not increase patient survival and increased the rate of adverse

effects [67,68].
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Cilengitide (a selective inhibitor of avB3 and avB5 integrins, acting as an anti-angiogenic) [84,85],
erlotinib (an anti-EGFR tyrosine kinase inhibitor) [86], gefitinib (an anti-EGFR tyrosine kinase
inhibitor) [87], nimotuzumab (an anti-EGFR monoclonal antibody) [88] or cetuximab (an anti-
EGFR monoclonal antibody) [89] have also been the subject of clinical trials in both newly

diagnosed and recurrent glioblastoma, but have not shown significant clinical improvement.

Recent studies have also focused on the inhibition of IDH 1 and 2 in the treatment of gliomas.
Although IDH inhibitors for the treatment of gliomas are still under investigation, two phase 1
studies evaluating ivosidenib (mIDH1 inhibitor) and vorasidenib (mIDH1/2 inhibitor) showed
stable disease prolongation and reduced growth of non-enhancing tumors for patients treated with
ivosidenib, and an overall response rate of 18% in non-enhancing gliomas for patients treated with

vorasidenib [90,91].

1.4.4.3. Immunotherapy

The success of immunotherapy in oncology in recent years has led to its use in developing
therapeutic strategies for GB. Several approaches are currently being tested in glioblastoma, either
as first-line treatment or at recurrence. These include vaccination, “adoptive” immunotherapy and

immunological checkpoint inhibitors [92].

Vaccination consists of inducing and/or restoring a non-productive immune response against
tumor antigens. For this strategy, sitoiganap (Gliovac™), a vaccine based on freshly extracted
tumor cells and lysates that stimulates the patient’s immune system to recognize and reject cancer
cells, is currently undergoing a phase II clinical trial for recurrent GB (NCT01903330) and recently
received FDA Fast Track designation in 2022 for recurrent GB [93]. We can also mention
rindopepimut, a conjugate vaccine directed against an amino acid of EGFRvIII, which showed

promising results in a phase II clinical trial with an increase in median overall survival [94].

Regarding “adoptive” immunotherapy, it involves using autologous T cells, activating them ex-vivo
against specific tumor antigens and then injecting them into the same patient. In glioblastoma, an
adoptive immunotherapy approach using chimeric receptors targeting HER-2 or EGFRvVIII has

shown encouraging preclinical results [95,96].

Finally, a last strategy to improve the immune response against cancer is by modulating immune
checkpoints to potentiate T cells. The main immune checkpoints that have been successfully
targeted in cancer treatments are PD-1 (programmed cell death- 1), its ligand PD-L1, and CTLA-
4 (cytotoxic T-lymphocyte-associated protein 4). Inhibition of these T cell negative regulators with

monoclonal antibodies increases the immune response in many cancers (e.g., melanoma and non-
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small-cell lung cancer) [97,98]. Several clinical trials are currently ongoing for this strategy in
glioblastoma, such as phase II clinical trial evaluating blockade of the PD-1/PD-L1 pathway with
durvalumab (NCT02336165), or phase I and III clinical trials evaluating combined blockade of the
CTLA-4 and PD-1/PD-L1 pathways with the dual therapy nivolumab (anti-PD-1) and ipilimumab
(anti-CTLA-4) (NCT02311920, NCT02017717).

1.4.4.4. Local delivery

Local administration strategies offer many significant advantages, such as bypassing the BBB and
exposing the tumor to high concentrations of chemotherapy while minimizing systemic toxicity
[99]. The drug is protected from degradation and the clearance system until it is released. In the
1990s, convention enhanced delivery (CED) for intratumoral administration, wafers and rigid
implants for localized treatment in the resection cavity were developed, leading to the approval by
the FDA of Gliadel® implants in 1996 (it is the only biodegradable interstitial chemotherapy
approved to date by the FDA for GB) [100]. In the 2000s, hydrogels and nanofibers were studied
to increase the efficacy and the biocompatibility of the treatment [101]. And finally, innovative drug

delivery systems such as spray devices are currently under investigation [102].
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I.5. MOUSE MODELS OF GLIOBLASTOMA

Preclinical mouse models are essential for analyzing the biology of glioblastoma, identifying new
therapeutic targets, and evaluating the potential of new therapeutic strategies. Current preclinical
glioblastoma models are classified into three categories: xenografts, syngeneic and genetically

engineered mouse models (Figure 06).
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Figure 6. Murine preclinical cancer models (adapted from [103]). Current preclinical glioblastoma models are classified
into three categories: xenografts, syngeneic and genetically engineered mouse models. Xenografts mouse models are
subclassified into two categories: human glioblastoma cell-line xenografts (CLX) and patient-derived xenografts
(PDX). CLX are experimental models in which human glioblastoma tumor cells are transplanted into mice. PDX
involve the harvesting of tumor tissue directly from glioblastoma patients, which is then transplanted into mice.
Syngeneic mouse models transplant murine glioblastoma cells into mice. Finally, genetically engineered mouse (GEM)
models involve the manipulation of the mouse genome to induce tumor formation.
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I.5.1. Xenograft mouse models

Xenografts mouse models are subclassified into two categories: human glioblastoma cell-line

xenografts (CLX) and patient-derived xenografts (PDX).

1.5.1.1. Human glioblastoma cell-line xenografts

Human glioblastoma cell-line xenografts (CLX) are experimental models in which human
glioblastoma tumor cells are transplanted into non-human host organisms, usually mice. Human
glioblastoma cell-lines commonly used for xenografts include, among others, U87, U251, T98G
and A172. CLXs are a quick and reproducible strategy for studying glioblastoma. Indeed, these
models generally offer the advantages of high engraftment and growth rates, good reproducibility
as well as reliable disease growth and progression. Moreover, immortalized cell lines can be easily
expanded for an unlimited number of 7 vitro passages, producing large numbers of tumor cells for

experimental use [104].

However, studies have reported that glioblastoma CLXs do not reflect the clinical characteristics
of the patient's original tumors [105]; they often result in well-circumscribed tumors that lack the
typical infiltrative and proliferative pattern that is observed in human glioblastomas [106-108]. In
addition, due to the selective pressures of cell culture, CLXs show phenotypic and genomic
differences from the patient's original tumors, such as a loss of tumor heterogeneity [104,109-112].
Thus, CLXs do not truly reflect the biological nature of glioblastoma, which is a limitation for

preclinical trials.

Nevertheless, it has been shown that the US7MG model presents an enhancement of the post-
contrast T1 signal (gadolinium-DOTA as contrast agent) in the bulk of the tumor but not in its
periphery (Figure 7), thus illustrating that this model has a disrupted BTB in the core of the tumor
and an intact BTB in the periphery which is the tumor characteristic that mainly interests us here

for the studies we have carried out.

Another drawback of CLX models is that they can only be established in immunodeficient mice
such as nude mice, non-obese/diabetic mice (NOD), severe combined immunodeficient mice
(SCID), and the combination NOD/SCID and NOD/SCID/gamma (NSG) mice [103]. CLX
models will therefore have no immune response, resulting in a tumor microenvironment that is not
representative of glioblastoma and, more importantly, does not allow to study immunology and

immunotherapy in glioblastoma.
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Figure 7. Illustration of BBB disruption in U§7MG glioblastoma model (Adapted from [113]). (A) Representation of
pre- and postcontrast MRI images of brain tissue highlighting the tumor region (right). Accumulation of T1 contrast
agent (Gd-DOTA) enhanced the signal intensity and can be visualized from pre- and postcontrast images. (B)
Quantification of signal intensity in ROI of tumor tissue versus normal tissue shows a significant difference in signal
intensity values between pre- and postcontrast tumor tissue, whereas there is no difference in the normal regions. This
illustrates that the US7MG model has a disrupted BTB in the core of the tumor and an intact BTB in the periphery of

the tumor.
1.5.1.2. Patient-derived xenografts

Patient-derived xenografts (PDX) involve the harvesting of tumor tissue directly from glioblastoma
patients, which is then transplanted into host animals, usually mice. In contrast to CLX models,
PDX models have the advantage of preserving the histological and genetic characteristics of the
original tumor [114,115]. Indeed, as PDX models have minimal or no exposure to 7 vitro culture,
PDX cells are therefore not subject to the stress that can occur in cell culture, thus preserving the
features of the original tumor. It should also be highlighted that PDX models are highly variable,
reflecting the inter-patient heterogeneity of glioblastoma, but it is advantageous due to their clinical
relevance. Thus, PDX models are better suited to summarize the characteristics of parental tumors

than CLLX models [116].

However, PDX models also have disadvantages. They cannot be established from all patient
tumors and take a long time to produce. Indeed, even if the graft is successful, it generally takes
between 2 and 11 months to obtain tumors [117]. In addition, due to the high variability of these

models, standardization and experimental planning can be difficult [104].

Moreover, as with CLX models, they cannot fully reflect the antitumoral immunity of human
glioblastoma given that these models are only established in immunodeficient mice (using the same
mice as those described for CLLX models) [114]. Nevertheless, recent studies have shown that PDX
models can be established in humanized mice. Humanized mice are generated with a competent
human immune system. This would provide PDX models with a competent human immune system

that could be used to study immunology and immunotherapy in glioblastoma [118,119].
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I.5.2. Syngeneic mouse models

Syngeneic mouse models have long been used as indispensable tools in glioblastoma research. As
for CLLX models, these models transplant glioblastoma tumor cells into mice. But for syngeneic
mouse models, the cell lines used are established from spontaneous (e.g., P560) or chemically
induced (e.g., GL261, GL26 and CT-2A) murine gliomas [120]. The creation of such models takes

a short period of time, since transplanted cells grow in the animal within a few weeks.

GL261 models are probably the most widely used glioblastoma syngeneic mouse models. These
models are thought to well recapitulate the histological and biological characteristics of
glioblastoma. Furthermore, the greatest advantage of syngeneic models is that they use
immunocompetent mice and are therefore suitable for analyzing the immunology of glioblastoma

tumors and for immunotherapeutic research.

However, like other models based on cell-lines propagation, syngeneic mouse models are subject
to genetic drift [108]. In addition, since syngeneic models involve exclusively mouse tissues, they
present challenges for translating results into human cancer. Thus, these models do not fully

recapitulate the morphological characteristics of human glioma [121].

I.5.3. Genetically engineered mouse models

Genetically engineered mouse (GEM) models involve the manipulation of the mouse genome to
induce tumor formation. These models are particularly useful to identify the molecular events
responsible for tumor initiation and progression, as well as to analyze tumor susceptibility to
treatment [122]. Furthermore, GEM models enable the activation of relevant oncogenes at specific
time points in tissue development, allowing to test potential therapeutic agents at various stages of
tumorigenesis. As with syngeneic models, a key advantage of this model compared to xenograft
models is that it can be used on immunocompetent mice. These GEM models are therefore also

useful to analyze the role of microenvironment in tumor biology [103].

However, it is uncertain whether the genetic modifications involved in these models actually reflect
tumor-associated events in human glioblastomas. Furthermore, GEM tumors are generally
composed of cells with specific and homogeneous genetic modifications and therefore cannot fully
reflect the intratumoral genomic and phenotypic heterogeneity of glioblastoma. Thus, these

different properties offer distinct advantages over the other models described previously.
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I.5.4. Heterotopic versus orthotopic models

Whether syngeneic or xenogeneic, heterotopic and orthotopic grafting models each have their

advantages and disadvantages.

Heterotopic models are generally easier to optimize. Indeed, the grafting technique requires little
equipment, is quick and easy, and therefore suffers little variability between technicians. Tumor
growth or regression can be directly observed and the volume measured using a caliper. Moreover,
surgical removal of the tumor can be easily performed, as the tumor is very accessible. However,
the anatomical graft site of the heterotopic model is usually very different from the organ in which
the tumor normally develops. The tumot's interactions with the microenvironment will therefore
not be superimposable with the pathological process to be evaluated. In addition, a tumor's
response to treatment depends partly on its localization, making this model a poor predictor of

therapeutic response.

It was therefore crucial to develop orthotopic models. Indeed, although less easy to implement, a
tumor implanted on an orthotopic site will be more likely to reflect the cellular composition of the
original tumor than one implanted on a heterotopic site. Interactions with the tumor
microenvironment will also be more representative of the tumor to be modeled. Furthermore, as
mentioned above, the diffusion of a molecule varies from one tissue to another, so testing the
action of a new treatment on an orthotopic model is more relevant from a pharmacological point
of view. Nevertheless, depending on the type of cancer and therefore the site of implantation, the

tumor will probably be more difficult to observe and measure than in the heterotopic model.

I[.6. CHALLENGES ASSOCIATED WITH THE DELIVERY OF DRUGS TO GLIOBLASTOMA

While there have been advances in clinical practice and technology, the combinations of therapeutic

methods available today to treat GB have not yet overcome the high mortality and recurrence rates.

A key obstacle in the treatment of GB is the blood-brain barrier (BBB). Indeed, it significantly
inhibits the passage of drugs from the bloodstream to the brain, greatly reducing the efficacy of
systemic administration of chemotherapeutic agents [123,124]. In GB, although the integrity of the
BBB is compromised in the core of the tumor, making it relatively permeable, an intact BBB is still
found peritumorally (Figure 8) [125,126]. This heterogeneity in the tumoral BBB permeability limits
the delivery of drugs to the tumor site, especially for the most infiltrative tumor cells still protected
by an intact BBB in the tumor margins, which are responsible of the tumor recurrence [127-129].

These anatomical limitations will therefore restrict the choice of chemotherapy to be used.
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Although TMZ can cross the BBB in glioblastoma due to its small size, its efficacy in the treatment
of GB remains relative. Indeed, a recent phase III trial showed that TMZ did not add benefit in
the treatment of IDH-wildtype GB compared with radiotherapy alone, regardless of MGMT
promoter status [61]. Clearly, the restriction imposed by the structure of the BBB for the choice of
chemotherapies is an obstacle that needs to be overcome in order to be able to use therapeutic

agents that are more effective than TMZ.

Over the last years, new therapeutic strategies have emerged to overcome these limitations, and

this is what we are going to see in this second part.

A B T1-CE MRI C T2-FLAIR MRI

Figure 8. Illustration of the BBB heterogeneity in Glioblastoma. (Adapted from [126]). Here are represented images
from the same patient of (A) 18F-DOPA uptake imaged by PET-CT delineated in yellow, (B) regions of contrast
accumulation in the same location defined by a T'1 postcontrast enhanced MRI delineated in red, (C) regions of tumor-
associated edema as defined by a T2-FLAIR MRI delineated in blue. These images illustrate that significant tumor
burden exists beyond the distrupted BBB defined by the contrast enhancement and confirm the heterogenous
characteristic of the BBB in glioblastoma with a fenestrated BBB in the tumor core and an intact BBB in the tumoral
periphery.
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II. OVERCOMING THE BBB: INNOVATIVE THERAPEUTIC STRATEGIES

II.1. BBB

11.1.1. BBB structure

The BBB is a complex multicellular structure separating the central nervous system (CNS) from
the systemic circulation. It acts as a selective filter that regulates the passage of essential biological
substances (ions, oxygen, nutrients, ...) between blood and brain compartments, while limiting the
invasion of toxins and pathogens in order to protect nervous tissue. This brain protection function

complicates drug treatments since many active molecules cannot cross the BBB [130,131].

To fulfil its function, the BBB has a unique anatomy (Figure 9): it is composed of adjacent

endothelial cells, a basal lamina, pericytes and astrocytes [132].

Astrocyte foot

Basal lamina

—— Tight junction

Capillary lumen

/ Endothelial cell

Pericyte

Figure 9. The anatomical structure of the BBB [133]. The blood-brain barrier (BBB) is a complex anatomical structure
that protects the brain from harmful substances and regulates the passage of molecules between the bloodstream and
the brain. It is mainly composed of endothelial cells tightly interconnected by tight junctions, a basal lamina, pericytes
and astrocytes.

11.1.1.1. Endothelium

Endothelial cells are the main unit of the BBB. They cover the lumen of cerebral capillaries in a
continuous monolayer, creating a wall of around 200 nm thickness. These cells are tightly

interconnected by tight junctions and do not present fenestration [134].
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Cerebral endothelium differs from peripheral endothelium and epithelium in its high expression of
tight junction proteins, such as occludin and claudin-5, creating an even tighter network of tight

junctions [135].

These tight junctions are a key feature of the BBB impermeability. They seal inter-endothelial
spaces, making paracellular diffusion almost impossible and only allowing the highly selective
transcellular pathway to pass through. They also anchor to the cytoskeleton, providing structural

support.

11.1.1.2. Pericytes

Pericytes constitute a discontinuous layer of cells on the abluminal side of the capillary wall and

share a common basal membrane with endothelial cells.

Their close association with the endothelium allows the exchange of ions, metabolites and second
messengers between the two cell types [136]. Pericytes have an important role to play in regulating
cerebral blood flow. Indeed, these cells have contractile characteristics similar to smooth muscle
cells and can regulate (to a certain extent) capillary diameter and therefore cerebral blood flow

[137,138].

Pericytes also regulate BBB permeability. They control the expression and alignment of endothelial
cell tight junction proteins and the transcytosis of vesicles across the BBB [139]. However, the
molecular pathways between endothelial cells and pericytes that could be manipulated to open the
BBB “on demand” for drug delivery remain largely unknown [140]. In addition, pericytes show

phagocytic functions that help to eliminate toxic metabolites [141].

II.1.1.3. Astrocytes

Astrocytes are the most abundant cells in the CNS and are involved in a variety of physiological
and biochemical functions. These include compartmentalization of neural parenchyma,
maintenance of ion homeostasis in the extracellular space, regulation of pH, uptake and processing
of neurotransmitters by providing energy-rich substrates to neurons, and mediation of signals from

neurons to the vasculature [142].

Astrocytes also play an essential role in the functioning of the BBB [143]. They interact with the
endothelial cells by projecting their terminal feet onto the cerebral capillaries, thus covering the
majority of the abluminal surface of the BBB. Such interactions are important for the

synchronization of metabolite levels and the regulation of brain water content [144].
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Astrocytes are also a key cellular support for BBB integrity. Recent studies have shown that several
effector molecules released by astrocytic terminal feet aim to improve and maintain the tightness
of the BBB. These include members of the Hedgehog pathway [145], the renin-angiotensin
hormone system [146] and apolipoprotein E [147]. The release of apolipoprotein E, for example,

regulates the tight junctions of endothelial cells.

I1.1.2. BBB transport mechanisms

Given the properties of the BBB, substances can only cross the endothelial layer by

paracellular/transmembrane diffusion or by using transcellular transport mechanisms [148].
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Figure 10. BBB transport mechanisms (adapted from [133]). Substances can cross the BBB endothelial layer by
paracellular/transmembrane diffusion or by using transcellular transport mechanisms such as catrier-mediated

transport, receptor-mediated transcytosis, adsorptive-mediated transcytosis or efflux pumps.
I1.1.2.1. Paracellular and transmembrane diffusion

Tight junctions between endothelial cells severely restrict the passage of molecules via the
paracellular pathway, allowing only very small hydrophilic substances to pass through. Regarding
transmembrane diffusion, only small lipophilic, non-ionized molecules with a low molecular weight
(Iess than 400 Da) or small gas molecules such as CO, or O can diffuse freely. Substances that do
not present these physicochemical characteristics have to use transcellular transport mechanisms

to potentially cross the BBB [149,150].
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11.1.2.2. Transcellular transport mechanisms
11.1.2.2.1  Carrier-mediated transport

To transport specific molecules such as nutrients or amino acids to the brain, transport proteins
are present on the luminal and basolateral sides of endothelial cells. These include the glucose
transporter (GLUT-1), the large neutral amino acid transporters (LAT), nucleoside transporters as
well as organic cation and anion transporters. They all have an important role to play in the
maintenance of the brain's high metabolic needs [151,152]. Their substrates can therefore cross the

BBB by transport mediated by these carriers.

11.1.2.2.2  Receptor-mediated transcytosis

Endogenous molecules that have no specific transporter, such as insulin, leptin or transferrin, can

also reach the brain via receptor-mediated transcytosis (RMT).

Transcytosis involves three phases: endocytosis, intracellular vesicular traffic and exocytosis [153].
Indeed, molecules bind to their receptors on the luminal side of the endothelial cells and
endocytosis is initiated. The receptor-ligand complex is invaginated, leading to the formation of
intracellular transport vesicles. The vesicles are then sorted and those selected for exocytosis cross

the cell to release the ligand on its basolateral side. The receptor is then recycled [154].

Some of the receptors found on the luminal side of the BBB are transferrin receptor (TfR), insulin
and insulin-like growth factor receptor, low-density lipoprotein receptor (LDLR), low-density
lipoprotein receptor-related protein 1 and 2 (LRP1 and LRP2), scavenger receptors class B type 1
(SR-B1), leptin receptors and lactoferrin receptors [155]. More recently, nicotinic acetylcholine

receptors (nAChRs) and the diphtheria toxin receptor have also been described [156].

11.1.2.2.3  _Adsorption-mediated transcytosis

Another potential physiological pathway to cross the BBB is adsorption-mediated transcytosis
(AMT), also known as pinocytosis. Whereas RMT requires an interaction between a ligand and a
receptor, AMT is a non-specific pathway. As a result, the binding affinity of AMT is low, but its
binding capacity is high, leading to a transcytosis efficiency similar to RMT [156,157]. AMT is
produced by electrostatic interaction between a positively charged molecule, protein or peptide and

the negatively charged luminal membrane of brain endothelial cells.

11.1.2.2.4  Efflux Pumps

In addition to all these transport mechanisms, there are also efflux pumps that are responsible for

expelling both endogenous and exogenous compounds, such as drugs, from the brain into the
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blood. Of particular importance, active drug efflux transporters of the ATP-binding cassette (ABC)
family are important determinants in the elimination of drugs from the CNS. This mechanism is
considered to be a significant obstacle as it may limit the distribution of beneficial drugs for the

treatment of CNS diseases [158,159].

