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Targeting aldehyde dehydrogenases in combined
therapy against glioblastoma

Rafael Jiménez Aguilar

Abstract

Glioblastoma (GB) is the most common and aggressive type of primary malignant central
nervous system (CNS) tumor. This disease is still incurable nowadays, with few therapeutic
options and poor advances in the last decades. Difficulties in developing an effective treatment
against GB reside, among others, on its high degree of infiltration in the brain parenchyma, its
high heterogeneity and, remarkably, resistance to chemotherapy such as temozolomide (TM2Z),
the standard chemotherapeutic agent used currently. Recently, some enzymes belonging to the
superfamily of aldehyde dehydrogenases (ALDHs) have been reported to be deeply involved in
the mechanisms of chemoresistance and in the regulation of the so-called cancer stem cell (CSC)
subpopulation of the tumor, thought to be the main responsible for tumor recurrence. In fact,
some ALDH isoforms have been found overexpressed in CSCs and are considered universal
markers for their identification and isolation. These enzymes play a key role in the detoxification
of aldehydes, participate in the regulation of a broad spectrum of biological processes such as
proliferation, differentiation and apoptosis via production of retinoic acid (RA), are known to
interact with several oncogenic pathways and in the immune microenvironment of CSCs, and
are reported to contribute to resistance to antineoplastic drugs and radiation. Because of this,
ALDHs are arising as promising pharmacological targets for the treatment of different cancer
types, including GB. Some ALDH inhibitors have been recently described in the literature as
potential drugs for cancer treatment, with encouraging results in pre-clinical stages of research.
In the case of GB, few examples can be found. In this thesis, some novel compounds, synthesized
by the biotechnology company Advanced BioDesign (ABD) and previously shown to be ALDH
inhibitors, have been studied as potential candidates for the treatment of GB. These compounds
are three a,B-acetylenic amino thiolester compounds named DIMATE, ABD0099 and ABD0171,
and a lipidic nanoemulsion of DIMATE named ABD-3001.

The experiments carried out in this thesis can be classified in three different blocks:
characterization of ABD-3001 nanoparticles, in vitro studies in a panel of GB cell lines, and in vivo

studies in a murine model of GB. In the first block, ABD-3001 nanoparticles were characterized



by cryogenic transmission electron microscopy (Cryo-TEM) to assess their shape and size, and
then, analyzed by dynamic light scattering (DLS) to determine their diameter, polydispersity
index (Pdl) and zeta potential in solution. In addition, the release of the drug DIMATE from the
nanoparticles was characterized. In the second block, firstly, the expression of ALDH1A isoforms
was assessed in a panel of different human GB cell lines and a murine GB cell line. Then,
inhibitors were tested for their cytotoxicity and their ability to inhibit the cellular ALDH activity.
Drug combination assays with the standard of care TMZ were also performed, as well as
experiments to determine the cell death mechanism and generation of reactive oxygen species
(ROS) after treatment. In the final part of this block, a knockout of several ALDH genes was
carried out in one of the human GB cell lines, which allowed us to study the role of these
enzymes in some important features such as cell proliferation, migration capacity and resistance
to different FDA-approved drugs. In the third block, tolerability and therapeutic efficacy assays
were carried out in a murine immunocompetent GL261 GB model, using ABD-3001 at different
doses administered via intranasal route, in order to assess toxicity and antitumor effect of the
drug. Then, tissues of treated mice were analyzed in order to study the biodistribution of the
drug and in order to detect changes in the expression of ALDHs compared to tissues of untreated

mice.

The compounds tested in this thesis yielded promising results in vitro, since they displayed a
high cytotoxicity in a panel of GB cell lines (three orders of magnitude more potent than TMZ),
were able to inhibit the cellular ALDH activity, showed synergy when combined with TMZ, and
induced apoptosis presumably via accumulation of ROS in the cell. Additionally, the idea of
inhibiting ALDHSs as a promising approach for the treatment of GB was reinforced by the results
obtained in the knockout cell line. Specifically, knockout of ALDH genes in A172 cells reduced
their growth rate in vitro, hampered their migration capacity, and sensitized them to some FDA-
approved drugs, including the standard of care TMZ. Regarding the in vivo assays, ABD-3001
showed great potential as a therapeutic agent against GB, since it was able to slow down the
growth rate of the tumor in GB-bearing mice and lengthen their lifespan compared to untreated
mice, despite displaying certain toxicity that could be solved by lowering the dose of
administered drug. In addition, the treatment with ABD-3001 induced some changes in the ALDH
expression pattern of several tissues. Altogether, the results obtained suggest that the use of
ALDH inhibitors could be an encouraging novel approach for the treatment of GB, either as

monotherapy or in combination with the standard of care TMZ.
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1.1. Glioblastoma
1.1.1. What is glioblastoma?

Cancer is one of the leading causes of death worldwide. In 2020, it accounted for nearly 10
million deaths globally, and an estimated 19.3 million new cases were diagnosed. Compared to
other types of cancer, central nervous system (CNS) cancers are relatively rare: they represent
between 1 and 2% of all cancer types, being the 21 most common malignancy. In absolute
numbers, cancers of the CNS are responsible for nearly 300,000 new cases and 250,000 deaths
worldwide annually [1], [2]. Glioblastoma (GB), which is the focus of study of this thesis, belongs

to this group of cancers.

Traditionally, CNS tumors have been classified according to morphological features examined in
histological specimens [3], but recent knowledge about the molecular characteristics of these
tumors has been integrated into a new classification criterion [4]. Based on this, as well as on
other aspects with a clinical utility such as tumor location and patient age, the 2021 World
Health Organization (WHO) classification categorizes the wide variety of existing CNS tumors
into 12 different groups [5], as shown in Figure 1. The first of these groups comprises a
heterogeneous collection of brain tumors called gliomas, which constitute the most common
type of malignant primary CNS tumors in adults [6]. Gliomas are considered to derive from glial
cells and/or their precursors [7], [8], and can be either astrocytomas or oligodendrogliomas
according to the predominant cell type observed in histological analysis [9]. Within the group of
gliomas, glioneuronal tumors, and neuronal tumors, the term “diffuse gliomas” can often be
found. Such gliomas are characterized by diffusely infiltrative growth throughout the brain
parenchyma [10], ultimately leading to neuronal dysfunction and death [11]. Specifically, adult-
type diffuse gliomas account for the majority of primary brain tumors in adults, and can be

classified into three different subtypes, including GB.
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Figure 1. Simplified 2021 WHO classification of CNS tumors. Subtypes of tumor groups beyond the scope of this
thesis have been omitted. GB is boxed in red. CNS: central nervous system; IDH: isocitrate dehydrogenase.
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The classification criteria for adult-type diffuse gliomas are further detailed in Figure 2. This
group of gliomas, apart from being categorized as astrocytomas or oligodendrogliomas based
on histology as commented above, is distributed in two major categories depending on the
presence or absence of mutations in the genes coding for isocitrate dehydrogenases 1 and 2
(IDH1 and IDH2, respectively), being the absence considered to have the worst prognosis [3],
[12]. Tumors are then graded on a scale from 1 to 4 based on the degree of malignancy [13], and
assigned to one of the 3 following types according to different histological and molecular
features [6], [12], [14]: (1) astrocytoma, IDH-mutant; (2) oligodendroglioma, IDH-mutant and
1p/19q co-deleted (that is, concurrent complete deletion of both 1p and 19q chromosomal

arms); or (3) GB, IDH-wildtype.
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Figure 2. 2021 WHO classification of adult-type diffuse gliomas. GB is boxed in red. IDH: isocitrate dehydrogenase;
WHO: World Health Organization; ATRX: alpha-thalassemia/mental retardation, X-linked; TP53: tumor protein 53;
CDKN2A/B: cyclin-dependent kinase inhibitor 2A/B; EGFR: epidermal growth factor receptor; TERT: telomerase
reverse transcriptase; MGMT: O8-methylguanine-DNA methyl transferase. Adapted from [6]. "IDH-wildtype glioma
without high-grade features (WHO grade 2/3) should be further investigated and classified into other categories.

In accordance with the classification criteria shown in Figure 2, GB is a grade 4 diffuse
astrocytoma characterized by two main histologic hallmarks: (1) abundant microvascular
proliferation, and (2) presence of central necrotic areas [6], [7], [15]. The typical appearances of
this type of tumor are shown in Figure 3. At the genetic level, GB is defined by these 3
parameters: (1) epidermal growth factor receptor (EGFR) amplification, (2) telomerase reverse
transcriptase (TERT) promoter mutation, and (3) the combined gain of entire chromosome 7 and
loss of entire chromosome 10 [6], [16]. In addition, GB is also characterized by uncontrolled
cellular proliferation, diffuse infiltration, and resistance to apoptosis-inducing stimuli, all of

these enabled by extensive genomic instability [17], [18].
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Figure 3. Typical radiographic and histologic appearances of GB. (A) Magnetic resonance imaging (MRI); (B)
Histology. FLAIR: fluid-attenuated inversion recovery. Adapted from [19].

Another relevant hallmark feature of GB is its marked heterogeneity, not only between tumors
of different individuals (intertumoral heterogeneity) but also within the same tumor
(intratumoral heterogeneity). This is regarded to be one of the main factors underlying
treatment failure [20], [21], a topic that will be discussed in more detail in the following sections

of this thesis.

The high degree of molecular heterogeneity in this type of tumor has led to the subclassification
of GB into 4 different subtypes [22]-[24]: (1) proneural, which displays features of
oligodendroglial cells and appears in younger patients; (2) neural, which arises from astrocytes
and oligodendrocytes and expresses neuron-related genes; (3) mesenchymal, which resembles
cultured astrocytic gliomas; and (4) classical, which shows characteristics of astrocytes and

expresses neuron precursor and stem cell markers.

Altogether, GBs constitute the most common type of malignant gliomas, accounting for nearly
50% of malignant CNS tumors and approximately 15% of all CNS tumors [25]. It is not easy to

define precisely the incidence of GB, since it varies depending on the report, but it ranges from
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0.59 to 5 cases per 100,000 people and year [26]. According to several studies, the incidence of
this disease is currently on the rise, and it is the cause of the majority of the deaths related to
tumors of the CNS worldwide each year [27]. Although GB can occur both in children and adults,
the median age at diagnosis is 65 years. In addition, it is approximately 1.6 times more common

in males than females [28], and its incidence is significantly lower in non-Caucasian populations

[6].

Furthermore, GB is not only the most common type of malignant glioma, but also the most
aggressive and lethal. This disease remains still incurable with a poor overall prognosis,
presenting a 5-year survival rate of only 5%. The median survival averages <15 months since

diagnosis [29], which has remained nearly unchanged over the last 50 years [30].
1.1.2. Current treatment for GB and pitfalls

GB treatment remains challenging due to several reasons. Firstly, the presence of the so-called
blood-brain barrier (BBB), a multicellular vascular structure that separates the CNS from the
peripheral blood circulation and keeps a protective environment for the brain tissue by tightly
controlling the passage of molecules [31], limits directly drug bioavailability. In addition, GB
tumors in particular present a wide infiltration in the brain parenchyma, are highly
heterogeneous both at the genetic and cellular level, are able to evade the immune system and
often develop resistance to chemotherapy and radiotherapy. Altogether, all these factors

explain why GB is considered one of the most challenging tumor types to treat [9], [32], [33].

The current standard-of-care treatment for GB consists of surgical resection of the tumor,
followed by radiotherapy with concomitant daily temozolomide (TMZ) chemotherapy, followed
by additional TMZ therapy [34], [35]. This regimen was proven to have a survival benefit on
patients in the studies performed by Stupp and colleagues [36]-[38] in 2005, and has remained

the gold standard for GB treatment until now.

TMZ is an oral alkylating agent prodrug which is able to penetrate the BBB due to its low
molecular weight and lipophilic character. In its passage into the cytoplasm, TMZ is
spontaneously hydrolyzed to 5-(3-methyltriazene-1-yl)-imidazole-4-carboxamide (MTIC), which
is then further hydrolyzed to the degradation product 5-aminoimidazole-4-carboxamide (AIC)
and the active methyldiazonium cation. This highly reactive ion transfers a methyl group to the
0°® and N’ positions of guanine residues and N* position of adenine residues during DNA
replication. This leads to mismatched lethal base pairs that result in DNA strand breaks, inducing
cell cycle arrest at G2/M and eventually leading to cell apoptosis, senescence or autophagy [39]—

[42]. This mechanism of action is depicted in Figure 4.
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Figure 4. Mechanism of action of TMZ. (A) TMZ prodrug activation and specific sites of DNA methylation; (B)
Schematic illustration of the action of TMZ in the cell. Guanine, methylated by the TMZ-derived active ion, pairs with
thymine instead of cytosine. The DNA repair system MMR detects this mispairing and removes thymine from the
newly synthesized strand, but leaves the methylated guanine in the template strand intact. In the next replication
cycle, the mismatch occurs again and the repair cycle is repeated. This ends up in a futile cycle of MMR, which leads
to the production and accumulation of DNA double-strand breaks. These double-strand breaks are cytotoxic to cells,
and induce senescence, autophagy or apoptosis. MMR: mismatch repair. Adapted from [41].

Since GB diffusely infiltrates the brain early in its course (and is often detected late), the main
pitfall of the current treatment is that it is nearly impossible to reach complete surgical
resection. Then, remaining tumor cells typically develop resistance to TMZ, leading to

recurrence and tumor progression [43], [44].

Understanding resistance to TMZ is not straight-forward since it can be either inherently
characteristic of certain tumors or acquired after initial treatment [45]. It is widely accepted that
the most important contributor to TMZ resistance is the methylation status of the promoter

region of the gene encoding the enzyme O°-methylguanine-DNA methyl transferase (MGMT),
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which directly counteracts DNA alkylation damage. Specifically, unmethylated tumors present
higher MGMT concentration and commonly exhibit intrinsic resistance to TMZ and a worse
clinical response [46]-[48]. However, there are reported cases of patients who suffer from TMZ
resistance despite their low MGMT activity, which reveals that MGMT is not the only factor

contributing to the development of TMZ resistance [49], [50].

Other DNA-repair systems, such as the base excision repair (BER) pathway, are also known to be
important in mediating TMZ resistance [51], [52], as well as other mechanisms such as
autophagy [53]—-[55], ferroptosis [56]—[58], some unregulated signaling pathways [41], [59], and
remarkably, the presence of the so-called GB stem cells (GSCs) [52]. Figure 5 provides a

schematic summary of different mechanisms known to be involved in the development of TMZ

resistance in GB.

(+) Aemyped w38

Figure 5. Known mechanisms of TMZ resistance in GB. TMZ: temozolomide; MGMT: O%-methylguanine-DNA methyl
transferase; MMR: mismatch repair; BER: base excision repair; EGFR: epidermal growth factor receptor; PTEN:
phosphatase and tensin homolog; Mdm2: murine double minute 2 homolog; PI3K/AKT/mTOR: phosphatidylinositol

3-kinase/protein kinase B/mammalian target of rapamycin; SphK: sphingosine kinase; SCs: stem cells. Taken from
[52].

1.1.3. GSCs and general concepts of cancer stem cells

GSCs represent a small subset of undifferentiated cells within a GB tumor, known generally as

cancer stem cells (CSCs), which display higher resistance to radiation and chemotherapy than
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bulk tumor cells. It is believed that this subpopulation of quiescent, pluripotent, and self-
renewing cells is triggered after therapy and is responsible for the repopulation of recurrent GB
tumors [50], [60], [61]. These cells are defined by a series of functional criteria, illustrated in
Figure 6, including: (1) tumor-initiating capacity following serial transplantation, (2) ability to
recapitulate the heterogeneity of the primary tumor, and (3) higher self-renewal properties

compared with non-CSCs [29], [62].

+ Ability to form tumor in xenograft

Glioblastoma Cell

Tumor lnvltiating Cell .
Self Renewal Properties

Differentiated
Progeny

Figure 6. Key functional defining features of GSCs. These cells are able to initiate a tumor in xenografts, even after
serial transplantation, recapitulate tumor heterogeneity, and self-renew. GSC: glioblastoma stem cell. Taken from
[29].

According to this, the CSC hypothesis of tumor growth proposes the existence of a cellular
hierarchy within the tumor, where CSC reside at the apex. These CSCs self-renew, divide and
differentiate to give rise to the variety of cells that populate a tumor. Thus, CSCs are thought to
be responsible for tumor initiation, propagation and maintenance. As cells differentiate, they
lose self-renewal capabilities, but it has recently been demonstrated that this is not an
irreversible process: some stimuli, such as hypoxia or exposure to chemotherapeutic agents such
as TMZ, can induce the dedifferentiation of non-CSCs to cells with CSC phenotype [63], [64].

Therefore, CSCs have to be thought as plastic and dynamic entities [65], [66].

Conversely, the traditional model of tumor growth, the so-called stochastic model or clonal
evolution model, postulates that tumor progression is driven by clonal evolution of acquired
genetic mutations, and that many clones display comparable levels of tumorigenicity [63].
Although this model seems at first glance opposite to the hierarchical or CSC model, they are
not mutually exclusive. Most likely, the two models co-exist and are complementary in

tumorigenesis [67].

A schematic representation of both models of tumor growth is shown in Figure 7.
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Figure 7. Schematic illustration for the different models of tumor growth. In the clonal evolution model, different
clones in the tumor are generated by accumulation of mutations, and all clones have the same capacity of tumor
formation. In the CSC model, also known as hierarchical model, only the so-called CSCs are thought to be able to give
rise to a tumor, although some non-CSCs can eventually dedifferentiate to a CSC phenotype and thus, could also
contribute to tumor formation. SC: stem cell; CSC: cancer stem cell. Taken from [66].

CSCs were described for the first time in leukemia, by Lapidot et al., in 1994 [68]. It was not until
2003 when CSCs were identified in solid tumors, specifically in breast cancer by Al-Hajj et al.
[69]. Since then, CSCs have been detected in a wide variety of tumors including myeloma, colon
cancer, pancreatic cancer, prostate cancer, lung cancer, ovarian cancer, melanoma, and GB
(initially recognized by Singh et al. in 2003 [70]), among others. In most of these cases, some
enzymes belonging to the superfamily of aldehyde dehydrogenases (ALDHs) have been found
overexpressed in this subpopulation of cells, and their presence has been correlated with worse
prognosis [71], [72]. In fact, ALDHs are known to play critical roles also in normal stem cells

during development, and are regarded as universal markers for both normal stem cells and CSCs
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[73], [74]. Importantly, only specific ALDH isoforms that are expressed at high levels in CSCs
compared to the corresponding para-neoplastic tissues can be used as suitable markers. In GB,
it is accepted that this is the case for the isoform ALDH1A3, whose high expression has been
observed in high-grade gliomas, but not in low-grade gliomas or in normal brain samples [75]-

[77].

ALDH activity is commonly used as a biomarker for the isolation of CSCs in the well-known
Aldefluor assay, described for the first time in 1999 by Storms et al. [78]. Briefly, this assay uses
a substrate called BODIPY-aminoacetaldehyde (BAAA), which penetrates viable cells by passive
diffusion and is converted by ALDHs to the negatively charged, fluorescent product BODIPY-
aminoacetate (BAA~). BAA™ is retained inside the cells due to its charge and also because of the
addition of inhibitors to block the action of ATP-binding cassette (ABC) transporters, which
otherwise may pump the product out of the cells [79]. Consequently, the subset of cells with a
high ALDH activity becomes highly fluorescent, and can be sorted using the green fluorescence
channel of a standard flow cytometer. These ALDH-bright populations of cells can be detected
specifically by adding an ALDH inhibitor, namely N,N-diethylaminobenzaldehyde (DEAB) [74],

[80]. A scheme of the Aldefluor assay is shown in Figure 8.

