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ABSTRACT

Pyrazolo[3,4-d]pyrimidine derivatives, a promising class of Src family kinase (SFK)
inhibitors have been extensively studied by Professor Maurizio Botta research
group. They exhibited strong antiproliferative and pro-apoptotic effects on several
cancer cell lines.

The first part of this thesis essentially focuses on the preclinical characterization of
Si306, a pyrazolo[3,4-d]pyrimidine derivative, identified as a very promising
anticancer agent. This compound has shown a favorable in vitro and in vivo activity
profile against neuroblastoma (NB) and glioblastoma (GBM) models by acting as a
competitive inhibitor of c-Src tyrosine kinase. Nevertheless, the good antitumor
activity of Si306 is associated with sub-optimal aqueous solubility, which might
hinder its further development. In this context, drug delivery systems were
developed to overcome the poor aqueous solubility obtaining suitable formulations
for their in vivo use in the treatment of NB. Si306 was encapsulated in liposomal
nanoparticles: i. Stealth liposomes and ii. Immunoliposomes decorated with
AntiGD2 monoclonal antibody, which specifically binds GD2 antigen expressed by
NB cells. Both liposomal suspensions resulted stable and showed excellent
morphological and physio-chemical properties. The liposomal suspensions
exhibited increased cytotoxic activity against different NB cell lines; in particular,
AntiGD2-decorated liposomes, due to the interaction with the antigen, showed the
ability to bind and be internalized in different NB cells and the cellular association
increases proportionally with increasing GD2 antigen expression. The
pharmacokinetic (PK) and tissue biodistribution (BD) profiles were evaluated by
treating healthy male mice intravenously at two dosages of 5 and 25 mg of Si306/kg
of body weight. Higher plasma exposure of Si306 was observed when it is delivered
by liposomes compared to Si306 administered in free form. Moreover, an immediate
distribution of Si306 followed by a concentration decrease in a time-dependent

manner was observed in all organs analyzed. An increased concentration of Si306
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was observed in the liver, spleen, and lungs when it is delivered by liposomes. A
preliminary PK and BD study on NB orthotopic mouse model demonstrated
increased tumor uptake of 5i306 when it is encapsulated in liposomes compared to
drug-free. Finally, in vivo efficacy and survival studies conducted on orthotopic NB
mice models revealed the ability of Si306-loaded immunoliposomes to reduce
tumor growth and to significantly increase the survival rate.

In the second section, gold nanoparticles (AuNPs) conjugated to Si306 were
developed to improve its solubility, but also to increase its ability to cross the blood-
brain barrier and to have a therapeutic action against (GBM). This section describes
the design, the preparation, and the characterization of AuNPs conjugated with
5i306. AuNPs-5i306 showed a good loading efficacy (65%), optimal stability in polar
media and human plasma, and a suitable morphological profile. Antitumoral
activity of AuNPs-5i306 was evaluated in in vitro GBM model, also in combination
with radiotherapy (RT). Results demonstrated that AuNPs had a basal radio-
sensitization ability and that AuNPs-5i306, when used in combination with RT, was
more effective in inhibiting tumor cell growth with respect AuNPs and free Si306.
In the third section, Si409, a pyrazolo[3,4-d]pyrimidine derivative, showed the
ability to inhibit key members of SFK involved in Diffuse Large B-cell Lymphoma
(DLBCL) and to reduce the proliferation of several B-cell tumor cell lines. Also, low
cytotoxic activity of Si409 was measured on healthy human peripheral blood
mononuclear cells (PBMCs). Si409 showed to be safe by exhibiting a reduction in
hERG current but only at concentrations at least 10-fold higher than the median ICso
value recorded in tumor cell lines. PK studies showed high phase II metabolism
caused by glucuronide conjugation, which reduces plasma levels and increases the
clearance of Si409. Despite the low plasma levels, the treatment with Si409 in ABC-
DLBCL xenograft mouse model revealed a considerable volumetric reduction of the
tumor mass suggesting an interesting in vivo pharmacological potency of this

compound.
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INTRODUCTION

1. PROTEIN KINASE

The human kinome represents one of the largest gene families that comprise 1.7%
of the human genes (Figure 1). 518 protein kinases have been identified and of these,
478 contain a domain of the eukaryotic protein kinase (ePK). The remaining 40,
while maintaining kinase activity, lack sequence similarity to the ePK domain. For

this reason, they are referred to as the atypical protein kinases (aPKs)'.
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FIGURE 1. Human Kinome.