I1.1.3. The BBB in glioblastoma: the BTB

In GB, abnormal angiogenesis, due to an overproduction of pro-angiogenic factors such as vascular
endothelial growth factor (VEGF), produces blood vessels with an abnormal physiological

structure, leading to an altered BBB known as the blood-tumor barrier (BTB) [160].

The BTB is characterized by an aberrant distribution of pericytes, a loss of astrocytic endings and
an alteration of tight junction proteins between endothelial cells. In addition to the abnormal
structure of tumor vessels due to pro-angiogenic factors, invading tumor cells can physically
displace BTB cells and disrupt BTB integrity [161,162]. All these characteristics result in a
compromised BTB with an increased permeability. Unlike the healthy BBB, this leaky BTB allows
the passage of rather large molecules, such as drugs, between the endothelial cells in the damaged

paracellular pathway [163,164].

However, the BTB permeability is highly heterogeneous and varies not only between GB but also
within the same tumor, leading to a highly heterogeneous drug delivery [160] (Figure 11). Indeed,
although the BTB is often compromised in the tumor core allowing the passage of drugs, an intact
BTB is still found in the tumor rim [127,129], limiting significantly the passage of drugs, especially
to reach the infiltrative tumor cells lying behind this intact BTB which are at the origins of the
tumor recurrence [165-168]. Thus, reliance on either passive or targeted delivery to only the
pathologically disrupted tumor BBB regions in the glioblastoma core will not eliminate all tumor
cells, and a subsequent GB recurrence will be likely. It therefore remains important to establish

strategies that can deliver drugs evenly throughout the whole tumor volume.
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Figure 11. Representation of BTB heterogeneity [149]. While the BTB is disrupted in the core of the GB tumor, an
intact BTB is still found peritumorally. This heterogeneous disruption leads to the protection of most infiltrative GB

cells and limits the delivery of the therapeutics to the tumor site.
Abbreviations: BTB = Blood-Tumor Barrier; VEGF = Vascular endothelial growth factor.

I1.2. STRATEGIES TO OVERCOME THE BBB

For many years, the blood-brain barrier has been a major obstacle to the treatment of cerebral

pathologies. Several strategies have been described to overcome the BBB and improve drug

delivery to the tumor site, such as:

52

Open the BBB to increase its permeability: mainly by weakening endothelial tight junctions
through osmotic shock [169], irradiation [170], FUS with microbubbles [171], or biochemical
modulation (e.g., bradykinin) [127];

Increase tumor perfusion, allowing more drugs to reach the BBB: tumor vessels
normalization [172];

Bypass the BBB: local delivery using intrathecal/intraventricular administration [131],
convection-enhanced delivery (CED) [173-179], implants (e.g., polymer systems, gels,
microchips, etc.) [100,180,181], or intranasal administration [182-185];

Take advantage of BBB's physiological transport systems: change the physicochemical
characteristics ~ of  drugs  to  target  transport  mechanisms,  facilitate
paracellular/transmembrane diffusion or decrease affinity to efflux transporters [186], or

modulate the expression and/or activity of efflux transporters to prevent elimination of
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the molecule of interest [158], or even modulate the expression and/or activity of vesicular

transport to improve drugs transport [127].

In this section, we mainly focus on strategies to open the BBB and increase tumor perfusion that

have emerged in recent years.

I1.2.1. Osmotic shock

The first studies on BBB disruption by osmotic shock were carried out in the early 1970s by
Rapoport [169,187]. This method is based on the intra-arterial administration of a hypertonic

solution (e.g., mannitol, arabinose).

During this perfusion, the endothelial cells will shrink due to dehydration, which will contract the
cytoskeleton of the cells, creating tension on the tight junctions, widening them and leading to a
transient opening of the BBB (Figure 12) [188]. This opening would allow better delivery of
therapeutic agents via the paracellular route. However, obstacles to this procedure have been
identified that compromise patient safety. Non-selective opening of the BBB will induce a massive
and uncontrolled influx of compounds throughout the brain from the bloodstream, which may
cause neurotoxicity, limiting the use of this procedure in clinical practice [126,167]. Nevertheless, as
GB is a disease with a very poor prognosis and a standard of care that is still not very effective, the
benefit-risk balance for the application of this strategy is not the same as for other diseases and can

therefore be considered for GB.
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Figure 12. Model for the opening of the inter-endothelial tight junctions by carotid infusion of a hypertonic solution.
During infusion, endothelial cells dehydrate, water leaves the brain leading to a vasodilation and the endothelial cell
cytoskeleton contracts. Tension is exerted on tight junctional areas due to each of these factors, leading to a reversible
opening of the tight junctions [189].
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I1.2.2. Radiotherapy

It has been shown in preclinical animal models and clinical trials that irradiation can permeabilize
the healthy BBB or tumor vascular bed in other cancers than glioblastoma [190-195]. Indeed,
radiotherapy is thought to affect the endothelium of the BBB by weakening it, particularly at the
level of tight junctions, thus causing more or less BBB permeabilization depending on the dose of
irradiation received [194,196] (Figure 13). For instance, a recent study investigated the effect of
irradiation on claudin 5, one of the most enriched tight-junction proteins, demonstrating that a 20
Gy single-dose irradiation in a Sprague-Dawley (SD) rat model (healthy BBB in this model) caused
downregulation of claudin 5 with an increase in the delivery of an antiangiogenic agent (anlotinib)

injected IV concomitantly [170].

Other studies have also revealed an increase in drug delivery after irradiation in glioblastoma and
other gliomas [170,197,198], reflecting an opening of the BBB/BTB in cerebral tumors. One of these
clinical studies has reported that irradiation with 20 to 40 Gy facilitated the entry of

chemotherapeutics such as methotrexate in glioblastoma patients, increasing survival time [197].

Thus, as radiotherapy is included in the standard therapeutic protocol, improvement of delivery by
opening the BBB through irradiation would maximize the synergistic effect between radiotherapy

and chemotherapy by adapting the timing of the therapeutic protocol.

A Non-irradiated BBB B Irradiated BBB

Brain

Figure 13. Illustration of the effect of irradiation on the BBB. Radiotherapy affects the endothelium of the BBB by
weakening it, particulatly at the level of tight junctions, thus causing more or less BBB permeabilization depending on
the dose of irradiation received.
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11.2.3. Tumor vessel normalization

It has been shown that during the early phase of an anti-angiogenic treatment, originally developed
to starve tumors, a transient effect of tumor vessels normalization can be observed with an
improvement in the outcome of anticancer drugs administered during this normalization window
[172,199-202]. Indeed, this normalization effect results in a remodeling of the tumoral vasculature,
making it more structured and functional, leading to an improvement in blood perfusion as well as
a reduction in tumor hypoxia and intratumoral pressure, thus facilitating the delivery and

penetration of anticancer drugs into the tumor (Figure 14) [203-206].

However, there are several important features to be considered for this normalization effect. Firstly,
the dose of anti-angiogenic agent used is important. If the anti-angiogenic agent is too potent or if
the dose is too high, this may lead to a rapid and excessive pruning of the vessels and may not
improve the results of concomitant therapies. Alternatively, doses that are too low may induce
resistance to treatment by the activation of other proangiogenic pathways, and the tumor would

start producing abnormal vessels again [201,204].

It's also important to emphasize that tumor vessels normalization is transient, and only occurs at
the very beginning of the anti-angiogenic treatment [206,207]. Following the normalization time
window, one of the two scenarios described previously should occur, depending on the dose of
anti-angiogenic agent administered: either excessive pruning of tumor vessels preventing any
concomitant therapy, or resistance to anti-angiogenic treatment [204,205]. In this way, normalization

would be dose- and time-dependent.

In addition, the size of anticancer agents injected concurrently is important. Indeed, the
restructuration of blood vessels during normalization reduces the pore size of the fenestrated
tumor vascular wall, and thus enhanced delivery to the tumor site will only be seen for small-sized
drugs [207-209]. A study carried out in a breast cancer model exposed that blocking VEGFR2
improved the delivery of small nanoparticles (12-nm nab-paclitaxel) while hindering the delivery of
larger nanoparticles (125-nm liposomal doxorubicin) [210]. No study has yet been carried out in GB

concerning the impact of anticancer agents’ size on their delivery during the normalization effect.
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Figure 14. Representation of the normalization effect on tumor vasculature (adapted from [204]).

Due to excessive amounts of pro-angiogenic factors such as VEGF, tumor angiogenesis is chaotic with oversized
vessels and numerous dysfunctional microvessels (left panel). At the beginning of an anti-angiogenic treatment, the
anti- and pro-angiogenic balance is partially restored and a phenomenon of vessel normalization can be observed
(middle panel). The vasculature is remodeled, making it more structured and functional. This will improve tumor
perfusion as well as a reduction in tumor hypoxia and intratumoral pressure, leading to a better outcome of
concurrently injected anticancer agents. Afterwards, the normalization window closes, either because the dose of anti-
angiogenic agents is too high, leading to an excessive tumor vasculature prune and thus preventing improvement in
the delivery of a concurrent therapy (right top panel), or because the dose of anti-angiogenic agents is too low, causing

therapy resistance and a return to abnormal tumor vasculature (right bottom panel).
I1.2.4. Focused Ultrasound in association with microbubbles

Focused ultrasound (FUS) combined with systemic administration of microbubbles (MBs) is a
slightly invasive, localized and transient method for a targeted opening of the BBB [171]. This
technique is based on a transcranial application of low-frequency ultrasound to a specific region of
the brain, combined with intravenous (IV) administration of preformed lipid-coated microbubbles.
MBs oscillation in the presence of FUS leads to a precise and transient mechanical disruption of
tight junctions between endothelial cells in the BBB. Although ultrasound alone can disrupt the
BBB, the addition of MBs allows lower frequencies to be used to achieve the same opening effect.
In addition, by harnessing the effects of ultrasound with MBs, it is possible to apply FUS

transcranially without significant heating of the skull.

Pre-clinical studies for this strategy have shown promising results in GB. Chemotherapies were
administered in combination with FUS and MB, leading to an increase in the concentration of
chemotherapies in brain tumors, a reduction in tumor growth and an improvement of median

survival in rodents [211-213].
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=

Figure 15. Illustration of drug delivery at the BBB before (A) and after (B) application of FUS with MB. MBs
oscillation in the presence of FUS leads to a precise and transient mechanical disruption of tight junctions between
endothelial cells in the BBB. Although ultrasound alone can disrupt the BBB, the addition of MBs allows lower
frequencies to be used to achieve the same opening effect.

These promising pre-clinical studies have led to clinical trials for GB or recurrent GB treatment,

that are currently ongoing and summarized in Table 3 below.

Carpentier et al. [214] report the interim results of clinical trial NCT02253212. The use of FUS
(sonocloud implantable device) with systemically injected microbubbles (SonoVue) in recurrent
GB using T1-weighted gadolinium contrast enhancement imaging to assess the BBB opening
showed a transient BBB disruption with a threshold pressure dose of 0.8 megapascal (MPa).
Additionally, an increased quality of BBB disruption up to a dose of 1.1 MPa was observed, without

detectable adverse effects on radiologic (MRI) or clinical examination.

Table 3. Clinical trials for GB or recurrent GB treated using ultrasound [215].

Trial identifier Treatment Clinical phase / status

Transient opening of BBB by low intensity pulsed
NCT02253212  ultrasound (sonocloud implantable device) in Phase 1-2 / ongoing
combination with carboplatin in recurrent GB

Transient opening of BBB by low intensity pulsed
ultrasound (sonocloud-9 implantable device) in

NCT03744026 recurrent GB eligible for surgery and carboplatin Phase 1-2./ ongoing
chemotherapy
Transient opening of BBB by low intensity pulsed
ultrasound (sonocloud implantable device) in i
NCT04614493 Phase 2 / ongoing

combination with concurrent temoradiation and
adjuvant temozolomide in newly diagnosed GB
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NCT05864534

Immune modulation (balstilimab, botensilimab) with
chemotherapy (liposomal doxorubicin) in
combination with ultrasound-mediated BBB opening
(sonocloud-9 implantable device) in newly

diagnosed GB

Phase 2a / ongoing

NCT04446416

Bevacizumab in combination with FUS (NaviFUS
system) and MB (SonoVue®) in recurrent GB

No FDA defined phase /

ongoing

NCT04440358

Transient opening of BBB by FUS (Exablate Neuro
Model 4000 Type 2 system) with MB in combination
with carboplatin in recurrent GB

Phase 1-2 / ongoing

NCT04417088

Transient opening of BBB by FUS (Exablate Neuro
Model 4000 Type 2 system) with MB in combination
with carboplatin in recurrent GB

Phase 1-2 / ongoing

NCT04528680

Transient opening of BBB by low intensity pulsed
ultrasound (sonocloud implantable device) in
combination with Albumin-bound Paclitaxel and
carboplatin in recurrent GB

Phase 1-2 / ongoing

NCT05879120

Transient opening of BBB by FUS (Exablate Neuro
Model 4000 Type 2 system) with MB in combination
with Neo-adjuvant and Adjuvant Pembrolizumab in
recurrent GB

Phase 2 / ongoing

NCT05902169

Transient opening of BBB by low intensity pulsed
ultrasound (sonocloud implantable device) in
combination with carboplatin in first recurrent GB

Phase 3 / ongoing

Abbreviations: BBB = Blood-Brain Barrier; FDA = Food and Drug Administration; FUS = Focused Ultrasound;
GB = Glioblastoma; MB = Microbubble.

I1.2.5. Biochemical modulation

Biochemical opening relies on the use of pharmacological agents (Table 4) that modulate the

expression of tight junction proteins such as occludin, claudin 5 or zonula occludens-1 (ZO-1),

causing their downregulation and allowing the BBB to open [127].

Bradykinin and its analogs (activators of bradykinin B2 receptors) are the most widely described
and used pharmacological agents for this strategy. Indeed, it has been shown that the activation of
bradykinin B2 receptors can occur the opening of tight junctions [216,217]. These findings were so
promising that one of the bradykinin analogs, RMP-7 (Cereport® from Alkermes Inc.), reached
clinical trials with the aim of enhancing brain delivery of antitumor medications. However, the

clinical trial was stopped due to lack of efficacy in phase II and III studies when administered in

combination with carboplatin [186].
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Table 4 below summarizes different biochemical compounds and their mechanism of action that

can be used to modulate the BBB opening,.

Table 4. Biochemical modulation for circumventing the tumoral BBB (adapted from [127] ).

Drugs Biochemical modulation Tight junction effects References

Activate bradykinin type 2 receptor  Z0-1], Occludin/,
(B2R) Claudin-5]

Activate ATP-sensitive potassium

Bradykinin and analogs [218-228]

Minoxidil sulfate Occludin|, Claudin-5]  [229-231]

channel (KKarp channel)

Activate Adenosine 2A receptor

Lexiscan (A2AR) Occludin|, Claudin-5]  [232-234]
Involvement of protein kinase A

Papaverine (PKA) and heat shock protein 70 Occludin|, Claudin-5] [235-238]
(HSP70)

Abbreviations: A2AR = Adenosine 2A Receptor; ATP = Adenosine Triphosphate; B2R = Bradykinin type 2
Receptor; HSP70 = Heat Shock Protein 70; Karp channel = ATP-sensitive potassium channel; PKA = Protein
Kinase A; ZO-1 = Zonula Occludens-1.

Note: Down-regulated |.
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III. ASSESSMENT OF BBB OPENING

I11.1. IMAGING TECHNIQUES

The basic functioning principles of MRI and CT have already been explained in the 1.3.2. Medical

imaging section, and will not be described here again.

III.1.1. Magnetic Resonance Imaging

DCE-MRI is one of the most widely used MRI techniques to assess BBB permeability by examining
leakage of contrast agents, usually gadolinium-based contrast agent (GBCA), into the brain
parenchyma [239-242]. Indeed, GBCAs such as Gadolinium-gadoteric acid (Gd-DOTA) or
Gadolinium-diethylenetriamine penta-acetic acid (Gd-DTPA) do not cross the intact BBB due to
their hydrophilic property [243]. However, in the case of a disrupted BBB, vessels become
permeable and GBCAs can cross the BBB. Extravasation leads to a regional signal change in brain
parenchyma, due to the magnetic properties of GBCAs, which cause shortening of T1 relaxation
times. In DCE-MRI, several T1-weighted images are acquired over time after GBCA injection,
allowing tracking of the movement of Gd between blood and extravascular space and thus
measuring BBB permeability [244-246]. The image data can be analyzed qualitatively or semi-
quantitatively. Full quantification can be obtained by applying a suitable pharmacokinetic model,
allowing several physiological parameters to be derived, including the transfer constant between
blood and extravascular space (Ktrans), transfer constant between extravascular space and blood
(Kep), fractional plasma volume (Vp), and fractional volume of the tissue extracellular space (Ve)

[245,247,248).

A simple T1-weighted structural MRI after GBCA injection can also be used to determine BBB
permeability. Although this is not a dynamic monitoring of the contrast agent, it allows us to
qualitatively determine whether or not the BBB is open, as well as the brain region where
permeabilization occurs. An advantage of using this MRI technique is that acquisition time is much

shorter than for DCE-MRI.

An important point to emphasize regarding the use of these MRI methods is that safety concerns
have been raised following lastly reports of Gd deposition in the brain that might be toxic for the
patient [249,250]. The probability of Gd deposits in the brain is higher for linear chelates (Gd-DTPA

and analogs) than for macrocyclic agents (Gd-Dota and analogues) [251].
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I11.1.2. Computed tomography

In computed tomography (CT) imaging, iodinated contrast agents can be used to assess BBB

integrity. As for MRI, a distinction is made here between standard CT-scan and perfusion CT
(PCT).

Standard CT-scan with contrast agent injection allows visualization of brain’s blood vessels and

identifies any vascular abnormalities, providing a rather qualitative overview of BBB opening.

PCT with iodinated contrast injection is on the other hand a dynamic method allowing
hemodynamic parameters of the tumor to be determined, thus providing a quantitative overview
of the BBB opening [252]. PCT involves the acquisition of serial CT scans acquired over time after
contrast injection. This enables to track the distribution of contrast in the brain over time. The
application of tracer kinetics models that describe the distribution of contrast in blood vessels and
extravascular space of the tissue allows several physiological parameters to be derived that reflect
quantitatively the permeability state of the BBB [253,254]. Those parameters measured are the

permeability surface area product (PS) and the transendothelial transfer constant (K).

I11.1.3. PET and SPECT

Positron emission tomography (PET) and single photon emission computed tomography (SPECT)
are functional imaging techniques that use radiolabeled tracers to visualize specific biological
processes. As suggested by their names, PET uses positron-emitting radioisotopes, while SPECT
uses single photon-emitting radioisotopes. Thus, the use of PET and SPECT imaging with suitable

radiolabelled tracers can provide information on BBB permeability [160,255].

Regarding PET, it allows the absolute quantification of radiotracer concentrations in tissues,
providing  precise  quantitative  measurements  [256].  Gallium  tracers such  as
[*Ga]Diethylenetriamine pentaacetate or [**Ga]Ethylenediaminetetraacetic acid are commonly
used to evaluate paracellular BBB permeability as they do not cross the BBB under normal,
physiological conditions. ["*F]2-Fluoro-2-deoxy-sorbitol has been recently described as a reliable,

effective and quantitative maker of BBB permeability [257].

For the evaluation of paracellular BBB permeability with SPECT, [*™Tc]ITPA, [*™Tc|sestamibi,
*"T1and ['Ga]citrate are examples of tracers that can be used as they are unable to cross the healthy
intact BBB. Their brain accumulation, therefore, is an indication of altered BBB permeability [258].

When compared with PET, SPECT has the disadvantages of a lower sensitivity and spatial
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resolution [255]. However, SPECT has not been completely replaced by PET because of the benefit

of a tracer with longer stability, lower cost and greater accessibility.

It is important to add that since these two techniques use radioactive tracers, they expose patients
to radiation doses, although these doses are generally considered safe and justifiable in a clinical

context.

I11.1.4. Optical Imaging

111.1.4.1. In vivo imaging system

In vivo optical imaging systems (including IVIS®) are imaging instruments for detecting and
quantifying light signals (bioluminescence, infrared or and fluorescence photons) from small

animals and culture dishes and plates.

In order to assess the BBB opening, what will be of interest here is its ability to track the distribution
of a optically-active tracer in the organism [259]. A better detection is achieved using the near-
infrared (NIR) domain of the electromagnetic spectrum. Indeed, NIR wavelengths are the ones
that best penetrate biological tissues, enabling better detection of the fluorophore deep in the tissue.
Moreover, the natural fluorescence of biological tissues is minimal in the NIR region, reducing
background and improving detection sensitivity [260]. However, even with an NIR tracer, the
sensitivity of detection remains low, and this imaging method can only assess BBB opening
qualitatively on a macroscopic observation scale with very low resolution. An example of a
fluorescent tracer that can be used with IVIS to assess BBB opening is Evans blue [261]. It will be

described in more detail in the II1.2.2. Exogenous markers section.

111.1.4.2. Intravital microscopy

While MRI and nuclear imaging techniques are powerful in providing macroscopic information
with full brain coverage and can do so in a highly specific manner to probe individual mechanisms
of BBB dysfunction, they lack the spatial resolution necessary to elucidate the cellular/molecular
foundations of these observations. This resolution can be achieved using intravital microscopy
(IVM). High-resolution fluorescent in vivo microscopy can quantify and localize cellular
components, including junctional proteins and leakage of tracers across the BBB at the level of the
vessel [262]. As with IVIS, since this is also in vivo fluorescence imaging, the use of tracers that
fluoresce in the near infrared is preferred. Commonly tracers used are fluorescent dextrans. Large

dextrans are retained within vessels and are useful for imaging vascular density and morphology.
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Smaller dextrans (< 3 kDa) can pass through the impaired BBB; this can be imaged to quantify

BBB leakage [263,264].