Passive
Diffusion

ALDH1 DEAB ALDH1

No Product

ABC Transporters

Cold Assay
Buffer

Figure 8. Scheme of the Aldefluor assay, the standard method for the identification and isolation of CSCs. BAAA:
BODIPY-aminoacetaldehyde; BAA-: BODIPY-aminoacetate; ALDH1: aldehyde dehydrogenase family 1; DEAB: N,N-
diethylaminobenzaldehyde; ABC: ATP-binding cassette. Taken from [74].
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Although this method has been accepted and is frequently used for the separation of CSC
populations of many cancers, at the protein level, the ALDH isoforms responsible for the
enzymatic activity are different and cancer-specific. One of the main drawbacks of the Aldefluor
assay is that several ALDH isoforms take part in the metabolization of the BAAA substrate, so it
does not allow for the identification of specific isoforms responsible for the activity [81]. In
addition, the DEAB inhibitor used in this assay is reported to inhibit different ALDH isozymes.
Finding the active ALDH isoforms for specific cancers would have major diagnostic and
prognostic implications [82]—[87]. Furthermore, that would pave the way for the design of
isoform-selective ALDH inhibitors that could serve as therapeutic agents targeting specifically
CSCs, since ALDHs have been considered not only markers, but also to play relevant roles in CSC

regulation and resistance to chemotherapy and radiotherapy.

As mentioned above, CSCs present higher resistance to therapy compared to the rest of the cells
in the tumor. These cells can be either intrinsically resistant to therapy and thus persist after
treatment and cause tumor relapse, or extrinsically instructed by the tumor microenvironment
to become resistant under the selective pressure of therapy [62]. One of the main mechanisms
of intrinsic resistance is the activation of DNA damage checkpoints, which makes CSCs less
sensitive to most current therapies targeting DNA replication. Additionally, CSCs are known to
be quiescent, maintaining a low but steady level of unlimited proliferation with low activity of
DNA synthesis [88]. This explains that these therapies are not that effective in these cells
compared to actively dividing cells. Another relevant example of the intrinsic mechanism of
resistance is the increased expression of ABC transporters, which facilitate drug efflux [32], [89],
[90]. Figure 9 shows some mechanisms involved in CSC resistance to therapy and consequent
relapse of the tumor. Among them, ALDH activity has been shown to be particularly relevant in
recent studies, and its role will be discussed in further detail in the following sections of this

thesis.
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Figure 9. Mechanisms underlying therapy resistance in CSCs. CSC: cancer stem cell; SC: stem cell; MDRs: multidrug
resistance proteins; ALDH: aldehyde dehydrogenase; EMT: epithelial-to-mesenchymal transition. Taken from [62].

1.2. ALDHs
1.2.1. Structure and function of ALDHs

ALDHs constitute a superfamily of enzymes (EC 1.2.1.3) that catalyze the irreversible NAD(P)*-
dependent oxidation of a wide variety of endogenous and exogenous aldehydes to their
corresponding carboxylic acids. Endogenous aldehydes are produced in the metabolism of
amino acids, carbohydrates, lipids, biogenic amines, vitamins and steroids, whereas exogenous
aldehydes come from the biotransformation of xenobiotics, drugs and environmental chemicals
[91]. Although some aldehydes play fundamental roles in physiological processes such as vision,
embryonic development, and neurotransmission, their highly reactive electrophilic nature
renders them cytotoxic and carcinogenic in many cases [92]. Aldehydes are known to be toxic
due to their propensity to form adducts with various cellular targets such as glutathione (GSH),
nucleic acids, and protein amino acids, leading to impaired cellular homeostasis, enzyme
inactivation, DNA damage, and cell death [93], [94]. In this regard, ALDHs play a critical role in
the cellular protection against these toxic species by oxidizing and detoxifying them. This notion

is strongly supported by the fact that allelic variants in ALDH genes are the molecular basis of
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numerous metabolic diseases, such as Sjogren-Larsson syndrome, type Il hyperprolinemia and

pyridoxine-dependent epilepsy, among others [91], [95], [96].

Although ALDHSs are particularly relevant in the detoxification of aldehydes, other enzymes also
contribute to their metabolism, including the reduction systems alcohol dehydrogenase (ADH),
aldo-keto reductase (AKR) and short-chain dehydrogenase/reductase (SDR), and the oxidation

systems xanthine oxidase (XO) and aldehyde oxidase (AOX) [97], as shown in Figure 10.

NAD(P)"  NAD(P)H

ADH/AKR/SDR
ADH ALDH

Alcohol W Aldehyde 7?» Carboxylic acid

+

NAD™ " \ADH NAD(P)*  NAD(P)H
CAT XO/AOX

H,0, H,0 H,0+0,  H,0,

Figure 10. Enzymatic metabolism of aldehydes. ALDHs are involved in the irreversible oxidation of aldehydes into
carboxylic acids. ADH: alcohol dehydrogenase; AKR: aldo-keto reductase; ALDH: aldehyde dehydrogenase; AOX:
aldehyde oxidase; CAT: catalase; SDR: short-chain dehydrogenase/reductase; XO: xanthine oxidase. Taken from [97].

Furthermore, some ALDHs play a particularly relevant role in cell signaling via the oxidation of
retinaldehyde (RAL) to retinoic acid (RA), a reaction which is mainly carried out by the cytosolic
isoforms ALDH1A1, ALDH1A2 and ALDH1A3, also referred to as RAL dehydrogenases [98]-[100].
RA is a key signaling molecule that can function in a paracrine or intracrine manner by diffusing
from the cytosol into neighboring cells or the nucleus [84]. Once inside the nucleus, RA regulates
gene expression through the activation of two classes of nuclear ligand-dependent receptors,
namely RA receptor (RAR) and retinoid X receptor (RXR) [100], [101]. Upon binding to RA, the
receptors form dimers and become active. These dimers bind to RA response elements (RAREs),
which are regulatory sequences located in the promoters of RA target genes, and this leads to
their transcription and consequent modulation of a broad spectrum of biological processes
including cell proliferation, differentiation, cell cycle arrest, changes in morphology and

apoptosis [84], [102], [103], as depicted in Figure 11.
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Figure 11. Role of ALDHs in RA signaling. Retinol dehydrogenases transform retinol into RAL, which is converted into
RA by ALDHs. This second reaction can be inhibited by DEAB. RA then enters the nucleus and modulates transcription
of genes. ALDH: aldehyde dehydrogenase; DEAB: N,N-diethylaminobenzaldehyde; RAR: retinoic acid receptor; RXR:
retinoid X receptor; RARE: retinoic acid response element. Taken from [84].

The human ALDH superfamily consists of 19 putatively functional genes in different
chromosomal locations, as indicated in Figure 12. This figure also presents some anomalies
associated with mutations in each of these 19 genes. The standard nomenclature system for this
superfamily of enzymes is based on divergent evolution. Accordingly, the different ALDH
enzymes are classified into families and subfamilies based on amino acid sequence identity:
ALDH proteins belonging to the same family are defined as presenting more than 40% amino
acid identity, whereas two members of the same subfamily share more than 60% amino acid
identity. The nomenclature system consists of the root symbol “ALDH” followed by a number
which represents the family (e.g. ALDH1), which is in turn followed by a letter that assigns the
subfamily (e.g. ALDH1A), which is finally followed by a number that defines the individual
enzyme within the subfamily (e.g. ALDH1A1). The eukaryotic ALDH superfamily comprises 24
families with enzymes that are found in all subcellular regions including cytosol, mitochondria,
endoplasmic reticulum and nucleus, depending on the isoform, and most of them have a wide

tissue distribution [97], [104].
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Gene Chromosome  Mutational phenotype

ALDH4A1 1p36.13 Type Il hyperprolinemia
[ ALDH7A1 5q31 Pyridoxine-dependent seizures
ALDH1A1 9q21.13 Alcohol sensitivity, alcoholism; (?) Aldh1a1” mice develop cataracts
ALDH1A2 15¢22.1 T Risk for spina bifida; (?) Aldh1a2” mice are embryonic lethal
ALDH1A3 15026.3 (?) Aldh1a3" mice are embryonic lethal
ALDH1B1 9p11.1 Unknown
ALDHZ2 12g24.2 1 Risk for alcoholism; T risk for cancer, AD, myocardial infarction and cirrhosis
ALDH1L1 3g21.2 (?) Aldh1!1"- mice have decreased hepatic folate and low fertility
P ALDH1L2 12g23.3 Unknown
— ALDH9A1 1qg23.1 Suggested candidate gene for human nonalcoholic steatohepatitis
ALDH5A1 6p22.2 y-Hydroxybutyric aciduria
ALDHBA1 6q23.2 Unknown
ALDH6A1 14924.3 Developmental delay, metabolic abnormalities, methylmalonic aciduria
ALDH3A1 17pii1.2 (?) Aldh3at’ mice develop cataracts
ALDH3A2 17pii.2 Sjogren-Larsson syndrome
ALDH3B1 11q13.2 Locus linked to paranoid schizophrenia
ALDH3B2 11q13.2 Unknown
ALDH18A1 10g24.3 Hyperammonemia; hypoprolinemia; neurodegeneration; cataracts
L ALDH16A1 19q13.33 Unknown

Figure 12. Evolutionary relationship and mutational phenotypes of the 19 human ALDH genes. Although ALDH?2 is
formally a member of the ALDH1 family, it keeps its historic name. (?) indicates phenotype demonstrated in animals
but not yet described in humans. Taken from [97].

ALDHs are homodimeric or homotetrameric enzymes. The subunit structures of different ALDH
members are very similar, sharing a high sequence identity [105]. In fact, ALDH enzymes share
a number of highly conserved residues necessary for catalysis and cofactor binding. The
invariant catalytic Cys-302 (numbering based on the mature human ALDH2 protein), Glu-268,
Gly-299, and Asn-169 are all essential for catalysis, whereas Gly-245 and Gly-250 are key
residues for cofactor binding [97]. Generally, the molecular weight of ALDH subunits varies
between 50 and 60 kDa, and 3 different, conserved domains can be observed in their structure:
(1) the NAD(P)* binding domain, (2) the catalytic domain, and (3) the oligomerization domain

[106]. The typical structure of ALDH enzymes is depicted in Figure 13.
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Figure 13. Typical three-dimensional structure of ALDH enzymes. (A) Dimeric structure, observed for example in
ALDH3AL. (B) Tetrameric structure, observed for example in ALDH1A1, ALDH1A2 and ALDH1A3. (C) Domains of ALDH
monomers. Adapted from [106].

A funnel-shaped cavity with an opening leading to the catalytic pocket, which contains the
conserved catalytic Cys residue, resides at the interface of the domains just explained above
[107]. Despite the high grade of homology between ALDH isozymes, differences in the size and
architecture of this cavity lead to distinct substrate specificities. However, the kinetic
mechanism seems to be similar in all ALDH enzymes, which is generally an ordered bi-bi
sequential mechanism: briefly, the oxidized cofactor first binds to the enzyme to make possible
the attachment of the substrate; then, oxidation occurs, and the product is released prior to the
reduced cofactor [108], [109]. Specifically, catalysis is known to occur in 5 distinct steps, detailed
in Figure 14: (1) activation of the catalytic thiol (Cys302) by water-mediated deprotonation
carried out by Glu268; (2) nucleophilic attack on the aldehyde by the activated catalytic Cys; (3)
formation of a tetrahedral thiohemiacetal intermediate, which transfers a hydride to the
pyridine ring of the cofactor; (4) hydrolysis of the resulting thioester intermediate; (5)
dissociation of the reduced cofactor and regeneration of the enzyme by the addition of oxidized

cofactor [106], [110].
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Figure 14. Catalytic mechanism of ALDH reaction. (1) Activation of the catalytic thiol (Cys302); (2) nucleophilic attack
on the aldehyde by the activated Cys302; (3) formation of a tetrahedral thiohemiacetal intermediate; (4) hydrolysis
of the resulting thioester intermediate; (5) dissociation of the reduced cofactor and regeneration of the enzyme.
Taken from [110].

Apart from their role in aldehyde detoxification, ALDHs count with multiple additional catalytic
and non-catalytic functions. On the one hand, some isoforms are known to possess additional
catalytic functions, such as ester hydrolysis [111], [112] and nitrate reduction [113], [114]. On
the other hand, non-catalytic roles [115] include structural function in the eye (lens and corneal
crystallins) [104], [116]; antioxidant function by absorption of UV light, production of NADPH for
the regeneration of GSH, and scavenging of hydroxyl radicals [117]-[121]; and role as binding

proteins for various endogenous and exogenous compounds [122].
1.2.2. Role of ALDHs in CSCs and GB

The signaling pathways activated by RA have been proven to modulate the stemness
characteristics of CSCs [123], [124]. On the one hand, the so-called classical pathways are known
to induce loss of stem cell markers, cellular differentiation, apoptosis and cell cycle arrest,
eventually reducing tumor propagation and inhibiting tumor growth [125]. In fact, the different
isomers of RA, namely all-trans-RA, 9-cis-RA and 13-cis-RA, have been extensively investigated

for their roles in cancer treatment [126], [127]. On the other hand, however, RA can also
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participate in non-classical pathways, including those for anti-apoptosis, anti-differentiation and
growth. These pathways, in contrast to the classical pathways, promote tumorigenesis and
stemness [128], [129]. Examples of pro-survival pathways activated by RA in CSCs are the
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) and the mitogen-activated protein

kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathways [90].

Apart from their role in RA-mediated signaling pathways, ALDHs exert other important functions
in CSCs. For instance, these enzymes have been directly related to resistance to drug toxicity
and radiation. Both chemotherapy and radiotherapy usually induce the generation of reactive
oxygen species (ROS), which cause lipid peroxidation and subsequent production of toxic
aldehydes. As mentioned above, ALDHs act as antioxidant and detoxifying enzymes. Accordingly,
ALDHs take part in resistance by scavenging ROS and by oxidizing toxic aldehydes. In addition,
these enzymes have been shown to directly metabolize antineoplastic drugs containing
aldehyde groups into non-toxic forms [128], [130], [131]. A number of common drugs used in
cancer treatment have been reported to lose efficacy due to ALDH activity, such as
cyclophosphamide [132], doxorubicin [133], cisplatin, arabinofuranosyl cytidine [134], and

dacarbazine [135], among others.

In GB, ALDH1A1 and ALDH1A3 have recently been associated with TMZ resistance. Although
TMZ is known to exert its cytotoxic effect by generating DNA damage, as explained above, it has
recently been suggested that oxidative stress is also a critical component of TMZ-mediated
cytotoxicity. In this regard, superoxide radicals generated after TMZ treatment lead to lipid
peroxidation, and the resulting aldehydes cause damage by binding to cellular proteins and DNA.
ALDH1A1 and ALDH1A3 appear to contribute to TMZ resistance by detoxifying these reactive
aldehydes. Accordingly, some studies have demonstrated that ALDH1A3-knockout cells are

significantly more sensitive to TMZ treatment than wild-type cells [136]-[138].

Furthermore, ALDHs are known to be involved in the immune microenvironment of CSCs,
specifically taking part in the role of the regulatory T cells (Tregs) [139]. Tregs are immune cells
essential for the maintenance of immunological self-tolerance, that is, the unresponsiveness of
the immune system to self-antigens [140], [141]. This is evidenced by the fact that a deficiency
in Tregs can lead to the appearance of autoimmune diseases, and indeed, strategies aimed at
stimulating Tregs are used to treat this kind of diseases. It has been observed that a great
number of Tregs infiltrate in the tumor in many types of cancer, impairing tumor immunity.
Upregulation of ALDH activity increases the production of RA, which is known to promote the

induction, function and stability of Tregs, leading to immune tolerance [142], [143]. Accordingly,
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inhibition of RA signaling has been proven to increase the efficacy of cancer treatments by

reducing the amount of tumor-infiltrating Tregs [144].

The roles of ALDHSs in CSCs just discussed above are shown in Figure 15.
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Figure 15. Roles of ALDHs in cancer progression, chemotherapy and radiotherapy resistance, and immune evasion.
(A) Normal cell; (B) cancer cell with low ALDH levels; (C) cancer cell with high ALDH levels. Normal cells have low
metabolic demands and consequently low levels of ROS, thus ALDH overexpression is not needed to combat
associated damage. In contrast, the high metabolic demands of cancer cells make it necessary to overexpress ALDHs
in order to counteract the effects of the consequent oxidative damage, also induced by radiation and chemotherapy.
In addition, RA generated by ALDHs induces Tregs, which impair tumor immunity. ALDH: aldehyde dehydrogenase;
ROS: reactive oxygen species; Treg: regulatory T cell. Adapted from [142].

ALDHs have also been shown to be important in CSC properties such as migratory ability,

clonogenicity and metastatic potential [130]. For instance, a well-known study performed by
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Mao et al. in 2013 showed that the isoform ALDH1A3 is a key driver in the radiation-induced
transformation of proneural GSCs to a mesenchymal phenotype [145], which is known to be
associated with a lower overall survival in GB patients [146], tumor invasiveness [147],
spreading, and resistance to radiotherapy [148], [149]. Some other studies point out that
ALDH1A3 is the major contributor to the overall ALDH activity in this subset of cells and is
responsible for their maintenance, self-renewal, survival, proliferation and tumorigenicity

[150]-[152].

In addition, ALDH1A3 has been related to the altered metabolism that cancer cells need in order
to fulfill the extensive energy requirements that malignant growth demands. In this sense,
ALDH1A3 seems to be linked to the so-called Warburg effect, which describes the fact that
cancer cells use aerobic glycolysis instead of respiration in the mitochondria to obtain adenosine
triphosphate (ATP), even in the presence of oxygen [153]. Some studies show a direct

relationship between the levels of ALDH1A3 expression and glycolytic activity [145], [154], [155].

Altogether, this data suggests that ALDHs play a complex role in CSC biology and therapy
resistance. Thus, these enzymes are not only consistent markers for CSCs, but they have also

recently arisen as promising pharmacological targets to combat specifically CSCs.
1.3. ALDH inhibitors for the treatment of GB

No standard treatment is established yet for recurrent GB. Some recent approaches include: the
application of tumor-treating fields (TTFs), which is FDA-approved and involves the delivery of
low-intensity electric fields to the tumor location to disrupt cancer cell division [34], [156], [157];
immunotherapies, which are predominantly based on peptide or dendritic cell vaccines,
chimeric receptor T cells, checkpoint inhibitor therapy, and oncolytic virotherapy [57], [158],
[159]; and therapies based on small molecule inhibitors targeting dysregulated pathways in GB,
either as monotherapies or in combination regimens [160]-[162]. Belonging to this last group of
novel therapies, the development of ALDH inhibitors has become a growing focus of GB
research. Since ALDHs are involved in a wide variety of processes affecting GSCs, as detailed in
the previous section, ALDH inhibition could represent a promising approach to target specifically
this subset of cells and could be useful in decreasing tumor recurrence and increasing the

effectiveness of already existing therapies [32], [90].