Kinases catalyze the reversible phosphorylation of about 500,000 phosphorylation
sites in more than 20,000 human proteins, playing key roles in human cells as well
as other eukaryotic cells?. Besides, kinases are involved in several cell signaling
pathways, including transcription, tumor cell metabolism, cell cycle progression,
apoptosis, and differentiation®*. It has been estimated that more than 400 human
diseases are caused by defects in the kinase signaling pathway and more than 80%
of kinases have been investigated as targets for therapeutic development.

The ePKs domain is composed of approximately 250 amino acids and contains two
lobes: N-terminal lobe (N-lobe) and the C-terminal lobe (C-lobe) which are
separated by a cleft that contains residues important for ATP binding as well as

phosphate transfer. The ePKs are classified into eight main groups based on
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sequence similarity within this domain: I. TK (tyrosine kinase), II. TKL (tyrosine
kinase-like), ITI. STE (STE20, STE11, and STE7 related), IV. CK1 (casein kinase 1), V.
AGC (protein kinase A, protein kinase G, and protein kinase C related), VI. CAMK
(Ca2+/calmodulin-dependent kinases), VII. CMGC (Cdk, MAPK, GSK, Cdk-like
related) and VIIL. RGC (receptor guanylyl cyclase)®.

The TK group includes transmembrane receptor tyrosine kinases (RTKs) and
cytosolic non-receptor tyrosine kinases (nRTKSs):

» RTKs are transmembrane proteins involved in signaling at the cell
membrane. Receptor TKs can be grouped into several subfamilies based on
their kinase domain sequences showing a conserved modular structure
consisting of an extracellular ligand-binding domain, a membrane-spanning
domain, and an intracellular tyrosine kinase domain. The binding of the
corresponding ligands to the extracellular domain causes receptor
oligomerization and consequent activation of the tyrosine kinase domain
causing autophosphorylation of some intracellular tyrosine residues within
the receptor protein. At the same time, receptor-dependent phosphorylation
of several cytoplasmic signaling molecules may also occur, resulting in the
activation of signal transduction cascades. Some examples of members of this
family are VEGFR (vascular endothelial growth factor receptor); EGFR/ErbB
(epidermal growth factor receptor); PDGFR (platelet-derived growth factor
receptor); FGFR (fibroblast growth factor receptor).

* nRTKs represent the remainder of TK group. They are localized in the
cytoplasm and function in signal transduction to the nucleus. Some of them
possess amino-terminal modifications, such as myristoylation or
palmitoylation, which allow them to be anchored to the cell membrane and
be activated. In addition to TK domain, nRTKSs possess domains that mediate
protein-protein, protein-lipid, and protein-DNA interactions. Known

members of this group include c-Src, Abl, and JAK kinases.
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Deregulation or abnormal activation of TKs can lead to a wide variety of diseases,
including cancer, inflammatory disorders, diabetes and neurodegeneration through
malignant transformation such as the over-expression of the wild-type receptor or
its growth factor ligand, failure of inactivation mechanisms, or trans-activation

through receptor dimerization®.

1.1 SrRc TK FAMILY

There are 11 members of the Src kinase family in humans. These include c-Src, Blk,
Brk, Fgr, Frk, Fyn, Hck, Hck, Lck, Lyn, Lyn, Srm, and Yes. c-Src, Fyn, and Yes are
expressed in all cell types’. c-Src is a non-receptor tyrosine kinase that has been
studied in recent decades and it plays important roles in cell differentiation,
proliferation, and survival. v-Src” (a viral protein) is encoded by the oncogene of the
Rous sarcoma virus that causes avian cancer, and c-Src (the cellular homologue in
humans, chickens, and other animals) is encoded by a physiological gene, the first
of the proto-oncogenes. c-Src is expressed ubiquitously; however, in the brain,
osteoclasts, and in platelets is expressed 5-200 times more than most other cells®.
Spliced forms of c-Src are expressed in nerve cells but, there is little evidence of a
functional difference among c-Src splice variants’.

Structurally, from the N- to C-terminus, c-Src contains a myristoyl group at the N-
terminal, a unique domain, an SH3 (Src homology 3) domain, an SH2 domain, an
SH2-kinase linker, a protein-tyrosine kinase domain called SH1 and a C-terminal
autoinhibitory domain (Figure 2). The C-terminal tails (residues 521/524-533/536)
of chicken and human Src are identical, but they are completely different from those
of Rous v-Src. Myristoylation facilitates the attachment of c-Src to membranes, and

myristoylation is required for its operation in cells’.
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Myristoyl Group SH2-Kinase Linker
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FIGURE 2. Organization of human c-Srct. CL, catalytic loop; AS, activation segment.