However, IVM is highly invasive, requiring a craniotomy or thinning of the skull for optical imaging
of the brain. Cranial thinning is less invasive and more suitable for mice, whose meninges are more
translucent and cranium less dense than those of rats [265]. However, this technique diminishes
resolution as a result of optical scattering by the remaining skull. Craniotomy, on the other hand,
is associated with inflammation and edema, which need to be minimized by careful aseptic

technique and surgery [265,266].

111.1.4.3. Fluorescence microscopy

Fluorescence microscopy is a highly invasive imaging method, as it can only be performed by
histological study of brain tissue sections. However, as it is no longer in vivo, this method allows
the use of tracers that fluoresce in a much wider range of wavelengths, and not just restricted to
near-infrared fluorescent tracers. Fluorescence microscopy has also the advantage of high spatial
resolution, enabling precise visualization of the fluorescent agent distribution in the different parts
of brain parenchyma [267]. The various fluorescent markers that can be used to assess BBB opening,
such as Evans blue, sodium fluorescein, horseradish peroxidase, or even fluorescent labeled
albumin (e.g., FITC-albumin) will be described in more detail in III.2.2. Exogenous markers

section.

In addition, this approach allows visualization of BBB structures and tumor vasculature, by
immunohistological staining for the endothelial cell marker CD31. Indeed, CD31, also known as
PECAM-1 (Platelet Endothelial Cell Adhesion Molecule-1), is a transmembrane glycoprotein
expressed by endothelial cells, and its labeling enables specific visualization of blood vessels in

tissue sections by fluorescence microscopy, allowing direct assessment of BBB integrity.

I11.1.5. Electron microscopy

Electron microscopy offers sub-cellular resolution, enabling visualization of interactions at the level
of cell membranes, tight junctions and other intracellular structures. This approach can help to
understand the mechanisms by which molecules pass through the BBB, and to study ultrastructural
changes associated with barrier permeability [268]. It is particularly useful for in-depth investigations

requiring detailed analysis of cellular structures.
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IT1.2. BIOMARKERS AND EXOGENOUS MARKERS TO ASSESS BBB INTEGRITY

For all the biomarkers and exogenous markers described below (except BBB components), the
principle for assessing BBB permeability is that they are unable to cross the BBB when it is not
fenestrated. This is mainly due to their size, which prevents them from using the paracellular
pathway, but also to their inability to use the active transcellular pathway, or, for the smallest of
them, to their hydrophilic nature, which prevents them from diffusing via the transmembrane
pathway. Thus, their detection in brain parenchyma (or in blood for biomarkers with cerebral
origin) would indicate BBB permeabilization (more or less extensive, depending on the marker
size). Characteristics of biomarkers and exogenous markers that can be used to assess BBB opening

are summarized in Table 5.
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Table 5. Summary of different markers that can be used for BBB permeability studies.
Categories Markers Size (Da) Advantages Disadvantage C11n1.ca1 . References
application
Biomarkers  Albumin 69,000 Can be examined without tracer QAIb requires collect of CSF and blood ~ Yes
Radiolabeled version allows accurate serum contemporaneously
quantification Not suitable for small BBB permeability [269-273]
Fluorescent-labeled version can be Radiolabeled version requires radioactive
visualized by optical microscope license
IegG 155,000 Can be examined without tracer QIgG requires collect of CSF and blood ~ Yes
serum contemporaneously [270,274-279]
Not suitable for small BBB permeability
S100B 11,000 Can be examined without tracer No detection of BBB breakdown in a Yes
Only need blood sample specific brain region |280-267]
Tight junctions ~ NA Direct reflection of BBB breakdown Dosage in the blood and CSF is No
(claudin-5, unreliable [170,274,277]
occludin, ZO-1)
Exogenous  Evans blue 961 Visual investigation and qualitative Quantification is unreliable No
markers assessment are feasible using different Not suitable for small BBB permeability
microscope techniques prediction [284-287)]
Allow assessment of BBB permeability Binds to tissues
to macromolecules due to its extensive Potential in vivo toxicity
binding to albumin
Sodium 376 Detectable at very low concentrations Binds to plasmatic proteins No
fluorescein Suitable for small BBB permeability
prediction [277,288]
Nontoxic even at high dosage
Can be visually assessed
Radiolabeled 342 Accurate quantification Requires radioactive license No
sucrose Uncharged Over-time degradation
Metabolically stable Cannot be visualized
No interaction with proteins [289-292]

No interactions with BBB transporters
Suitable for small BBB permeability
prediction
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Table 5. (Continued)

Categories Markers Size (Da) Advantages Disadvantages Chnl.cal' References
application
Exogenous  [PCJsucrose 354 Non-radioactive Requires LC-MS/MS device for No
markers Sensitive and specific method of detection
detection with accurate quantification Cannot be visualized
Uncharged
Metabolically stable [290,293]
No interaction with protein
No interaction with BBB transporters
Suitable for small BBB permeability
prediction
Horseradish 44,000 Easily visualized under optical and Not suitable for small BBB permeability ~ No
peroxidase electron microscope prediction
Quantification is unreliable [276,294,295]
Degranulation of mast cells with
histamine and serotonin release
Dextrans 1,500 to It can be used for a broad range of Stability issue No
2,000,000  molecular weights May be toxic at high concentrations
Can be visualized with both optical and [295-299]

electron microscope due to conjugation
with biotin or fluorophore

Abbteviations: BBB = Blood-brain battier; CSF = Cetebrospinal fluid; Da = Dalton; IgG = Immunoglobulin G; LC-MS/MS = Liquid chromatography coupled to tandem mass
spectrometry; NA = Not applicable; QAlb = CSF/serum quotient of albumin; QIgG = CSF/serum quotient of IgG; ZO-1 = Zonula occludens-1.
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I11.2.1. Biomarkers

III.2.1.1. Plasmatic proteins: Albumin and Immunoglobulin G

Albumin is the most abundant plasmatic protein mainly confined to the vascular space, excluded
from the brain parenchyma by the BBB due to its high molecular weight (69kDa). In the event of
BBB alterations, abnormal amounts of albumin can leach into the brain, providing a useful
indicator of BBB disruption. The parameter mainly used in the literature for this analysis is the
CSF/serum quotient of albumin (QAIDb), representing the ratio between the amount of albumin
measured in the CSF and the one measured in the blood. This quantification is usually carried out
by Western blot. Thus, an increase in QAlb can be indicative of BBB leakage. This investigation of
plasma albumin extravasation into the brain parenchyma has the advantage of being able to be
done without using any tracer, but gives a low-precise quantification. This is why albumin can also
be used as an exogenous marker by injecting it conjugated to a radiolabel or fluorescent marker,

with the main advantage of giving a much more accurate quantification [269,300].

Another plasmatic protein used to assess BBB opening is Immunoglobulin G (IgG). As with
albumin, IgG cannot cross intact BBB. However, although IgG is mainly found in the blood, a
small amount of IgG can be found in the CSF due to an intrathecal synthesis, produced by a limited
number of lymphocyte clones which are active in the CNS. Thus, BBB permeability is determined
by calculating QIgG (CSF/serum quotient of IgG), which is the ratio between IgG measured in
the CSF and IgG measured in the blood. This quantification is usually carried out by Western blot.
An elevated QIgG may indicate increased BBB permeability [270,274-277]. However, as with
unlabeled albumin, quantification with this method remains less accurate than methods using

radiolabeled markers.

II1.2.1.2. Tight Junction Proteins

Tight junction proteins, such as occludin, claudin-5 or zonula occludens-1 (ZO-1), are crucial
components for maintaining the integrity of BBB. Measuring their expression in the BBB enables
to assess BBB integrity. Thus, downregulation of these proteins is associated with increased in BBB

permeability [170,274,277].

Furthermore, when the BBB is disrupted, tight junction proteins can detach from the BBB and
end up in the blood or CSF. Thus, increased levels of tight junction proteins in blood or CSF would

also indicate BBB leakage.
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111.2.1.3. S100B

S100B is a small homodimeric calcium-binding protein (molecular weight 21 kDa) of the S100
protein family. It is mainly expressed by astrocytic cells and is involved in various biological
processes such as neuronal differentiation, cell motility and proliferation [280]. Under physiological
conditions, S100B does not cross the BBB and its concentration in the cerebrospinal fluid is
reported to be about 100-fold higher than in serum [301]. Indeed, ST00B protein is not brain-specific
and is also expressed in melanocytes, chondrocytes, adipocytes and skeletal muscle [302,303]. After
the BBB lesion, S100B released from damaged glial cells can diffuse into the bloodstream.
Detection of S100B levels in blood serum can be achieved by immunological techniques such as
enzyme-linked immunosorbent assay (ELISA) or liquid chromatography-mass spectrometry (LC-

MS). Thus, a significant increase in S100B blood levels may suggest impaired BBB integrity.

I11.2.2. Exogenous markers

The ideal characteristics for an exogenous marker to explore BBB opening are as follows:
metabolically inert, non-toxic at the doses applied, non-bondable to other molecules such as
proteins in plasma or tissues, available in a range of sizes to assess both small and large BBB
openings, visualizable in the range from the naked eye to the electron microscopical level, and

reliably quantifiable.

To date, there is no single available marker that fulfills all those criteria. Thus, a combination of
different markers (including biomarkers) is currently the most reliable approach to sufficiently
assess BBB integrity. Characteristics of the most commonly used exogenous markers are detailed
below. MRI, CT, PET and SPECT contrast agents, which can also be considered as exogenous
markers of BBB integrity, already described in the III.1 Imaging techniques section will not be

detailed here.

111.2.2.1. Evans blue

Evans blue dye (EB) is the most extensively used dye in animal and human studies. It has the
particularity to extensively binds to serum albumin as soon as it gets to the vascular system and was
used for a long time for plasma volume measurements [285]. Nowadays, Evans blue is widely used
as a high-molecular-weight permeability marker to study BBB permeability. Indeed, EB- albumin
complex cannot cross the healthy intact BBB due to its size, but in the event of BBB disruption,
the dye can leak through and stains the brain parenchyma where the BBB is impaired. Thus, an
increase in the amount of Evans Blue in brain tissue indicates an increase in BBB permeability

[286,287].
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EB diffusion can be assess qualitatively by a simple visualization of blue coloration within sectioned
brain tissue or by fluorescence, and quantitatively, though not very precise, by spectrophotometry
or spectrophotofluorometry in a homogenized brain tissue sample [304,305]. A major disadvantage
of these assessment methods is that they are highly invasive, requiring the animal sacrifice in order

to collect the brain tissue.

However, EB distribution can also be assessed qualitatively on live animals using in vivo fluorescent
imaging techniques such as IVIS. However, this can only be used to assess major BBB
fenestrations, with large quantities of EB penetrating the brain parenchyma, as insufficient

quantities of EB in the brain will not be detected through the skin and skull by this method.

Other major drawbacks for the use of EB are that it does not only bind to albumin, but also to

tissues, and it shows a potential lethal toxicity in vivo [306,307].

111.2.2.2. Sodium fluorescein

Sodium fluorescein (NaF), a 376 Da molecule, was the first visualizable small molecular-sized

marker to be introduced into the BBB permeability assessment field [308,309].

It has the advantage to be nontoxic even at high dosage (LD50 around 4738 mg/kg body weight),
detectable at very low concentrations, and an effective marker for slight BBB breakdown due to its
low molecular weight [310]. As it is a fluorescent compound (excitation at 440 nm and emission at

525 nm), its measurement can be done by spectrophotofluorimetry [286].

I11.2.2.3. Sucrose

Radiolabeled [“Clsucrose (342 Da) et [’Clsucrose (354 Da) are two small markers that enable
precise measurement of paracellular BBB permeability. Sucrose is substantially better than other
markers as being uncharged, not subjected to protein binding, metabolically stable after parenteral
administration, able to assess small BBB disruptions due to its low molecular weight, and not a

substrate for active or facilitative BBB transporters [290].

Radiolabeled [“C]sucrose has been extensively used for accurate quantitative determination of BBB
permeability [291,292]. However, radiotracer use is associated with special handling and licensing
requirements. To overcome the drawbacks of radiolabeled tracer, [°C]sucrose has been introduced
as a superior non-radioactive marker, which can be precisely quantified by a sensitive and highly
specific LC-MS/MS (Liquid chromatography coupled to tandem mass spectrometry) technique

[293].
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111.2.2.4. Horseradish peroxidase

Horseradish peroxidase (HRP) has been used for years as an indicator of BBB permeability in
morphological studies [276,294,311]. Indeed, in addition to being able to cross the BBB only when
this one is permeabilized, the reaction product of this peroxidase can be made electron-dense, so
it is possible to visualize it under electron microscopy [312,313]. It is important to mention that the
introduction of HRP into blood-brain barrier studies has led to significant advances in
understanding blood-brain barrier biology. Notably, its use allowed to establish the ultrastructural
basis for the barrier at the cerebrovascular interface between blood and brain, showing that the

primary barrier was the intercellular tight junction between adjacent endothelial cells [314].

However, there is a limitation that needs to be addressed when using this tracer. HRP can cause
degranulation of mast cells leading to the release of histamine and serotonin, which subsequently
affect vascular permeability [315]. This problem can be avoided by concurrently treating the animal

with antihistaminic and anti-serotonergic agents that will mask the degranulation effect.

I11.2.2.5. Dextrans

Dextrans are glucose polymers linked by glucosidic bonds, non-toxic when used in small
concentrations [299]. They are commercially available labeled either with a fluorophore (e.g.,
fluorescein isothiocynate, tetramethylrhodamine, Texas red) or biotin with their chain length
varying from 3 to 2000 kDa. The biotin-labeled form is particularly valuable as it can be visualized

under both optical and electron microscope [295].

The main advantage of using dextrans is that they can be used at different molecular sizes to assess
BBB permeability [296-298]. Thus, small dextrans, such as Texas Red dextran for example (3 kDa),
are often used to assess the permeability of small/medium molecules, while larger dextrans, such
as fluorescein isothiocynate-dextran (FITC-dextran) for example (70 kDa) can be used to assess

the permeability of large molecules.
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Chapter II — Aim of the thesis

Glioblastoma (GB) is currently the most common and aggressive primary tumor of the central
nervous system in adults. This tumor is characterized by a high proliferation rate, intra- and inter-
tumoral heterogeneity, resistance to chemotherapy and highly invasive properties with infiltrating
cells that spread into adjacent brain tissue, making GB a very difficult cancer to treat [1]. Despite
maximal initial resection and multimodality therapy, the prognosis remains poor with 70% of GBM
patients that will experience disease progression within one year of diagnosis and less than 5% of
patients surviving five years after diagnosis [2,3]. GB's intrinsic resistance to conventional
treatments is exacerbated by the blood-brain barrier (BBB), which hinders effective drug delivery
to the tumor. Even though it has been shown to be disrupted in GB, an intact BBB is still found
peritumorally. This heterogeneous disruption leads to a poor heterogenous drug delivery to the
tumor site, especially to the infiltrative tumor cells in the tumor margins, lying behind an intact
BBB, which are at the origins of recurrence. There is therefore an important need in GB to enhance

the BBB opening in the tumor margins in order to reach these peripheral infiltrating cells.

The aim of this Ph.D. thesis was to evaluate innovative strategies for opening the BBB in
glioblastoma. The hypothesis was that opening the tumor vascular bed using a mechanical
(osmotic shock), physical (radiotherapy) or pharmacological (normalization of vascularization in
the eatly stages of anti-angiogenic treatments) approach could lead to increased drug delivery,

particularly to infiltrating cells that are protected by an intact BBB.

Thus, three methods were used to open the BBB (Figure 1):

- Osmotic shock with an intra-carotid injection of a hypertonic solution of mannitol 25% (m/v) [4]
- Radiotherapy (5Gy, 10Gy and 15Gy as a single dose) using cesium-137 irradiator [5-7]

- Normalization of tumor vessels using anti-angiogenic agents (cediranib and thalidomide) [8-12]

These strategies were carried out on a glioblastoma model of NMRI-nu mice injected with human
U87MG cells. Two different methods were used to assess BBB opening (Figure 1): a histological
method with injection of Evans Blue [13] (a fluorescent marker of vascular permeability) and a
method using dynamic contrast-enhanced MRI (DCE-MRI) [14] with injection of gadolinium-
DOTA as contrast agent, allowing determination of hemodynamic parameters in the core and

margins of the tumor.

For the histological studies, Evans blue, a fluorescent marker of vascular leakage, was used to assess
the functionality of the blood-brain barrier [15]. This dye forms a tight bond with the plasma

protein, albumin, in the bloodstream. Albumin, under normal circumstances, is too large to cross
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the intact blood-brain barrier. However, in the event of disruption of the BBB, Evans Blue bound

to albumin could penetrate the brain parenchyma.

Regarding DCE-MRI method, two different pharmacokinetic models were used to monitor the
hemodynamic parameters of the tumor: : the extended Tofts model [16] and the Patlak model [17].
The extended Tofts model is one of the most widely used in the literature for studying tumor
petfusion/permeability in glioblastoma. It's a two-compartmental model suited to desctibe highly
perfused tissues such as those found in glioblastoma. The Patlak model is comparable to the
extended Tofts model but ignores the backflux and is therefore adapted to assess changes for a
low-level BBB permeability where backflux is negligible, as found especially in the margins of

glioblastoma tumors.

An immunohistochemistry study labelling the endothelial cell marker CD31 was also carried out
for the study of tumor vessel normalization strategy, in order to evaluate tumor angiogenesis more

clearly, in particular the evolution of vascular density and vascular integrity in the tumor [18-20].

v v
Effect of an hypertonic solution? Effect of anti-angiogenics?
Abnormal tumor vessels Normalized tumor vessels
o)— —-L
>’ .?_.ss \( z/' ’o ® - e
¥ P/ o .. . . . o. — =
HEAG TS0
ne 00 =\ L Blood
X % [ * @
e Nas —
i .7—-.—-( ¢ > 28 uﬁ e &b
-angiogenic factors +++ Inhibition of pro-angiogenic
A of BBB by
Niff )
Histology with Evans Blue MRI

. 8 s
1
‘\EJ/ r T 1
= T1-weighted DCE-MRI
?\ withGd-DoTA  T2weighted iy, G4.poTA
’ - g
(.

Figure 1. Schematic representation of the aim of the thesis (adapted from [4,21]).
Abbreviations: BBB = Blood-brain barrier; DCE-MRI = Dynamic contrast-enhanced magnetic resonance imaging;
Gd-DOTA = Gadolinium-Gadoteric acid.
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CHAPTER 111

ASSESSMENT OF HYPEROSMOLAR
BLOOD-BRAIN BARRIER OPENING IN
GLIOBLASTOMA VIA HISTOLOGY WITH
EVANS BLUE AND DCE-MRI

Adapted from Congq J, Joudiou N, Ucakar B, Vanvarenberg K, Préat V, Gallez B. Assessment
of Hyperosmolar Blood-Brain Barrier Opening in Glioblastoma via Histology with Evans Blue
and DCE-MRI. Biomedicines 2023;11(7):1957
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Abstract:

Background: While the blood—brain barrier (BBB) is often compromised in glioblastoma (GB), the
perfusion and consequent delivery of drugs are highly heterogeneous. Moreover, the accessibility
of drugs is largely impaired in the margins of the tumor and for infiltrating cells at the origin of
tumor recurrence. In this work, we evaluate the value of methods to assess hemodynamic changes

induced by a hyperosmolar shock in the core and the margins of a tumor in a GB model.

Methods: Osmotic shock was induced with an intracarotid infusion of a hypertonic solution of
mannitol in mice grafted with U87-MG cells. The distribution of fluorescent dye (Evans blue)
within the brain was assessed via histology. Dynamic contrast-enhanced (DCE)-MRI with an
injection of Gadolinium-DOTA as the contrast agent was also used to evaluate the effect on

hemodynamic parameters and the diffusion of the contrast agent outside of the tumor area.

Results: The histological study revealed that the fluorescent dye diffused much more largely outside
of the tumor area after osmotic shock than in control tumors. However, the study of tumor
hemodynamic parameters via DCE-MRI did not reveal any change in the permeability of the BBB,

whatever the studied MRI parameter.

Conclusions: The use of hypertonic mannitol infusion seems to be a promising method to increase
the delivery of compounds in the margins of GB. Nevertheless, the DCE-MRI analysis method
using gadolinium-DOTA as a contrast agent seems of limited value for determining the efficacy of

opening the BBB in GB after osmotic shock.

Keywords: blood—brain barrier; glioblastoma; osmotic shock; mannitol; DCE-MRI; Evans blue
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I. INTRODUCTION

Glioblastoma (GB) is the most common and aggressive malignant tumor of the central nervous
system in adults, accounting for more than 50% of gliomas. The current standard of care is to
remove as much tumor tissue as possible via surgical resection, followed by adjuvant radiotherapy
and chemotherapy to eradicate residual infiltrating tumor cells at the origin of recurrences [1].
Despite this aggressive treatment, the prognosis of patients suffering from GB remains poor, with

a high recurrence rate, a median survival time lower than 2 years, and a 5 years survival rate lower

than 5% [2,3].

This tumor shows a high proliferation rate, intratumoral and intertumoral heterogeneity, highly
invasive and infiltrative cell properties in the adjacent brain parenchyma, and resistance to
chemotherapy, making GB a very challenging cancer to treat. Many distinctive features of GB
(genetic, cytological, or anatomical) hinder the treatment efficacy and must be overcome. One of
the fundamental issues for treating GB is linked to the blood-brain barrier (BBB). This
physiological barrier controls the entry of compounds into the brain and significantly inhibits the
passage of drugs from the bloodstream to the brain, reducing the effectiveness of
chemotherapeutic agents’ systemic delivery [4]. While the BBB is often compromised in GB, the
perfusion and consequent delivery of drugs are highly heterogeneous. Indeed, tumoral BBB is
characterized by an aberrant distribution of pericytes, a loss of astrocytic end-feet, as well as a loss
of tight junction proteins between endothelial cells. Unlike the healthy BBB, the leaky tumoral BBB
allows the passage of large molecules between endothelial cells, where the paracellular pathway is
damaged [5]. However, tumoral BBB permeability is highly heterogeneous and varies not only
between GB but also within the same tumor, with tumor regions (mainly in the margins of the
tumor) where the BBB is still intact, which limit the access of drugs to the infiltrating tumor cells
at the origin of the tumor recurrence [6,7]. Therefore, the tumoral BBB remains a major hurdle to

overcome.