ALDH inhibitors are categorized on the basis of their selectivity, being considered as broad-
spectrum or isoform-selective inhibitors [163]. Whereas the NAD(P)* domain of these enzymes
can be exploited for the development of broad-spectrum inhibitors, the catalytic and the

oligomerization domains are used for the design of isoform-selective inhibitors [164].
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Some of the best known broad-spectrum ALDH inhibitors are DEAB [83], citral [165], disulfiram
[166], gossypol [167], 4-dimethylamino-4-methyl-pent-2-ynthioic acid S-methyl ester (DIMATE)
[168], Aldi- 1 to 4 [169] and Aldi-6 [170]. In general, these compounds have shown
antiproliferative activity in vitro in various types of cancer, either as monotherapies or in
combination with other chemotherapeutic agents. Furthermore, some of them have been
effective in vivo, rendering reduction of tumor growth and/or metastasis in different cancer
models. However, these inhibitors often present poor pharmacokinetic properties (such as short
half-time) and display off-target toxicity due to inhibition of other pathways not related to
ALDHs. Also, since ALDHs have a wide tissue distribution, inhibition of other ALDH isoforms

which are not involved in tumorigenesis could lead to toxic side effects [110], [142].

Attempts at reducing toxic side effects have led in the last few years to the development of
isoform-selective ALDH inhibitors, usually through the optimization of the structure of already
known broad-spectrum inhibitors [171]-[173]. Some relevant examples are compounds
NCT-501, NCT-505 and NCT-506 [174], selective for ALDH1A1; CVT-10216 [175] and ALDH423
[176], selective for ALDH2; and CB7 [177] and CB29 [178], selective for ALDH3A1. Although some
of them display promising potential in vitro in different cancer types, few isoform-selective
inhibitors have been tested in animal models to date, mainly due to recent discovery and/or lack

of bioavailability [142].

Since this is a relatively new field of research, there are few examples of ALDH inhibitors tested
in GB in the literature. Specifically, ALDH1A3 has become the main target in GB due to its
relevance in several processes, as explained above. As an example, Gelardi et al. [179] tested a
novel selective ALDH1A3 inhibitor, named NR6, on GB cancer cells. This compound showed
cytotoxic activity and anti-metastatic properties in wound healing and invasion assays, and
furthermore, induced the downregulation of CSC markers. In an even more recent study, Gelardi
et al. [180] presented some curcumin-based fluorescent inhibitors selective versus ALDH1A3,
which were able to accumulate and produce a detectable fluorescence signal in ALDH1A3-
positive GB cells both in vitro and in vivo, with a promising application as probes for early
diagnosis and improvement of surgery accuracy in GB patients. Another tested compound is
MCI-INI-3, which inhibited selectively ALDH1A3 activity and altered RA synthesis in
mesenchymal GSCs in the study performed by Li et al. [181]. As a last example for ALDH1A3-
selective inhibitors, Quattrini et al. [182] showed that a novel class of imidazo[1,2-a]pyridine
derivatives had antiproliferative efficacy at the picomolar level against patient-derived GSCs.
ALDH3A1-selective inhibitors have also been examined in GB, in the work carried out by Parajuli

et al. [178]. Briefly, a novel small molecule inhibitor called CB29 and its analogs were tested on
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the GB cell line SF767. These compounds rendered ineffective as monotherapy, but were able
to increase the sensitivity of cells toward mafosfamide, an oxazaphosphorine alkylating agent.
Lastly, Park et al. [183] combined the ALDH pan-inhibitor gossypol with phenformin, an inhibitor
of mitochondrial complex |, in GB tumorspheres. The combination treatment resulted in a
reduction of ATP levels, stemness, invasiveness and cell viability, and consistently, in a decrease
of the expression of genes associated with these features. In a later study performed by the
same group, the effects of this dual inhibition of bioenergetics by targeting ALDH and oxidative

phosphorylation were even enhanced when this treatment was combined with TMZ [184].

In the work carried out during this thesis, we aimed to contribute to this emerging and
expanding field by studying the effect of some ALDH inhibitors synthesized by the biotechnology
company Advanced BioDesign (ABD), namely DIMATE, ABD0099 and ABD0171, on GB cells. On
the one hand, DIMATE is one of the broad-spectrum inhibitors mentioned before, which has
shown antiproliferative activity both in vitro and in vivo in different cancer models, but has not
been tested in GB yet. Specifically, DIMATE has been shown to cause the accumulation of toxic
aldehydes leading to apoptosis and tumor growth inhibition in acute myeloid leukemia (AML)
[185], melanoma [186], and non-small cell lung cancer (NSCLC) [187]. On the other hand,
DIMATE analogs ABD0099 and ABDO0171 have not been tested in GB either. The structure of
these inhibitors is shown in Figure 16. These a,B-acetylenic amino thiolester compounds were
designed as putative ALDH inhibitors, with a proposed mechanism of inhibition based on the
interaction of their electrophilic atoms with the catalytic Cys residue of ALDHs. In fact, DIMATE
has been characterized as an irreversible inhibitor of ALDH1 isoforms [168], and the two analogs
have been already proven to inhibit the activity of different isoforms of recombinant human
ALDHs, a study that has been carried out by other members of our research group (Pequerul et

al., unpublished results).

DIMATE ABD0099 ABDO171

_}ék “% };}5

Figure 16. Chemical structure of the ALDH inhibitors DIMATE, ABD0099 and ABD0171, synthesized by ABD. DIMATE:
4-dimethylamino-4-methyl-pent-2-ynthioic acid S-methyl ester.
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As stated above, some of the main pitfalls of using small-molecule inhibitors in vivo are their
poor pharmacokinetic properties, as well as possible off-target toxicities. In the case of brain
malignancies, in addition, the presence of the BBB represents an obstacle for drugs to reach the
tumor site in a suitable therapeutic dose. In order to obtain a therapeutic effect, it is crucial to
reach a specific target zone with sufficient concentration of the drug, duration of its action, and
safety for the surrounding healthy tissue. To achieve this, the encapsulation of therapeutic
molecules in nanoparticles has become a first-line strategy in the recent years [188], [189]. Some
nanoencapsulation approaches with ALDH inhibitors such as citral [165], [190] and disulfiram
[191] have already been tested, and in fact, the company ABD has developed lipidic
nanoparticles containing DIMATE [192]. This lipidic nanoemulsion of DIMATE, which was named
ABD-3001, has also been studied in this thesis on GB cancer cells and is currently in clinical phase

| for the treatment of AML (https://beta.clinicaltrials.gov/study/NCT05601726).

In addition, the use of nanocarriers for the co-administration of multiple therapeutic molecules
with different targets has a considerable potential for the treatment of GB, given the high grade
of heterogeneity and complexity of this tumor type. In fact, these so-called combination
therapies are currently arising as a standard practice for cancer treatment [193]. Also, the route
of administration of these carriers is a crucial point to consider. A suitable strategy to bypass the
BBB and reach the brain with a sufficient dose of a drug is the intranasal administration route.
By its anatomy, the nasal cavity represents the only contact region between the CNS and the
external environment, and therefore, constitutes a direct and non-invasive way of accessing the
brain, consequently limiting the side effects for the patient [194]. Several therapeutic agents are
currently being studied for the treatment of GB by exploiting this route of administration, mostly
in preclinical phases, and are vyielding promising results in terms of biodistribution and
therapeutic effect [195]. In the final part of this thesis, the intranasal administration route has

been used for the treatment of GB-bearing mice with ABD-3001 nanoparticles.
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The main objective of this thesis is to contribute to the recent and expanding field of research
on ALDH inhibitors as potential anticancer therapeutic agents, with a specific focus on GB, which
still lacks effective treatment options. In particular, this thesis aims to study the anticancer effect

of the compounds DIMATE, ABD-3001 (encapsulated DIMATE), ABD0O099 and ABD0171 in GB.

The experiments conducted during this thesis can be divided into three different blocks, each

with its own set of partial objectives:
Block 1. Characterization of ABD-3001 nanoparticles.

1.1.To assess the size and morphology of ABD-3001 nanoparticles by cryogenic transmission
electron microscopy (Cryo-TEM).

1.2.To determine the hydrodynamic diameter, polydispersity index (Pdl) and zeta potential
of ABD-3001 nanoparticles by dynamic light scattering (DLS).

1.3.To study the release profile of DIMATE from ABD-3001 nanoparticles by an HPLC-based
method optimized for the detection of DIMATE.

Block 2. In vitro studies in a panel of GB cell lines.

2.1.To determine the expression levels of the isoforms of the ALDH1A subfamily in a panel
of GB cell lines by an automated capillary-based immunoassay.

2.2.To evaluate the cytotoxic effect of DIMATE, ABD-3001, ABD0099, ABD0171 and TMZ in
a panel of GB cell lines, by calculating the ECs values.

2.3.To investigate the ability of DIMATE, ABDO099 and ABD0171 to inhibit the ALDH activity
in extracts of the human GB cell line A172 and the murine GB cell line GL261, using two
different substrates, namely hexanal and RAL, and by means of fluorometric and HPLC-
based methods, respectively.

2.4.To explore potential synergistic effects of TMZ in combination with ALDH inhibitors
(DIMATE, ABD-3001, ABD0099 or ABD0171) in the GB cell lines A172 and GL261.

2.5.To study the mechanism of cell death induced after treatment with TMZ, DIMATE, ABD-
3001, ABDO099 or ABD0171 in the GB cell lines A172 and GL261 by flow cytometry.

2.6.To assess whether the treatment with TMZ, DIMATE, ABD-3001, ABD0O099 or ABD0171
led to the accumulation of ROS in the GB cell lines A172 and GL261.

2.7.To generate an ALDH gene knockout in the human GB cell line A172 and examine its

impact on growth, migration and sensitivity to some FDA-approved drugs.
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Block 3. In vivo studies in a murine model of GB.

3.1.To perform a tolerability assay in C57BL/6J wild type mice in order to assess the toxicity
of ABD-3001 nanoparticles administered via the intranasal route.

3.2.To perform therapeutic efficacy assays in GL261 tumor-bearing C57BL/6J mice at
different doses of ABD-3001 nanoparticles administered via the intranasal route in order
to evaluate the antitumor effects of the drug.

3.3.To study the biodistribution of DIMATE in the tissues of GL261 tumor-bearing C57BL/6)
mice treated with ABD-3001 nanoparticles by an HPLC-based method optimized for the
detection of DIMATE.

3.4.To determine changes in the expression of ALDH enzymes in various tissues of GL261
tumor-bearing C57BL/6J mice treated with ABD-3001 nanoparticles compared to

untreated mice, by an automated capillary-based immunoassay.
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3.1. Compounds tested

The ALDH inhibitors tested in this study, namely DIMATE, ABD0099, and ABD0171, as well as the
lipidic nanocapsules of DIMATE [192], referred to as ABD-3001, were synthesized and provided
by the biotechnology company ABD. The structure of these compounds has been already shown
in Figure 16, and are dissolved in ethanol. ABD-3001 nanocapsules are composed of
caprylic/capric triglyceride, macrogol 15 hydroxystearate and soy phosphatidylcholine, and are
dispersed in saline solution (NaCl 0.9% w/v). Empty liposomes, named ABD-3000, were also

provided by ABD, and are also dispersed in saline solution.
3.2. Cell culture

All human GB cell lines (LN229, T98G, U251-MG, U373, U87-MG and A172) were acquired from
ATCC and cultured in DMEM (Life Technologies) with 10% FBS (Life Technologies) in the absence
of antibiotics. Cells were incubated in a humidified atmosphere with 5% CO; at 37°C. The murine
cell line GL261 was acquired from DSMZ and cultured under the same conditions as for the
human GB cell lines. A pellet of the non-cancerous human astrocytic cell line Ax-0019, obtained
as described by Perriot et al. [196], was kindly provided by Dr. Arranz’s research group
(Laboratory of Humanized Models of Disease, Achucarro Basque Center for Neuroscience,

Science Park of the UPV/EHU) and used only for immunoblot analysis.

All cells were subcultured after two or three days per week as follows. Firstly, medium was
removed from the flask and cells were washed with 5 mL phosphate-buffer saline (PBS, Life
Technologies). Then, 3 mL of trypsin (Life Technologies) were added to the cells and they were
incubated for 1-2 min at 37°C. After visualizing detached cells under an inverted microscope, 6
mL of medium were added, and the culture was centrifuged at 300 x g for 5 min. Then, the
supernatant was discarded and the pellet was resuspended in a proper volume of medium
according to the desired dilution (usually between 1:6 and 1:10, depending on the cell line). The

culture was then incubated under the conditions mentioned above until next passage.
3.3. Animals

All animal experiments were approved by the local ethics committee (Comissié d’Etica en

I'Experimentacié Animal i Humana de la UAB, https://www.uab.cat/etica-recerca/) and

conducted under the principles of regional and state legislations (protocol CEEAH-4859). Female
C57BL/6J mice were purchased from Charles River Laboratories (I’Arbresle, France) and housed

at the animal facility of UAB, in cages with free access to standard food and water, under uniform
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environmentally controlled conditions. Mice spent at least three weeks under these conditions

prior to any experiment.
3.4. Cryogenic transmission electron microscopy

Cryogenic transmission electron microscopy (Cryo-TEM) analysis of ABD-3000 and ABD-3001
was performed by the Microscopy Service of UAB. Briefly, 10 pL of nanoparticles resuspended
in saline solution were collected and deposited on Formvar/carbon electron microscopy grids.
Then, the sample was frozen with ethane and kept at —182°C during visualization under a JEM-
2011 transmission electron microscope. The images obtained were analyzed using Imagel

software in order to determine the diameter of the nanoparticles.
3.5. Dynamic light scattering

Dynamic light scattering (DLS) analysis of ABD-3001 nanoparticles was performed at Institut
Catala de Nanociéncia i Nanotecnologia (ICN2), in a Zetasizer Nano ZS analyzer (Malvern).
Nanoparticles were analyzed during four consecutive days at two different conditions: storage
conditions (at 4°C, at a concentration of 8.35 mg/mL in saline solution) and physiological
conditions (at 37°C, at a concentration of 0.2 mg/mL diluted in saline solution). Briefly, 1 mL of
sample was introduced in a plastic cuvette, placed inside the analyzer, and tested for

hydrodynamic diameter, polydispersity index (Pdl) and zeta potential.
3.6. Dialysis

An ABD-3001 solution (700 uL) was placed inside a 6000-8000 Da molecular weight cut-off
dialysis membrane, which in turn was placed in 50 mL PBS both at pH 5 and pH 7, at 37°C and
agitation. Samples from PBS were taken during 4 days at the following times: 0,0.5, 1, 2, 4, 6, 8,
10, 24, 48,72, and 96 h. Samples were stored immediately at -80°C and kept at this temperature

until HPLC analysis.
3.7. HPLC for the detection of DIMATE

Samples were diluted in a solution containing a final concentration of 0.1% (v/v) trifluoroacetic
acid (TFA) (Sigma) and 80 uL were loaded onto a Restek Ultra C18 (250 mm x 4.6 mm) column.
A mixture of two different solvents was used as the mobile phase: solvent A was 0.1% v/v TFA
in MilliQ water, and solvent B was acetonitrile (Fisher Scientific). A gradient was set up with the
following conditions: flow rate of 0.75 mL/min and final time of 25 min; initially, the ratio A:B
was 96:4; using the time intervals 0 to 7.5 min: gradient from 96:4 to 75:25; 7.5 to 12 min:

gradient from 75:25 to 0:100; 12 to 20 min: proportion maintained at 0:100; 20 to 23 min:
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gradient from 0:100 to 96:4; 23 to 25 min: proportion maintained at 96:4. DIMATE was detected
by reading the absorbance using a 2487 dual wavelength absorbance detector (Waters), set up
at 210 nm and 270 nm. The amount of DIMATE was determined by interpolation of HPLC peak

areas at 270 nm into a calibration curve of known amounts of DIMATE (Annex 1.1).
3.8. Automated capillary-based immunoassay

Immunoassays were performed at the company ABD, on a WES system (ProteinSimple) using a
12-230 kDa Separation Module (ProteinSimple, SM-W004) and the Anti-rabbit HRP Detection
Module (ProteinSimple, DM-001), according to the manufacturer’s instructions. Samples were
diluted at 1 mg/mL in Sample Buffer 0.1X (10X Buffer provided in the Separation Module), then
mixed with Fluorescent Master Mix, vortexed, and heated for 5 min at 95°C, then kept on an ice
bath. The samples, blocking reagent (antibody diluent), primary antibodies (in antibody diluent),
HRP-conjugated secondary antibodies and chemiluminescent substrate were pipetted into the
plate (provided in the Separation Module). The following instrument settings were used:
stacking and separation at 375 V for 25 min; blocking reagent for 5 min; primary and secondary
antibody each for 30 min (except for 1 h incubation in the case of ALDH1A2 primary antibody);
luminol/peroxide chemiluminescence detection for approximately 15 min (exposures of 1-2-4-
8-16-32-64-128-512 s). The resulting graphs were checked and acquired, and the automatic peak

detection was manually corrected. Data was visualized as lanes.

Table 1. Description of the antibodies used in the immunoassays.