SH3 domains (= 60 amino acid residues) binds to sequences that may adopt a left-
handed helical conformation. The SH3 domain is a P-barrel consisting of five
antiparallel B-strands and two loops called RT and n-Src loops. These loops are
located at either end of a surface composed of aromatic and hydrophobic residues.
These sequences adopt a polyproline type II helicoidal conformation which,
interacting with the aromatic side chains, complex with the SH3 domain®.
The SH2 domain (=100 amino acid residues) consists of a central three-stranded (-
sheet with a single helix packed at each side (a1l and a2). The SH2 domain forms
two recognition pockets: one coordinates phosphotyrosine and the other binds one
or more hydrophobic residues C-terminal to the phosphotyrosine. The
phosphotyrosine pocket contains a conserved arginine residue (Argl178 in human c-
Src). The human SH2 domain binds intramolecularly to C-terminal pTyr530 that
results in inhibition of protein kinase activity?.
Tyr530 (six residues from the C-terminus) represents one of the two most important
regulatory phosphorylation sites in c-Src. In vivo basal conditions, 90-95% of c-Src
is phosphorylated at Tyr530, which binds intramolecularly with the SH2 domain.
SH2 and SH3 binding partners can displace the intramolecular association that
stabilizes the dormant form of the enzyme®.
The SH2 and SH3 domains have four important functions®:

1. They constrain the activity of the enzyme via intramolecular contacts.

2. Proteins that contain SH2 or SH3 binding partners can interact with the SH2

or SH3 domains of Src and attract them to specific cellular locations.
3. From the intramolecular displacement of SH2 or SH3 domains, proteins lead

to the activation of Src kinase activity.
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4. Proteins containing SH2 or SH3 binding partners may preferentially serve as
substrates for Src protein-tyrosine kinase.

In general, all protein kinases, including those of the Src family, are associated at
two general kinds of conformations (Figure 3). One involves the conversion of an
inactive conformation into a catalytically competent form (active conformation).
Activation is typically achieved by changes in the orientation of the C-helix in the
small lobe and the activation segment in the large lobe. The active kinase then
changes from an open to a closed conformation as it passes through its catalytic
cycle. The active enzyme, in its open form, binds Mg-ATP and the protein substrate;
this is accompanied by conversion to the closed-form while catalysis occurs. After
catalysis, the phosphorylated protein (substrate) and then Mg-ADP are released as
soon as the enzyme is reconverted to the open form®. The activation of c-Src is
regulated by a variety of mechanisms and mediated by many upstream kinases and
phosphatases. The dephosphorylation of Tyr527 is promoted by various protein
tyrosine phosphatase!® which allow the activation of c-Src. This leads to the
structural deployment of c-Src in a conformation that allows the

autophosphorylation of Tyr416 residue and the access of substrates to the kinase

domain.
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FIGURE 3. Secondary structures of (a) inactive and (b) active c-Src8. The SH3 domain is cyan,
and the SH2 domain is magenta. C-t, C-terminus; N-t, N-terminus.

c-Src can also be activated by the displacement of the SH3 and SH2 domains

mediated by intermolecular interactions with activated TK growth factor receptors,
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e.g., EGFR, human epidermal growth factor receptor-2 (HER2), PDGFR, VEGFR,
and FGFR!Y, integrin cell adhesion receptors!?, steroid hormone receptors, G-

protein-coupled receptors, focal adhesion kinase (FAK)® and cytoskeleton

components.

1.2 C-SRC-MEDIATED PATHWAYS IN CANCER
In normal cells, c-Src is mostly in the inactive state, being only transiently activated
during the essential cellular events to sustain cellular homeostasis in which it is
involved and participates in numerous signaling pathways and interacts with
several RTKs at the plasma membrane, cytokine receptors, steroid receptors, and G-
protein-coupled receptors to regulate and/or promote numerous cellular
processes'®. By this interaction in combination with these molecules, c-Src is
involved in the downstream pathways that modulate a wide variety of cellular
processes including growth, survival, adhesion, and migration (Figure 4).
By contrast, c-Src activity is elevated in several types of human cancer, having a role
in progression, maintenance, and survival in several tumor types: solid cancers as
colon'®, breast!®, lungs?’, liver'$, prostate', and pancreatic® cancers; nervous system
cancers, such as glioblastoma multiforme (GBM)?*?> and neuroblastoma (NB)* and