Many efforts have been made in past decades to develop new approaches in order to overcome it
and improve the delivery of drugs to the tumor, especially in its margins. One of the strategies that
we will examine deeper in this article is osmotic shock. Previous works have shown that hypertonic
solution infusion induces a reversible opening of a healthy BBB [8,9]. The mechanism of action of

this method is explained in Figure 1.
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Figure 1. Model for the opening of the inter-endothelial tight junctions via carotid infusion of a hypertonic solution.
During infusion, endothelial cells dehydrate, water leaves the brain, leading to vasodilation, and the endothelial cell
cytoskeleton contracts. Tension is exerted at tight junctional areas due to each of these factors, leading to a reversible
opening of the junctions [9].

In this work, our aim was to evaluate whether this strategy can be used for tumoral BBB opening
in GB, especially for the margins of the tumor. To do so, we evaluated whether a hyperosmolar
shock may change hemodynamic parameters in the core and the margins of the tumor in a GB
model. Two methods have been used to evaluate the efficacy of the treatment on
petfusion/permeability parameters: a non-invasive one, based on magnetic resonance imaging
(MRI) analysis (Ti-weighted and T2-weighted imaging as well as dynamic contrast-enhanced
(DCE)-MRI), and an invasive one, based on histological analysis with a fluorescent vascular leakage

marker (Evans blue).

For the MRI analysis, we determined the core of the tumor through the use of T2-weighted
contrast. In addition, T1-weighted images were obtained after the administration of a contrast agent
to analyze the diffusion of the contrast agent within the bulk of the tumor and in its margins.
Gadolinium-DOTA was used because this hydrophilic contrast agent is unable to cross the intact
BBB, offering the possibility to tackle changes in BBB permeability. We defined the tumor margins
as the difference between the area of the Ti-enhancing region after the injection of the contrast
agent and the area depicted by the T2-weighted contrast delineating the core of the tumor. The
hypothesis was that, if there is an increase in the permeability of the BBB, the contrast agent should
pass the barrier more easily and diffuse much more largely outside of the tumor area into the brain
parenchyma. As a consequence, a larger contrast uptake area should be seen in the T1-weighted
postcontrast image compared to the T2-weighted anatomical image. In other words, an increase in

T1in the T2 tumor surface ratio would indicate the opening of the BBB. In addition, DCE-MRI

104



Chapter III — Assessment of Hyperosmolar BBB Opening in Glioblastoma

analysis gave access to complementary tumor hemodynamic parameters that may be biomarkers of

the change in BBB permeability [10].

For the histological analysis, BBB integrity and vascular leakage were assessed by perfusing mice
with Evans blue fluorescent dye which binds to plasma albumin with a very high affinity. Albumin
cannot cross an intact BBB. However, when compromised, albumin-bound Evans blue can diffuse

into the brain parenchyma and be visualized by fluorescence [11].

II. MATERIALS AND METHODS

II.1. OrTHOTOPIC U-87MG MOUSE MODEL

All experiments were performed in accordance with the European Directive 2010/63/EU and
following the Belgian national regulation guidelines, and were approved by the ethical committee
for animal care by the Faculty of Medicine of the Université Catholique de Louvain
(2019/UCL/MD/004). Water and food wete given ad libitum. Animal body weight was constantly

monitored throughout the experiment.

Six-week-old female NMRI-nude mice (Janvier, France) were anesthetized by intraperitoneal
injection of ketamine/xylazine (100 and 13 mg/kg, respectively) and fixed on a stereotaxic frame.
4 x 10" cells of U-87MG (ATCC) in 2 uL of native EMEM (Gibco™, ThermoFisher Scientific,
Waltham, MA, USA) were injected into the right frontal lobe using an infusion syringe pump
(Harvard Apparatus, Holliston, MA, USA) mounted with a Hamilton syringe (26S gauge needle).
The injection coordinates were 2.1 mm lateral and 0.5 mm posterior from the bregma, and 2.6 mm
deep from the outer border of the cranium [12]. The tumor size monitoring was performed via

MRI (see MRI part).

I1.2. MANNITOL-INDUCED HYPEROSMOTIC BBB DISRUPTION

When the tumor size reached 7 = 1 mm?, osmotic shock was induced with an intracarotid infusion
of a hypertonic solution of mannitol 25% v/m (the control group received NaCl 0.9%). Mice were
anesthetized with isoflurane mixed with air (2.5% for induction, 1.5% for maintenance). The
common carotid artery (CCA) bifurcation was isolated. A polyethylene microcatheter (PE 10, inner
diameter 0.28 mm and outer diameter 0.61mm, BD Intramedic™, Sparks, NV, USA) was inserted
into the CCA via a small arteriotomy and moved into the internal carotid artery for an infusion of

warm and filtered mannitol 25% ot normal saline (200 uL./min for 1 min) [13].
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I1.3. MRI

MRI was performed using a 11.7 T Bruker Biospec MRI system (Bruker, Ettlingen, Germany)
equipped with a 'H quadrature transmit/receive birdcage coil (21 mm inner diameter, RAPID
Biomedical Rimpar Germany). Mice were anesthetized with isoflurane mixed with air (2.5% for
induction, 1.5% for maintenance). Animals were covered with a heating blanket and the

temperature was monitored. A pressure pad was used to monitor the respiration rate.

Anatomical images were obtained using Tr-weighted rapid acquisition with refocused echoes
(RARE) sequence (echo time = 30 ms; repetition time = 2500 ms; number of slices = 25; field of
view = 20 mm X 20 mm; matrix size = 200 X 200; resolution = 0.1 mm x 0.1 mm; slice thickness
= 0.3 mm; acquisition time = 5 min 20 s; averages = 8). Tumor volume was determined from

manually drawn region of interest (ROI) using Paravision 6.0.1 software (Bruker BioSpin), on day

14 following tumor induction, and then daily until the tumor size reached 7 + 1 mm’.

For DCE-MRI acquisition, Ti-weighted gradient echo images were obtained with a fast low-angle
shot (FLASH) sequence (echo time = 1.4 ms; repetition time = 11.719 ms; flip angle = 10.0°; field
of view =20 mm x 20 mm; matrix size = 128 X 128; resolution = 0.156 mm x 0.156 mm,; slice
thickness = 0.9 mm; averages = 1; total acquisition time = 22 min 40sec). A set of 450 scans with
a temporal resolution of 3.02 s was acquired, with Gadolinium-DOTA (Dotarem® 0.5 mol/mlL;
Guerbet, Villepinte, France) administered intravenously at a dose of 0.29 mmol/kg after the 10"
scan over 5 s. DCE-MRI acquisition was performed 24 h before (day 0), 5 min after (day 1), and

24 h (day 2) after the injection of mannitol 25% or saline.

I1.4. HISTOLOGICAL STUDY

Evans blue dye (EB: 2% in normal saline; Alfa Aesar, Haverhill, MA, USA) was intravenously
injected (3 ml/kg) at day 1, 5 min after Mannitol or NaCl intra-carotid injection. Thirty min later,
the mice were euthanized and intracardially perfused with paraformaldehyde (PFA) 4% to discard
all the remaining dye in the blood vessels and fix the tissue. Brains were then removed, fixed
overnight in PFA 4%, cryoprotected in sucrose 20%, included in optimal cutting temperature
compound (OCT, Sakura Finetek, Alphen aan den Rijn, Netherland), and kept at -80°C. Cryostat
30 um sections were counterstained with diamidino-2-phenylindole (DAPI, Thermofisher,

Waltham, MA, USA) and examined under a fluorescence microscope slide scanner (Panoramic 250

Flash 111, 3DHistech, Budapest, Hungary) with DAPI and Cyanine 5 (Cy5) filter [14,15].
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II.5. IMAGE PROCESSING AND STATISTICAL ANALYSES

DCE-MRI data were analyzed using in-house software written in Matlab (version 9.6). Regions of
interest (ROI) were manually delineated. We considered ROI T as the delineation of the entire
tumor area using Ti-weighted images with Gd-DOTA as the contrast agent, ROI T, as the
delineation of the tumor bulk area using T>-weighted anatomical images, and ROI Delta as the ROI
Ti from which we subtracted ROI T in order to cover the margins of the tumor. In this way, we
were able to study the hemodynamic parameters for the whole tumor region but also for the

margins of the tumor.

The hemodynamics parameters were computed using a two compartmental model, the Extended
Tofts Model [16]. This model takes into account the contribution of the vascular compartment,

which is not negligible in tumors.

t
Ce(t) = vy, - Cy(t) + KIToms f Cp(v)e ker(t=Dgr ©)
0

trans

where k is the volume transfer constant between blood plasma and extravascular extracellular
space (EES) [min—1], v; is the blood plasma volume per unit volume of tissue, and ke, is the flux
rate constant between EES and blood plasma [min—1] [17]. V. is the EES volume per unit volume

of tissue calculated as:
Ve = Ktrans/kep @)
We were also interested in AUC60 and AUC90 corresponding to the area under the curve (AUC)

of contrast agent concentration as a function of time from 0 to 60 or to 90 seconds.

Histological images were analyzed using Qupath (version 0.3.2) [18]. The tumor ROI and the Evans

Blue diffusion ROI were manually delineated.

For statistical analyses, two-way ANOVA tests (Tukey's test) and t-tests were performed using
GraphPad Prism (version 9.1.2) with p-values < 0.05 (¥), p < 0.01 (*¥), p < 0.001 (**¥) and p <
0.0001 (****) considered as levels of significance. The results are presented as mean T standard

deviation (SD).
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III. RESULTS

IT1.1. HISTOLOGICAL STUDY

BBB integrity was assessed by perfusing mice with EB dye, a fluorescent vascular leakage marker.
On the brain sections treated with osmotic shock, the fluorescent dye diffused more largely outside
of the tumor area than on the brain sections of the untreated tumors (Figure 2). We observed that
the surface stained with EB was about two times larger than the tumor surface area (1.93  0.43,
mean * SD, # = 4) in the control mice (treated with saline). The EB stained/tumor surface ratio in
the group of mice receiving osmotic shock (3.282 £ 0.74; mean * SD, » = 4) was significantly

higher (p < 0.0001) than in the control group receiving saline, a result consistent with an opening

of the BBB.
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Figure 2. Assessment of diffusion of contrast agent outside the tumor area via histology with Evans Blue dye.
Representative histological images of brain sections from a control mouse (treated with NaCl 0.9%, top row) and a
mouse treated with osmotic shock (mannitol 25%, bottom row). The tumor area is encircled in green and the area of
diffusion of EB is delineated in orange. The right panel shows the ratio of the surface stained with EB on the tumor
surface for mice treated with osmotic shock (# = 4) and control mice (7 = 4). The fluorescent dye diffused more largely
outside the tumor area after osmotic shock than in untreated tumors. The results are expressed as means = SD.
FHF£p<0.0001.
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IT1.2. MRI STUDIES

I11.2.1. T; /T, tumor surface ratio

BBB permeability was additionally evaluated using MRI. Here, we determined the anatomical
tumor size using Th-weighted contrast images and diffusion of the tracer inside and outside the
tumor using Ti-weighted images after administration of Gd-DOTA used as contrast agent (Figure
3). There was no significant difference (p > 0.05) between the T;/T surfaces ratio of the treated
(1.68 £ 0.24, mean * SD, » = 7) and untreated group (1.63 * 0.21, mean * SD, » = 5). These
results indicate that this MRI assessment was unable to detect any difference in the BBB

permeability between these two groups.
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Figure 3. Assessment of diffusion of contrast agent outside the tumor area using MRI. MRI images of brains from
control mice (receiving NaCl 0.9%, top row) and mice treated with osmotic shock (receiving mannitol 25%, bottom
row), with Tr-weighted contrast (left) and Ti-weighted contrast after administration of Gd-DOTA (right). The T>-
weighted images allow the anatomical delineation of the tumor (encircled in green) and the post-contrast Ti-weighted
images allow the assessment of vascular leakage (encircled in red). The right panel shows the ratio between Tt and T>
surface areas. Using this procedure, no significant difference in BBB permeability was observed between tumors
receiving saline (7 = 5) or mannitol (# = 7). MRI acquisitions were performed on day 1, 30 min after the injection of

mannitol 25% or saline. Results are expressed as means = SD.
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I11.2.2.DCE-MRI

To further investigate BBB disruption, we also performed DCE-MRI to provide hemodynamics

parameters such as contrast agent efflux transfer constant (K"™)

, contrast agent reflux transfer
constant (kep), the intravascular volume fraction (vy), the extravascular volume fraction (ve), and the
area under the curve of contrast agent concentration as a function of time from 0 to 60 or to 90
seconds (AUC60 and AUC90). Those parameters were analyzed in two different regions of the
tumor: one region using ROI T corresponding to the whole tumor region, and another region

using ROI Delta corresponding to the margin tumor area.

We did not observe any significant difference in the tumor hemodynamic parameters between
tumors in mice treated with mannitol (#z = 7) or saline (» = 5), whatever the parameter studied and

the ROI studied (Figure 4 and Figure 5).
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Figure 4. Hemodynamic parameters measured by DCE-MRI study. (a) Relative changes of tumor hemodynamic
parameters (K, ke, v, ve, AUC60 and AUC90) between mice treated with osmotic shock (dark red) and control
mice (dark blue) using ROI Tj; (b) relative changes of tumor hemodynamic parameters between mice treated with
osmotic shock (light red) and control mice (light blue) using ROI Delta corresponding to the margin tumor area; note
that the changes observed in the margins (b) are rather comparable to changes observed in the core of the tumor (a),
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the variability being generally larger in the tumor margins; (c) tumor hemodynamic parameters values between mice
treated with osmotic shock using ROI Delta (light red) and using ROI Ty (dark red), and control mice using ROI Delta
(light blue) and ROI Ty (dark blue). DCE-MRI acquisition was performed 24 h before (day 0), 5 min after (day 1) and
24 h (day 2) after the injection of mannitol 25% or saline. There was no significant difference in the tumor
hemodynamic parameters between tumors receiving mannitol (# = 7) and saline (# = 5), whatever the parameter and
the ROI studied. Results are expressed as means = SD.

NacCl 0.9%

Mannitol 25%

NaCl 0.9%

Mannitol 25%

Figure 5. DCE-MRI parametric maps. Illustration of typical K (a) and v, (b) maps obtained from an untreated
(NaCl 0.9%) and a treated mouse (mannitol 25%) with each Gd-DOTA. DCE-MRI acquisition was performed 24 h
before (day 0), 5 min after (day 1) and 24 h (day 2) after the injection of mannitol 25% or saline.
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IV. DISCUSSION

While the BBB is generally disrupted at the site of the tumor bulk in glioblastoma, the BBB remains
intact in the infiltrating part of the tumor margins, that is, at the origin of subsequent tumor
recurrence [19-22]. This feature limits the conventional systemic delivery of many chemotherapy
drugs and allows residual tumor cells to escape to cytotoxic treatments [23]. Several strategies have
emerged to overcome this limited accessibility of drugs to residual tumor cells by temporarily and
reversibly opening the BBB. Among the strategies, our present study has been focused on the use
of the intraarterial infusion of a hypertonic solution. In preclinical studies, EB staining is often used
to assess BBB permeability/integrity, including in glioblastoma models [24-26]. While this
histological tool is highly effective in preclinical models, it requires the sacrifice of the animal and
is obviously useless for clinical applications. To monitor treatment-induced changes in BBB
permeability, DCE-MRI is particulatly attractive as contrast-enhanced MRI is systematically used
for the characterization of brain tumors in patients. Previous studies have shown that contrast-
enhanced MRI was useful in preclinical models to assess changes in BBB permeability and to
evaluate the effect of strategies opening the BBB [13,27,28]. Of note, most studies focused on the
BBB opening in the brain parenchyma. A few examples evaluated ultrasound-mediated BBB
opening in glioblastomas [29-31], but, as far as we know, none evaluated the ability of DCE-MRI
to monitor osmotic-shock-induced BBB opening in brain tumors. In our study, particular attention
was paid to the ability of the treatment to enlarge the delivery of compounds into the margins of
the tumor. For this purpose, we compared areas accessible to BBB-impermeable agents with the

anatomical areas of the tumors, with or without osmotic treatment.

In the histological studies, we observed that the area accessible to EB was 93% larger than the
anatomic area in the group of mice receiving saline (control mice) (Figure 2). This suggests that the
BBB is already permeable in regions surrounding the bulk tumor in the U-87MG mouse
glioblastoma model. The diffusion of EB significantly increased after the infusion of 20% mannitol
solution in the carotid artery: the accessible area to the dye was 3.28 times the area covered by the
bulk tumor, as defined via DAPI staining (Figure 2). This increased diffusion capability could be
particulatly interesting to exploit in order to increase the delivery of anticancer drugs, whatever

their mode of action.

To mimic the endpoints measured via histology in the MRI study, we compared T2-weighted
images (corresponding to the anatomical image of the bulk tumor) and T1- weighted images after
Gd-DOTA administration (corresponding to areas accessible by the BBB-impermeable contrast

agent). In the group of mice receiving saline (control mice), the area accessible to Gd-DOTA
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visualized in the Ti-weighted images was 68% larger than the bulk area of the tumor seen in the
T2-weighted images (Figure 3). The area accessible to Gd-DOTA was not significantly altered for
the group receiving the mannitol infusion (Figure 3). In contrast to the EB assay, non-invasive
MRI using Gd-DOTA thus seemed unable to tackle these changes in BBB permeability in the
surrounding margins of the tumor. In addition to the focus on diffusion patterns outside of the
tumor bulk area, we sought to identify possible changes in intratumoral and marginal
hemodynamics. For this purpose, we interrogated possible changes in Kirans, kep, ve, vp, AUCG60, and
AUC90 in these tumor regions. There were no significant relative changes in these parameters

compared to the basal values recorded one day before the treatment (Figure 4).

The differences in the results obtained through both methods regarding the assessment of BBB
opening deserve discussion. It is first important to note that the values recorded via histology or
MRI cannot be superimposed. First is the invasive nature of histology in terms of repeating the
measurement on the same animal: the histological images obtained in the control and treated mice
came from different cohorts of animals, while the MR images were measured longitudinally on the
same animals. More importantly, it is important to realize that tracers differ in their molecular and
biodistribution properties. Fluorescent EB (960 Da, molecular weight) strongly binds to albumin
(68 kDa), while Gd-DOTA (580 Da) is a highly hydrophilic compound that does not bind to
albumin. These properties mean that they have differences in their ability to cross vessel
fenestrations. Gd-DOTA can diffuse easily in the extracellular compartment of normal vessels,
except for those located in the BBB due to inter-endothelial tight junctions. In contrast, due to its
binding to albumin, EB remains in the vessels, is unable to cross small fenestrations in the vascular
wall, and can only cross large fenestrations. As osmotic shock induces a change in tight junctions
between endothelial cells, we can assume that the observed change in permeability would be more
pronounced for larger molecules (complex EB-albumin) than for smaller molecules (Gd-DOTA)
that were already able to cross small fenestrations of the damaged tumoral BBB. Comparative
studies have indeed reported differences in glioblastoma accumulation for small Gd complexes and
radiolabeled albumin measured via PET [32]. In the future, it could be interesting to test the size-
dependent ability to report on BBB opening using larger molecular entities or gadolinium-based
contrast agents with high affinity for albumin, such as gadobenate (Gd-BOPTA), that would better
mimic the distribution behavior of EB [33]. Moreover, it is important to notice that both methods
present differences in terms of sensitivity and resolution. Indeed, the optical fluorescent method
has a higher sensitivity of detection of probes informing on BBB permeability and much higher

spatial resolution than the MRI method.
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Regarding the DCE-MRI study, it is likely that the changes in hemodynamic parameters could be
too subtle to be detected through the use of the pharmacokinetic model (the extended Tofts
model). This model is a two-compartmental model widely used to study hemodynamic parameters
in tumors [17,34]. It takes into account the contribution of the vascular compartment which is not
negligible in tumors. Several studies have used this model to describe variations in hemodynamic
parameters (Kiuans, kep, Ve, and vp) after the disruption of the BBB [35-39].Here, however, we were
unable to tackle any variation in these parameters using the extended Tofts model. Measuring subtle
BBB leakage using DCE-MRI presents unique challenges. Among the kinetic models described in
the literature, the Patlak model has been reported to detect subtle changes in hemodynamics
associated with BBB disruption [40-42]. This model seems to be appropriate for studying low-
level blood-brain barrier leakage where the back-flux from the interstitium to the capillaries is
negligible [42-45]. In the tumor core of the GB, the BBB is damaged and the extended Tofts model
seems to be more appropriate as the back-flux is not negligible. However, in further studies, it
could be interesting to apply the Patlak model in the margins of the tumor where the BBB is less
fenestrated and where the back-flux from the interstitium can be neglected. The parameters AUCG60
and AUCI0 that are model-independent could have potentially hinted a change in contrast agent
uptake. While there was a trend for an increased AUC60 and AUC90, the changes were not

significant.