Primary antibody Reference Dilution Specificity Secondary antibody

ALDH1A1 Proteintech, 15910-1-AP 1/5 Human, mouse Anti-rabbit (WES
detection kit)

ALDH1A2 Proteintech, 13951-1-AP 1/10 Human, mouse Anti-rabbit (WES
detection kit)

ALDH1A3 VWR, ABGEAP7847A 1/5 Human, mouse Anti-rabbit (WES
detection kit)

ALDH1B1 Proteintech, 15560-1-AP  1/50  Human, mouse Anti-rabbit (WES
detection kit)

ALDH2 Proteintech, 15310-1-AP 1/50 Human, mouse Anti-rabbit (WES
detection kit)

ALDH3A1 Proteintech, 15578-1-AP 1/50 Human, mouse Anti-rabbit (WES
detection kit)

ALDH3A2 Proteintech, 15090-1-AP 1/10 Human, mouse Anti-rabbit (WES
detection kit)

ALDH3B1 Abcam, ab236673 1/50 Human, mouse Antl-rabp|t (WES
detection kit)
i-rabbit (WE

ALDH3B2 Proteintech, 15746-1-AP 1/50 Human, mouse Anti-rabbit (WES
detection kit)

ALDH7A1 Proteintech, 10368-1-AP 1/10 Human, mouse Anti-rabbit (WES
detection kit)
i-rabbit (WE

Loading control ProteinSimple, 042-196 1/10 Rabbit Anti-rabbit (WES

detection kit)
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3.9. Cell viability assays

Cells were seeded in 96-well plates at a density of 2,000 cells per well for all human GB cell lines,
and 4,000 cells per well for GL261, and incubated overnight at 37°C and 5% CO,. The following
day, cells were treated with different concentrations of the compound of interest and incubated
under the conditions mentioned above for 48 h. Cell viability was measured by PrestoBlue™
assay (ThermoFisher). The reagent was added in each well at 10% v/v and fluorescence was read
after 3 h incubation in a SPARK multilabel plate reader, using excitation at 531 nm and emission

at 572 nm.
3.9.1. Cytotoxicity assays with single compounds

Cell viability assays using single compounds were performed with ALDH inhibitors at
concentrations ranging from 0 to 1 mM; TMZ (Sigma) at concentrations from 0 to 20 mM; all-
trans-RAL (Sigma) at concentrations from 0 to 20 uM; CP (Sigma) at concentrations from 0 to 1
mM; BCNU (Sigma) at concentrations from 0 to 750 uM; and ETP (Sigma) at concentrations from
0 to 250 uM. The proportion of ethanol or DMSO solvents never exceeded 1% v/v in the final
volume of the well. In the case of all-trans-RAL, the compound was added to the wells under
dim red light in order to prevent the photoisomerization of retinoid double bonds. ECso values,
defined as the concentration of drug that exerts half of the maximal response, were calculated
by nonlinear fitting of the obtained data to a sigmoidal plot using GraFit 5.0 (Erithacus software),

%+background, where y is the
1+(EC50)

percentage of viable cells, x is the concentration of the compound, background is the minimum

with the following 4-parameter equation: y =

y value, range is the fitted uninhibited value minus the background, and s is a slope factor.
3.9.2. Synergy assays

For synergy assays, ALDH inhibitors and TMZ were concomitantly added to the wells in the
concentrations mentioned above, combining each concentration of one drug with each
concentration of the other drug. Data resulting from these assays were analyzed with

SynergyFinder software (https://synergyfinder.fimm.fi/) [197] in order to obtain the synergy

maps and scores, calculated according to the reference model of Bliss [198].
3.10. ALDH activity assays

ALDH activity assays were performed with cells collected during the exponential phase of

growth. First, cell lysates were obtained using a mammalian protein extraction reagent (M-PER,
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ThermoFisher), following the manufacturer’s instructions. Subsequently, total protein

concentration of the lysate was determined by performing a Bradford assay.
3.10.1. Activity assays using hexanal as a substrate

Enzymatic activity was monitored using a Cary Eclipse (Varian) fluorimeter at 37°C. All reactions
were performed in quartz cuvettes in a final volume of 1 mL, using 50 mM HEPES (Sigma), 50
mM MgCl,, pH 7.2 as the reaction buffer, in the presence of 1% ethanol (ethanol is the solvent
in which ALDH inhibitors are diluted). After adding the cell lysate and 15 pM inhibitor to the
reaction buffer, the mixture was incubated for 20 min at 37°C to let the inhibitor bind to the
enzyme. Then, 0.5 mM NAD"* cofactor (Apollo Scientific), 5 uM NADH (Apollo Scientific) and,
finally, 250 uM hexanal substrate (Sigma) were added to start the reaction. Fluorescence of
NADH was followed at 460 nm with excitation at 340 nm and spectral bandwidth of 10 nm. Five

UM NADH was added to the reaction mixture as an internal standard to obtain absolute reaction

dF Cg

rates, which were calculated according to the equation: v = i where Cs is the standard
st

NADH concentration, Fs is the standard fluorescence, and dF/dt is the slope of the time
dependent fluorescence [199]. Specific activity was expressed in milliunits (mU) per mg of total
protein of the lysate, 1 mU being defined as 1 nmol of product formed per min. Percentages of
remaining activity were calculated for each reaction containing inhibitor, relative to a control

without inhibitor.
3.10.2. Activity assays using all-trans-RAL as a substrate

In this case, enzymatic activity was determined using an HPLC-based method. All reactions were
performed in glass disposable tubes in a final volume of 0.5 mL, in DMEM with 10% FBS, in the
presence of 1% ethanol. First, culture medium, cell lysate (at a final total protein concentration
ranging from 1 to 2 mg/mL) and inhibitor (at final concentrations of 5, 50 and 250 uM) were
incubated for 1 h at 37°C to let the inhibitor bind to the enzyme. Then, 0.5 mM NAD* cofactor
and 10 puM all-trans-RAL substrate were added to start the reaction. From the moment the
substrate was added to the reaction mixture, the experiment was carried out under dim red
light in order to prevent photoisomerization of retinoid double bonds. After 1 h at 37°C, the
reaction was stopped by adding 1 mL of cold methanol. Then, 0.1 mL of 2.5 M ammonium
acetate, pH 4.5, was added in order to acidify the aqueous phase and facilitate the retinoic acid
recovery [200]. Subsequently, retinoid extraction was performed by two rounds of addition of 2
mL of hexane, vortex mixing for 30 sec and centrifugation at 16,110 x g for 1 min. The aqueous
phase was removed, and the organic phase was evaporated under a N, stream. Then, retinoids

were resuspended in 200 plL of hexane and 75 pL were loaded into a Novapak® Silica column (4
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um, 3.9 mm x 150 mm) in hexane/methyl-tert-butyl ether (96:4 v/v) mobile phase, at a flow rate
of 2 mL/min, using a Waters Alliance 2695 HPLC. Elution was monitored at 370 nm for all-trans-
RAL and 350 nm for all-trans-RA, using a Waters 2996 photodiode array detector. Quantification
of retinoids was performed by interpolating HPLC areas into a calibration curve of known
retinoid concentrations, and the specific activity was calculated from the amount of RA
produced [201], [202]. Specific activity was expressed in milliunits (mU) per mg of total protein
of the lysate, 1 mU being defined as 1 nmol of product formed per min. Percentages of remaining
activity were calculated for each reaction containing inhibitor, relative to a control without

inhibitor.
3.11. Cell death analysis

Cells were seeded in 12-well plates at a density of 16,000 cells per well for A172 and at a density
of 32,000 cells per well for GL261, and incubated overnight at 37°C and 5% CO,. The following
day, cells were treated with the required concentration of ALDH inhibitors (5 uM in all cases
except for 20 uM ABDO0099 in GL261) or TMZ (5 mM) and incubated under the conditions
mentioned above for 24 h. After that, cells were collected and treated with the eBioscience™
Annexin V-FITC Apoptosis Detection Kit (ThermoFisher), following the manufacturer’s
recommendations. Cell samples were analyzed in a Cytoflex LX flow cytometer (Beckman
Coulter), and cell death mechanism was assessed by calculating the percentage of cells marked
with annexin V (indicator of apoptosis) or propidium iodide (indicator of necrosis), and

comparing to the corresponding untreated control.
3.12. ROS assays

Cells were seeded in 96-well plates at a density of 20,000 cells per well and incubated overnight
at 37°C and 5% CO.. The following day, cells were treated with 25 uM 2’,7'-dichlorofluorescin
diacetate (DCFDA, Sigma) and incubated protected from light under the conditions mentioned
above for at least 30 min. Then, DCFDA was removed from the wells and cells were treated with
ALDH inhibitors or TMZ at the concentration equal to the ECso value. Treatment with 500 uM
H,0, was used as a positive control. Cells were incubated for 6 h and fluorescence was read in a
SPARK multimode microplate reader (Tecan), using excitation wavelength at 485 nm and

emission wavelength at 535 nm.
3.13. CRISPR/Cas9 knockout

A172 cells were transfected with a CRISPR/Cas9 plasmid (Santa Cruz Biotechnology, SC-401630:
ALDH1A3 CRISPR/Cas9 KO plasmid (h)) following manufacturer’s instructions. The targeting
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sequence of the guide RNA was 5'-CGTCCCGGAGCAATCTGAAG-3’, which is highly specific for the
ALDHI1A3 gene. After 48 h, single transfected cells were sorted in a 96-well plate by using a BD
FACSJazz Cell Sorter. Clones were let to grow at 37°C and 5% CO, for several weeks and then

scaled up to T75 flasks for further use.
3.14. RT-PCR

RT-PCR was performed at the company ABD. RNA from A172 WT and A172 KO cells was firstly
obtained using the E.Z.N.A. Total RNA Kit 1 (Omega Bio-tek, GA, USA), following the
manufacturer’s instructions. Extracted RNA was stored at —80°C until use. Secondly, cDNA was
obtained from RNA using the gScript XLT cDNA SuperMix (Quantabio, Qiagen Beverly, MA, USA),
following the manufacturer’s recommendations. Finally, the PCR amplification was performed
with 1 pg template cDNA using the PerfeCTa SYBR Green FastMix, ROX (Quantabio, Qiagen
Beverly, MA, USA), following the manufacturer’s instructions. The primers used for each ALDH

isoform are indicated in Table 2.

Table 2. Description of the primers used for RT-PCR.

Target gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’)

ALDH1A1 TTGGAAATCCTCTGACCCCA CCTTCTTTCTTCCCACTCTC
ALDH1A2 CATTGGAGTGTGTGGACAGA GGAGCTATTTTCCAGGCA
ALDH1A3 TTTTCATCGACCTGGAGG GACGTTGTCATCTGTGGG
ALDH1B1 ACTTGGCCTCACTCGAGA CCAGCAAAGTACCGATAC
ALDH2 GTCAGATGCCGATATGGAT GCCCTGGTTGAAGAACAG
ALDH3A1 CACATCACCTTGCACTCTCT AGCTCTTCTTGCCATGGT
ALDH3A2 TAGCTTTTGGTGGGGAGA CTTGCATCACCTTGGTTT
ALDH3B1 TATCTAATCACGGGCCAC AGCTGCTTGTTTTCTTGC
ALDH3B2 TTCTCCAACAGCAGCCAG CGGACAGCAGAGATATGTAG
ALDH7A1 GACCTATTGCCCTGCTAA CCATGCTTCTCTTGCTTTC

3.15. Growth curve

A172 WT and A172 KO cells were seeded in a total of 36 10 cm-diameter culture dishes at a
density of 300,000 cells per dish. During the following 12 days, cells from 3 different dishes for
each cell line were counted every 24 h using Trypan Blue staining. The doubling time (DT) for
each cell line was calculated according to the following equation (as detailed in the ATCC Animal

Cell Culture Guide, https://www.atcc.org/resources/culture-guides/animal-cell-culture-guide):

In2

DT =T - ﬁ , Where T is the incubation time, X, is the cell number at the beginning of the
In(££

Xp
incubation time, and X. is the cell number at the end of the incubation time. DT of each cell line
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was calculated taking two points of the exponential phase of the growth curve, specifically day
5 (at the start of the exponential phase, where the number of cells of each cell line is still very

similar) and day 8 (a day within the exponential phase).
3.16. Migration assays

Migration assays were performed at the company ABD, using the Oris™ Cell Migration Assembly
Kit — FLEX. First, the bottom of the wells of a 96-well black plate with clear bottom was coated
with 20 pug/mL bovine fibronectin (PromoCell) to avoid cell detachment in following steps of the
protocol. The plate was incubated for 1 h at room temperature, protected from light. Then, the
excess fibronectin was removed, Oris™ Cell Seeding Stoppers were inserted in the desired wells,
and 50,000 cells/well were seeded in a final volume of 100 pL per well. The seeded plate was
incubated overnight at 37°C to let cells adhere. The following day, Oris™ Cell Seeding Stoppers
were removed, the wells washed with PBS, and calcein fluorescent dye (ThermoFisher), diluted
in culture medium without FBS, in a final concentration of 0.25 uM, was added to the wells. The
plate with calcein was incubated for 20 min at 37°C. After that, calcein was removed, the wells
washed with PBS, and complete culture medium added to the wells. Fluorescence images at
times 0 and 30 h were obtained in a SpectraMax plate reader, using excitation wavelength at
456 nm and emission wavelength at 541 nm. Migration areas were analyzed by Imagel software,

and migration was determined as percent closure calculated as follows: Percent closure =

premigration area—migration area

- - - 100, where premigration area is the area at time 0 h.
premigration area

3.17. In vivo tolerability assay

The tolerability assay was performed in 10 C57BL/6J female wild type mice with 16 weeks old at
the start point. Two groups were established: the treated group (N = 5 mice) and the control
group (N =5 mice). The treatment consisted of 5 mg ABD-3001/kg, while the same dose of ABD-
3000 (empty liposomes) was administered to the control group, both resuspended in 0.9% NaCl
and administered intranasally using a micropipette. Mice were weighted before each drug
administration in order to calculate the necessary volume of drug solution, and weight values
were recorded in order to monitor weight loss during the treatment. The treatment schedule
consisted of three administrations per week (Monday, Wednesday and Friday) during four
weeks. One h after the last drug administration, mice were euthanized by cervical dislocation:
the whole bodies of N = 2 mice of each group were fixed in 4% paraformaldehyde solution in
PBS, with an incision along the frontal part of the body to better preserve the organs, for

necropsy studies; and the organs of N = 3 mice of each group were resected, weighted, frozen
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in liquid nitrogen and kept at —80°C, for drug biodistribution studies. Even when the four weeks
of treatment were not over, mice could be euthanized at any point if they presented signs of
pain as specified in the protocol CEEAH 3665, (project 4859UAB). Independently of any signal,
mice could be also euthanized if they lost more than 20% of their body weight relative to their

weight at the beginning of the treatment.
3.18. In vivo therapeutic efficacy assays
3.18.1. Generation of GB tumor-bearing mice

Firstly, the orthotopic GB tumor-bearing mice were generated through stereotactic injection of
10°GL261 cells into the striatum of WT C57BL/6J mice between 10 and 18 weeks old. Specifically,
analgesia (Metacam, Boehringer Ingelheim, Germany) at 1 mg/kg was injected subcutaneously
into each mouse 15 min before anesthesia and also 24 and 48 h after implantation. Mice were
anesthetized with a mixture of ketamine (Parke-Davis SL, Madrid, Spain) at 80 mg/kg and
xylazine (Carlier, Barcelona, Spain) at 10 mg/kg via intraperitoneal administration, and next,
mice were immobilized on the stereotaxic holder (Kopf Instruments, Tujunga, CA, USA). Then,
the head area was shaved, the incision site was sterilized with iodophor disinfectant solution, a
1-cm incision was made exposing the skull, and a 1-mm hole was drilled 0.1 mm posterior to the
bregma and 2.32 mm to the right of the midline using a microdrill (Fine Science Tools,
Heidelberg, Germany). Four uL of DMEM cell culture medium containing 10° GL261 cells were
then injected at a depth of 3.35 mm from the surface of the skull at a rate of 2 uL/min, using a
26G Hamilton syringe (Reno, NV, USA) positioned on a digital push-pull microinjector (Harvard
Apparatus, Holliston, MA, USA). Once the injection was completed, the Hamilton syringe was
left untouched for 2 min before its removal, in order to prevent cellular liquid leakage out of the
skull. Lastly, the syringe was gently withdrawn, and the scission site was closed with silk suture
6.0 (Braun, Barcelona, Spain). Mice were then left in a warm environment to recover from

anesthesia.
3.18.2. Treatment of GB tumor-bearing mice

Treatment of mice began at day 6 post-implantation. Three different rounds of treatment were
performed, with three different doses of ABD-3001: 5, 2.5 and 1.5 mg/kg. Each round of
treatment had its own treated group (N = 3 mice) with the corresponding dose of ABD-3001, but
only one control group (N = 3 mice) treated with ABD-3000 (empty liposomes) was established,
at a dose of 5 mg/kg. For both ABD-3001 and ABD-3000, nanoparticles were resuspended in
0.9% NaCl and administered intranasally using a micropipette. Mice were weighted before each

drug administration in order to calculate the necessary volume of drug solution, and weight
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values were recorded in order to monitor weight loss along the treatment. The treatment
schedule consisted of three administrations per week (Monday, Wednesday and Friday) until
the animal’s death or euthanasia by cervical dislocation (euthanasia was carried out on the same
basis as explained in section 3.17). One h after the last drug administration, whole bodies and
organs of some of the treated mice were kept as described in section 3.17 for necropsy and

biodistribution studies, respectively.
3.18.3. Magnetic resonance imaging

Apart from the body weight of mice, tumor volume evolution was also monitored during the
treatment. Tumor volumes were assessed by magnetic resonance imaging (MRI) at a 7T BioSpec
70/30 USR spectrometer (Bruker BioSpin GmbH, Ettlingen, Germany) at the Servei de
Ressonancia Magnetica of UAB, twice a week (Monday and Friday) and following drug
administration. Mice were positioned in a dedicated bed which allowed the delivery of
anesthesia (isofluorane, 1.5-2% in O, at 1 L/min), with an integrated heating circuit to regulate
body temperature. Frequency of respiration was monitored with a pressure probe and kept
between 60-80 breaths/min. T2-weighted MRI was acquired using a rapid acquisition with
relaxation enhancement sequence. The acquisition parameters were as following: repetition
time (TR) / effective echo time (TEeff) = 4200/36 ms; echo train length (ETL) = 8; field of view
(FOV) =19.2 mm x 19.2 mm; matrix size (MTX) = 256 x 256 (75 um/pixel x 75 um/pixel); number
of slices (n) = 10; slice thickness (ST) = 0.5 mm; inter-ST = 0.1 mm; number of averages (NA) = 4;
total acquisition time (TAT) = 6 min and 43 s. Tumor volumes were calculated from MRI
acquisitions using ParaVision 5.1 software (Bruker BioSpin GmbH, Ettlingen, Germany), by
generating regions of interest (ROIls) to measure the tumor area in each slice. Tumor volumes
were determined with the following equation: TV (mm3) = [(AS1xST) +
[(33°ASn) x (ST + IT)]] x 0.075% where TV is the tumor volume; AS is the number of pixels
contained in the ROI delimited by the tumor boundaries in each slice of the MRI sequence; n is
the slice number; ST is the slice thickness (0.5 mm), while IT is the inter-slice thickness (0.1 mm),

and 0.0752 is the individual pixel surface area in mm>.
3.19. Necropsy

Necropsy studies were carried out by a service belonging to Unitat de Patologia Murina i

Comparada of the Faculty of Veterinary Medicine of UAB.
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3.20. Analysis of DIMATE biodistribution

Tissue samples from mice treated with ABD-3001, obtained in the tolerability and therapeutic
efficacy assays, as described in sections 3.17 and 3.18, respectively, were firstly thawed and
dissolved in tissue protein extraction reagent (T-PER, ThermoFisher), by adding 10 pL of reagent
per mg of tissue. Tissue samples in T-PER were then completely homogenized by sonication
(three cycles of 10 s on with 20% amplitude, separated by 15 s off). Next, homogenized samples
were centrifuged at 4°C for 5 min at 9,300 x g, and supernatants were transferred to new
Eppendorf tubes and kept in an ice bath. Supernatants (500 pL) were filtered with an Amicon
10K (Merck) by centrifugation at 4°C for 15 min at 14,000 x g. Finally, 10 uL of 1% TFA solution
were added to 90 pL of filtered extract, in order to have the samples at 0.1% TFA, and 80 pL of
these samples were injected into HPLC under the conditions described in section 3.7 for the

detection of DIMATE.

Prior to this analysis, the same method was applied to detect DIMATE in a GL261 cell culture
treated with ABD-3001. Specifically, GL261 cells at the exponential phase of growth, contained
in a T75 flask, were treated with 100 uM ABD-3001 and incubated at 37°C for 2 h. Next, the
pellet was collected and the cell lysate was obtained using M-PER, following the manufacturer’s
instructions. The cell lysate was then filtered with an Amicon 10K centrifugal filter and prepared

as described above before injection into HPLC.

Another preliminary study consisted in the detection of DIMATE in liver samples from control
mice, only treated with ABD-3000 (empty liposomes), in which ABD-3001 was added directly.
The preparation of these samples was the same as described in the first paragraph of this
section, but different amounts of ABD-3001 were directly added to the tissue before the
addition of T-PER. Specifically, the liver was sliced into 4 pieces of the same weight, and 0.5, 1,

2, and 4 ug of ABD-3001 were added to the different samples.

Finally, another experiment performed related to DIMATE biodistribution studies was the
analysis of DIMATE incubated with reduced glutathione (GSH). Briefly, 100 uM DIMATE was
incubated with 1, 10, or 100 uM GSH, at 37°C for 1 h, and then samples were prepared in a 0.1%

TFA solution prior to injection into HPLC.
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4.1. Characterization of ABD-3001 nanoparticles

ABD-3001 consists of liposomes containing DIMATE. Some properties of these nanoparticles
were studied prior to their use in the in vitro experiments with cell cultures and in the in vivo
experiments with mice. Specifically, the characterization of their physicochemical properties
was carried out by cryo-TEM and DLS. In addition, the release of DIMATE was assessed by dialysis
followed by HPLC detection.