hematologic tumors such as chronic myelogenous leukemia? and lymphomas®.
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FIGURE 4. Selected examples of c-Src-mediated pathways.
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c-Src activation leads to downstream signaling, indirectly via JAK?* or directly
through the binding to STAT3 (Signal Transducer and Activator of Transcription 3),
via its SH2 domain, activating c-myc and inducing the upregulation of cyclin D1.
Cyclin D1 and c-myc are involved in the regulation of cell cycle progression. Their
upregulation causes cell cycle dysfunction and uncontrolled cell proliferation.
Moreover, STAT3, persistently activated, stimulates tumor angiogenesis via
overexpression of VEGF, but it also influences other critical angiogenic factors,
including angiopoietin, chemokine, and interleukine-8 (IL-8)* 2. Uncontrolled
activity of VEGEF leads to the formation of interrupted endothelial cell-cell vascular
junctions with the consequent increase in vascular permeability, allowing the
extravasation of tumor cells. It has been proved that in human solid tumor cell lines,
c-Src inhibition reduces VEGF expression, reducing pro-angiogenetic activity®.
Also, the deregulated activity of Src kinase is involved in anti-apoptotic and pro-
survival signal transduction pathways, including those mediated by PI3K and Akt
signaling®. Moreover, c-Src is involved in an altered regulation process of integrin
signals, focal adhesion component proteins®, and deposition of cell-extracellular
matrix (ECM) proteins® and can lead to a decreased adhesiveness by disruption of
cell-cell adhesion and increased turnover of ECM contacts, thereby promoting
tumor cell migration, invasion, and metastasis. Besides, c-Src plays a crucial role in
the activity of matrix metallo-proteases (MMPs), which have a well-established role
in tumor invasion and cell migration. In particular, it has been demonstrated that
the phosphorylation of MT1-MMP (membrane-type 1 matrix metalloproteinase) on
its unique tyrosine residue (Tyr573) requires the kinase c-Src*. Furthermore, c-Src
kinase promotes a critical role in cancer cell proliferation by activation of

Ras/Raf/MEK/ERK pathway3+.
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2. KINASE INHIBITORS

Protein kinases represent the second most targeted group for drug development,
after the G-protein-coupled receptors. This large impact in research is due to their
pivotal roles in signal transductions and regulation of a wide range of cellular
activities in various types of human diseases and many of these kinases are
associated with human cancer initiation and progression.

The development of kinase inhibitors (KIs) for the treatment of human tumors
started in the mid-1970s. In subsequent years, the first protein kinase inhibitors
(naphthalene sulphonamide scaffold-based) were synthesized, which served as the
basis for the subsequent development of further molecules®. In 1991 the 3D
structure of the protein kinase A (PKA) was resolved and provided clear evidence
that the residues involved in the ATP binding were conserved from kinase to
kinase’. This gave rise to the myth that it was "impossible" to develop inhibitors
with a selectivity of action. Finally, in 2001 there was the turning point with the
approval by the Food and Drugs Administration (FDA) of imatinib, a pyrimidine
phenyl-amino derivative targeting the inactive conformation of the Abl1 kinase, for
the treatment of chronic myelogenous leukemia (CML). The clinical targeting of the
BCR-ABL gene, formed by the fusion of the ABL gene from chromosome 9 to the
BCR gene on chromosome 22, also called the Philadelphia chromosome, has
improved the clinical management of leukemia patients®”. Since the initial
development of imatinib, 28 kinase inhibitors have been FDA approved with
Brigatinib and Osimertinib as the latest approvals. Apart from the approved kinase
inhibitors, more than 3,000 Phase I-III clinical trials are underway for hundreds of
new kinase inhibitors3.

Initially, small molecule protein kinase inhibitors were divided into three classes:
type I, small molecules that bind to the active conformation of a kinase in the ATP
pocket; type II, small molecules that bind to an inactive (usually Asp-Phe-Gly, DFG-
out) conformation of a kinase; and type III KIs, non-ATP competitive inhibitors or

allosteric inhibitors¥.
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Later, other parameters were introduced by classifying the kinase inhibitors into®:

Type I: represent ATP-competitors that mimic the purine ring of the adenine
moiety of ATP and interact with the conformational phosphorylated active
catalytic site of the kinases. To date, many type I KIs for the treatment of
cancer have been approved by the FDA including bosutinib, dasatinib,
erlotinib, gefitinib, lapatinib, pazopanib, ruxolitinib, sunitinib, and
vemurafenib. But these kinase inhibitors also have negative side effects
showing a low selectivity, since the ATP pocket is conserved through the
kinome. This low selectivity for targeted kinases may result in cardiotoxicity.
Type II: kinase inhibitors that act by targeting the inactive conformation of
kinases and interact with the catalytic site of the unphosphorylated inactive
conformation of kinases. These inhibitors interact reversibly with the target
kinase which leads to the formation of single or multiple hydrogen bonds
with the protein in the ‘hinge region” and causes extra interactions in the
open DFG-out conformation. These interactions have a high degree of
selectivity affecting an increase in the safety profile. This class includes
imatinib and nilotinib.