It is important to highlight that the anesthetic regimen used in the present study may have played
a role in our assessment of hemodynamics. We used isoflurane because previous studies have
shown that this mode of anesthesia preserved the oxygenation in most tissues and peripheric
tumors [46,47]. However, in the brain, several reports have suggested that isoflurane presents a
vasodilatory effect that can increase baseline cerebral blood flow. This effect of isoflurane may
decrease the vasodilatory reserve that can be recruited, as reported in functional MRI studies [48-
51]. Therefore, isoflurane could have potentially affected our ability to see hemodynamic changes
at the brain tumor level. However, we should notice that isoflurane was used for both EB and MRI
assessments. As we observed, regarding the permeabilization of the BBB using EB, it is unlikely

that our inability to see this phenomenon using MRI was due to the sole effect of isoflurane.
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Abstract:

Glioblastoma (GB) presents a formidable challenge in neuro-oncology due to its aggressive nature,
limited treatment options, and poor prognosis. The blood-brain barrier (BBB) complicates
treatment by hindering drug delivery to the tumor site, in particular to the infiltrative cells in the
margin of the tumor, which are mainly responsible for tumor recurrence. Innovative strategies are
therefore needed to enhance drug delivery in the margins of the tumor. This study explores whether
irradiation can enhance BBB permeability by assessing hemodynamic changes and the distribution
of contrast agents in the core and the margins of GB tumors in mice grafted with U-87MG cells
that were exposed to irradiation. Distribution of contrast agents and hemodynamic parameters
were evaluated using both non-invasive MRI with Gd-DOTA as a contrast agent and invasive
histological analysis with the fluorescent dye Evans Blue. The histological study revealed a complex
dose-dependent effect of irradiation on BBB integrity, with increased vascular leakage at 5 Gy but
reduced leakage at higher doses (10 and 15 Gy). However, no significant increase in the diffusion
of Gd-DOTA outside the tumor area by MRI. The increase in BBB permeability could be an
interesting approach to enhance drug delivery in glioblastoma margins for low irradiation doses. In
this model, DCE-MRI analysis was of limited value to assess the BBB opening in glioblastoma

after irradiation.

Keywords: blood—brain barrier; glioblastoma; radiotherapy; DCE-MRI; diffusion-MRI; Evans
blue

Graphical abstract

A Non-irradiated BBB B Lightly irradiated BBB c Highly irradiated BBB

-g?;.L Jost

Tllustration of the effect of irradiation on the BBB. (A) Non-fenestrated BBB (as in tumor margins) when not exposed
to irradiation, the permeability remains low. (B) A low dose of irradiation may damage the tight junctions and
endothelial cells without compromising the structural integrity of the vessel, resulting in an enhanced BBB permeability.
(C) At a higher dose of irradiation, cytotoxicity would be so intense for the BBB cells that the vessel will be destroyed,
leading to a reduction in perfusion and diffusion.
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I. INTRODUCTION

Glioblastoma (GB) is a highly aggressive and malignant brain cancer that remains a formidable
challenge in the realm of neuro-oncology, with limited treatment options and a poor prognosis.
The current therapeutic approach for GB involves a combination of surgical resection, radiation
therapy, and chemotherapy, commonly employing temozolomide [1]. Despite these efforts, the
prognosis for GB remains bleak, largely due to the tumor's infiltrative nature and high recurrence

rates, with a median survival of around 15 months post-diagnosis [2,3].

This cancer is characterized by a rapid growth, a high degree of cellular and genetic heterogeneity,
a resistance to chemotherapy, and highly invasive properties with infiltrative cells that spread into
surrounding brain tissues making complete surgical removal challenging and contributing to high

rates of recurrence [4].

The intrinsic resistance of GB to conventional treatments is exacerbated by the blood-brain barrier
(BBB), hindering effective drug delivery to the tumor site. The BBB is a highly selective,
semipermeable barrier that regulates the passage of substances between the bloodstream and the
brain to protect the brain from potentially harmful agents, including toxins, pathogens and, of
interest here, drugs while maintaining an optimal microenvironment for neural function [5]. In
glioblastoma, although the tumoral BBB is leaky due to a paracellular pathway that is damaged, its
permeability is highly heterogeneous and varies not only between GB but also within the same
tumor leading to a perfusion and a consequent delivery of drugs highly heterogeneous [6]. Indeed,
the BBB is often compromised in the tumor core allowing the passage of drugs, but in the margins
of the tumor, the barrier is still intact or only slightly compromised, limiting significantly the passage
of drugs, especially for reaching the infiltrating tumor cells that will be at the origins of the tumor
recurrence [7-10]. Thus, there is an urgent need to develop methods for an opening of the BBB, so
that drugs can be delivered evenly to the tumor site. Recognizing this challenge, emerging research
explores innovative approaches, such as irradiation-induced disruption of the BBB. Indeed,
previous works have shown that irradiation can induce an opening of healthy BBB or tumor
vascular bed in other cancers than glioblastoma [11-15], or even increase the drug delivery in

glioblastoma [16,17], reflecting an opening of the BBB.

This article explores the potential of irradiation to open the tumoral BBB in GB, especially in the
margins of the tumor, providing a promising avenue for enhanced drug delivery, and therefore
improved therapeutic efficacy (Figure 1). Indeed, as radiotherapy is included in the standard
therapeutic protocol, this would give us a better understanding of its impact on the

delivery/diffusion of the concomitant chemotherapy, and enable us to assess whether there is an
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irradiation dose for which diffusion would be the most ideal, to adapt the protocol of concomitant

chemotherapy in the future.

A Effect of irradiation on BBB? B Assessment of BBB opening by
Histology
with Evans Blue il
%
n
a9 |
1
I T 1
T1-weighted T2-weighted DCE-MRI

with Gd-DOTA

with Gd-DOTA

el

Figure 1. Assessment of the impact of irradiation on the BBB. (A) When not exposed to irradiation, a non-fenestrated

BBB (as in tumor margins) has a very low permeability. The purpose here was to assess the effect of irradiation on the
BBB. (B) This assessment was carried out by histological analysis with Evans Blue and MRI techniques (T1-weighted,
T>-weighted, and dynamic contrast-enhanced MRI) with gadolinium-DOTA as contrast agent.

For this purpose, we evaluated whether a radiotherapy protocol may change hemodynamic
parameters in the core and the margins of the tumor in a GB model. Two methods have been used
to evaluate the efficacy of the treatment on perfusion/permeability parameters: a non-invasive one,
based on magnetic resonance imaging (MRI) analysis (Ti-weighted and T>-weighted imaging as well
as dynamic contrast-enhanced (DCE)-MRI), and an invasive one, based on histological analysis

with a fluorescent vascular leakage marker (Evans blue).

For the MRI analysis, the tumor core was determined using Tr-weighted contrast images.
Moreover, Ti-weighted images were acquired following the administration of a contrast agent to
assess the diffusion of the contrast agent within both the bulk of the tumor and its margins.
Gadolinium-DOTA was selected as a contrast agent due to its inability to cross the intact blood-
brain barrier (BBB), providing an avenue to investigate changes in BBB permeability. Tumor
margins were defined as the difference between the Ti-enhancing area post-contrast agent injection
and the area demarcated by T»>-weighted contrast outlining the tumor core [18]. The hypothesis was
that an increased BBB permeability would facilitate the passage of the contrast agent, resulting in
a more extensive diffusion beyond the tumor zone into the brain parenchyma. Consequently, an
increase in the area of contrast uptake in the post-contrast Ti-weighted image compared to the
anatomical T>-weighted image would signify the opening of the BBB. Additionally, DCE-MRI
analysis gave access to complementary tumor hemodynamic parameters that may be biomarkers of

the change in BBB permeability [19]. These parameters were computed using two different models:
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the extended Tofts model [20] and the Patlak model [21]. The extended Tofts model is one of the
most widely used in the literature for studying tumor perfusion/permeability in glioblastoma. It's a
two-compartmental model suited to describe highly perfused tissues such as those found in
glioblastoma. The Patlak model is comparable to the extended Tofts model but ignores the
backflux and is therefore adapted to assess changes for a low-level BBB permeability where
backflux is negligible, as found especially in the margins of glioblastoma tumors. This model may
allow us to better assess than the extended Tofts model whether there are subtle changes in the

hemodynamic parameters in tumor margins.

A diffusion-MRI study was also carried out. Diffusion-MRI emerges as a valuable tool in assessing
the cytotoxic effects of medical treatments, particularly in the oncological domain. This imaging
technique enables the study of water molecule movements within biological tissues without the use
of an exogenous contrast agent, providing nuanced insights into cellular microstructure. One key
parameter derived from diffusion-MRI is the Apparent Diffusion Coefficient (ADC). The ADC
quantifies the ease with which water molecules move through tissues, offering valuable information
about cellular density. In the context of cytotoxicity induced by treatment, the ADC can be used
to define the microstructural changes associated with therapeutic response. Generally, an increase
in ADC can be interpreted as an increase in water mobility, resulting in a decrease in cell density

and indicating a cytotoxic response to the treatment [22-24].

For the histological study, we used Evans blue, a fluorescent marker of vascular leakage, to assess
the functionality of the blood-brain barrier [25]. Indeed, administered intravenously, this dye forms
a tight bond with plasma protein, albumin, in the bloodstream. Albumin, under normal
circumstances, is too large to cross the intact blood-brain barrier. However, in the event of
disruption of the BBB, Evans Blue bound to albumin could penetrate the brain parenchyma and
be detected by fluorescence. Therefore, this approach enables us to determine a possible variation

in tumor petfusion/permeability by analyzing the diffusion of Evans blue in the brain parenchyma.
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II. MATERIALS AND METHODS

I1.1. OrTHOTOPIC U-87MG MOUSE MODEL

All experiments were performed following the European Directive 2010/63/EU and following the
Belgian national regulation guidelines, and were approved by the ethical committee for animal care
by the Faculty of Medicine of the Université Catholique de Louvain (2022/UCL/MD/067). Water
and food were given ad libitum. Animal body weight was daily monitored throughout the

experiment.

Six-week-old female NMRI nude mice (Janvier, France) were anesthetized via intraperitoneal
injection of ketamine/xylazine (100 and 13 mg/kg, respectively) and fixed on a stereotaxic frame.
In 2 pL. of Eagle's Minimum Essential Medium (EMEM) (Gibco™, ThermoFisher Scientific,
Waltham, MA, USA), 4 X 10 cells of U-87MG (ATCC) were injected into the right frontal lobe
using an infusion syringe pump (Harvard Apparatus, Holliston, MA, USA) mounted with a
Hamilton syringe (26S gauge needle). The injection coordinates were 2.1 mm lateral and 0.5 mm
posterior from the bregma, and 2.6 mm deep from the outer border of the cranium [26]. The tumor

size monitoring was performed via MRI (see Section 2.3).

II.2. IRRADIATION PROTOCOL

When the tumor size reached 7 + 1 mm’, mice were randomly assigned into 4 groups and irradiated
once at doses of 0 (2 = 5),5 (n = 4), 10 (n = 4) and 15 Gy (# = 4) with a dose rate of 0.846 Gy/min

with a Cesium-137 irradiator.

I1.3. MRI

MRI was performed using an 11.7 T Bruker Biospec MRI system (Bruker, Ettlingen, Germany)
equipped with a 'H quadrature transmit/receive birdcage coil (21 mm inner diameter, RAPID
Biomedical, Rimpar, Germany). Mice were anesthetized with isoflurane mixed with air (2.5% for
induction, 1.5% for maintenance). Animals were covered with a heating blanket and their

temperature was monitored. A pressure pad was used to monitor the respiration rate.

Anatomical images were obtained using Tr-weighted rapid acquisition with a refocused echo
(RARE) sequence (echo time = 30 ms; repetition time = 2500 ms; number of slices = 25; field of
view = 20 mm X 20 mm; matrix size = 200 X 200; resolution = 0.1 mm X 0.1 mm; slice thickness

= 0.3 mm; acquisition time = 5 min 20 s; averages = 8). Tumor volume was determined from a
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manually drawn region of interest (ROI) using Paravision 6.0.1 software (Bruker BioSpin) on day

14 following tumor induction, and then daily until the tumor size reached 7 + 1 mm’.

For diffusion MRI acquisition, a diffusion tensor imaging (DTI) was performed using an
echoplanar imaging (EPI) sequence (echo time = 23.72 ms; repetition time = 4000 ms; segments
= 4; field of view = 20 x 20 mm; matrix size = 128 x 128; resolution = 0.156 mm x 0.156 mm; slice
thickness = 0.9 mm; acquisition time = 10 m 40 s) with diffusion sensitization in twelve directions
and b values of 700, 1000 and 1500 s/mm?® Before DTI acquisition, an automatic shim correction
was performed from the BO map using the map_shim algorithm. Apparent diffusion coefficient
(ADC) maps were computed. Diffusion MRI acquisitions were performed just before irradiation,

24 h and 48 h after irradiation.

For DCE-MRI acquisition, Ti-weighted gradient echo images were obtained via a fast low-angle
shot (FLASH) sequence (echo time = 1.4 ms; repetition time = 11.719 ms; flip angle = 10.0°; field
of view =20 mm X 20 mm; matrix size = 128 X 128; resolution = 0.156 mm X 0.156 mm; slice
thickness = 0.9 mm; averages = 1; total acquisition time = 22 min 40 s). A set of 450 scans with a
temporal resolution of 3.02 s was acquired, with Gadolinium-DOTA (Dotarem® 0.5 mol/mlL;
Guerbet, Villepinte, France) administered intravenously at a dose of 0.29 mmol/kg after the 10th
scan over 5 s. DCE-MRI acquisitions were performed just before irradiation, 24 h and 48 h after

irradiation.

I1.4. HISTOLOGICAL STUDY

Evans blue dye (EB: 2% in normal saline; Alfa Aesar, Haverhill, MA, USA) was intravenously
injected (3 mlL/kg) 48 hours after the first irradiation. Thirty minutes later, the mice were
euthanized and intracardially perfused with paraformaldehyde (PFA) 4% to discard all the
remaining dye in the blood vessels and fix the tissue. Brains were then removed, fixed overnight in
PFA 4%, cryoprotected in sucrose 20%, included in optimal cutting temperature compound (OCT,
Sakura Finetek, Alphen aan den Rijn, The Netherlands), and kept at =80 °C. Cryostat 30 um
sections were counterstained with diamidino-2-phenylindole (DAPI, Thermofisher, Waltham, MA,
USA) and examined under a fluorescence microscope slide scanner (Panoramic 250 Flash III,

3DHistech, Budapest, Hungary) with DAPI and Cyanine 5 (Cy5) filter [25,27,28].
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I1.5. IMAGE PROCESSING

Diffusion MRI data wete analyzed using DSI studio (vetrsion 2017/01/27). The ADC parameter
was measured in the tumor area. The tumor ROI was manually delineated on the T,-weighted

anatomical images and was matched and positioned on the ADC maps.

DCE-MRI data were analyzed using in-house software written in Matlab (version 9.6). Regions of
interest (ROIs) were manually delineated. We considered ROI T} as the delineation of the entire
tumor area using Ti-weighted images with Gd-DOTA as the contrast agent, ROI T as the
delineation of the tumor bulk area using T>-weighted anatomical images, and ROI Delta as the ROI
T: from which we subtracted ROI T in order to cover the margins of the tumor. In this way, we
were able to study the hemodynamic parameters for the whole tumor region but also for the

margins of the tumor.

The hemodynamic parameters were computed using two different pharmacokinetics models. The
first one is the extended Tofts model [20] which is a two-compartmental model that describes a
highly perfused tissue, as found in glioblastoma tumors, considering bidirectional transport
between the blood plasma and the extracellular extravascular space (EES). The equation of this

model is given by:

t
Ce(t) = vy, - Cy(t) + KIToms f Cp(v)e kert=Dgr @)
0

trans

where K™ is the volume transfer constant between blood plasma and EES [min "], v, is the blood
plasma volume per unit volume of tissue, and K is the flux rate constant between EES and blood

plasma [min~"] [29]. V. is the EES volume per unit volume of tissue, calculated as follows:
Ve = Ktrans/kep 2

The second pharmacokinetic model used is the Patlak model [21]. This model is comparable to the
extended Tofts model but it ignores the backflux from the EES into the blood plasma
compartment. Consequently, it only allows for the estimation of the two parameters K™ and v,.

The equation of this model is given by:

t

Ce(t) = v, - Cp(t) + KFToms f Cy(v)drt ?3)
0
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We were also interested in AUC60 and AUC90 corresponding to the area under the curve (AUC)

of contrast agent concentration as a function of time from 0 to 60 or to 90 seconds.

Histological images were analyzed using Qupath (version 0.3.2) [30]. The tumor ROI and the Evans

blue diffusion ROI were manually delineated.

I1.6. STATISTICAL ANALYSES

All data are expressed as means T standard deviation (SD). All experiments were performed in
triplicate or more. Two-way ANOVA tests (Tukey’s test) and t-tests were performed using
GraphPad Prism (version 9.1.2), with p-values < 0.05 (¥), p < 0.01 (*¥), p < 0.001 (***), and p <

0.0001 (****) considered as the levels of significance.

III. RESULTS

IT1.1. HISTOLOGICAL STUDY

BBB integrity was assessed by perfusing mice with EB dye, a fluorescent vascular leakage marker.
Compared to the control group, the fluorescent dye diffused more widely outside the tumor area
for an irradiation dose of 5 Gy, but diffused less widely for an irradiation dose of 10 Gy and even
less widely for an irradiation dose of 15 Gy (Figure 1). Indeed, there was a significant increase (p <
0.05) in the diffusion of the fluorescent marker outside the tumor (EB stained/tumor surface ratio)
for mice that received an irradiation dose of 5 Gy (2.79 * 0.30, mean + SD, » = 4) compared to
the control group (2.26 £ 0.21, mean  SD, » = 5). For a higher irradiation dose of 10 Gy, the EB
stained/tumor surface ratio (1.81 + 0.24, mean £ SD, » = 4) was significantly lower (p < 0.05)
compared to the control group, and for an even higher irradiation dose of 15 Gy, the EB
stained/tumor surface ratio (1.49 + 0.14, mean + SD, » = 4) was even more significantly lower (p

< 0.01) than in the control group.
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Figure 2. Evaluation of diffusion of contrast agent outside of the tumor area using histology with Evans blue dye. (A)
Representative histological images of brain sections from a control mouse (# = 5) and irradiated mice with a dosage of
5Gy (n =4),10 Gy (# = 4) and 15 Gy (# = 4). The tumor area is encircled in yellow and the area of diffusion of EB
is delineated in red. (B) Graph showing the ratio of the surface stained with EB on the tumor surface just before
irradiation (day 0), 24h (day 1) and 48h (day 2) after irradiation for the control group (blue) and group irradiated with
5 Gy (light red), 10 Gy (middle red) and 15 Gy (dark red). (C) Graph showing the same ratio as the top one for the
same groups but focusing on day 2 after irradiation. Compared to the control group, the fluorescent dye diffused more
widely outside the tumor area for an irradiation dose of 5 Gy but diffused less widely for an irradiation dose of 10 Gy
and even less widely for an irradiation dose of 15 Gy. The results are expressed as means = SD. * p-values < 0.05, **
» <0.01.

I1I1.2. MRI STUDIES

I11.2.1. Diffusion-MRI study

The effect of irradiation on cell density, reflecting the cytotoxicity of the treatment, was assessed
by monitoring ADC obtained by diffusion-MRI. We observe an increase in ADC for irradiated
mice and no change in ADC for control mice. The higher the dose of irradiation used and later
after irradiation, the greater the ADC increase compared to the control group (Figure 2). Indeed,
there was a significant increase of the ADC at day 1 for mice irradiated at 10 Gy (0.80  0.03, mean

*+ SD, n = 4, p < 0.01) and for mice irradiated at 15 Gy (0.87 * 0.05, mean £ SD, » = 4, p < 0.
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0001) compared to the control group (0.66 £ 0.03, mean * SD, » = 5), but there was no significant
difference between mice irradiated at 5 Gy (0.74 £ 0.04, mean * SD, # = 4) and the control group.
At day 2, there was a significant increase for the group irradiated at 5 Gy (0.78 £ 0.05, mean * SD,
» < 0.05) compared to the control group (0.67 £ 0.04, mean = SD) and an even more significant
increase than at day 1 for the groups irradiated at 10 Gy ((0.83 £ 0.03, mean * SD, p < 0.001) and
15 Gy (0.91 * 0.05, mean * SD, p < 0.0001) compared to the control group. These results suggest
that there was a cytotoxic effect of irradiation on tumor tissue, with a decrease in cell density

proportional to the increase in irradiation dose received.
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Figure 3. ADC measured by diffusion-MRI. Relative changes of ADC (A) and ADC values (B) between the control
group (blue) and groups irradiated with 5 Gy (light red), 10 Gy (middle red) and 15 Gy (dark red). Diffusion-MRI
acquisition was performed just before irradiation (day 0), 24h (day 1) and 48h (day 2) after irradiation. At day 1, there
was a significant increase in groups irradiated with 10 Gy (z = 4) and 15 Gy (# = 4) compared to the control group (#
= 5). At day 2, there was a significant increase in group irradiated with 5 Gy (# = 4) and an even more significant
increase than at day 1 for groups irradiated with 10 Gy and 15 Gy. The higher the dose of irradiation used and the
further in time after irradiation, the greater the ADC significantly increased compared to the control group. The results
are expressed as means * SD. * p-values < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001.

I11.2.2.T1/T> Tumor Surface Ratio

BBB permeability was additionally evaluated using MRI. Here, we determined the anatomical
tumor size using T>-weighted contrast images and diffusion of the tracer inside and outside of the
tumor using Ti-weighted images after the administration of Gd-DOTA used as a contrast agent
(Figutre 3) [18]. There was no significant difference (p > 0.05) between the Ti1/T surfaces ratio of
the irradiated groups with 5 Gy (1.49 £ 0.24, mean * SD, » = 4), 10 Gy (1.53 £ 0.10, mean * SD,
n=4)or15 Gy (1.49 £ 0.21, mean £ SD, » = 4) and the control group (1.57 * 0.27, mean * SD,
n = 5). These results indicate that this MRI assessment was unable to detect any difference in the

BBB permeability between those groups.
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Figure 4. Assessment of diffusion of contrast agent outside of the tumor area using MRI. The left panel (A) shows
the ratio between the T and T> surface areas just before irradiation (day 0), 24h (day 1) and 48h (day 2) after irradiation
for control group (blue) and group irradiated with 5 Gy (light red), 10 Gy (middle red) and 15 Gy (dark red). The right
panel (B) shows the same ratio for the same groups but focusing on day 2 after irradiation. Using this procedure, no
significant difference in BBB permeability was observed between control group (7 = 5) and groups receiving 5 Gy (»
=4),10 Gy (n =4) or 15 Gy (n = 4). The results are expressed as means £ SD.