4.1.1. Cryo-TEM

Firstly, both ABD-3000 (empty liposomes) and ABD-3001 were analyzed by cryo-TEM, in order
to observe the morphology of nanoparticles and assess their diameter. Figures 17 and 18 show
ABD-3000 and ABD-3001 nanoparticles, respectively, visualized under cryo-TEM at different
magnifications. Then, in order to determine the diameter of nanoparticles, 105 nanoparticles of
a single cryo-TEM image were counted and analyzed using Imagel software. The resulting size

distributions for ABD-3000 and ABD-3001 are represented in Figure 19.
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Figure 17. ABD-3000 nanoparticles visualized under cryo-TEM. (A) 5,000x; (B) 8,000x; (C) 10,000x; (D) 15,000x; (E)
20,000x; (F) 25,000x.
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Figure 18. ABD-3001 nanoparticles visualized under cryo-TEM. (A) 4,000x; (B) 10,000x; (C) 15,000x; (D) 20,000x; (E)
25,000x; (F) 40,000x.
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Figure 19. Size distribution of nanoparticles observed under cryo-TEM. (A) ABD-3000: the diameter of 105
nanoparticles from Figure 17F was measured using ImageJ software; the mean diameter (+ SD) was 32.66 + 8.21 nm.
(B) ABD-3001: the diameter of 105 nanoparticles from Figure 18E was measured using ImageJ software; the mean
diameter (+ SD) was 32.50 + 6.80 nm.

To sum up, cryo-TEM analysis revealed that both ABD-3000 and ABD-3001 nanoparticles have a
spherical shape and a diameter around 30 nm. Furthermore, the low dispersion of diameters
suggests that both solutions are highly monodisperse. These properties could make these
nanoparticles suitable for drug delivery purposes. Specifically, it has been reported that
nanoparticles with an average size up to 200 nm can be efficiently transported transcellularly

via the intranasal route [203], which will be used for the in vivo experiments discussed later in
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this thesis. Finally, comparison of empty and loaded nanoparticles indicates that the presence

of DIMATE does not affect neither their morphology nor their size.
4.1.2. DLS

Following the observation of ABD-3001 under cryo-TEM, the nanoparticles were analyzed by
DLS in order to determine their hydrodynamic diameter, Pdl, and zeta potential. ABD-3001
nanoparticles were analyzed during four consecutive days to study their stability both under

storage and physiological conditions.

Measurements taken along the four days of the experiment indicated that the properties of
ABD-3001 nanoparticles did not change during this period of time. However, these properties
were different under the two conditions tested. Comparison between the features of ABD-3001

nanoparticles under storage and physiological conditions is presented in Table 3.

Table 3. Hydrodynamic diameter, Pdl and zeta potential of ABD-3001 nanoparticles under
storage and physiological conditions, obtained by DLS analysis. Data are the mean + SD of all
measurements performed during the four days for each property tested (total of 12
measurements per property).

Storage conditions! Physiological conditions?
Diameter (nm) 60.52 + 13.72 139.50 £ 20.60
Pdl 0.35+0.02 0.21+£0.02
Zeta potential (mV) -0.40 £0.55 -0.80+£0.27

14°C, 8.35 mg/mL
237°C, 0.2 mg/mL

Firstly, the diameter of ABD-3001 nanoparticles obtained by DLS was higher than that obtained
by cryo-TEM, which was around 30 nm (section 4.1.1). This was expected, since DLS measures
the hydrodynamic diameter (i.e. the diameter of the nanoparticles in solution, which contain
layers of solvent), whereas cryo-TEM measures the diameter of dry nanoparticles. However, the
possibility that the size is higher due to some aggregation between nanoparticles cannot be
discarded. In fact, the clearly higher diameter of ABD-3001 nanoparticles under physiological
conditions compared to storage conditions could indicate that, in the former case, liposomes
are not so stable and tend to form greater aggregates. This would agree with the fact that the
zeta potential is nearly 0, since neutral surface charge is considered as a factor that can promote
aggregation. In general, nanoparticles with zeta potential below -30 mV or above +30 mV are
known to be more stable and less prone to aggregate. Finally, the low Pdl values obtained for
both conditions indicate that the nanoparticle solutions are monodisperse, as already suggested

by the observations using cryo-TEM.
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4.1.3. Release of DIMATE

In order to evaluate the release profile of DIMATE from ABD-3001 nanoparticles, a dialysis
experiment was performed, followed by HPLC analysis. Since the mechanism of entrance of
ABD-3001 nanoparticles into the cell is still unknown, release was analyzed at two different pH
values: 5.0 (which could be suitable in the case that nanoparticles end up in the lysosomes) and

7.0 (physiological pH).

HPLC analysis revealed that three peaks were associated with the presence of DIMATE in the
release samples collected during the 96 h of the experiment. A peak appearing at 12.4 min
corresponds to the molecule of DIMATE itself, since it was the only peak appearing in the
DIMATE calibration experiment (Annex 1.1). Additionally, two other peaks, with retention times
11.3 min and 12.9 min, appear in the chromatogram and increase with time as the peak at 12.4
min decreases. Figure 20 shows the presence of these three peaks in the chromatogram and
their evolution in time. This finding suggests that the molecule of DIMATE is degraded with time
in PBS and leads to the formation of two different molecules. Interestingly, this degradation was
more accentuated at pH 7.0, compared to pH 5.0. This seems to indicate that the DIMATE

molecule is slightly more stable under acidic conditions.
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Figure 20. HPLC detection of DIMATE released from ABD-3001 nanoparticles. HPLC chromatograms show the three
peaks associated with the presence of DIMATE in samples collected during the release experiment at (A) pH 5.0 and
(B) pH 7.0. Black: chromatogram after 10 h of release; blue: chromatogram after 24 h of release; green:
chromatogram after 96 h of release. AU: absorbance units.
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Since the only calibration curve that could be obtained was that of the original DIMATE molecule
(Annex 1.1), from the peak with retention time 12.4 min, absolute values for amount of DIMATE
in ng could only be calculated from this peak, and not from the other two peaks presumably
corresponding to degradation products. Thus, Figure 21 only shows the percentage of the
original molecule of DIMATE released from ABD-3001 nanoparticles, without considering the
presence of other byproducts. For this reason, a decrease of release is observed after 4 h:
DIMATE keeps releasing but, after this time, degradation is more and more evident and the
original molecule of DIMATE disappears. Nevertheless, a rapid burst of DIMATE release can still
be observed during the first 4 h both at pH 5.0 and pH 7.0. During this time, approximately 70%

of total DIMATE is released. No major differences in the release rate are seen between the two

pH values.
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Figure 21. Follow-up of DIMATE release from ABD-3001 nanoparticles. Release of DIMATE was monitored at pH 5.0
(red) and pH 7.0 (blue) along 96 h. Percentage of DIMATE released, obtained from the 12.4-min peak areas, is plotted

against time.

The observation that the molecule of DIMATE is unstable and probably degrades with time in
aqueous buffer strengthens the idea that the encapsulation of this drug is necessary for drug

delivery purposes when used in in vivo experiments.
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4.2. In vitro studies in a panel of GB cell lines

The main part of this thesis is focused on the study of the effect of the ALDH inhibitors

(structures are shown in Figure 16) on different GB cell lines.
4.2.1. Automated capillary-based immunoassay

The expression of ALDH isoenzymes ALDH1A1, ALDH1A2 and ALDH1A3, which are the main
responsible for the generation of RA in the cell, was assessed at the protein level by an
automated capillary-based immunoassay in a panel of seven GB cell lines: six human cell lines
(LN229, T98G, U251-MG, U373, U87-MG and A172) and one murine cell line (GL261). In addition,
a non-cancerous human astrocytic cell line derived from the stem cell line Ax-0019 [196] was

also included in the study.

Figure 22 shows the expression levels of ALDH1A1, ALDH1A2 and ALDH1A3 for all the cell lines
tested. Clearly, ALDH1A3 is highly expressed in all the cell lines tested except for T98G. The low
expression in T98G has also been observed in other studies, such as that performed by Wu et al.

[204]. ALDH1A1 and ALDH1A2 display the highest expression in LN229 and A172.

Astrocytes
T98G
U251-MG
U373
Us7-MaG
Al172
GL261

(2]

S

Z
58 kDa - [ ] fot - ALDH1A1
59kDa -| M . - ALDH1A2

58kDa-.. ...i--ALDH1A3

26 kDa - - - - 2 1§ e 2 |- Loading control

Figure 22. Immunoblot analysis of ALDH1A expression in a panel of GB cell lines and astrocytes. Comparisons here
can be made across all cell lines for a single isoform, but not in the same cell line for different isoforms, since the
different isoforms were tested in different runs of capillary electrophoresis, using different primary antibody dilutions
and incubation times. The blot was cropped to show the ALDH bands only.

4.2.2. Cytotoxicity assays with TMZ and ALDH inhibitors as monotherapies

The cytotoxicity of the gold standard for GB treatment, TMZ, and the ALDH inhibitors presented
above (namely DIMATE, ABD-3001, ABD0099 and ABD0171) was tested in the panel of GB cell
lines. Briefly, cells were treated for 48 h with each compound and ECs values, indicated in Table

4, were calculated from dose-response curves, which are shown in Figure 23.
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Table 4. ECs values (1M) = SE of TMZ and ALDH inhibitors in the panel of GB cell lines after
48-h treatment. Shown here are the results of the fitting of the data from a single representative
experiment with triplicates, performed at least twice independently, to a 4-parameter equation
using GraFit 5.0 (Erithacus software). ECs is defined as the concentration of drug that exerts half
of the maximal response.

Cell lines
Drug LN229 T98G U251-MG U373 U87-MG Al172 GL261
™Z 3,598+248 4,778 + 490 > 5,000* 855 + 65 > 5,000* 3,390+ 118 3,281+ 176

DIMATE 2.15+0.27 6.72£0.24 3.30+0.08 6.62+0.23 4.01+0.15 3.77 £0.27 3.03+0.08

ABD-3001 3.16£0.16 7.97 £0.54 391+0.27 22.67+0.86 5.04+0.44 4.48 £0.12 2.14+0.11

ABDO0099 341+£0.17 42.63+1.11 1492+048 10.99+0.40 5.39+0.32 2.15+£0.13 8.95+0.19

ABD0171 2.47 +£0.08 8.83+0.42 259+0.11 11.78+0.32 5.97+0.20 5.34+£0.26 6.01+0.09

* ECsp value is greater than 5,000 uM and could not be exactly determined experimentally due to the fact that 0%
cell viability could not be reached at the concentrations of TMZ tested in the assay (higher concentrations of TMZ
were not possible to achieve due to solubility issues).

From the ECso values, it is clear that the ALDH inhibitors are far more cytotoxic than TMZ in all
cell lines tested. Remarkably, there is a difference of approximately three orders of magnitude
between the potency of ALDH inhibitors and TMZ, except for the cell line U373, which seems to
be more sensitive to TMZ than the others. U373 is one of the cell lines expressing less ALDH1A1
(Figure 22), and it is already reported in the literature that ALDH1A1l is a mediator of TMZ
resistance [136]. Although it could be a cause for the higher sensitivity to the drug, other factors
that are beyond the scope of this work are most likely involved (such as the MGMT status), since
the cell lines expressing the higher amount of ALDH1A1 (namely LN229 and A172) are not the
most resistant to TMZ. In a similar manner, it does not seem to exist a direct relationship
between ALDH1A3 expression, also involved in TMZ resistance according to literature [137],
[138], and the effect of TMZ observed here, since the sensitivity of T98G (the cell line expressing

less ALDH1A3) does not differ a lot from that of the rest of cell lines.

The ECso value of the ALDH inhibitors in all cell lines falls within the low micromolar range. The
exception is the ECso value of ABD0O099 in the cell line T98G, which is quite higher than in the
rest of cases. A suitable explanation could be that this cell line expresses relatively low amounts
of all the three ALDH1A isoforms (Figure 22), although further experiments would be needed to

confirm this hypothesis.
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Figure 23. Dose-response curves for TMZ and ALDH inhibitors in the panel of GB cell lines after 48 h treatment. (A)
TMZ; (B) DIMATE; (C) ABD-3001; (D) ABD0099; (E) ABDO171. Data points are the mean + SE of triplicates from a single

representative experiment, performed at least twice independently. Curves were obtained using GraFit 5.0 (Erithacus
software).
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4.2.3. ALDH activity assays

The experiments shown from now on were only performed in one of the human GB cell lines,
specifically A172, and in the murine GB cell line GL261. A172 was chosen out of all the human
cell lines because it was one of the cell lines expressing the highest levels of all three ALDH1A
isoforms (Figure 22). GL261 was chosen because it is the only murine cell line out of all the cell
lines tested, and it is used for the generation of the animal GB model (in vivo experiments in this

model are detailed in section 4.3).

Enzymatic activity assays were performed in order to evaluate the inhibitory capacity of DIMATE,
ABDO0099 and ABD0171 against cellular ALDH activity. ABD-3001 was not included in these
assays, since the inhibitory molecule per se is DIMATE. Activity was tested using two different
substrates: hexanal and all-trans-RAL. The former is the standard substrate used routinely for
the kinetic characterization of ALDH inhibitors [205]; the latter is the physiological substrate of
ALDH1A1, ALDH1A2 and ALDH1A3, which is oxidized to RA, which in turn regulates numerous
signaling pathways related with cell proliferation and differentiation, as mentioned above. The
inhibition of this particular reaction in GB cells could be of great interest for pharmacological

purposes.

Absolute values of ALDH activity in the absence of inhibitor, both with hexanal and all-trans-RAL
as substrates, are shown in Table 5. Comparison of the values between cell lines indicates that
ALDH activity is higher in A172 cells compared to GL261 cells with both substrates. In fact, RAL
dehydrogenase activity could only be detected in A172 cells. It is conceivable that ALDH1A
content in GL261 extract was not high enough in order to produce detectable levels of RA. These
results are consistent with immunoblot analysis (Figure 22). Additionally, the activity is higher
using hexanal substrate than using RAL in both cell lines, probably because more ALDH enzymes

are active with hexanal.

Table 5. Absolute values of ALDH specific activity (mU/mg) in A172 and GL261 cell extracts
using hexanal or all-trans-RAL as a substrate. Specific activity is expressed in mU per mg of total
protein present in the cell extract; here, 1 mU is defined as 1 nmol of product generated per
min. Values are the mean * SD of triplicates.

Substrate
Cell line Hexanal all-trans-RAL
A172 1.79£0.02 0.05+0.01
GL261 0.47 £0.06 ND

ND: not detected

Remaining enzymatic activities of A172 and GL261 cell extracts were determined in the presence

of each ALDH inhibitor. As shown in Table 6, ALDH activity with hexanal decreased in the
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presence of 15 uM inhibitor. ABD0171 seemed to be the most potent inhibitor of cellular ALDH

activity both in A172 and GL261, since it displayed the lowest value of remaining activity.

Table 6. Remaining ALDH activity in A172 and GL261 cell extracts using hexanal as a substrate,
in the presence of 15 uM inhibitor. Values are the mean + SD of triplicates.

Inhibitor (at 15 pM)
Cell line DIMATE ABDO0099 ABD0171
Al172 68.51+4.85% 93.32+1.10% 39.75+3.07%
GL261 71.22+13.57% 68.15+8.84 % 50.61+6.90 %

Remaining activities with all-trans-RAL are shown in Table 7. In this case, ALDH activity in A172
also decreased in the presence of inhibitor. Furthermore, the remaining activity decreased with
increasing concentrations of compound. Specifically, DIMATE seemed to be here the most

potent inhibitor.

Table 7. Remaining ALDH activity in A172 cell extract using all-trans-RAL as a substrate, in the
presence of increasing concentrations of inhibitor. Values are the mean + SD of duplicates.

Inhibitor
DIMATE ABD0099 ABD0171
5uM 50 uM 250 uM 5 uM 50 uM 250 uM 5 uM 50 uM 250 uM
42.09 11.34 + 6.04 + 96.64 + 73.89 34.09 + 66.73 + 26.17 2391+
4.64 % 1.36 % 1.03% 2.29% 1.50 % 0.09 % 1.45% 1.40 % 2.29%

A graphical illustration of the inhibition assay with DIMATE using all-trans-RAL as a substrate is
represented in Figure 24, where the chromatograms resulting from HPLC analysis of retinoids
are shown. As indicated, the peak corresponding to RA product decreased when a higher

amount of DIMATE was present in the reaction mixture.
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Figure 24. Representative HPLC analysis of ALDH activity in A172 cell extract using all-trans-RAL as a substrate in
the presence of increasing concentrations of DIMATE. (A) O uM DIMATE; (B) 5 uM DIMATE; (C) 50 uM DIMATE; (D)
250 uM DIMATE. Absorbance units (A.U.) are represented in the y axis, while retention time (minutes) is represented
in the x axis. The peaks corresponding to all-trans-RAL substrate and RA product (the latter circled in blue) appear at
3.5 and 8.5 min, respectively.
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4.2.4. Synergy assays combining TMZ and ALDH inhibitors

In order to assess whether TMZ and ALDH inhibitors could act synergistically in the treatment of

GB, drug combination assays were performed in A172 and GL261 cell lines.

Synergy maps and scores obtained for each drug combination are shown in Figure 25. Data
analysis revealed that only the combination of TMZ with DIMATE was synergistic in the
treatment of A172 cells (synergy score of 17.21), while the combination with the other inhibitors
resulted in an additive effect (Figure 25A). This could be related to the fact that DIMATE was the
best compound at inhibiting the production of RA (Table 7). Hence, this might suggest that some

RA-regulated signaling pathways could be, in part, responsible for TMZ resistance in GB.

Conversely, combinations of TMZ with ABD-3001, ABD0099 and ABD0171 were synergistic in
GL261 (Figure 25B), suggesting that ALDHs may also be somehow implicated in the mechanism
of resistance to TMZ in this cell line. Specifically, the most synergistic combination was that of
TMZ with ABD0171 (synergy score of 17.62). Interestingly, previous results obtained by the
research group indicated that ABD0171 was the most potent inhibitor towards ALDH1A3
(Pequerul et al., unpublished results), which seems to be one of the predominant isoforms in
GL261 (Figure 22). In fact, ABD0171 was the compound yielding the lowest value of remaining

activity with hexanal in this cell line (Table 6).

Differences between the combination therapies TMZ+DIMATE and TMZ+ABD-3001 are difficult
to explain. Probably, the active amount of DIMATE in ABD-3001 is lower due to DIMATE
molecules getting trapped within the lipidic nanoparticles, and could be one of the reasons
underlying the differences observed. In addition, in the assays performed with DIMATE, a small
amount of ethanol solvent is present, conversely to the assays performed with ABD-3001. This

might also be a cause of the differences observed.

Finally, since the regions of synergy appear at mid to low concentrations of TMZ, combination
therapies using ALDH inhibitors could help reducing the amount of TMZ used compared to the

TMZ monotherapy.
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Figure 25. Synergy maps for 48-h treatments using TMZ combined with each ALDH inhibitor in (A) A172 and (B)
GL261, obtained after analysis with SynergyFinder software, according to the reference model of Bliss [198]. The
concentration of TMZ is represented in the y axis, whereas the concentration of each ALDH inhibitor is represented
in the x axis. Synergy scores of the most synergistic areas are indicated in the map. Scores below -10 indicate
antagonism (green); scores between -10 and 10 indicate an additive effect (light green to light red); scores above 10
indicate synergism (red). Shown here is the result of a single representative experiment consisting of duplicates for
each drug concentration. The experiment was performed at least twice independently.
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4.2.5. Assays to assess the mechanism of death induced by TMZ and ALDH inhibitors

In order to further investigate how the ALDH inhibitors tested in this study elicit their toxicity on
GB, experiments to assess the mechanism of cell death and generation of ROS were performed

in A172 and GL261 cell lines, respectively. TMZ was also included in these tests.