Type III (or allosteric inhibitors): this class of Kls binds outside the ATP-
binding site and modulates kinase activity in an allosteric manner and
exhibits the highest degree of target kinase selectivity (e.g. trametinib). This
class is also divided into two subtypes: type A inhibitors bind to an allosteric
site next to the adenine-binding pocket whereas the type B inhibitors bind
elsewhere.

Type IV (also called substrate-directed inhibitors): they act through a
reversible interaction outside the ATP pocket, located in the kinase substrate-
binding site. These inhibitors do not compete with ATP and offer a higher
degree of selectivity (e.g., ON012380, which is targeted against Philadelphia

chromosome-positive leukemias).
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e Type V (or covalent inhibitors): this class of molecules acts as KIs through
the irreversible covalent bond with a cysteine residue within the active site
of the enzyme. Afatinib and ibrutinib are currently FDA-approved drugs.

Structurally, the currently FDA-approved small molecule KIs consist of a small
number of nitrogen-containing compounds such as quinazolines, quinolines,
isoquinolines, pyrimidines, and indoles. Kls represent a new and improved step
toward targeted therapy and toward a new generation of anticancer drugs.
Nevertheless, at present, KIs serve more as second- or third-line therapies rather
than as primary therapy, being wuseful in combination with traditional

chemotherapy.

2.1 C-SRC INHIBITORS

c-Src inhibition may play an important auxiliary role in various cancer treatments
since it is involved in many pathways promoting survival and cell proliferation. For
this reason, in the last decades, extensive work on the development of c-Src

inhibitors has been performed.
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FIGURE 5. Chemical structures of some c-Src/multi-kinase inhibitors.

Four orally effective c-Src/multi-kinase inhibitors are FDA-approved for the
treatment of various malignancies (Figure 5): (I) Bosutinib is a PDGFR, BCR-AD], c-
Src (and others SFKs such as Lyn, Hck, and Kit) inhibitor approved for the treatment
of Ph+ CML and lymphoblastic leukemias (ALL). It is currently in clinical trials for

the treatment of glioblastoma and breast cancer?; (II) Dasatinib is an inhibitor of
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BCR-Ab], c¢-Src, Lck, Fyn, Yes, PDGFR, and other kinases that is approved for the
treatment of CML. This drug is undergoing phase I and II of the clinical trials as a
monotherapy and in combination for various solid malignancies and ALL#4; (III)
Ponatinib is an inhibitor of BCR-Abl, PDGFR, VEGFR, Src family, and other kinases
that is approved for the treatment of CML and ALL. It too is undergoing clinical
trials for several solid tumors?; (IV) Vandetanib is an inhibitor of EGFR, VEGFR,
RET, Src family, and other kinases approved for the treatment of medullary thyroid
carcinoma, and it too is in clinical trials for numerous solid tumors?.

Several TK inhibitors are currently in phase II/III clinical trials in solid tumor
patients. An example, is Saracatinib (AZD0530), another orally active with high
selectivity against c-Src-Abl that has shown promising preclinical and clinical
results for colorectal, gastric, ovarian, small cell lung cancers, non-small cell lung

cancer (NSCLC), and metastatic osteosarcoma in lung?®.

2.2 PYRAZOLOI[3,4-d]PYRIMIDINES

The earliest SFK inhibitors with a pyrazolo[3,4-d]pyrimidine scaffold-based were

PP1 and PP2 (Figure 6). However, these inhibitors suffered from toxicity and poor
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FIGURE 6. Chemical structures of PP1 and PP2, the first SFK inhibitors.

In the last years, the research group of Professor Maurizio Botta has developed a
huge library of pyrazolo[3,4-d]pyrimidines compounds, which thanks to their
isosterism with adenine, have been found to act as ATP-competitive SFK inhibitors.

This class of compounds became an attractive target for the development of new
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therapeutic agents against cancer, thanks to their capacity to inhibit several
oncogenic tyrosine kinases (TKs). The first small group of pyrazolo[3,4-
d]pyrimidines synthesized has been published in 2004. This work reported some
compounds which inhibitory activity against c-Src and towards cell proliferation
for A-431 (epidermoid carcinoma cell line)*2. Ever since then, a wide library of
compounds has been synthesized and several members were found to induce
apoptosis and to reduce proliferation in different cell lines in which c-Src is
overexpressed or overactivated, both from solid tumors (osteosarcoma*, prostate*,
neuroblastoma*#47,  glioblastoma  multiforme**#%,  rhabdomyosarcoma®,
mesothelioma®, medulloblastoma®, medullary thyroid carcinoma®) and
hematological tumors (leukemia® and Burkitt lymphomas®).