I11.2.3.DCE-MRI

To further investigate BBB disruption, we also performed DCE-MRI to provide hemodynamic
parameters such as contrast agent efflux transfer constant (K™), contrast agent reflux transfer
constant (K.;), the intravascular volume fraction (v;), the extravascular volume fraction (v.), and
the area under the curve of contrast agent concentration as a function of time from 0 to 60 or to
90 s (AUCO60 and AUC90). These parameters were computed using two different models: the
extended Tofts model and the Patlak model. These parameters were also analyzed in two different
regions of interest (ROIs) of the tumor: the ROI T corresponding to the whole tumor region, and
the ROI Delta corresponding to the margin tumor area. We did not observe any significant
difference in the tumor hemodynamic parameters between the control group (# = 5) and groups
receiving 5 Gy (n = 4), 10 Gy (n = 4) or 15 Gy (n = 4), whatever the studied parameter, model and
ROI used.
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Figure 5. Hemodynamic parameters measured by DCE-MRI. Relative changes in tumor hemodynamic parameters
between control group (blue), 5 Gy treated group (light red), 10 Gy treated group (middle red) and 15 Gy treated group
(dark red) computed with Extended Tofts model using ROI T4 (A) corresponding to the whole tumor area and using
ROI Delta (B) corresponding to the margin tumor area or computed with Patlak model using ROI T (C) and using
ROI Delta (D). DCE-MRI acquisition was performed just before irradiation (day 0), 24h (day 1) and 48h (day 2) after
irradiation. There was no significant difference in the tumor hemodynamic parameters between the control group (#
= 5) and groups receiving 5 Gy (# = 4), 10 Gy (2 = 4) or 15 Gy (# = 4), whatever the studied parameter, ROI and
model used. The results are expressed as means + SD.

We also compared the K™ parametric maps between those computed using the extended Tofts
model and those computed using the Patlak model (Figure 5). We calculated the ratio between the
tumor surface measured on the K™ map from the extended Tofts model and the tumor surface
measured on the K™ map from the Patlak model. We observed that this ratio was very close to
1, whatever the irradiation dose used or the day after irradiation. There was therefore no significant

trans

difference between tumor surface areas measured on maps obtained with the extended Tofts

model and those obtained with the Patlak model.
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Figure 6. DCE-MRI parametric maps. (A) Illustration of typical K% maps obtained from 15 Gy irradiated mouse
computed using extended Tofts model (top row) or Patlak model (bottom row). (B) The right panel shows the ratio
between the tumor surface measured on the K map from the extended Tofts model and the tumor surface measured
on the K" map from the Patlak model. There is no significant difference between those tumor surface areas, whatever

the irradiation dose used or the day after irradiation taken. The results are expressed as means = SD.

IV. DISCUSSION

The heterogeneity of the BBB permeability in glioblastoma, with a BBB remaining intact in the
infiltrative part of the tumor margins, limits the conventional systemic delivery of many
chemotherapy drugs and allows residual tumor cells to escape cytotoxic treatments, leading to
tumor recurrence [9,10,31,32]. These features underscore the need for innovative approaches to
overcome this limited accessibility of drugs by achieving a homogeneous opening of the BBB [33].
In this article, we have examined the potential of irradiation to increase the permeability of the
BBB in glioblastoma, particularly in the margins of the tumor. To evaluate the impact of irradiation
on the tumoral BBB, a multimodal approach involving MRI and histological analysis was employed.
Evans Blue is commonly used in preclinical studies as an indicator of vascular permeability, in
particular, to determine BBB disruption [34-36]. However, this histological method is highly
invasive, requiring the sacrifice of the animal, and is therefore not suitable for clinical use. At first
sight, the imaging assessment method seems more attractive due to its non-invasive aspect and the
fact that contrast-enhanced MRI is systematically used for the characterization of brain tumors in
patients. Previous research has demonstrated the utility of contrast-enhanced MRI in preclinical
models to examine changes in BBB permeability and assess the impact of strategies to open the
BBB [37-41]. It should be pointed out that the majority of these studies have focused on the BBB
opening in the brain parenchyma. While a series of studies have explored ultrasound-induced BBB
opening in glioblastoma [42-44], none of them have, to our knowledge, examined the potential of
DCE-MRI to monitor irradiation-induced BBB opening in glioblastoma. In this study, we focused

on assessing the ability of irradiation to improve the delivery of compounds into the tumor margins.
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To achieve this objective, we compared the diffusion of BBB-impermeable agents into the brain

parenchyma, for different irradiation doses.

The diffusion-MRI study allows us to assess the cytotoxic effects of irradiation by monitoring the
Apparent Diffusion Coefficient (ADC). The results demonstrate a dose-dependent increase of the
ADC, reflecting a decrease in cell density and indicating a cytotoxic response, especially at higher

irradiation doses. This aligns with the expected response to irradiation [23].

Histological evaluation using Evans blue dye indicates a dose-dependent effect of irradiation on
BBB integrity. Indeed, a significant increase in vascular leakage was observed for an irradiation
dose of 5 Gy, followed by a significant reduction in leakage at higher irradiation doses (10 Gy and
15 Gy) (Figure 1). This suggests a complex relationship between irradiation dose and BBB
disruption. We hypothesize that a low dose of irradiation will damage the tight junctions and
endothelial cells without compromising the structural integrity of the vessel, resulting in an
enhanced BBB permeability. However, with a higher dose of irradiation, cytotoxicity will be so
intense for the endothelial cells that the vessel will be destroyed, leading to a reduction in perfusion
and diffusion. The decrease in the diffusion of the contrast product in the brain parenchyma at
high irradiation doses would therefore not be due to the BBB closing up but rather to the
destruction of the vessel. We can also add to this study that the area accessible to EB was 2.26
times larger than the anatomic area in the control group (Figure 1). This suggests that the BBB is
already permeable in regions surrounding the bulk tumor in the U-87MG mouse glioblastoma

model.

In the MRI study, to determine the BBB permeability, we assessed the diffusion of a contrast agent
outside the tumor area, as for the histological study, but here with gadolinium DOTA. To do so,
we compared Tr-weighted images (corresponding to the anatomical image of the bulk tumor) and
Ti-weighted images after Gd-DOTA administration (corresponding to areas accessible by the
BBB-impermeable contrast agent). In the control group, the area accessible to Gd-DOTA
visualized in the Ti-weighted images was 57% larger than the bulk area of the tumor seen in the
Ts-weighted images (Figure 3). The area accessible to Gd-DOTA was not significantly altered for
the irradiated mice whatever the dose of irradiation (Figure 3). Unlike the histological method, non-
invasive MRI with Gd-DOTA appears unable to identify alterations in BBB permeability in

adjacent tumor margins.

Regarding the DCE-MRI study, various models have been used to identify possible changes in
hemodynamic parameters such as K™, K, v, vp, AUC60 and AU90 in the core and margins of

the tumor. There were no significant changes in these parameters between control and irradiated
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groups whatever the parameter studied, the model used or the area analyzed (Figure 4).
Furthermore, we could have thought that with the Patlak model, which allows us to better assess
a subtle change in BBB leakage of the poorly permeable tumor margin than with the extended

trans

Tofts model, we might have a slight different between tumor surface measured on the Patlak k

trans

map and tumor surface measured on the extended Tofts model k map. However, as shown in

Figure 5, there is no significant difference between those tumor surface.

The disparate results observed between MRI and Evans Blue staining to assess the opening of the
tumoral BBB could be attributed to fundamental differences in the molecular and distribution
properties of the contrast agents used for each technique. Indeed, Evans blue (960 Da, molecular
weight) is a fluorescent dye that binds to albumin, a plasma protein with a high molecular weight
(68 kDa), whereas Gd-DOTA is a small hydrophilic complex (MW=580 Da). Thus, Evans blue
bound to albumin can only cross the BBB when it is sufficiently compromised, whereas Gd-
DOTA, because of its small size, can diffuse more easily into the brain parenchyma even through
a weakly compromised BBB. As radiotherapy may damage the tight junctions between endothelial
cells, we can assume that the observed change in permeability would be more pronounced for
larger molecules (complex EB-albumin) than for smaller molecules (Gd-DOTA) that were already
able to cross small fenestrations of the damaged tumoral BBB. Comparative studies have indeed
reported differences in glioblastoma accumulation for small gadolinium complexes and
radiolabeled albumin measured via PET [45]. These variations in results highlight the importance
of selecting the right contrast agent depending on the specific objective of the BBB study. In future
studies, it would be interesting to use Gd-based contrast agents with high affinity for albumin for
the MRI method, such as gadobenate (Gd-BOPTA), which would better mimic the distribution

behavior of Evans Blue.

In addition, it is important to note that the values recorded via histology or MRI cannot be
superimposed. Indeed, the invasive nature of the histological method requires the sacrifice of
animals and therefore the images obtained in control and treated groups came from different
cohortts of animals, whereas the non-invasive MRI method enabled images measured longitudinally

on the same animals to be obtained.

It is also essential to point out in this study that there are differences in sensitivity and resolution
between the two approaches. Indeed, the optical fluorescence method demonstrates superior
sensitivity in the detection of probes providing information on BBB permeability and offering

significantly higher spatial resolution than the MRI technique.
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CHAPTER V

CHANGES IN BBB PERMEABILITY IN
GLIOBLASTOMA MODEL INDUCED BY THE
ANTI-ANGIOGENIC AGENTS CEDIRANIB
AND THALIDOMIDE

Adapted from Conq J, Joudiou N, Préat V, Gallez B. Changes in perfusion and permeability in

glioblastoma model induced by the anti-angiogenic agents cediranib and thalidomide. Submitted
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Abstract:

Glioblastoma is the most aggressive malignant brain tumor with a poor prognosis. The poor
delivery of drugs to infiltrating tumor cells contributes to therapeutic failure. It has been suggested
that, during the early phase of an anti-angiogenic treatment, a remodelling of the tumor vasculature
could occur, leading to a more structured and functional vessel network that could enhance drug
delivery. However, the restructuration of blood vessels could in turn increase the proportion of
normal endothelial cells that could be a barrier for the free diffusion of drugs. The net balance, in
favor or not, of a better delivery of compounds during the course of an antiangiogenic treatment
remains to be established in glioblastoma. In the present study, we explored whether the anti-
angiogenic agents cediranib and thalidomide could modulate perfusion and vessel permeability in
the U87 tumor model implanted in the brain of mice. Cediranib and thalidomide effectively
reduced tumor size over time. We focused on the dynamic evolution of the diffusion of agents
outside the tumor core using the fluorescent dye Evans Blue in histology and Gd-DOTA using
dynamic contrast-enhanced (DCE)-MRI. The accessibility of Evans Blue outside the tumor core
continuously decreased over time. CD31 labelling of endothelial cells revealed that the vascular
density was significantly decreased after treatment while the proportion of normal vessels remained
unchanged over time. In contrast to histological studies, DCE-MRI did not tackle any significant
change in hemodynamic parameters, in the core or margins of the tumor, whatever the parameter
used (K™, kep, vp, ve, AUC60, AUC90) or the pharmacokinetic model used (Tofts or Patlak). In
conclusion, in the U87 model, cediranib and thalidomide were effective in decreasing the tumor
size, but ineffective in transiently increasing the delivery of agents in the core and the margins of

the tumor.

Keywords: blood-brain barrier; perfusion; permeability; glioblastoma; anti-angiogenic treatment;

DCE-MRI; Evans blue
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I. INTRODUCTION

Glioblastoma (GB) is the most aggressive and common malignant primary brain tumor in adults,
accounting for more than 50% of all gliomas. Despite an aggressive treatment involving surgical
resection (when possible) followed by concurrent radiotherapy/chemotherapy, prognosis for
patients with GB remains poor, with a relapse almost inevitable and a median overall survival of
around 10 to 16 months post-diagnosis [1-4]. GB is characterized by a rapid growth, a high degree
of cellular and genetic heterogeneity, high infiltrative properties and high angiogenic activity due to
excessive levels of pro-angiogenic factors such as members of the vascular endothelial growth
factor (VEGF) family [5,6]. Tumor angiogenesis leads to abnormal tumor vessels that present a
tortuous and disorganized structure preventing a proper delivery of the anti-cancer drugs to the
tumor site [7,8]. Another factor that may impair the delivery of chemotherapeutic agents is the
blood-brain barrier (BBB). In physiological conditions, the brain vasculature is a highly specialized
interface involving three main cell types: endothelial cells, astrocytes, and pericytes. Together, they
form and regulate the BBB, which selectively permits the exchange of molecules between the intra-
cerebral system and the rest of the body [9]. In GB, even though the BBB is often compromised in
the tumor core, the highly permeable leaky vessels contribute to a high interstitial fluid pressure
and an impaired delivery of drugs [10-14]. Of note, the BBB generally remains intact or is only
slightly compromised in the tumor margins, significantly limiting the passage of drugs to reach the

infiltrating tumor cells that will be at the origin of the tumor recurrence [10,13-15].

Innovative strategies are emerging to face the problem of impaired drug delivery, including
appropriate use of anti-angiogenic treatments that were originally developed to starve tumors. It
has been suggested that, during the eatly phase of an anti-angiogenic treatment, a transient effect
of tumor vessels normalization could occur with an improvement in the delivery of anticancer
drugs administered during this normalization window [16-20]. The pruning of immature vessels
could lead to a remodelling of the tumor vasculature, making it more structured and functional,
leading to an improvement in blood perfusion as well as a decrease in tumor hypoxia and intra-
tumoral pressure [21-24]. The increase in blood perfusion would increase the supply of anti-cancer
drugs at the blood-tumor interface and the decrease in intra-tumoral pressure would facilitate their
penetration into the tumor. However, the restructuration of blood vessels could result in an
increase in the proportion of normal endothelial cells that could in turn be a barrier for the free
diffusion of drugs. The net balance, in favour or not, of a better delivery of compounds in the core
and the margins of the tumors, during the course of an antiangiogenic treatment, remains to be

established.
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In this work, we evaluated whether an anti-angiogenic treatment could alter hemodynamic
parameters and the distribution of compounds in the core and the margins of the GB tumor model
U87. This model was selected because it presents a well-delineated bulky tumor core, facilitating
the analysis of perfusion/permeability in the core and in the margins of the tumor (where
infiltrative cells may be present). For this purpose, we used two different antiangiogenic agents,
cediranib and thalidomide, that were previously investigated for a potential normalization effect at
an early stage of treatment [21,25-28]. Our analysis included a time-dependent evolution of
hemodynamics as the normalization time window could be transient after the initiation of the
treatment. We performed a histological analysis with a focus on the capability of the Evans Blue
dye to diffuse outside the tumor core and to reach the margins of the tumors. Evans blue, a
fluorescent marker of vascular leakage, was used to assess the functionality of the blood-brain
barrier [29]. This dye forms a tight bond with the plasma protein, albumin, in the bloodstream.
Albumin, under normal circumstances, is too large to cross the intact blood-brain barrier. However,
in the event of disruption of the BBB, Evans Blue bound to albumin could penetrate the brain
parenchyma. The studies were completed by non-invasive DCE-MRI studies to investigate the
possibility of this technology to tackle subtle changes in tumor hemodynamics that could be
induced by antiangiogenic agents. Studies were completed by immunohistochemistry with the
endothelial cell marker CD31 (also known as PECAM-1 or Platelet Endothelial Cell Adhesion
Molecule-1), a transmembrane glycoprotein expressed by endothelial cells to assess the evolution

of vascular density and vascular integrity in the tumor [30-32].

II. MATERIALS AND METHODS

II.1. OrTHOTOPIC U-87MG MOUSE MODEL

All experiments were performed in accordance with the European Directive 2010/63/EU and
following the Belgian national regulation guidelines, and were approved by the ethical committee
for animal care by the Faculty of Medicine of the UCLouvain (2019/UCL/MD/004). Water and
food were given ad libitum. Animal body weight was constantly monitored throughout the

experiment.

Six-week-old female NMRI nude mice (Janvier, France) were anesthetized via intraperitoneal
injection of ketamine/xylazine (100 and 13 mg/kg, respectively) and fixed on a stereotaxic frame.
In 2 puLL of Eagle's Minimum Essential Medium (EMEM) (Gibco™, ThermoFisher Scientific,
Waltham, MA, USA), 4 X 10 cells of U-87MG (ATCC) were injected into the right frontal lobe
using an infusion syringe pump (Harvard Apparatus, Holliston, MA, USA) mounted with a
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Hamilton syringe (26S gauge needle). The injection coordinates were 2.1 mm lateral and 0.5 mm
posterior from the bregma, and 2.6 mm deep from the outer border of the cranium [33,34]. The

tumor size monitoring was performed via MRI (see Section 2.3).

I1.2. ANTI-ANGIOGENIC TREATMENT PROTOCOL

When the tumor size reached 7 + 1 mm’, treatment was started with either cediranib (Holzel
Biotech, Koln, Germany), racemic thalidomide (Sigma-Aldrich, Saint Louis, MO, USA) or saline
(control). Cediranib was administered via oral gavage at the dose of 6 mg/kg each day [35].

Thalidomide was administered intraperitoneally at a dose of 200 mg/kg each day [16,21].

I1.3. MRI

MRI was performed using an 11.7 T Bruker Biospec MRI system (Bruker, Ettlingen, Germany)
equipped with a 'H quadrature transmit/receive birdcage coil (21 mm inner diameter, RAPID
Biomedical, Rimpar, Germany). Mice were anesthetized with isoflurane mixed with air (2.5% for
induction, 1.5% for maintenance). Animals were covered with a heating blanket and their

temperature was monitored. A pressure pad was used to monitor the respiration rate.

Anatomical images were obtained using Tr-weighted rapid acquisition with a refocused echo
(RARE) sequence (echo time = 30 ms; repetition time = 2500 ms; number of slices = 25; field of
view = 20 mm X 20 mm; matrix size = 200 X 200; resolution = 0.1 mm X 0.1 mm,; slice thickness
= 0.3 mm; acquisition time = 5 min 20 s; averages = 8). Tumor volume was determined from a
manually drawn region of interest (ROI) using Paravision 6.0.1 software (Bruker BioSpin) on day
14 following tumor induction, and then daily until the tumor size reached 7 + 1 mm’. After that,
anatomical image acquisitions were performed on day 0, day 2, day 4 and day 6 after the beginning

of the treatment.

For DCE-MRI acquisition, Ti-weighted gradient echo images were obtained via a fast low-angle
shot (FLASH) sequence (echo time = 1.4 ms; repetition time = 11.719 ms; flip angle = 10.0°; field
of view = 20 mm X 20 mm; matrix size = 128 X 128; resolution = 0.156 mm X 0.156 mm; slice
thickness = 0.9 mm; averages = 1; total acquisition time = 22 min 40 s). A set of 450 scans with a
temporal resolution of 3.02 s was acquired, with Gd-DOTA (Dotarem® 0.5 mol/mL; Guerbet,
Villepinte, France) administered intravenously at a dose of 0.29 mmol/kg after the 10th scan over
5 s. DCE-MRI acquisitions were performed on day 0, day 2, day 4 and day 6 after the beginning of

the treatment.
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I1.4. HISTOLOGY AND IMMUNOHISTOCHEMISTRY

Evans blue dye (EB: 2% in normal saline; Alfa Aesar, Haverhill, MA, USA) was intravenously
injected (3 mL/kg) on day 0, day 2, day 4 or day 6 after the beginning of the treatment. Thirty
minutes later, the mice were euthanized and intracardially perfused with paraformaldehyde (PFA)
4% to discard all the remaining dye in the blood vessels and fix the tissue. Brains were then
removed, fixed overnight in PFA 4%, cryoprotected in sucrose 20%, included in optimal cutting
temperature compound (OCT, Sakura Finetek, Alphen aan den Rijn, The Netherlands), and kept
at —80 °C. Cryostat 30 um sections were counterstained with diamidino-2-phenylindole (DAPI,
Thermofisher, Waltham, MA, USA) and immunohistologically stained with an antibody against
CD31.

For the immunostaining, slides were subjected to antigen retrieval by heating at 98 °C for 30 min
in 10 mM citrate buffer (pH 5.7). Endogenous peroxidases were inhibited using 1% H>O; and non-
specific antigenic sites were neutralized with 5%BSA/TBS/Tween solution. Between all the
consecutive steps of the staining procedure, sections were rinsed three times for 3 min in
TBS/Tween solution. Primary rabbit anti-mouse CD31 antibody (Cell Signaling Technology,
Danvers, MA, USA) diluted 1/150 in 1%BSA/TBS/Tween solution was applied to sections
overnight at 4°C. Next, the sections were incubated at room temperature for 40 min with a
secondary anti-rabbit antibody (Agilent, Belgium). The slides were then incubated for tyramide

™ ThermoFisher Scientific,

signal amplification with Alexa Fluor 488-tyramide reagent (Invitrogen
UK) diluted 1/200 in 0.1M borate buffer (pH 7.8) supplemented with 0.003% H,O», for 10 min at
room temperature. Finally, coverslips were mounted with a DAKO fluorescence mounting

medium (Agilent, Belgium).

The brain sections were then scanned under a fluorescence microscope slide scanner (Panoramic

250 Flash III, 3DHistech, Budapest, Hungary) with DAPI, Fluorescein Isothiocyanate (FITC) and
Cyanine 5 (Cy5) filters [36,37].