Cell death analysis by flow cytometry, after 24-h treatment with the compounds, indicated that
there is a tendency towards apoptosis, rather than necrosis, since the number of cells labelled
by annexin V increased more than those labelled by propidium iodide, compared to untreated
cells, in both A172 and GL261 cell lines, as shown in Figure 26. In fact, statistical analysis revealed
that only changes in apoptotic cells, and not in necrotic cells, was significant compared to the

respective untreated controls.

The process by which cell death is triggered in A172 cells seems to be independent of ROS-
induced damage, as none of the compounds was able to generate ROS at significant levels
compared to untreated cells (Figure 27), except for ABD-3001. In contrast, cell death might be
induced, in part, by ROS in GL261, since treated cells showed slightly but significantly higher ROS
levels than the control. GL261 cells treated with compounds ABD0099 and ABD0171 displayed
higher ROS levels than cells treated with DIMATE. Interestingly, TMZ combinations with
ABDO0099 and ABD0171 where more synergistic than that with DIMATE in this cell line (Figure

25), suggesting that ROS could be somehow involved in the mechanism of synergy.
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Figure 26. Cell death analysis by flow cytometry after 24-h incubation with TMZ or ALDH inhibitors in (A) A172 and
(B) GL261 cells. lodide propidium labeling (necrosis) is represented in the y axis, whereas annexin V labeling
(apoptosis) is represented in the x axis. Cells in the “late apoptosis” region of the cytogram could come from either

necrotic or apoptotic cells. The result of a single representative experiment is shown here, consisting of duplicates
for each drug treatment (to simplify, only one of the duplicates is shown). The experiment was performed at least
twice independently.
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Figure 27. Relative intracellular levels of ROS in A172 and GL261 cells after 6-h treatment with 500 uM H,0; (used
as a positive control), TMZ or ALDH inhibitor at the concentration equal to the ECs value. Data are the mean + SD
of six replicates from a single representative experiment. The experiment was performed at least twice
independently. Asterisks indicate statistical significance compared to the respective control, as analyzed by unpaired
t test with Welch’s correction. * 0.01 < P < 0.05; ** 0.001 < P < 0.01; *** 0.0001 < P < 0.001; **** P < 0.0001.

A feasible explanation to the fact that cells treated with ALDH inhibitors show higher levels of
ROS compared to untreated controls is that ROS generated by cellular processes such as lipid
peroxidation cannot be detoxified anymore by ALDHs, so their levels increase in the cell. The
reason why the ALDH inhibitors tested do not generate a significant increase in ROS levels in
A172 but they do in GL261 might be the amount of enzyme present in each cell line. As shown
in Figure 22, A172 cells express quite higher levels of ALDH enzymes than GL261 cells. Maybe,
the amount of inhibitor used in this test was too low to inhibit all ALDH activity in A172, but it
was high enough to inhibit the activity in GL261, so there were ALDH enzymes available in A172
to keep detoxifying ROS. Accordingly, A172 naturally exhibit a higher ALDH activity compared to
GL261 (Table 5). This could explain that GL261 cells are more prone to oxidative stress than

A172, as clearly suggested by the higher levels of ROS observed when cells are treated with H,0,.

In a similar study, Rebollido-Rios et al. [187] found that DIMATE induced apoptotic cell death in
lung adenocarcinoma cell lines by causing the intracellular accumulation of apoptogenic
aldehydes hydroxynonenal (HNE) and malondialdehyde (MDA), which led to high levels of ROS
and a drop in the levels of GSH. GSH, a key molecule for the detoxification of ROS in cells [206],

was shown to play a crucial role in cell survival against DIMATE-induced apoptosis.
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4.2.6. Assays in an ALDH-knockout cell line

Finally, in order to study more deeply the role of ALDH enzymes in GB, an ALDH gene knockout
was performed in the human cell line A172 by transfection with a CRISPR/Cas9 plasmid. From
now on, the parental cell line A172 will be referred to as A172 WT, while the knockout cell line

will be called A172 KO.

Firstly, immunoblot analysis and RT-PCR were performed in order to validate the ALDH
knockout. As shown in Figure 28, the expression of several ALDHs was sharply reduced in A172
KO compared to A172 WT cells. At the protein level (Figure 28A), the most affected isoforms
were the enzymes belonging to the ALDH1 family (namely, ALDH1A1, ALDH1A2, ALDH1A3 and
ALDH?2). The expression of other isoforms, such as ALDH1B1 and ALDH3A1, was also decreased.
At mRNA level (Figure 28B), all screened isoforms were decreased, especially ALDH1A1 and
ALDH1A3. At this time, we do not understand the mechanism by which the ALDH1A3
CRISPR/Cas9 KO plasmid also affects the expression of other ALDH genes. This effect has never
been described before in other ALDH1A3 gene knockout experiments [137], [181], [207], [208].
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Figure 28. Validation of the ALDH gene knockout in the human GB cell line A172. (A) Western blot analysis of ALDH
expression at the protein level in A172 WT and A172 KO cells; (B) RT-PCR analysis of ALDH expression at mRNA level
in A172 WT and A172 KO cells. Data are the mean * SD of triplicates; values were normalized by the expression of the
housekeeping gene B-actin and represented relative to the WT cell line.

The ALDH activity in cell extracts from A172 WT and A172 KO cells was then determined using
hexanal and all-trans-RAL as substrates (Figure 29). As expected, the enzymatic activity was

much lower in A172 KO compared to A172 WT cells. In the case of hexanal substrate, a residual
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activity remained in A172 KO cells (Figure 29A), since some of the ALDHs or other aldehyde-
metabolizing enzymes that were not affected by the knockout might be able to oxidize hexanal.
Conversely, when all-trans-RAL was used as the substrate, activity was completely abolished in
A172 KO cells (Figure 29B). This result was not surprising, since it is well known that the main
ALDH isoforms responsible for RAL oxidation are those belonging to the ALDH1A subfamily,
highly affected by the knockout. Thus, the production of RA from RAL is impaired in this knockout

cell line.
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Figure 29. Comparison of ALDH activity in cell extracts from A172 WT and A172 KO cells. (A) Activity using hexanal
as a substrate; (B) Activity using all-trans-retinaldehyde as a substrate. Data are the mean * SD of triplicates. Specific
activity is expressed in mU per mg of total protein present in the cell extract; here, 1 mU is defined as 1 nmol of
product generated per min. Asterisks indicate statistically significant difference, as analyzed by unpaired t test with
Welch’s correction. **** P < 0.0001.

Once ALDH expression and activity had been checked in A172 WT and A172 KO cells, some
experiments were performed in order to assess the impact of the lack of ALDHs on features such

as cell proliferation and migration.

On the one hand, a growth curve was established for both A172 WT and A172 KO (Figure 30),
which allowed to detect a slight decrease in the growth rate at the exponential phase in the
knockout cell line compared to the wild type. The doubling time calculated for A172 WT cells
was 1.68 days, whereas the doubling time for A172 KO cells was 2.27 days. The slower growth
could be related with the impairment of RA production due to lack of ALDH1A enzymes, since
this molecule is well known as a key regulator in the activation of a wide range of genes involved
in cell proliferation. Similar results have been obtained before in other studies where ALDH
knockout was carried out on GB cell lines, such the one performed by Li et al. [181]. It is also
conceivable that toxic aldehydes generated by cellular processes such as lipid peroxidation

cannot be properly eliminated because of lower ALDH activity [138], [185]-[187].
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Figure 30. Growth curves for A172 WT and A172 KO cells. Data are the mean * SD of triplicates.

On the other hand, cell migration capacity was analyzed. Results indicated that migration was
also impaired in A172 KO compared to A172 WT cells (Figure 31), as the percent closure of the
migration area in the former was approximately 16% lower compared to the latter after letting
the cells migrate for 30 h.
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Figure 31. Comparison of the migration capacity in A172 WT and A172 KO cells. (A) Fluorescence images of migration
areas of A172 WT and A172 KO cells after incubation with calcein dye, obtained in a SpectraMax plate reader at times
0 and 30 h; (B) percent closure of migration areas after 30 h in A172 WT and A172 KO cells. Data are the mean = SD
of four replicates. Asterisks indicate statistically significant difference, as analyzed by unpaired t test with Welch'’s
correction. *** 0.0001 < P < 0.001.

These results strongly suggest that ALDHs are important in cancer cell processes such as
proliferation and migration, directly related to features such as invasiveness and aggressiveness

in GB tumors.
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In the last part of the in vitro studies carried out on GB cell lines, the toxicity of all-trans-RAL,
TMZ, and other FDA-approved drugs, namely cisplatin (CP), carmustine (BCNU) and etoposide
(ETP), was compared between A172 WT and A172 KO cells (Table 8 and Figure 32), after 48-h
incubation. Sensitivity of A172 KO cells to all-trans-RAL increased by 25% with respect to that of
A172 WT cells. This increase in sensitivity was expected, since ALDH1A enzymes are the main
responsible for metabolizing this molecule, which is highly toxic in the amounts tested [202],
[209], [210]. Interestingly, the ECso value of TMZ decreased in approximately that same
proportion in A172 KO cells, which is in good agreement with the results obtained by Wu et al.
[138] and suggests again that ALDHs are somehow involved in the resistance mechanism to TMZ
in GB. This result is also consistent with the synergistic effects observed during the combined
treatment of ALDH inhibitors and TMZ (Figure 25), which reinforces the role of ALDHs as
potential drug targets. Among the other drugs tested, the percent reduction of ECso value in the

knockout cell line compared to the wild type was the highest with CP.

In addition, the cytotoxicity of ALDH inhibitors DIMATE, ABD-3001, ABD0099, and ABD0171 was
also compared between A172 WT and A172 KO cells. The ECsp values are shown in Table 9 and
the dose-response curves are illustrated in Figure 33. Although ECsp values remain in the same
order of magnitude, the knockout cell line is more sensitive to DIMATE and ABD0O171 than the
wild type cell line. Nevertheless, the fact that differences between the two cell lines are not very
accentuated suggests that ALDH enzymes might not be the only target of the compounds tested.
If ALDHs were the only target, one would expect the knockout cell line to be more resistant than
the wild type cell line, since these compounds would not be exerting their function as inhibitors
to the same extent. However, the compounds are still cytotoxic in A172 KO cells. This could be
due to the inhibition of some ALDH isoforms still present in the knockout cell line and/or due to
the effect on other unknown molecular targets. More studies beyond the scope of this thesis

would be needed to elucidate this aspect.

Table 8. ECso values (uM) + SE of all-trans-RAL (atRAL) and FDA-approved anticancer drugs in
A172 WT and A172 KO cell lines after 48-h incubation. Shown here are the results of fitting the
data from a single representative experiment run in triplicates, performed at least twice
independently, to a 4-parameter equation using GraFit 5.0 (Erithacus software).

Compound
Cell line atRAL T™MZ cp BCNU ETP
A172 WT 425+0.31 3,390+118 26.66+2.89 93.08+6.93 2.01+0.39
A172 KO 3.20+0.19 2,573+223 14.62+1.65 96.54+8.33 3.04+0.55

84



A ECso atRAL B ECso TMZ

120
100 1 ®
_ 100
= s0- —_
g ] £ g
(1] (]
> _ 2
s o0 )
2 i 2
= 40 =
40 -
3 i ]
20 20 -
0 T T T TITT] T T T 11 0 TTTTT T T T TTTTT] T T TTTIT
1 10t 102 10° 10
[atRAL] (uM) [Tmz] (um)
C ECy, CP D ECso BCNU
120
100 1 =
, 100
£ 80 S
= i = 80
S g J
= 001 2 60
P - —]
2 7 a ]
= 10— =
3 | g 40+
20 — 20 -
0 T T T TTTIT] T T TTTTT] T 0 T TTTTTI T T TTTTTI T T TTTT
1 101 102 101 102
[CP] (uMm) [BCNU] (um)
E EC, ETP
120
- . —— A172 WT
100 —8— A172 KO
§ -
< 804
2 -
2 60—
3
v -
3 40-
20
O I T IIIlII| I I IIIIII| I I IIIIII|
101 1 10! 102

[ETP] (uMm)

Figure 32. Dose-response curves for all-trans-RAL (atRAL) and FDA-approved drugs in A172 WT and A172 KO cells
after 48-h treatment. (A) atRAL; (B) TMZ; (C) CP; (D) BCNU; (E) ETP. Data values are the mean + SE of triplicates from
a single representative experiment, performed at least twice independently. Curves were obtained using GraFit 5.0
(Erithacus software).
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Table 9. ECso values (uM) + SE of ALDH inhibitors in A172 WT and A172 KO cell lines. Shown
here are the results of the fitting of the data from a single representative experiment run in
triplicates, performed at least twice independently, to a 4-parameter equation using GraFit 5.0
(Erithacus software).

Inhibitor
Cell line DIMATE ABD-3001 ABD0099 ABD0171
Al172 WT 3.77 £0.27 4.48 +0.12 2.15+0.13 5.34+0.26
A172 KO 1.73+0.13 3.52+0.32 3.11+0.19 2.28+0.24
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Figure 33. Dose-response curves for ALDH inhibitors in A172 WT and A172 KO cells after 48-h treatment. (A)
DIMATE; (B) ABD-3001; (C) ABD0099; (D) ABD0171. Data points are the mean = SE of triplicates in a single
representative experiment, performed at least twice independently. Curves were obtained using GraFit 5.0 (Erithacus
software).



4.3. In vivo studies in a murine model of GB

In the final part of this thesis, after the characterization of ABD-3001 nanoparticles and the study
of their effect on GB cell culture, some experiments were performed in a murine
immunocompetent GL261 GB model in order to evaluate the suitability of ABD-3001 as a novel
drug for GB treatment, administered via the intranasal route. On the one hand, the size of the
nanoparticles obtained in the characterization experiments discussed in section 4.1 seems
optimal for intranasal administration, since it has been reported that nanoparticles with an
average size up to 200 nm can be efficiently transported transcellularly via the intranasal route
[203]. In addition, the monodispersity of the nanoparticle solution is also a property that could
make it suitable for in vivo applicability. On the other hand, in vitro results discussed in section
4.2 prove that DIMATE, the active molecule in ABD-3001 formulation, is able to inhibit ALDH
activity in GL261 cells. Also, ABD-3001 has been shown to display high cytotoxicity in this cell
line and a synergistic effect when combined with TMZ. Nevertheless, ABD-3001 is tested here in
vivo as a monotherapy; combinations with TMZ in vivo are planned to be carried out in the near

future by other members of the research group.

Firstly, the in vivo assays performed during this thesis consist of a tolerability assay, and
secondly, three therapeutic efficacy assays with various doses of ABD-3001. Additionally, tissue
samples taken from the mice used in these assays were later analyzed by HPLC in order to study
the drug biodistribution, and by an immunoassay to assess the expression of ALDHs before and

after treatment.
4.3.1. Tolerability assay with 5 mg/kg ABD-3001

The tolerability assay was carried out in healthy mice (that is, tumor-free mice), in order to assess
the potential toxicity of ABD-3001. Two experimental groups were established: a control group,
treated with 5 mg/kg ABD-3000 (empty liposomes) administered intranasally; and a treated
group, treated with 5 mg/kg ABD-3001, also administered intranasally. Drug toxicity was
assessed, on the one hand, by monitoring the weight of mice during the time of treatment, and

on the other hand, by necropsy analysis of their tissues.

Although all mice were apparently healthy by the end of the treatment, a slight loss of body
weight could be observed in both the control and treated groups, as shown in Figure 34. Figure
34A represents the evolution of body weights in each group during the four weeks of treatment,
while Figure 34B indicates the mean percentage of weight loss in each group by the end of the

treatment. The final weight loss in the control group was approximately 2% with respect to the
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initial body weight, whereas the treated group lost around 9%. This difference suggests that

ABD-3001 may be toxic for mice to some extent.

A -e- Control group (ABD-3000) B = Control group (ABD-3000)
-e~ Treated group (ABD-3001) = Treated group (ABD-3001)
~ 105+ 5- *
S —
€ 100- —
) SR B RN
@
3 95 @
) o 5
S 90+ €
Qa =)
P —
2 S -10-
® 854 s
@
80 t+rr—rrrrrrryrrrrrrrrrryrrrr -15 I I
0 10 20
Time (days)

Figure 34. Analysis of the body weight of mice during the tolerability assay with ABD-3001. (A) Relative body weight
(%) during the time of treatment. The mean percentage of the weight of the 5 mice in the control group (red) and the
treated group (green) with respect to the initial mean weight is represented against day of treatment. Body weight
was only recorded on the days of drug administration, that is, 3 days per week. (B) Mean body weight loss (%) of the
control group (red) and treated group (green) by the end of treatment. Asterisk indicates statistical, significant
difference between control and treated groups, as analyzed by unpaired t test with Welch’s correction: *0.01 < P <
0.05.

Apart from monitoring body weight, necropsy studies were performed in two of the mice
treated with ABD-3001 to assess potential damage in the tissues by the drug. At a macroscopic
level, alterations in the nervous system and generalized pallor in liver and kidneys were
observed, probably due to the method of euthanasia (cervical dislocation) and fast
exsanguination of the animals during the process. At a microscopic level, black punctate material
was observed inside the lung macrophages. Additionally, focal, perivascular and alveolar
hemorrhages were observed in one of the two mice; the other mouse presented focally
peribronchial lymphoid tissue more evidently. These damages may be probably associated with
the dose of the drug used and the route of administration, and could explain, at least in part,
the weight loss observed during the experiment. However, since this weight loss did not exceed
10%, and furthermore, no microscopic lesions indicating acute or chronic disease were detected,
5 mg/kg ABD-3001 was the dose considered for the first therapeutic efficacy assay, which will
be discussed in section 4.3.2.1. In addition, the rest of evaluated organs (namely, heart, thymus,
digestive tract, pancreas, bladder, ovary, uterus, skeletal muscle and skin) did not present

lesions and maintained the usual architecture.
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4.3.2. Therapeutic efficacy assays

As just mentioned above, in view of the results obtained in the tolerability assay, 5 mg/kg ABD-
3001 was chosen as the dose for the first therapeutic efficacy assay. Contrary to the tolerability
assay, the mice used here were implanted with GL261 cells and developed a tumor, thus the
drug effect on tumor growth could be studied. The first drug administration was at day 6 post-
implantation, and weight loss and tumor volume were monitored during the treatment. In
addition, necropsy studies were also carried out in the tissues of some treated mice, in order to

assess potential signs of damage.
4.3.2.1. Therapeutic efficacy assay with 5 mg/kg ABD-3001

For this first therapeutic efficacy assay, two experimental groups were established: a control
group treated with 5 mg/kg ABD-3000 (empty liposomes) administered intranasally; and a
treated group, treated with 5 mg/kg ABD-3001, also administered intranasally.