Several members of this family showed an interesting dual Abl/c-Src inhibition and
antiproliferative activity towards human leukemia cell lines®”. Two compounds,
Si163 and Si223 (Figure 7a and 7b, respectively) have been able to inhibit the Ber-
Abl T315] mutant. Moreover, they have shown a more than 50% reduction in tumor
volumes in xenograft murine model inoculated with 32D-T315I cells®. S13 (Figure
7c) represents another compound that has shown great interest. It showed a
synergic activity in combination with paclitaxel (PTX) against hormone-insensible
prostate cancer both in in vitro cytotoxicity test and in vivo PC3 xenograft mouse
model (subcutaneous)®.
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FIGURE 7. Structure and inhibitory activity of pyrazolo[3,4-d]pyrimidines: (a) Si163, (b) 5i223

and (c) S13.
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Despite the considerable activity of these compounds, their further development is
precluded by their low water solubility and unfavorable ADME profiles. Therefore,
to improve this aspect, a series of more soluble pyrazolo[3,4-d]pyrimidine
derivatives have been designed and synthesized through the introduction of polar
groups. Starting from the hit compound Si214 (Figure 8)*, which showed good
activity but low solubility, studies led to the identification of the compound Si192
(Figure 9), which showed both an improved in vitro ADME profile and a potent

inhibitory activity against the isolated c-Src®.
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PAMPA: Parallel Artificial Membrane Permeability Assay;

Papp: apparent permeability;
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expressed as percentage of unmodified drug.

FIGURE 8. 5i214: chemical structure and in vitro ADME properties.
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FIGURE 9. 5i192: chemical structure and in vitro ADME properties.
Subsequently, computational and structure-activity relationship (SAR) studies led
to the identification of the compound Si306 (Figure 10) as the best candidate for

development against NB* and GBM*, due to its favorable in vitro ADME properties

and its c-Src inhibiting activity with a Ki value in the order of sub-micromolar®.
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FIGURE 10. Si306: chemical structure and in vitro ADME properties.

In the last years, a prodrug approach has been applied to overcome the real problem
that characterizes this class of compounds, namely, aqueous solubility®. The
position selected to design prodrugs is represented by the secondary amine in
position C4, as it represents the moiety shared by most of the pyrazolo[3,4-
d]pyrimidines already synthesized. Furthermore, as already widely demonstrated
by computational studies, the -NH group in position C4 is essential for interactions
within the ATP-binding site of TKs. Taken the water solubility issue into account, a
N-methylpiperazino moiety, protonated at physiological pH (pKa 9.27 + 0.1) and
characterized by high water solubility (molar solubility 9.98 mol-L, pH 7), was
chosen. All the synthesized prodrugs were demonstrated to have higher water
solubility when compared with parental drugs with a consequent increase in their
bioavailability and biological activity. Among them, Pro-5i306 (Figure 11), the
prodrug of Si306, has been selected as the most promising for its good aqueous
solubility, favorable hydrolysis in human plasma, and an increased ability to cross

cell membranes.
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FIGURE 11. Pro-5i306: chemical structure and in vitro ADME properties.
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In a recent work published in June 2019, the role of Si306 and Pro-Si306 as dual c-
Src/P-gp inhibitors was investigated®®. The tested compounds were found to
increase the intracellular accumulation of Rho 123 (used as P-gp substrate probe for
characterizing P-gp inhibitory potential), and to enhance the efficacy of paclitaxel
in P-gp overexpressing cells (multidrug-resistant U87-TxR cell line). In addition,
Si306 and Pro-Si306 interaction with CYP3A4 isoform was assessed in vitro and no
significant inhibition was promoted at the highest concentration used. Protein-
binding profile to HSA (human serum albumin) and AGP (a-1-acid glycoprotein)
was also evaluated showing for both Si306 and its prodrug one-site binding kinetics.
Si306 displayed a high affinity for HSA and AGP (Kb 0.35 and 11.49 uM
respectively). On the other hand, Pro-5i306 demonstrated a lower affinity for HSA
(Kb 21.45 uM) and comparable values for AGP (Kb 9.28 uM) in confront to Si306.
Pharmacokinetic (PK) profile of Si306 was studied after i.v. (25 mg/kg) and per os
(50 mg/kg) administration in healthy mice (see Table 1 and Figure 12 for PK results).

TABLE 1. Pharmacokinetic parameters for 5i306°.