I1.5. IMAGE PROCESSING

DCE-MRI data were analysed using in-house software written in Matlab (version 9.6). Regions of
interest (ROIs) were manually delineated. We considered ROI T as the delineation of the entire
tumor area using Ti-weighted images with Gd-DOTA as the contrast agent, ROI T, as the
delineation of the tumor bulk area using T>-weighted anatomical images, and ROI Delta as the ROI

T1 from which we subtracted ROI T in otder to cover the margins of the tumor. In this way, we
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were able to study the hemodynamic parameters for the whole tumor region but also for the

margins of the tumor as previously described [34].

The hemodynamic parameters were computed using two different pharmacokinetics models. The
first one is the extended Tofts model [38] which is a two-compartmental model that describes a
highly perfused tissue, as found in glioblastoma tumors, considering bidirectional transport
between the blood plasma and the extracellular extravascular space (EES). The equation of this

model is given by:

t
Co(t) = vy - (1) + KTams f ¢, (e ker =D 1)
0
where K™ is the volume transfer constant between blood plasma and EES [min '], v, is the blood
plasma volume per unit volume of tissue, and k., is the flux rate constant between EES and blood

plasma [min~"] [39]. V.is the EES volume per unit volume of tissue, calculated as follows:
Ve = Ktrans/kep 2

The second pharmacokinetic model used is the Patlak model [40]. This model is comparable to the
extended Tofts model but it ignores the backflux from the EES into the blood plasma
compartment. Consequently, it only allows for the estimation of the two parameters K™ and v,.

The equation of this model is given by:
t

Ce(t) = v, - Cp(t) + KEToms j Cy(t)dr 3)
0

We were also interested in AUC60 and AUC9Y0 corresponding to the area under the curve (AUC)

of contrast agent concentration as a function of time from 0 to 60 or to 90 s.

Histological images were analysed using Qupath (version 0.3.2) [41]. The tumor ROI and the Evans
blue diffusion ROI were manually delineated. Tumor vessel density quantification and the

percentage of vessels with intact endothelial linings were counted manually.

I1.6. STATISTICAL ANALYSES

Data are represented as means t standard deviation (SD). All experiments were performed in

triplicate or more. Two-way ANOVA tests (Tukey’s test) and t-tests were performed using
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GraphPad Prism (version 9.1.2), with p-values < 0.05 (¥), p < 0.01 (*¥), p < 0.001 (***), and p <

0.0001 (****) considered as the levels of significance.

III. RESULTS

IT1.1. HISTOLOGICAL STUDIES

Perfusion and permeability were assessed by perfusing mice with EB dye, a fluorescent vascular
leakage marker. The area accessible to the EB dye is larger than the tumor bulk area as measured
using DAPI (Figure 1A). On the brain sections of mice treated with anti-angiogenic agents, the
fluorescent dye diffused less largely outside of the tumor area in mice treated with antiangiogenic
agents compared to the untreated mice (Figure 1A and 1B). On day 6 after the start of the
treatment, there was a significant decrease in the EB stained/tumor surface ratio for mice treated
with cediranib (1.59 * 0.11, mean £ SD, » = 4, p < 0.01) and thalidomide (1.74 * 0.11, mean £
SD, n =4, p < 0.05), compared to the control group (2.16 * 0.15, mean * SD, » = 4). This result
suggests cither a decrease in vessel permeability, or a destruction of tumor vessels and a consequent

decrease in tumor perfusion.

The evolution of tumor size between treated and untreated mice was also studied on brain sections.
The tumor size was significantly decreased after 6 days of treatment in mice treated with cediranib
(8.51 + 2.19 mm? mean * SD, » = 4, p < 0.001) and thalidomide (9.71 * 1.29 mm? mean * SD,
n =4, p<0.01) compared to untreated mice (15.48 + 3.55 mm?* mean * SD, » = 4) (Figure 1C).
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Figure 1. Histological analyses. (A) Representative histological images of brain sections from control mice (# = 4) and
mice treated with cediranib (6 mg/kg/day, p.o., # = 4) and thalidomide (200 mg/kg/day i.p., » = 4) on day 0, 2, 4 and
6 after the beginning of the treatment. The use of DAPI filter allows the delineation of tumor area (yellow delineation).
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The use of Cy5 filter allows the delineation of areas accessible to the Evans Blue dye (delineation in red). (B) Evolution
over time of the diffusion of the Evans Blue outside the tumor core. Compared to the untreated group, the fluorescent
dye diffused less widely outside the tumor area in mice treated with cediranib and thalidomide. (C) Evolution over
time of the tumor size. The tumor size was significantly decreased in both groups treated with anti-angiogenic agents
compared to the untreated group. The results are expressed as means + SD. * p-values < 0.05, ** p < 0.01, *** p <
0.001, two-way ANOVA tests (Tukey’s test).

In addition, tumor angiogenesis was assessed by immunochemistry with CD31 labelling, providing
parameters for vascular density and vascular integrity (Figure 2A-D). The vascular density
significantly decreased on day 6 for mice treated with cediranib (266 * 53 vessels/mm?® mean *
SD, #n = 4, p < 0.001) and thalidomide (296 * 33 vessels/mm?® mean + SD, » = 4, p < 0.01)
compared to untreated mice (408 * 39 vessels/mm? mean + SD, » = 4) (Figure 2B). We studied
the percentage of vessels with continuous endothelial linings, as marker of vascular integrity (Figure
2C). We did not observe any significant difference (p > 0.05) in the proportion of vessels presenting
vascular integrity between the control group (# = 4) and groups receiving cediranib (# = 4) or

thalidomide (» = 4), whatever the day studied (Figure 2D).
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Figure 2. Assessment of tumor vascularity using immune-histological staining for the endothelial cell marker CD31.
(A) Representative histological images of brain sections with CD31 labelling from control mice (7 = 4) and mice treated
with cediranib (# = 4) and thalidomide (» = 4) on day 6 after starting the treatment. (B) Evolution of vascular density
over time in control, cediranib and thalidomide treated mice. The vascular density significantly decreased on day 6 for
mice treated with anti-angiogenic agents compared to the control group. (C) Illustration of vessels with intact and
disrupted endothelial linings in brain sections with CD31 labelling. (D) Percentage of tumor vessels with intact
endothelial linings over time for the control group and groups treated with cediranib and thalidomide. There was no
significant difference in the vascular integrity between treated and untreated groups, whatever the day studied. The
results are expressed as means = SD. * p-values < 0.05, *** p < 0.001, two-way ANOVA tests (Tukey’s test).
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ITI1.2. MRI STUDIES

I11.2.1. Diffusion of Gd-DOTA outside the tumor core

The diffusion of the contrast agent Gd-DOTA outside of the tumor was evaluated by comparing
the Tr-weighted images, corresponding to the anatomical delineation of the tumor core, and Ti-
weighted images corresponding to the area in which the contrast agent was able to diffuse (Figure
3A) [34]. For all tumors, we observed leakage of the contrast agent outside the tumor core,
indicating a high permeability of the vessels and/or a non-integrity of the BBB. There was no
significant difference (p > 0.05) between the T1/T5 sutface ratio of mice treated with cediranib or
with thalidomide compared to the untreated group, whatever the day studied. The analysis of Tb-
weighted images also revealed that the tumor volume evolved differently in the different groups,
with a significantly smaller tumor volume from day 4 for mice treated with cediranib (15.81 £ 5.51
mm’, mean * SD, » = 7, » < 0.001) compared to control mice (29.01 + 8.29 mm’, mean + SD,
= &) and from day 6 for mice treated with thalidomide (30.88 + 10.08 mm’, mean * SD, » = 7, p
< 0.0001) compared to control mice (57.09 + 14.32 mm’, mean * SD) with an even more
significant difference on day 6 for mice treated with cediranib (24.94 + 13.78 mm’, mean + SD, p

< 0.0001). The decrease in tumor size observed by MRI was consistent with the changes observed

by histology.
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Figure 3. Evolution over time of the diffusion of the contrast agent Gd-DOTA outside the tumor core and of the
tumor volume evolution using MRI. (A) Ratio between the Ti and T surface areas reflecting the diffusion of the
contrast agent outside the tumor core over time. Measurements were performed on day 0, 2, 4 and 6 after the beginning
of the treatment for control mice (blue, » = &§) and mice treated with cediranib (red, » = 7) and thalidomide (green, #
= 7). No significant difference was observed between the different groups. (B) Evolution of tumor size over time.
Compared to the control group, the tumor size was significantly lower from day 4 for mice treated with cediranib and
from day 6 for mice treated with thalidomide compared to the untreated mice. The results are expressed as means £
SD. #** p-values < 0.001, *¥*** p < 0.0001, two-way ANOVA tests (Tukey’s test).
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I1I.2.2. Hemodynamic parameters assessed by DCE-MRI

To further investigate perfusion/permeability, we performed DCE-MRI to provide hemodynamic

parameters including the contrast agent efflux transfer constant (K")

, the contrast agent reflux
transfer constant (K.p), the intravascular volume fraction (vy), the extravascular volume fraction
(ve), and the area under the curve of contrast agent concentration as a function of time from 0 to
60 or 90 s (AUCG60 and AUCI0, respectively) (Figure 4). These parameters were computed using
two different pharmacokinetic models: the extended Tofts model [38] and the Patlak model [40].
The extended Tofts model is a two-compartmental model widely used in the literature for studying
tumor perfusion/permeability in glioblastoma. The Patlak model is comparable to the extended
Tofts model but ignores the backflux and is therefore adapted to assess changes for a low-level
BBB permeability where backflux is negligible, as found especially in the margins of glioblastoma
tumors. The hemodynamic parameters were analysed in two different regions of interest (ROIs) of
the tumor: the ROI T corresponding to the whole tumor region, and the ROI Delta corresponding
to the margin tumor area. We did not observe any significant difference in the tumor hemodynamic
parameters between the control group (7 = &) and groups receiving cediranib (7 = 7) or thalidomide
(n = 7), whatever the studied parameter (K™, ke, v;, ve), pharmacokinetic model and ROI (whole

tumor or margins) used (Figure 4).

156



Chapter V — Changes in BBB permeability in GB model induced by anti-angiogenic agents

Klrans Kep AUC60
A 25 25+ 20 ~»- Control
gz,o g 2.0 g o #- Cediranib
! § idomi
¢ 2 1.5 I }g 1.5 P §6 - "’\:f,i\f -+ Thalidomide
X 24, .,i:’); - 210 w + \S\\: 22
- 2 iy
g; 05 € o5 gos
o T T T T X T v 1 ' o T T T T
0 2 4 6 0 2 4 6 0 2 4 6
Days Days Days
A Ve AUC90
261 39 2,01
p— 7 -
1.5
é 1.5 % 1 §.
>;.§ i b > g ) S . g g; 1.0 Kz ___!\E
2 1.04 4 v <z 1
'g < 3 1 i 3
£ 054 I £ h £
0. T T T T T T T T 0. T T T T
0 2 4 6 0 2 4 6 0 2 4 6
Days Days Days
Krans Kep AUC60
B s 20 287 -~ Control
721 g i g“‘ T #- Cediranib
. 1.5+ § 1.5 P :
L 3 1 jg N “ §g - -\E//\\‘ -+~ Thalidomide
210 ws=—a—F— | 2 104 g
] H 2
€ o 8os XY
0 T T T T 0. T T T T 0 T T T T
0 2 4 6 0 2 4 6 0 2 4 6
Days Days Days
Vo Ve AUC90
2.59 3 259
@ 2,04 I B 2.04
o I i
af 0 4 : .
2 " ¢ ) > : - ] =t
1.04 3 T * 0 1
% ‘\\//:\n § i s 2 = <§ 1.0 1"
£ o5 ‘ g £ 054 1
o X T T T
o 2 H H H 2 4 H 0 2 4 6
Days Days Days
Klrlﬂl AUC60
C 39 20 -~ Control
gz g""“' #- Cediranib
£ 55 T e =+ Thalidomide
x2 ) : + 2 i o
£, 1 £ i
2 ‘\"_"N © 05
T T T T 0. T T T T
0 2 4 6 0 2 4 6
Days Days
Vp AUC90
2.5 2.09
g 20 T g‘ 1.54
g 1.5+ ) § 8 . + 3
- 10—
€ o054 T o
0. T T T T 0. T T T T
0 2 4 6 0 2 4 6
Days Days
Klrans AUC60
25 37
D -+~ Control
7 2.0 7 1 -
g g, = Cediranib
» 1.5 v .
X L=t ] g5 4 ~ Thalidomide
X - ~
Fio] <] 1 3| 1>
g ! £ T
= 0.5 I =
2 T T T T T T T T
0 2 4 6 0 2 4 6
Days Days
A AUC90
3 3
%’ ‘ g’ y
= § A
.Y z2 x|
% . —_ << 5 ',\;_/:
|
T T T T T T T T
o 2 4 6 0 2 4 6
D_aE Days

Figure 4. Hemodynamic parameters measured by DCE-MRI. Relative changes in tumor hemodynamic parameters

between control group (blue), mice treated with cediranib (red), and mice treated with thalidomide (green). (A)

Parameters computed with Extended Tofts model using ROI Ty, corresponding to the whole tumor area. (B)
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Parameters computed with Extended Tofts model using ROI Delta corresponding to the margin tumor area. (C)
Parameters computed with Patlak model using ROI T1, corresponding to the whole tumor area. (D) Parameters
computed with Patlak model using ROI Delta. DCE-MRI acquisitions were performed just before the beginning of
the treatment (day 0), and on day 2, 4 and 6 after starting the treatment. There was no significant difference in the
tumor hemodynamic parameters between control group (# = &) and groups receiving cediranib (# = 7) or thalidomide
(n = 7), whatever the studied parameter, ROI and model used. The results are expressed as means & SD.

We also compared the K™ parametric maps generated by the extended Tofts model and the Patlak
model (Figure 5). We calculated the ratio between the area accessible to the contrast agent using
the K™ map from the extended Tofts model and the one measured using the Patlak model. We
observed that this ratio was very close to 1, whatever the treatment taken the day after the beginning
of the treatment. There was, therefore, no significant difference between tumor surface areas
measured on K™ maps obtained with the extended Tofts model and those obtained with the

Patlak model (Figure 5).
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Figure 5. Comparison between K"s parametric maps generated by the extended Tofts model and the Patlak model.
(A) Hlustrative Ks maps obtained from cediranib treated mouse computed using extended Tofts model (top row) or
Patlak model (bottom row). (B) Ratio between the area accessible to the contrast agent using the K map from the
extended Tofts model and the one measured using the Patlak model. No significant difference was observed over time
between these areas. The results are expressed as means = SD.
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IV. DISCUSSION

Treating glioblastoma presents a unique challenge in oncology. In addition to many other factors,
the poor delivery of drugs to infiltrating tumor cells contributes to therapeutic failure [13,14,42]. In
this context, strategies to open the BBB and/or increase the drug diffusion inside and outside the
tumor core are actively investigated. The use of anti-angiogenic agents to normalize tumor vessels
has been suggested as an innovative strategy to improve the delivery of anti-cancer agents in GB
[16-20]. Theoretically, pruning the most immature vessels should result in a more efficient perfusion.
In turn, as the immature vessels coming from angiogenesis are known to offer large fenestrations,
their elimination could decrease the permeability and hamper the diffusion of compounds. To
establish the resulting balance, we evaluated the distribution of Evans Blue, a marker that integrates
both perfusion and permeability. As Evans Blue avidly binds to albumin, it may diffuse in a tissue
only if this tissue is perfused and if the vessels are sufficiently permeable, either because the BBB
is compromised or because present in regions rich in immature vessels. Even though both
treatments (cediranib and thalidomide) were efficient in decreasing the tumor size, contrary to our
expectation, we did not observe any increase, even transient, in the diffusion of this marker outside
the tumor core during treatment. On the contrary, the stained surface by this marker continuously
and significantly decreased over time for treated animals compared to untreated animals (Figure 2).
This decrease in Evans Blue extravasation could be due to either a refenestration of the BBB during
normalization (with a reduction in the size of the pores between the endothelial cells during
vascular restructuring), or a decrease in vessel density due to the antiangiogenic effect, decreasing
the amount of Evans Blue able to diffuse into the brain parenchyma. The discrimination between
both aspects was clarified by the results obtained using immunochemistry with CID31. We observed
a significant decrease in the number of vessels for mice that were treated with anti-angiogenic
agents (Figure 2). On day 6, we measured a significantly lower number of vessels in histological
sections coming from treated mice compared to untreated mice (Figure 2B). Importantly, we did
not observe a significant change over time in the proportion of vessels displaying vascular integtity
whatever the anti-angiogenic agent used or the day studied, with the percentage of vessels with
intact endothelial linings remaining around 10% (Figure 2D). Together, the decrease in diffusion
of the dye outside the tumor core and the decrease in tumor vascular density with unchanged
vascular integrity, pleads for a pruning of vasculature without any obvious normalising effect. We
may wonder why we did not observe any normalization window in the eatly phase of the treatment.
Thalidomide and cediranib were previously suggested to offer a normalization window [21,25-28].
Because the normalization has been reported to be dose- and time-dependent, we used the same

dose and scheme of treatment than in other studies [16,21,35]. Even though we performed
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histological and MRI analyses every two days, we were unable to demonstrate any transient increase
in contrast agent (Evans Blue or Gd-DOTA) uptake inside and outside the tumor core. This
normalization effect could likely depend on the tumor model used. We initially thought the U87
GB model was appropriate because we previously used this model to monitor changes in
permeability induced by osmotic shock [34]. In the future, it could be interesting to analyse these
effects in other glioblastoma models. It could be also interesting to analyse hemodynamics changes

every day instead of every other day so as not to miss a possible increase in the delivery of agents.
ry day ry y p ry g

Lessons from the MRI study also deserve commentary. Contrary to histological studies, MRI is
fully non-invasive and could potentially be used as a marker of early changes in hemodynamic
parameters that could be translated in patients for guiding treatment. A significant decrease in
tumor size over time was observed for mice treated with cediranib and thalidomide, indicating the
efficacy of those treatments. The MRI results are fully consistent with those obtained by histology.
However, none of the parameters tested, K™, ke, ve, vp, AUC60 and AUCI0, in the core and
margins of the tumor, were significantly modified during the course of treatments using cediranib
or thalidomide compared to untreated mice (Figures 4-5). By analysing many different parameters,
we hypothesized that DCE-MRI could provide more information about subtle changes linked to
perfusion and permeability. As none of the parameters changed, we cannot conclude about real
hemodynamic changes induced by the treatments on the sole basis of MRI. We may wonder why
DCE-MRI (with Gd-DOTA) did not provide the same results as histology (with Evans Blue)
regarding the ability of the marker to diffuse outside the tumor core. Indeed, histology suggested a
decreased ability to diffuse outside the tumor core while no change in diffusion outside the tumor
core was found in MRI. The disparate results observed between MRI and Evans Blue staining to
assess vessel permeability could likely be attributed to fundamental differences in the molecular
and distribution properties of the contrast agents used for each technique. Indeed, Evans blue (960
Da, molecular weight) is a fluorescent dye that binds to albumin, a plasma protein with a high
molecular weight (68 kDa), whereas Gd-DOTA is a small hydrophilic complex (MW=580 Da). As
Evans blue is bound to albumin, it can only cross highly permeable vessels (i.e. in areas with
compromised BBB or area rich in immature vessels coming from angiogenesis. In turn, Gd-
DOTA, because of its small size, can diffuse more easily into the brain parenchyma even through
a weakly compromised BBB. Focusing on the tight junctions between endothelial cells, we can
assume that the observed change in permeability would be more pronounced for larger molecules
(complex Evans Blue - albumin) than for smaller molecules (Gd-DOTA) that were already able to

cross small fenestrations of the damaged tumoral BBB. In future studies, it would be interesting to
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use Gd-based contrast agents with high affinity for albumin for the MRI method, such as

gadobenate (Gd-BOPTA), which would better mimic the distribution behavior of Evans Blue.
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I.  MAJOR FINDINGS

GB is currently the most common and aggressive primary malignant tumor of the central nervous
system in adults. Despite an aggressive treatment involving surgical resection followed by
concutrent radiotherapy/chemotherapy, the prognosis for patients with GB remains poor with a
high recurrence rate. The intrinsic resistance of GB to conventional therapies is accentuated by the
BBB, which prevents effective drug delivery to the tumor site. Indeed, although the BBB is often
compromised in GB, it is not homogeneously: the permeability is important in the tumor core, but
very low in the periphery due to an almost non-existent fenestration. Drug delivery is therefore
highly heterogeneous, with a severely compromised access to tumor margins, where the infiltrating
cells responsible for recurrence are located [1]. Thus, there is an urgent need to develop methods

for an opening of the BBB, so that drugs can be delivered evenly to the tumor site (Chapter I).

In this thesis, we aimed to assess different innovative strategies for opening the BBB in
glioblastoma. The hypothesis was that an opening of the tumor vascular bed by a mechanical
(osmotic shock), physical (radiotherapy), or pharmacological (tumor vessel normalization at the
early stage of anti-angiogenic treatments) approach could lead to an increase in drug delivery in

glioblastoma, especially to infiltrating cells that are protected by an intact BBB (Chapter II).

Regarding the opening of the BBB by osmotic shock via infusion of a 25% (m/v) mannitol
solution, a histological study using a high-molecular-weight permeability marker (EB) showed an
opening of the BBB: the fluorescent dye diffused much more widely outside the tumor area after
osmotic shock than in untreated tumors. However, the study of tumor hemodynamic parameters
by DCE-MRI using gadolinium-DOTA as a contrast agent did not reveal any change in the BBB,

whatever the parameter studied (Chapter III).

For the irradiation study, the histological study with EB revealed a complex dose-dependent effect
of irradiation on BBB integrity, with increased vascular leakage at low doses (5Gy) but reduced
leakage at higher doses (10Gy and 15Gy). The study of tumor hemodynamic parameters by DCE-
MRI again revealed no change in BBB permeability, whatever the hemodynamic parameter studied,

the pharmacokinetic model applied or the irradiation dose used (Chapter IV).