In Figure 35, the evolution of body weights in each group is represented during the time of
treatment. As shown, mice treated with ABD-3001 lose more weight than those treated with
the vehicle. This can be noticed from the first day of drug administration until the end of the
treatment. Again, as in the tolerability assay, this result suggests that ABD-3001 has some toxic

effect in mice at the dose used.
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Figure 35. Relative body weight of GB-bearing mice during the therapeutic efficacy assay with 5 mg/kg ABD-3001.
Mice C1632, C1633, and C1636, belonging to the control group (red), were treated with 5 mg/kg ABD-3000, whereas
mice C1634, C1638, and C1640, belonging to the treated group (green), were treated with 5 mg/kg ABD-3001. The
weight of the 3 mice in each group with respect to their initial weight (%) is represented against the time of treatment
(days p.i.: days post-implantation). Yellow bars indicate the days of drug administration.
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Tumor volumes were also monitored during the time of treatment, by MRI, and their evolution
in each experimental group is shown in Figure 36. At the beginning of the treatment (day 6 post-
implantation), the tumor volumes of all mice were similar. As observed, treated mice showed a
decreased tumor growth rate with respect to the controls. Although the growth of the tumor
was not completely stopped in none of the cases, these results strongly suggest that ABD-3001
has some antitumor effect. In addition, doubling time of the tumor was calculated taking the
mean values of tumor volume of control mice and treated mice separately

(http://radclass.mudr.org/content/doubling-time-calculation-growth-rate-lesion-or-mass). The

doubling time increased from 2 days in the case of control mice to 3 days in the case of mice

treated with ABD-3001.
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Figure 36. Evolution of tumor volumes during the therapeutic efficacy assay with 5 mg/kg ABD-3001. Mice C1632,
C1633, and C1636, belonging to the control group (red), were treated with 5 mg/kg ABD-3000, whereas mice C1634,
C1638, and C1640, belonging to the treated group (green), were treated with 5 mg/kg ABD-3001. Tumor volume
(mm?3) is represented against the time of treatment (days p.i.: days post-implantation). Yellow bars indicate the days
of drug administration.

Images of the tumors were obtained by MRI along the therapeutic efficacy assay. As examples,
the tumor of a control case and a treated case are shown in Figure 37, specifically at day 17 post-
implantation (thus, after six therapeutic doses). After this time of treatment with ABD-3001, the
difference in volume between the two tumors can be clearly noticed. The rest of images of the

tumors are shown in Annex 1.2.
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Figure 37. MRI of the tumors of mice C1636 (control) and C1638 (treated with 5 mg/kg ABD-3001) at day 17 post-
implantation, after six therapeutic doses. Arrows point at the tumor. Tumor volumes (in mm?3) are indicated under
the images.

Additionally, necropsy studies were performed in two of the mice treated with ABD-3001 in
order to detect potential damage in the tissues by the drug. At a macroscopic level, apart from
typical lesions derived from GB, lesions could be observed in lungs and intestine. In the lungs,
all lobes were collapsed; in the intestine, dilation of the lumen of the distal jejunum, cecum, and
proximal colon was observed due to the presence of abundant gas. At a microscopic level, in the
CNS, specifically in the tumor mass, two different populations of neoplastic cells could be
observed: one of these populations is composed of aberrant giant cells, whose presence is
probably related to side reactions with ABD-3001. Interestingly, in previous studies performed
by the research group, these cells could also be detected in mice treated with TMZ. In the lungs,
congestion and hemorrhage were observed in alveoli. Finally, the rest of evaluated organs did

not present lesions or, in the case of lesions, they were probably associated to the age of mice.

Taken together, these results suggest that the dose of 5 mg/kg may be too high for the treatment
of these GB-bearing mice. Although this dose of ABD-3001 showed promising results in reducing
the rate of tumor growth, treated mice end up losing too much weight compared to control
mice, and furthermore, they displayed lesions in some organs, as revealed by the necropsy
studies. This forced us to euthanize the treated mice before the chance to observe long-term
effects of the drug, such as tumor regression. Thus, a second therapeutic efficacy assay with a
lower dose of drug was performed, as detailed in the following section, with the aim of
attenuating the adverse effects of ABD-3001 while preserving its positive effects in reducing

tumor growth rate.
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4.3.2.2. Therapeutic efficacy assay with 2.5 mg/kg ABD-3001

A second therapeutic efficacy assay was performed using a dose of 2.5 mg/kg ABD-3001. In this
assay, a new group of mice was treated with the new dose of ABD-3001, but no new control
group was added since, in principle, the response of mice treated only with the vehicle should
not be expected to change. Thus, the control group from the previous therapeutic efficacy assay
(treated with 5 mg/kg ABD-3000) was used in this experiment to make comparisons with the
new group of treated mice. Body weight and tumor volume were monitored along the course of
the assay to assess the effects of the drug on the GB-bearing mice. In this occasion, however,

necropsy studies were not performed.

The evolution of the body weight of the new treated mice, along with the control mice of the
previous assay, is shown in Figure 38. In this case, the weight loss of the treated group is more
similar to that of the control group, compared to when mice were treated with a higher dose of
the drug (Figure 35). Thus, by lowering the dose of ABD-3001 from 5 mg/kg to 2.5 mg/kg, toxicity

was slightly decreased and weight loss was mitigated.
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Figure 38. Relative body weight of GB-bearing mice along the therapeutic efficacy assay with 2.5 mg/kg ABD-3001.
Mice C1632, C1633, and C1636, belonging to the control group (red), were treated with 5 mg/kg ABD-3000, whereas
mice C1657, C1660, and C1663, belonging to the treated group (green), were treated with 2.5 mg/kg ABD-3001. The
weight of the 3 mice in each group respect to their initial weight (%) is represented against the time of treatment
(days p.i.: days post-implantation). Yellow bars indicate the days of drug administration.

The evolution of tumor volume during the time of treatment was followed by MRI and is
represented in Figure 39. As in the previous therapeutic efficacy assay with 5 mg/kg ABD-3001
(Figure 36), tumor growth rate was reduced in the treated group compared to the control group.
A comparison between the tumor of a control case and that of a treated case at day 17 post-
implantation (thus, after six therapeutic doses) is shown in Figure 40. The rest of images of the

tumors in this therapeutic efficacy assay are shown in Annex 1.3.
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Figure 39. Evolution of tumor volumes during the therapeutic efficacy assay with 2.5 mg/kg ABD-3001. Mice C1632,
C1633, and C1636, belonging to the control group (red), were treated with 5 mg/kg ABD-3000, whereas mice C1657,
C1660, and C1663, belonging to the treated group (green), were treated with 2.5 mg/kg ABD-3001. Tumor volume
(mm?3) is represented against the time of treatment (days p.i.: days post-implantation). Yellow bars indicate the days
of drug administration.
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Figure 40. MRI of the tumors of mice C1636 (control) and C1660 (treated with 2.5 mg/kg ABD-3001) at day 17 post-
implantation, after six therapeutic doses. Arrows point at the tumor. Tumor volumes (in mm?3) are indicated under
the images.

In general, the results of the second therapeutic efficacy assay are quite similar to those
obtained in the first one. Although the weight loss was slightly reduced by decreasing the dose
of ABD-3001 to the half, it would be desirable to further reduce this weight loss in order to
evaluate long term effects of the drug. Since the dose of 2.5 mg/kg, ABD-3001 was still able to
slow down the rate of tumor development, we decided to perform a third therapeutic efficacy
assay with an even lower dose of drug in order to reduce toxicity and lengthen the lifespan of

GB-bearing mice.
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4.3.2.3. Therapeutic efficacy assay with 1.5 mg/kg ABD-3001

A third therapeutic efficacy assay was performed using a dose of 1.5 mg/kg ABD-3001. In this
assay, a new group of mice was treated with the new dose of ABD-3001, and again, no new
control group was added. The control group from the first therapeutic efficacy assay (treated
with 5 mg/kg ABD-3000) was used in this experiment to make comparisons with the new group
of treated mice. As in the previous assay, body weight and tumor volume were monitored during

the course of the assay to assess the effects of the drug on the GB-bearing mice.

The evolution of body weight of the mice treated with 1.5 mg/kg ABD-3001 is represented in
Figure 41, together with that of the control mice from the first therapeutic efficacy assay. As
observed, the decrease of weight in the new treated mice was not as fast as in the previous
experiments. This allowed the lifespan of the mice to be prolonged, as well as the time of

treatment with the drug.
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Figure 41. Relative body weight of GB-bearing mice along the therapeutic efficacy assay with 1.5 mg/kg ABD-3001.
Mice C1632, C1633, and C1636, belonging to the control group (red), were treated with 5 mg/kg ABD-3000, whereas
mice C1665, C1666, and C1669, belonging to the treated group (green), were treated with 1.5 mg/kg ABD-3001. The
weight of the 3 mice in each group respect to their initial weight (%) is represented against the time of treatment
(days p.i.: days post-implantation). Yellow bars indicate the days of drug administration.

The evolution of tumor volume during the time of treatment was followed by MRI and is
represented in Figure 42. This time, since there was slightly more variability than expected in
the tumor volumes of mice at the initiation of the treatment (day 6 post-implantation), data are
shown as normalized values (tumor volumes normalized respect to the tumor volume at the
beginning of the treatment). As observed, the tumor growth rate of mice treated with 1.5 mg/kg
ABD-3001 is retarded compared to that of control mice, and also compared to that of the mice

treated with higher doses of the drug (Figures 36 and 39). A comparison between the tumor of
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a control case and that of a treated case at day 17 post-implantation (thus, after six therapeutic
doses) is shown in Figure 43. Although the time of treatment could be prolonged in this assay

and the tumor growth was slowed down, no tumor regression was observed.
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Figure 42. Evolution of tumor volumes during the therapeutic efficacy assay with 1.5 mg/kg ABD-3001. Mice C1632,
C1633, and C1636, belonging to the control group (red), were treated with 5 mg/kg ABD-3000, whereas mice C1665,
C1666, and C1669, belonging to the treated group (green), were treated with 1.5 mg/kg ABD-3001. Tumor volume
ratio (that is, the tumor volume normalized by the tumor volume at the initial point of therapy) is represented against
the time of treatment (days p.i.: days post-implantation). Yellow bars indicate the days of drug administration.
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Figure 43. MRI of the tumors of mice C1636 (control) and C1660 (treated with 1.5 mg/kg ABD-3001) at day 17 post-
implantation, after six therapeutic doses. Arrows point at the tumor. Tumor volumes (in mm?3) are indicated under
the images.

Since the lifespan of the treated mice could be prolonged in this assay due to the reduction of
the dose used, a survival analysis could be performed. A Kaplan-Meier survival plot is
represented in Figure 44, where it can be observed that all three new treated mice lived longer

than all three control mice.
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Figure 44. Kaplan-Meier survival plot for GB-bearing mice in the therapeutic efficacy assay with 1.5 mg/kg ABD-
3001. Mice belonging to the control group (red) were treated with 5 mg/kg ABD-3000, whereas mice belonging to
the treated group (green) were treated with 1.5 mg/kg ABD-3001. The cumulative survival (%) is represented against
the time of treatment (days p.i.: days post-implantation).

Taken together, the results obtained in all these in vivo assays suggest that ABD-3001 may
present some toxicity for mice, having as consequences the loss of body weight and damage in
some organs. This issue could be solved by lowering the dose of drug. Nevertheless, ABD-3001
was proved to have antitumor effect in all three therapeutic efficacy assays performed, even at
the lowest dose 1.5 mg/kg, slowing down the rate of tumor growth. Optimizations in these
experiments are still required though, with using proper controls in each assay and higher
number of mice in the control and treated groups. All in all, these preliminary studies suggest
that ABD-3001, which is already in clinical phase | for the treatment of AML, could also be a
promising drug for the treatment of GB. Once proven its efficacy in GB-bearing mice, the next
step was the detection of the drug in the tissues of treated mice, as detailed in the following

section.
4.3.3. Detection of DIMATE in tissues from mice treated with ABD-3001

Tissue samples from mice treated with ABD-3001 in the previous therapeutic efficacy assays
were collected and analyzed by HPLC in order to assess the drug distribution in the body. Prior

to this analysis, some other preparative experiments were performed, as discussed below.

In first place, ABD-3001 was injected alone into HPLC as a control, and a peak corresponding to
the molecule of DIMATE was detected at an approximate retention time of 12.3 min, as
observed also in the release experiments (Figure 20). In Figure 45, two independent injections
of different amounts of ABD-3001 are plotted, and it could be seen that the intensity of the peak

was proportional to the amount of drug loaded.
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Figure 45. HPLC analysis of ABD-3001 alone. (A) Injection of 92.6 ng ABD-3001; (B) injection of 360 ng ABD-3001.
Black: mobile phase; blue: ABD-3001. AU: absorbance units.

The next step prior to the analysis of tissue samples was to check if DIMATE was internalized in
cells when an in vitro culture was treated with ABD-3001. The HPLC analysis of the cell extract
of a GL261 culture incubated with ABD-3001 revealed that, indeed, the drug was internalized in
the cells. However, as shown in Figure 46, several peaks corresponding to the drug appear
(specifically, at retention times near 8 and 10 min) and are different from the one observed in
the direct injection of ABD-3001 (Figure 45). This suggests that DIMATE is somehow modified in

the cell, either degraded or bound to some cellular component.
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Figure 46. HPLC analysis of ABD-3001 in GL261 cell extracts. Black: GL261 cell extract without prior treatment with
ABD-3001; blue: GL261 cell extract with prior 2 h-treatment of the culture with 100 uM ABD-3001. Red arrows point
at the main eluting peaks corresponding to the drug (those peaks that only appear in the extract of the culture
incubated with ABD-3001). AU: absorbance units.
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Then, an experiment was performed in order to assess whether the same peaks observed in the
cell culture treated with ABD-3001 also appeared in a mouse tissue sample treated with the
drug. Specifically, liver slices from control mice were directly treated with different amounts of
ABD-3001 and analyzed by HPLC. The resulting chromatograms are shown together in Figure 47.
Interestingly, two main eluting peaks appeared at retention times of approximately 8 and 10
min, just as in the cell culture treated with ABD-3001 (Figure 46). In fact, the chromatographic
profiles are in the two cases highly similar. These peaks were absent in the liver sample without
treatment, and their intensity increased proportionally to the amount of ABD-3001 added,
suggesting that these peaks indeed correspond to the drug. Importantly, the peak observed in
Figure 45, corresponding to DIMATE alone, should not be used for the detection and
guantification of the drug in tissues, since a peak with the same retention time also appears in
the tissue without treatment and, additionally, it does not increase proportionally to the amount
of ABD-3001 added. The same happened in the in vitro cell culture.
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Figure 47. HPLC analysis of control mouse liver treated with different amounts of ABD-3001. Black: liver sample
without ABD-3001; blue: liver sample treated with 0.5 ug ABD-3001; : liver sample treated with 1 ug ABD-3001;

: liver sample treated with 2 ug ABD-3001; pink: liver sample treated with 4 ug ABD-3001. Red arrows point
at the main peaks corresponding to the drug (those peaks that only appear in the samples treated with ABD-3001).
AU: absorbance units.
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According to the expert opinion of the team of chemists from ABD involved in the synthesis of
DIMATE, the peaks with retention times 8 and 10 min observed in the previous figures were
likely to be fragments of DIMATE bound to some compound present in the cells, such as GSH. In
order to validate this hypothesis, another experiment was performed, consisting on the injection
of samples of DIMATE incubated with different amounts of GSH. The chromatogram resulting
from the injection of these samples is shown in Figure 48, where it can be observed that two
peaks appear with retention times near 8 and 10 min, and have an intensity proportional to the
amount of GSH used. In addition, the overlapping of this chromatographic profile with those of
mouse liver samples untreated and treated with ABD-3001, shown in Figure 49, strongly
suggests that, indeed, those peaks correspond to DIMATE or fragments of DIMATE bound to

GSH present in the cells of the tissue.
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Figure 48. HPLC analysis of samples containing DIMATE incubated with various concentrations of GSH. Black: 100
UM DIMATE alone; blue: 100 uM GSH alone; : 100 UM DIMATE incubated with 100 uM GSH for 1 h at 37°C;

: 100 uM DIMATE incubated with 10 uM GSH for 1 h at 37°C; pink: 100 uM DIMATE incubated with 1 uM GSH for
1 h at 37°C. Red arrows point at the peaks corresponding to DIMATE or fragments of DIMATE bound to GSH. AU:
absorbance units.
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Figure 49. Overlapped HPLC chromatograms of mouse liver treated with ABD-3001 and a sample of DIMATE
incubated with GSH. Black: liver sample without ABD-3001; blue: liver sample treated with 4 pg ABD-3001;

100 puM DIMATE incubated with 100 uM GSH for 1 h at 37°C. Red arrows point at the peaks corresponding to DIMATE
or presumably fragments of DIMATE bound to GSH. AU: absorbance units.

After all these preliminary tests, the analysis of tissues of mice treated with ABD-3001 in the
therapeutic efficacy assays was performed. However, unfortunately, the drug could not be
detected in none of the tissues analyzed, including the tumor. Probably, the amount of DIMATE
in each tissue after its biodistribution in the animal was below the levels of detection of this
HPLC method. Despite it is likely that ABD-3001 reaches the tumor, given the antitumor effect
observed in the assays, another detection method should be implemented in order to observe

the molecule and perform a proper study of the drug biodistribution.

Although DIMATE could not be detected in the tissues of treated mice, some relevant
information could be obtained for these experiments. In summary, these tests allowed us to
know that DIMATE is internalized in cells, that the molecule is not likely to remain in its initial
molecular form after being internalized, and specifically, that the drug (or its metabolites) binds
to cellular GSH. GSH is found in high concentrations in cellular systems and plays a major role as

an antioxidant molecule, detoxifying electrophilic compounds such as DIMATE [206]. By binding
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to DIMATE, part of the cellular GSH would be unavailable to detoxify other electrophilic
compounds occurring naturally, putting the cell at risk for oxidative damage. This mechanism

may add to a similar effect resulting from the inhibition of ALDH enzymes.

4.3.4. Analysis of ALDH expression in tissues from mice treated with ABD-3001

The last study performed on samples taken from mice of the therapeutic efficacy assays was the
assessment of the expression of different ALDH isoforms in various tissues. Figure 50 shows the
expression levels of ALDH1A1, ALDH1A2 and ALDH1A3 for all the tissues tested, both from an
untreated mouse (C1633) and a mouse treated with 5 mg/kg ABD-3001 (C1640). Firstly, it can
be observed that ALDH1A3 is mainly detected in the tumor. Other general observations are that
the expression of ALDH1A1 and ALDH1A2 is quite higher in the lungs, compared to other tissues,
as well as the expression of ALDH1A2 in the kidneys. Regarding to comparisons of specific tissues
between treated and untreated mice, three main observations can be made: firstly, ALDH1A1
expression decreases in the tumor when the mouse has been submitted to treatment with 5
mg/kg ABD-3001; secondly, the expression of ALDH1A1 and ALDH1A2 also seems to decrease in
the cerebellum of the treated mouse; and lastly, the expression of the three ALDH1A isoforms
is clearly lower in the heart of the treated mouse. Thus, there seems to be a downregulation of
the expression of ALDH1A enzymes in some tissues after treatment with ABD-3001, including
the tumor, which could be related with the antitumor effect of the drug observed in the
therapeutic efficacy assays. Since ALDH1A enzymes are the main responsible for the production
of RA in the cell, this could also affect the regulation of the expression of other genes that have

not been tested in this study and are under the control of RA-inducible promoters.
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Figure 50. Immunoblot analysis of ALDH1A expression in tissues from mice untreated or treated with ABD-3001.
C1633: mouse belonging to the control group of the therapeutic efficacy assays, treated with 5 mg/kg ABD-3000;
C1640: mouse belonging to a treated group of the therapeutic efficacy assays, treated with 5 mg/kg ABD-3001.
Comparisons here can be made across all tissues for a single isoform, but not in the same tissue for different isoforms,
since the different isoforms were tested in different plates, using different primary antibody dilutions and incubation
times. The plot was cropped to show the ALDH bands only.