Parameters Unit PLASMA

Route iv. per 0s
Dose mg/kg 25 50

Crmaxb pg/mL 25.45 297
Tmax h 0.08 1.5

MRT4o_» h 3.78 5.70
AUCe0_» pg/mLxh 22.75 15.17
AUCe0_,24n pg/mLxh 22.30 14.48
Viye L/Kg 8.17 28.32
CLgxr L/h/Kg 1.10 3.29
tiah h 5.15 5.96

“Calculated with PKSolver; "Cumax: maximum concentration observed. Tmax: time of
maximum concentration observed. ‘MRT: mean residence time. tAUC: area under the
curve. fV: volume of distribution. sCL: clearance. "t12: half-life. PK data were evaluated using
a non-compartment model.

Si306 was rapidly absorbed with a Cmax of 2.97 ug/mL after 1.5 hours (Tmax) while

the observed Cmax for i.v. treatment was 8.5 times higher. The plasma half-life (ti-)
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also remains in the same range of values being 5.15 h and 5.96 h after i.v. and per os
administration, respectively. Interestingly, after oral administration a large amount
of Si306 has been detected (10.65 ug/g) into the brain after 30 min, then the
concentration slowly decreased during the next 24 hours (Figure 12). An immediate
distribution followed by a fast concentration decrease in a time-dependent manner
was also observed for the liver and kidneys when Si306 was administered
intravenously. On the other hand, orally administered S5i306 showed its Cmax in the

liver and kidneys at 1.5 h and 2 h respectively.
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FIGURE 12. PK of 5i306 (mean + S.E.M., n=5, plasma: pg/mL; tissues: pg/g). Distribution in mice
tissues after i.v. administration over 24 h (a). Distribution in mice tissues after per os

administration over 24 h (b).

Finally, the acute toxicity study was performed to provide useful information
concerning the effect of acute exposure of test animals to high doses of the Si306.
Treatment of mice with S5i306 did not produce treatment-related mortality at the
limit test dose (100 mg/kg), and besides, throughout the four days observation
period, no significant changes occurred in the behavior. Moreover, no microscopic

alterations were found in the brain, liver, and kidney (Figure 13).
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BRAIN LIVER KIDNEY

FIGURE 13. Microscopic analysis of tissues after 51306 administration in mice. Representative
microscopic pictures (200X magnification) of untreated mice (A, B and C); mice treated with
only vehicle (D, E and F); mice treated with dose level of 50 mg/kg of Si306 (G, H and I) and
mice treated with the dose level of 100 mg/kg of Si306 (J, K and L).

Subsequent optimization studies resulted in novel pyrazolo[3,4-d]pyrimidine
derivatives. Among these derivatives, Si409¥ (Figure 14) emerged for its favorable
aqueous solubility (134.2 pg/mL) and high in vitro metabolic stability (99.4 %).
Moreover, 5i409 showed a low Ki value against c-Src (300 nM) and an interesting

antiproliferative activity on neuroblastoma SH-SY5Y cell line.

HO/QNH

N* N
HO ){« [ M
‘\/’"‘-H N N CHs

FIGURE 14. Chemical structure of Si409.
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2.3 SFK INHIBITORS IN CANCER THERAPY

The role of SFK in the brain and neuronal tumors is not as extensively studied as
solid tumors deriving from the breast, lung, colon, prostate, or pancreas. However,
neuronal tissues do exhibit increased expression of c-Src and Fyn, and these
proteins likely play a role in the proliferation and growth of tumors arising in the
nervous system®. This paragraph will focus on the role of SFKs in the development
and progression of two solid tumors arising from the nervous system: GBM and NB
and in neoplasms involving the lymphoreticular system, large diffuse B-cell

lymphomas (DLBCL).

2.3.1 GLIOBLASTOMA MULTIFORME

In the past two decades, there has been a tremendous influx of data describing
genomic alterations in gliomas and particularly in GBM, which is the most
aggressive malignant form of primary brain tumor (WHO grade IV) with an
extremely poor prognosis: a 1-year and 5-years survival rate of 35.7% and 4.7%,
respectively®2. Since its low incidence rate, it is considered an orphan disease with
an annual prevalence of 1-9/100,000 people®. The standard-of-care is surgical
resection followed by adjuvant radiotherapy combined with chemotherapy.
Temozolomide (TMZ) is an alkylating agent and represents the first line in
treatment.