Finally, with regard to the experience of tumor vessel normalization through the use of anti-
angiogenic agents (cediranib and thalidomide), the DCE-MRI and histological results did not show
an exploitable time window of normalization in the U§7MG GB model used. Nevertheless, the

histological study, the immunohistochemical study of tumor angiogenesis and the monitoring of
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tumor size did reveal a "classic" anti-angiogenic effect, indicating the efficacy of those treatments
(Chapter V).

Thus, we have demonstrated that the use of a hypertonic mannitol solution to induce osmotic
shock and low-dose irradiation appear to be promising methods to enhance the delivery of
compounds to tumor margins in glioblastoma, while the normalization effect using an anti-
angiogenic agent is still to be further investigated to be able to state a potential efficacy of its use
in the treatment of glioblastoma. Furthermore, the DCE-MRI analysis method using gadolinium-
DOTA as a contrast agent seems of limited value for determining the efficacy of BBB opening in

this model of glioblastoma for these strategies.

The main results obtained during this Ph.D. thesis (Chapter 111, IV and V) are gathered in Figure
1.
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« BBB opening shown via histology with EB dye
« DCE-MRI revealed no change in BBB permeabilty

« Low dose irradiation (5Gy) increase vascular leakage

« High doses irradiation (10Gy and 15Gy) reduce
vascular leakage

+ DCE-MRI revealed no change in BBB p bilty

« Decrease in diffusion of EB dye outside the tumor area

« Decrease in tumor vascular density
« Unchanged tumor vascular integrity

. in tumor size

« DCE-MRI revealed no change in BBB permeabilty

« No obvious tumor vessel normalization effect observed

Figure 1. Major findings of the Ph.D. thesis. For the strategy assessing the effect of an hypertonic solution, the
histological study with Evans blue revealed an opening of the BBB. Regarding the strategy evaluating the effect of
irradiation, we observed an increase in vascular leakage for a low irradiation dose (5Gy) and a decrease in vascular
leakage for higher irradiation doses (10Gy and 15Gy). For the strategy assessing the effect of anti-angiogenic agents,
we did not observe any obvious tumor vessel normalization effect. Finally, for the 3 different strategies evaluated, the
DCE-MRI study with Gd-DOTA as a contrast agent revealed no change in BBB permeability.

Abbreviations: BBB = Blood-brain barrier; DCE-MRI = Dynamic contrast-enhance magnetic resonance imaging.
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II. DISCUSSION

I1.1. SELECTION OF MARKERS TO ASSESS BBB DISRUPTION

In the three studies carried out during this thesis, we observed that DCE-MRI was of limited value
to assess subtle changes in hemodynamics that likely occur after treatment, as observed by Evans
Blue staining. This was true whatever the pharmacokinetic model that we used (extended Tofts or

Patlak) and whatever the region under interest (tumor core or margins).

One possible reason for this problem may lie in the contrast agent used. Indeed, gadolinium-
DOTA is a small molecular-sized contrast agent (580 Da) and its small size would not allow

assessment of permeability modulation in an already highly fenestrated BBB.

Other gadolinium-based contrast agents (GBCAs) with a larger molecular size, such as Gadobenate

dimeglumine (1058 Da) [2], could thus have been used. An additional advantage of using

Gadobenate, although clinically indicated for liver imaging, is that it has a high affinity for albumin
which would mimic the distribution behavior of EB, allowing better comparison with histological

study [3].

However, the choice of Gd-DOTA as a contrast agent was justified for several reasons. Firstly,
because this contrast agent has a clinical indication for the characterization of brain tumors in
patients. Secondly, previous studies have shown that MRI with this contrast agent or GBCAs with
a similar molecular weight (Gadoteridol = 558 Da, Gd-DTPA = 547 Da, or Gadobutrol = 604
Da) was useful in preclinical models to assess changes in BBB permeability and to evaluate the
effect of strategies opening the BBB [4-9]. Thirdly, as the BBB is pootly or not fenestrated at tumor
margins, the use of this small-sized contrast agent was suitable to assess the opening modulation

of this poortly permeabilized BBB.

An LC/MS measurement of gadolinium-DOTA on brain sections could also have been carried out

to provide a more accurate quantification of Gd-DOTA diffusion in the brain parenchyma.

Regarding the marker used in the histological studies, EB was a good vascular leakage marker to
use. Indeed, in addition to being a fluorescent agent allowing its diffusion in the brain parenchyma
to be correctly visualized by fluorescent microscopy, it binds to plasmatic albumin making it a large
marker of vascular leakage, enabling the opening modulation of the highly permeabilized BBB in
GB to be seen. It is probably thanks to this size characteristic that we were able to see significant

differences in its diffusion in the brain parenchyma after the opening of the tumoral BBB.
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However, its major disadvantage is that it cannot be translated into clinical applications, given the
invasive aspect of its use. Moreover, even for pre-clinical studies, it is not the easiest to set up, and
in terms of animal ethics, it does not participate in the 3R principle (replacement, reduction,
refinement) [10], since it requires the sacrifice of many animals if we want to assess marker diffusion

in the brain parenchyma at several time points.

II.2. RELEVANCE OF THE GLIOBLASTOMA MODEL USED

An important limitation is that the studies were carried out on a single model of glioblastoma, the

orthotopic US7MG model grafted onto nude mice.

The main advantage of this model is that it has a well delimited volume in the brain, enabling the
tumor core to be clearly defined, facilitating the analysis by MRI. It also has high engraftment rates
and good reproducibility [11]. However, its main advantage is also its main drawback, as its well
delimited volume is due to a lack of typical infiltrative and proliferative pattern that is observed in
human glioblastoma, and therefore do not truly reflect the biological nature of glioblastoma [12-14].
Its phenotypic and genomic characteristics also do not faithfully reflect the patient's original tumors
[15-18]. Furthermore, as US7TMG cells are human glioblastoma cells, it can only be transplanted into
immunodeficient mice, and the tumor immune environment in this model differs innately from

that found in humans [19].

Thus, it would have been interesting to use other animal models for the evaluation of BBB opening,
a model that better reflects the features of glioblastoma, such as the GL261 model for example.
Indeed, although this is a syngeneic model with murine tumor cells grafted, it better recapitulates
the histological and biological characteristics of glioblastoma [20]. Moreover, the greatest advantage
of syngeneic model is that it uses immunocompetent mice and is therefore more representative of
the tumor immune environment [21]. However, as the model is largely diffusing in the brain
parenchyma, the tumor volume is much less well defined, and MRI analysis would have been more

complex to do.

Furthermore, it is important to emphasize the limitation of using an animal model to translate
scientific findings into practical clinical applications, particularly in the cancer field [22]. Indeed, the
perfect model imitating exactly all characteristics of human GB (e.g., intratumoral heterogeneity,
invasive properties, resistance to radio- and chemotherapy) doesn’t exist — so far [23]. One feature
that differs significantly between human glioblastoma and glioblastoma animal models that is
important to consider in our studies as it may impact tumor perfusion and BBB permeability, is

tumor angiogenesis. Indeed, GB animal models have a rapid tumor growth compared to human
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glioblastoma, leading to a much more pronounced angiogenic activity and thus a different

vascularization pattern.

I1.3. LIMITATIONS OF THE BBB OPENING STRATEGIES USED

Regarding osmotic shock, one of the main limitations of this technique is that, although it is
transient, it does not target tumor tissue. Indeed, it spreads throughout the brain, which can be
highly toxic for brain parenchyma tissue that is still healthy and would be problematic from a
clinical point of view [24,25]. However, based on the histological study, we observe a BBB opening
only in the periphery of the tumor and not throughout the brain, even if we increase the intensity
of the Cyb5 filter (Figure 1A). This could possibly be explained by the fact that the opening is
dependent of the hypertonic solution perfusion in the blood vessels. Yet the tumor area is much
more perfused than the healthy area of the brain, resulting in a better opening around the tumor
area than in the healthy area. Further studies would be necessary to confirm or refute this tumor-
focused effect of BBB opening by osmotic shock in glioblastoma. In addition, the technique is
invasive, requiring an intra-carotid injection, which is another drawback to its clinical application

[26].

To implement this strategy, we opted for a hypertonic mannitol solution. Indeed, this solution is
the most widely described and used in the literature for BBB opening by osmotic shock. However,
other hypertonic solutions have been described in the literature to open the BBB by osmotic shock.
A hypertonic arabinose solution, for example, with the advantage of being less viscous than a

mannitol solution [25,27].

Concerning irradiation, although three different incremental doses were administered to assess
BBB permeability as a function of the increasing dose given, this administration was done in single-
dose. However, this is not representative of the fractionated or hypofractionated regimen that can
be found clinically for the treatment of newly diagnosed or recurrent glioblastoma [28,29]. The use
of a regimen with increasing doses but fractionated administration would better mimic the clinical

situation.

In addition, it's important to highlight that irradiation was carried out on the whole brain, thus
irradiating healthy brain tissue. Indeed, the cesium-137 irradiator used for the study was not suitable

for targeted radiotherapy, and we did not have any targeted irradiation equipment at our disposal.

However, as with osmotic shock BBB opening, based on the histological study, we observe a BBB

opening only in the periphery of the tumor and not throughout the brain, even if we increase the
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intensity of the Cy5 filter (Figure 1B). To date, we have no definitive explanation for this. One
tentative of explanation could be that the vessels in the periphery of the tumor would already be
slightly fenestrated but would not be fenestrated enough to allow the passage of the Evans blue-
albumin complex (high molecular weight, 69 kDa) when there is no irradiation and would open
sufficiently to allow the passage of the Evans blue-albumin complex when irradiation is applied,
whereas healthy vessels are not fenestrated at baseline and would never be sufficiently fenestrated
with low doses of irradiation to allow the passage of Evans blue-albumin complex, and increasing
the irradiation dose would directly destroy the vessels without seeing a fenestration step. Further
studies would be necessary to assess the BBB opening modulation by irradiation in the healthy

brain parenchyma in glioblastoma.

Moreover, studying the effect of targeted radiotherapy on the opening of the BBB tumor would

be of interest and would have the advantage of being transposable to the clinic.

Highly targeted irradiation use would also have the advantage of being able to considerably increase
the irradiation dose used, since only the tumor region would be targeted and healthy regions would
less be affected by the irradiation, as described by Sabatasso et al. [30] where they showed a transient
increase in vessel permeability in a time-dependent manner with a maximum between 45 min and
2 h after irradiation, using microbeam irradiation with irradiation doses of up to 150Gy in one shot.
However, to achieve these irradiation doses and precision, they had to use a synchrotron, which is

a difficult-to-access machine.

For the tumor vessel normalization strategy, because the normalization effect has been reported to
be dose- and time-dependent [31-33], we used the same dose and scheme of treatment than in other
studies [34-36]. The timing of acquisition or the dose used may not have been the most suitable for
the glioblastoma model we used. Therefore, it could be interesting to analyze hemodynamics
changes every day instead of every other day or use anti-angiogenic agents at different dosages so
as not to miss a possible normalization windows effect. It might also be interesting to analyze these

effects in other glioblastoma models.

A final BBB opening strategy that could have been evaluated during this thesis in collaboration
with a Paris university is the use of FUS with microbubbles [37]. Unfortunately, due to the covid-
19 pandemic, this collaboration was not possible. It would have been very interesting to be able to
evaluate this strategy in glioblastoma, as it is currently the most successful and promising strategy

to open the BBB, with also the most clinical studies ongoing [38-40].
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Figure 2. Illustration of the histological studies for the strategies of BBB opening by osmotic shock and irradiation
with increased Cyb5 filter intensity. We can see here that even with the Cy5 filter intensity increased to the maximum
for the histological studies of the strategies for BBB opening by osmotic shock (A) and by irradiation (B), we still do

not see any diffusion of the Evans Blue vascular leakage marker in the healthy brain parenchyma.

III. PERSPECTIVES

ITI1.1. OPTIMIZATION OF BBB OPENING PROTOCOLS

As mentioned in the II.3. Limitations section, evaluation of BBB opening with a fractionated
irradiation protocol closer to the clinical situation should be performed. The experimental scheme
for fractionated irradiation with increasing doses could be as follows: 5 groups of mice each
receiving 3x0Gy (control), 3x2Gy (6Gy), 3x3Gy (9Gy), 3x4Gy (12Gy) and 3x5Gy (15Gy), with
administration of the irradiation doses at 1-day intervals, ideally using an irradiator allowing
radiotherapy to be focused on the tumor tissue. Getting closer to the clinical protocol would enable
us to see on the one hand whether there is indeed a modulation of BBB opening with fractionated
ot hypofractionated administration, and on the other hand, if there is BBB opening, at what time
this opening occurs in order to potentially adapt the clinical protocol of concomitant chemotherapy
administration to administer them at the time of greatest BBB fenestration by irradiation. This

would maximize the synergistic effect between radiotherapy and chemotherapy.

Another important point would be to extend the strategy of BBB opening by irradiation to

brachytherapy. Indeed, although the use of brachytherapy iodine-125 has not shown a significant
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survival advantage for newly diagnosed patients [41], it remains an option used in the treatment of
recurrent GB [42]. Furthermore, previous work has shown that low dose rate (LDR) brachytherapy
(1.5 Gy per day), using 0.5 mCi iodine-125 seeds, increased pO. and blood perfusion in a liver
tumor respectively 24h and 72h after seeds implantation [43]. Thus, it would be relevant to

investigate the effect of brachytherapy on BBB opening.

In the same field, it would also be interesting to extend the strategy of opening the BBB by
irradiation to tumor-targeted radiolabeled compounds (radioisotopes coupled to antibodies,
peptides or nanomedicines). Indeed, previous works have shown an interest in using these
radiotoxic compounds in the treatment of glioblastoma [44,45]. Thus, it would be of interest to

evaluate the potential effect of these irradiating compounds on the modulation of BBB opening.

For the osmotic shock study, as described in I1.3 Limitations section, it would be interesting to
complete the study using an arabinose-based hypertonic solution in order to compare the effect of

different hypertonic solutions on this BBB opening strategy.

With regard to normalization, in addition to modifying the timing of data acquisition or adjusting
the dosage of anti-angiogenic agents to ensure that the normalization window is not missed, the
use of other anti-angiogenic agents should be used. Bevacizumab, for example, is an ideal candidate
as it already has FDA approval for clinical use in recurrent GB. It would also be interesting to
combine different anti-angiogenic agents to study the synergistic effect they might have on tumor

perfusion and permeability.

Finally, it would be relevant to evaluate the association of different BBB opening strategies, such
as the opening of irradiation with the normalization of tumor vessels for example, to allow synergy
between improved tumor perfusion from normalization and improved BBB permeability from
irradiation. Or combine one of the BBB opening strategies with other BBB crossing strategies such
as active targeting of the BBB transcellular transport mechanisms to improve transcellular passage
by grafting the drug with transferin (targeting the transferin receptor) [46] or angiopep-2 (targeting
the low-density lipoprotein receptor linked to protein 1) [47] for example, thus enabling synergy

between facilitated paracellular and transcellular passage to improve drug delivery.
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IT1.2. IMPROVING BBB OPENING ASSESSMENT TECHNIQUES

To complement the histological studies, dextran would be highly relevant here as a marker of
vascular leakage, given that it can come in a variety of sizes. This would allow us to define the
modulation of BBB opening much more precisely, and thus give a range of molecular sizes that

may or may not pass the BBB before and after opening,.

With regard to the use of MRI as an imaging system to assess BBB opening, a DCE-MRI study
should be repeated using another more suitable contrast agent, such as gadobenate, as described
previously. Moreover, studies should be complemented with other MRI techniques such as DSC-
MRI to provide an overview of tumor perfusion, which would be a definite benefit, especially for
the study of normalization. Here, DCE-MRI provides an overview of BBB permeability, but only
an indirect idea of tumor perfusion. DSC-MRI has already been described in 1.3.2 Medical imaging
section of the introduction. Briefly, based on the first pass of a GBCA, this MRI technique can be

used to determine perfusion parameters such as blood volume, blood flow and mean transit time.

The use of radiolabeled albumin measured via PET to assess BBB opening could also be of interest
[48]. Indeed, like MRI with gadobenate, it would mimic the distribution behavior of EB, thus

allowing a comparison with the histological study.

I11.3. EFFECTIVENESS OF ANTI-CANCER DRUGS ASSOCIATED WITH BBB OPENING

STRATEGIES

Apart from better drug delivery to tumor cells, the real endpoint of these studies is to improve the

efficacy of drugs on GB.

Thus, in addition to the study of BBB-opening strategies' impact on the biodistribution of an anti-
cancer drug, which would already be a worthwhile first step, an evaluation of the anti-cancer drug's
efficacy (overall survival study or tumor size monitoring) in association with a BBB-opening

technique would be important to carry out.

In terms of anti-cancer drugs that can be used, we could consider chemotherapies such as
doxorubicin, paclitaxel or albumin-paclitaxel (abraxane), which have shown interesting preclinical
effects on glioblastoma [49-53], or targeted therapies such as etlotinib [54], cilengitib [55,56], gefitinib
[57], nimotuzumab [58] or cetuximab [59,60], which have demonstrated sufficient efficacy in
preclinical studies to reach clinical trials, but have failed to reveal a real clinical benefit (on
progression-free survival and overall survival), perhaps due to a lack of BBB passage impeding a

sufficient therapeutic concentration at the tumor site. Therefore, completing these studies in
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association with a BBB-opening strategy may provide better results (mainly for large molecules
such as antibodies). Bevacizumab could also be used here, this time as a therapeutic agent and not
to normalize tumor vessels, given that it has not shown any clinical benefit in newly diagnosed

glioblastoma either.

As part of the biodistribution study, labelling with a PET radioactive probe would be the most
suitable, enabling the delivery of the drug to be seen directly and very accurately. The use of
nanomedicines would also have a definite advantage. Indeed, besides all the advantages that the
nanoparticulate delivery system can already bring to the active pharmaceutical ingredient
(increasing its stability and solubility, enabling targeted delivery, etc.), the size of the nanomedicines
could be varied to assess more precisely the modulation of the BBB opening and the size of
nanomedicine that could enter. Furthermore, it would be possible to load the nanomedicines with
USPIOs (ultrasmall superparamagnetic iron oxid) nanoparticles for instance or to radiolabel them

to monitor their distribution in the brain parenchyma using MRI or PET imaging [61,62].

IT1.4. PERSONAL OPINION ON PRIORITIES AND MI-TERMS PROJECTS

Glioblastoma is a cancer presenting a very poor prognosis and with, to date, a very ineffective
therapeutic protocol. There is therefore an urgent need to develop new strategies for its treatment.
However, the intrinsic characteristics of this cancer constitute numerous obstacles to the

development of these new therapeutic strategies.

In this thesis, we considered different strategies focused on the tumoral BBB opening, in particular
at the tumor margins, since the BBB is a major obstacle to the success of the treatment by severely

limiting the delivery of the drug to the tumor site.

Among the 3 strategies evaluated during this thesis, the most promising for me would be the BBB
opening by irradiation. In fact, it offers several advantages: firstly, we were able to observe an
opening of the BBB for low doses of irradiation, thus limiting radiotoxicity for healthy tissues.
Secondly, although not observed in our studies, this strategy is described as transient, thus limiting
the neurotoxicity associated with a permanently open BBB. Finally, the greatest strength of this
strategy is that radiotherapy is already included in the SOC protocol for glioblastoma. Furthermore,
the field of radiotherapy is vast and we could, as mentioned earlier, apply this strategy to different

methods of irradiation: brachytherapy, radioimmunotherapy or targeted radiotherapy, for example.
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Regarding the BBB opening by osmotic shock, it has shown interesting results, however it requires
an injection of at least one minute into the carotid artery each time we want a BBB opening. Thus,
this strategy seems to me to be difficult to transpose into clinics, given its invasive nature, the
complexity of implementing it in a clinical protocol and, above all, the fact that it is too exhausting

and constraining for the patient, who is already undergoing heavy treatment.

As for improving drug delivery by normalizing tumor vessels, we have not observed any such effect
with the anti-angiogenic agents cediranib and thalidomide. Although the normalization effect has
been shown in the literature for other cancers, I do not think it is the most promising therapeutic
strategy, at least applied to glioblastoma, and if I had to continue research in this field, I would not

continue with this strategy.

Finally, a technique to open the BBB which I believe to be the most promising nowadays, and
which unfortunately I was not able to try out during this thesis, is the FUS with microbubbles.
Indeed, this method has several advantages: it is non-invasive (or at least very few invasive if we
include the IV injection of the microbubbles), it is reversible and, above all, it is targeted, with very
few side-effects for the patient to date. In addition, numerous clinical trials are currently undergoing
for the treatment of newly diagnosed glioblastoma or recurrent glioblastoma, and are already

showing promising results.

Concerning the methods used to assess the BBB opening, we have seen that the use of gd-DOTA
for MRI was not conclusive. I believe that the use of gadobenate would be more appropriate for
future MRI studies. The use of Evans blue as a marker of vascular leakage was conclusive and
would therefore be a marker to keep for future studies. Other methods to complete the assessment
of BBB opening would also be interesting to consider for future experiments, such as the
assessment of tight junction protein expression or the measurement of gadolinium by LC/MS in

brain tissue.

Thus, if I were to continue my work on this project, I would focus on the strategies of BBB opening
by hypofractionated irradiation and focused ultrasound with microbubble injection, as well as
combining these two strategies to see if there is a synergistic effect, using MRI as a method to
assess BBB opening but this time with gadobenate as a contrast agent. In addition, to complement
this MRI assessment, I would again use Evans blue as a marker of vascular leakage, measure
gadolinium in brain tissue more sensitively by LC/MS, assess tight junction protein expression and

evaluate angiogenesis by CD31.
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