In addition, the expression of ALDH1A enzymes and other isoforms was compared between
GL261 cell culture and the tumors of the untreated and treated mice used before, as shown in
Figure 51. These tumors were originated from GL261 cells, but other non-cancer cells are
probably also present in the tumor mass, so the observed expression of ALDHs may not only be
due to the GL261 cells present there. The results obtained from the immunoblot analysis seem
to indicate that there is a switch in the expression of some ALDH isoforms when GL261 cells go
from an in vitro culture to an in vivo tumor. Specifically, all screened isoforms decrease their
expression in the tumor compared to the cells grown in vitro except for ALDH1A1, which is
clearly increased. This suggests that ALDH1A1 could play a key role in the maintenance of the
GL261 tumor in vivo. Interestingly, as mentioned above, the expression of this isoform seems to
be downregulated when the tumor is treated with ABD-3001. Conversely, the expression levels
of the other isoforms tested do not seem to change dramatically between the untreated and
treated tumor. Only ALDH3A2 expression may be slightly higher in the treated tumor. These
changes in the protein expression may be one of the consequences of DIMATE inhibiting ALDH
activity. Specifically, the inhibition of the enzymes involved in RA synthesis could alter the

expression of a number of other proteins in the cell.
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Figure 51. Comparison of ALDH expression between the tumor of an untreated mouse, the tumor of a mouse
treated with ABD-3001, and GL261 in vitro culture. C1633: mouse belonging to the control group of the therapeutic

efficacy assays, treated with 5 mg/kg ABD-300
efficacy assays, treated with 5 mg/kg ABD-3001.
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GB, the most common and aggressive type of primary malignant CNS tumor, remains incurable
and highly lethal despite decades of extensive research. One of the main factors contributing to
treatment failure is the development of chemoresistance towards TMZ, the standard
therapeutic agent used currently. In this regard, enzymes belonging to the ALDH superfamily
have been reported to be involved in resistance mechanisms, as well as in other important
processes related with the maintenance of the CSC subpopulation of the tumor, cell
proliferation, differentiation via RA generation, apoptosis, immune evasion, etc. Consequently,
ALDH inhibition has emerged as a growing area of research for cancer treatment in recent years.
In the present thesis, some compounds synthesized by the biotechnology company ABD were
studied as novel potential drugs for the treatment of GB, namely DIMATE, ABD0099, ABD0171,
and a lipidic nanoemulsion of DIMATE named ABD-3001.

1. Several isoforms, specifically ALDH1A3, were expressed in GB cell lines as assessed by a

capillary-based immunoassay

The expression of ALDH isoforms was first assessed in a panel of GB cell lines. Remarkably,
ALDH1A3 was highly expressed in all the GB cell lines tested, except for T98G. This finding aligns
with previous reports highlighting the significance of ALDH1A3 in GB. ALDH1A3 has been
implicated in the transformation of proneural GSCs to mesenchymal GSCs, which correlates with
higher invasiveness, spreading, resistance to therapy and lower overall survival in GB patients

[145]-[149].

Importantly, ALDH1A3 has also been directly related to TMZ resistance, as well as ALDH1A1
[136], [137], [139]. However, according to the results obtained in the cytotoxicity assays, there
seems not to exist a direct relationship between the expression levels of these ALDH isoforms
and resistance to TMZ. Probably, this is due to the fact that TMZ resistance is mediated by other
factors, such as the MGMT status, which has not been assessed in this thesis and is well known
to be a key contributor to chemoresistance against this drug [46]-[48]. Whereas the ECso values
of TMZ are in the mM range for almost all the GB cell lines tested, the ECso values of the ALDH
inhibitors fall within the low micromolar range, indicating that these compounds are three

orders of magnitude more potent than the standard of care itself.
2. ALDH knockout in a human GB cell line identified ALDH as a valid drug target

The importance of ALDHs as a viable drug target in GB was further validated through the
knockout of several ALDH genes in the human GB cell line A172. The enzymatic activity with
hexanal and RAL was highly reduced in the KO cell line, and the growth rate of the cells at the

exponential phase and their migration capacity were hampered. Most likely, this is directly
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related with the fact that RAL elimination and RA production in the KO cell line are strongly
reduced. In addition, the KO cell line was shown to be more sensitive to the standard of care
TMZ and also to CP, another FDA-approved anticancer drug. These results align well with those
reported by Wu et al. [138], who demonstrated that ALDH1A3-KO GB cells were significantly
more sensitive to TMZ treatment compared to their wild type counterpart. Furthermore, these
results also support the results obtained in the synergy assays, and justify why the
implementation of ALDH inhibitors could be a suitable approach to enhance the efficacy of the
standard of care TMZ. DIMATE, ABD-3001, ABD0099 and ABD0171 were also tested in the KO
cell line, but unexpectedly, these cells were not more resistant than the wild type cells. This
suggests that these compounds probably have other target molecules apart from ALDHs, leading

to off-target effects.

3. Liposome-based nanoparticles with encapsulated DIMATE (ABD-3001) were suitable for drug

delivery

Firstly, the characterization of ABD-3001 by cryo-TEM and DLS revealed that these nanoparticles
show a spherical morphology and are monodisperse with a diameter below 200 nm, which are
features that could make them suitable for drug delivery purposes, although their nearly neutral
zeta potential could be a risk factor promoting particle aggregation. In fact, nanoparticles with
an average size up to 200 nm have been shown to be efficiently transported transcellularly via
intranasal route [203], which is the route utilized in the in vivo experiments conducted in this
thesis. The intranasal route offers some advantages: the nose is easily accessible, highly
vascularized, it allows for lower doses of drug due to minimal first pass metabolism, and
importantly, it circumvents the BBB and allows drug delivery directly to the brain, which is one
of the main issues in GB management. However, this route presents challenges such as irritation
of the nasal cavity and mucociliary clearance, which can be addressed by using nanoparticles,
which have been increasingly explored in preclinical studies for the treatment of GB [211]. In
addition, analysis of DIMATE release also reinforces the need of its encapsulation for therapeutic
purposes, since these experiments suggested that the drug is hydrolyzed in a time-dependent

manner in aqueous buffer.

Among the different types of nanoparticles, liposomes have emerged as the most established
drug delivery vehicles, with numerous clinical products available to date. However, there is still
no FDA-approved clinical liposomal product for the treatment of CNS pathologies. In general,
lipid nanocarriers have been considered the most promising treatment strategy for brain

cancers due to their ability to cross the BBB [212] and, indeed, some liposomal formulations
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have been tested with promising results against GB in preclinical stages of research [213]. Some
advantages of liposomes are their high biocompatibility, non-immunogenicity and, remarkably,
their ability to encapsulate a wide array of drugs, both hydrophilic and hydrophobic [189], [214].
This is especially relevant for the development of the so-called combination therapies, which
are currently arising as a standard practice for cancer treatment. These therapies have yielded
enhanced response and survival compared with single-agent therapies for preclinical and clinical

investigations [193].

4. Combination treatments with ALDH inhibitors in addition to TMZ demonstrated synergistic

effects

In general, monotherapies based on the usage of a single drug often fail to achieve tumor
regression. However, combining two or more drugs with distinct mechanisms of action and
directed to different molecular targets can synergistically enhance the chances of eradicating
the tumor. In this sense, nanoparticles such as liposomes could deliver multiple therapeutic
agents at the same time and site, maintaining the optimized synergistic drug ratio in a single
carrier all the way up to intracellular uptake by the target cancer cell [193]. In the case of GB,
given the high level of tumor heterogeneity and the complexity of the mechanisms that drive
development, progression and invasion, combination therapies should probably be the main
focus of research from now on. We postulate that the combination of the current standard of
care TMZ with ALDH inhibitors could be an encouraging approach, given the important roles of

ALDHs in the maintenance and resistance mechanisms of GSCs.

According to some studies on other cancer types [185]-[187], DIMATE would act by causing the
accumulation of toxic aldehydes in the cell as a consequence of ALDH inhibition, leading to cell
death by apoptosis. In fact, DIMATE, as well as ABD0O099 and ABD0171, were proven here to
inhibit the cellular ALDH activity in extracts of the human GB cell line A172 and the murine GB
cell line GL261. ALDH inhibition was analyzed using both hexanal and RAL as substrates. The
inhibition of the reaction with RAL, which is the physiological substrate of the ALDH1A isoforms,
could be of particular interest for pharmacological purposes, since the product of the reaction,
RA, is a key molecule in the regulation of wide variety of signaling pathways related with cell
proliferation, differentiation, cell cycle arrest and apoptosis, among others [84], [102], [103]. In
any case, the inhibition of the cellular ALDH activity could be the reason why combination
therapies of these compounds with TMZ show synergy in the two GB cell lines mentioned above.
It is reported that TMZ, apart from exerting cytotoxicity by causing DNA damage, also

contributes to cell death by generating ROS [136]-[138]. These ROS can cause lipid peroxidation,

107



resulting in the production of toxic aldehydes that further lead to protein and DNA damage,
ultimately triggering cell apoptosis. Thus, inhibition of ALDHs by DIMATE, ABD0099 or ABD0171
would prevent detoxification of harmful aldehydes generated by the action of TMZ. Consistent
with this theory, synergy was observed in the treatment of A172 cells with TMZ plus DIMATE,
which was the most potent compound at inhibiting the ALDH activity with RAL. Similarly, in
GL261, the most synergistic combination was that of TMZ with ABD0171, which was the most
potent compound at inhibiting ALDH activity with hexanal. Furthermore, in support of the
proposed theory, this thesis demonstrated that TMZ and ALDH inhibitors promoted cell death
through apoptosis and led to the accumulation of ROS in the cells. Thus, these combination
therapies could improve the efficacy of TMZ, suggesting that ALDH inhibitors should be further

explored in the field of GB treatment.

5. Intranasal administration of ABD-3001 exerted an antitumor effect by decreasing the rate of

tumor growth

Regarding the in vivo studies performed in this thesis, tolerability and therapeutic efficacy assays
with ABD-3001 were carried out in a murine immunocompetent GL261 GB model. On the one
hand, tolerability assays in healthy mice revealed that ABD-3001 displayed some degree of
toxicity at the dose of 5 mg/kg, as evidenced by a slight but statistically significant weight loss
during the time of treatment, and also by necropsies. This could be due to the drug reaching
healthy tissues and also due to the affection of other metabolic processes by the inhibition of
off-target proteins, as suggested above. On the other hand, therapeutic efficacy assays with
different doses of ABD-3001 on GB-bearing mice showed that, in spite of the toxicity, the drug
exerted an antitumor effect by decreasing the rate of tumor growth compared to untreated
controls. Toxicity could be mitigated by lowering the dose of ABD-3001, and this allowed the
lifespan of treated mice to be extended. Probably, the intranasal administration route and the
properties of ABD-3001 nanoparticles allow for the drug to properly reach the tumor and be
internalized by cells. We hypothesize, based on the results of the in vitro studies, that the
reduction of the tumor growth rate could be due to the inhibition of ALDHs and the consequent
death of cancer cells by accumulation of ROS and toxic aldehydes, as well as due to the reduction
of RA levels, which could lead to impaired cell proliferation and affection of oncogenic signaling
pathways. Another potential factor that could be involved in the antitumor effect of ABD-3001
is the enhancement of the immune response against the tumor. It has been reported that RA
promotes the induction, function and stability of regulatory T (Treg) cells, which are known to
infiltrate in the tumor and maintain immunological self-tolerance [139]-[144]. The inhibition of

ALDH1A enzymes could lead to a reduction of RA levels, which in turn could hamper the function
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of Treg cells and facilitate the attack of the immune system against the tumor. Nevertheless, the
results obtained in these assays clearly suggest that ABD-3001, which has already shown
promising results in other cancer types and is currently in clinical phase | for the treatment of

AML, could also be a promising drug candidate for the treatment of GB.

Further experiments have provided confirmation that DIMATE is internalized in GL261 cells as
well as in tissues of mice treated with ABD-3001 nanoparticles. Interestingly, we found out that
DIMATE binds to cellular GSH. This could impair the natural detoxifying function of GSH [206]
and have the same effect as the inhibition of ALDH enzymes, regarding the accumulation of
damaging electrophilic compounds in the cell. Additionally, we observed changes in the
expression of certain ALDHs in the tissues of mice following treatment with ABD-3001.
Specifically, the expression of ALDH1A1 and ALDH1A2 decreased in the cerebellum, and all three
ALDHI1A isoforms exhibited decreased expression in the heart. Notably, ALDH1A1 showed the
most significant downregulation in the tumor, which may contribute to the observed decrease
in tumor growth rate during the therapeutic efficacy assays and reinforces the idea that the
growth of the tumor might be slowed down due to the lack of RA production in the cells.
Furthermore, it is worth noting that ALDH1A1 expression is highly increased in the tumor
compared to the GL261 cell culture. All this suggests that ALDH1A1 is probably a key enzyme for

the maintenance and growth of the GL261 tumor.
6. Summary

The compounds DIMATE, ABD-3001, ABD0099 and ABD0171, developed by the biotechnology
company ABD, have demonstrated their ability to inhibit the cellular ALDH activity, displayed
high cytotoxicity in a panel of GB cell lines as monotherapies, exhibited synergy when combined
with TMZ, and induced the intracellular accumulation of ROS, which is likely to be the reason
why cells undergo apoptosis after treatment with the compounds. Furthermore, the knockout
of multiple ALDH genes in a human GB cell line evidence the importance of these enzymes in
processes such as cell proliferation, migration and resistance to various anticancer drugs. The
compound ABD-3001, specifically, when tested in a murine immunocompetent GB model,
showed efficacy in reducing the rate of tumor growth compared to control mice, thereby
potentially extending the lifespan of treated mice. Also, treatment with this drug induced
changes in the ALDH expression pattern of several tissues. All in all, the in vitro and in vivo
experiments performed in the present thesis shed some light in the relevance of ALDHs in GB
and show how ALDH inhibition could be a promising new pharmacological approach for the

treatment of this lethal and incurable disease.
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Cryo-TEM analysis revealed that ABD-3001 nanoparticles, encapsulating DIMATE,

exhibited a spherical morphology with an average diameter of 30 nm.

The monodispersity of ABD-3001 nanoparticles in solution was confirmed under both
storage (4°C in saline solution) and physiological conditions, as indicated by the PdlI
values obtained through DLS. However, their greater hydrodynamic diameter compared
to cryo-TEM analysis and their nearly neutral zeta potential suggest that these

nanoparticles could form aggregates, especially under physiological conditions.

HPLC analysis showed that approximately 70% of DIMATE encapsulated in ABD-3001
nanoparticles was released within the first 4 hours, regardless of pH (pH 5.0 or pH 7.0).
In addition, DIMATE seemed to be hydrolyzed with time, slightly to a larger extent at pH
7.0 as compared to pH 5.0.

ALDH1A3 showed high expression in all the GB cell lines tested except for T98G, whereas
ALDH1A1 and ALDH1A2 showed the highest expression in LN229 and A172.

ALDH inhibitors, DIMATE, ABD-3001, ABD0099 and ABD0171, demonstrated cytotoxicity
in the low micromolar range against the GB cell lines tested, and were approximately
three orders of magnitude more potent than the standard of care TMZ. There was not
a direct relationship between ALDH1A expression and the cytotoxicity of the compounds

tested.

DIMATE, ABD0099 and ABDO0171 at 15 uM effectively inhibited ALDH activity with
hexanal substrate in cellular extracts of A172 and GL261, being ABD0171 the most
potent inhibitor. Furthermore, all three compounds also inhibited RAL dehydrogenase
activity in A172 cell extracts in a concentration-dependent manner, with DIMATE

displaying the highest potency.

In terms of absolute values, A172 cell extracts exhibited higher ALDH activity than GL261

cell extracts, either using hexanal or RAL as a substrate.

The combination of TMZ and DIMATE demonstrated synergistic effects against A172
cells, whereas combination of TMZ with the other inhibitors only resulted in an additive

effect. Conversely, TMZ combinations with ABD-3001, ABD0099 and ABD0171 displayed
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13.

14.

15.

16.

17.

synergistic effects against GL261, whereas the combination with DIMATE resulted in an

additive effect in this cell line.

Both TMZ and ALDH inhibitors induced apoptosis rather than necrosis as monotherapies

in A172 and GL261 cell lines.

Treatment with TMZ and all ALDH inhibitors led to ROS accumulation in GL261 cells,
while only ABD-3001 induced ROS accumulation in Al72 cells at the tested

concentrations.

A172 KO exhibited decreased expression levels of various ALDH isoforms at both mRNA
and protein levels compared to A172 WT cells. Accordingly, ALDH activity with hexanal
was significantly reduced and RAL dehydrogenase activity was completely abolished in

the KO cell line.

A172 KO cells exhibited slower growth compared to A172 WT cells, with an approximate

increase of 12 hours in the doubling time during the exponential phase.

Migration capacity was hampered in A172 KO cells as compared to A172 WT cells.

A172 KO cell line showed increased sensitivity towards RAL, TMZ and CP compared to
the WT cell line. A172 KO cells were also slightly more sensitive to ALDH inhibitors
(except for ABD0099) than A172 WT cells, suggesting that these compounds were

probably not selective for ALDHs and have other target molecules in the cell.

Administration of ABD-3001 in vivo at doses above 2.5 mg/kg resulted in certain toxicity,
leading to organ damage and increased weight loss in treated mice. This issue could be

addressed by lowering the dose of ABD-3001 to 1.5 mg/kg.

ABD-3001 demonstrated an antitumor effect in GB-bearing mice at different doses,
slowing down the rate of tumor growth compared to that of control mice. Particularly,

at the dose of 1.5 mg/kg, the lifespan of mice treated with ABD-3001 could be extended.

GL261 cells and mice tissues treated directly with ABD-3001 were able to internalize

DIMATE. However, upon internalization, DIMATE underwent changes and did not
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19.

remain in its original form. The HPLC analysis revealed that the whole DIMATE molecule

and/or hydrolyzed fragments of DIMATE bound to GSH.

Treatment of GB-bearing mice with ABD-3001 altered the expression of some ALDH
isoforms in various organs as assessed by a capillary-based immunoassay. Specifically,
ALDH1A1 expression decreased in the tumor, ALDH1A1 and ALDH1A2 expression
decreased in the cerebellum, and the expression of the three ALDH1A isoforms
decreased in the heart. These findings suggest a downregulation of ALDH enzymes after

ABD-3001 treatment.

The expression levels of the majority of ALDH isoforms are higher in GL261 cells than in
the GL261 tumor, with the exception of ALDH1A1, which is clearly increased on the
tumor. This suggests that ALDH1A1 may play crucial roles in the development and

maintenance of GL261 tumors.
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ANNEX
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Annex 1.1. Calibration curve for DIMATE analyzed by HPLC. Peak areas at 270 nm were plotted against twelve
different amounts of DIMATE. Experimental values were fit to a simple linear regression using GraphPad software.
AU: absorbance units.
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Annex 1.2. MRI of the tumors of GB-bearing mice during the therapeutic efficacy assay with 5 mg/kg ABD-3001.
Mice C1632, C1633, and C1636, belonging to the control group (red), were treated with 5 mg/kg ABD-3000, whereas
mice C1634, C1638, and C1640, belonging to the treated group (green), were treated with 5 mg/kg ABD-3001. Arrows
point at the tumor. Day p.i.: day post-implantation.
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Annex 1.3. MRI of the tumors of GB-bearing mice during the therapeutic efficacy assay with 2.5 mg/kg ABD-3001.
Mice C1657, C1660, and C1663, belonging to the treated group, were treated with 2.5 mg/kg ABD-3001. Arrows point
at the tumor. Day p.i.: day post-implantation.
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