Investigators have found elevated c-Src activity in various CNS tumors, including
GBM, compared with normal brain samples® (c-Src activity/phosphorylation is
elevated in GBM samples and cell lines, including T98G and U87)%. In preclinical
GBM models, c-Src inhibition reduces cell proliferation and viability and increases
glioma cell apoptosis®®. Also, c-Src inhibition reduces vessel density and VEGEF-
induced vascular permeability. The role of Src in GBM development was further
supported by a study in transgenic mice expressing v-Src. These mice
spontaneously developed low-grade tumors that progressed to a morphology
resembling human GBM (14% of mice at 65 weeks)®. Many studies also showed

that Src is activated in primary GBM patient samples®”.
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Taking together all these evidences supporting the role of SFKs in glioma biology,
it is hardly surprising that the number of clinical trials for SFK inhibitors for the

treatment of GBM had exponential growth in recent years.

2.3.2 NEUROBLASTOMA

Neuroblastoma represents the most common extracranial solid tumor of
neuroectodermal origin in pediatric patients. These tumors originate from primitive
sympathetic ganglion cells. Neuroectodermal cells that comprise the tumor arise
from the neural crest during neurodevelopment in utero®. Neuroblastoma tumors
originate anywhere along the sympathetic chain but most often in the adrenal
glands (40%), in the abdomen (25%), thorax (15%), or within pelvic sympathetic
ganglia (10%). Long-term survival is only about 40% in patients with high-risk,
defined by age above 18 months and disease dissemination or unfavorable
histologic markers. To treat neuroblastoma, a multimodal approach is typically
implemented, involving a combination of surgical resection (for primary tumors
that have clear localization and well-defined borders), radiotherapy, chemotherapy,
and endocrine or biological therapy®. Radiation therapy in neuroblastoma is
utilized when tumors are unresectable or unresponsive to chemotherapy.

Several studies reported a correlation between c-Src overexpression and the ability
of NB to differentiate in vitro and in vivo™. NB cell lines have been shown to express
c-Src at levels much higher than that observed in primary cultures from
noncancerous tissues”’. The same is also true for many other neuroendocrine
tumors, where c-Src was found to be in correlation with the differentiation state of
the tumor”. Besides, overexpression of the c-Src kinase in advanced NB patients has
been associated with poor outcome?.

Inhibition of c-Src activity by dasatinib and bosutinib resulted in decreased cell
proliferation and apoptosis induction in NB cells and demonstrated anti-tumor
efficacy in NB mice models””. Therefore, targeting c-Src tyrosine kinase may

represent a promising solution in NB therapy.
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2.3.3 DIFFUSE LARGE B-CELL LYMPHOMA

Lymphomas are neoplasms involving the lymphoreticular system. Depending on
their origin, B-cell, T-cell, and NK- (natural killer) lymphomas can be
distinguished”. Lymphomas can be further divided according to the rate of growth
into indolent lymphomas: such as follicular lymphoma and cutaneous T-cell
lymphoma (CTCL) and aggressive lymphomas: such as diffuse large B-cell
lymphoma (DLBCL) and peripheral T-cell lymphoma (PTCL). In addition, based on
histology, lymphomas are classified into non-Hodgkin's lymphoma (NHL) and
Hodgkin's lymphoma (HL), the first ones represent 90% of all malignant
lymphoma””.

In B- or T-cell-derived lymphomas, deregulation of signaling pathways
downstream of B- or T-cell receptors is often observed, and several members of the
SFKs play a critical role, as demonstrated by several studies highlighting how
simultaneous inhibition with masitinib of the three SFKs leads to complete blockade
of oncogenic B-cell receptor (BCR) signals in GCB (germinal center B-cell) and ABC
(activated B-cell) DLBCL cells®”. Moreover, inhibition was effective not only on
lymphoma cell lines but also in patient-derived xenograft models®.

A reduction in cell growth in cells expressing activating mutations of Fyn in PTCL
(Fyn Tyr531His) was observed with dasatinib treatment®.

Besides, a study conducted in CTCL (another form of T-cell lymphoma) showed the
involvement of Blk® and, several subsequent in vitro and in vivo studies confirmed
this observation through the inhibition of CTCL proliferation after treatment with

dasatinib8384.
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3. CANCER BIOMARKERS AND GD2 EXPRESSION

Biomarker research is a way to understand the disease by providing information,
other than traditional chemotherapy, on aberrant and signaling cellular processes.
A characteristic of cancer cells is that proteins are sometimes over- or under-
expressed relative to healthy cells. In recent years, cancer-specific protein
overexpression has been the focus of the new drug development research. While
both intracellular and extracellular proteins can serve as biomarkers and potential
drug targets, surface-expressed proteins are being utilized to develop new targeted
therapies using antibodies and drug delivery systems. For example, bevacizumab
is an antibody that specifically binds VEGF and is being utilized for cancer therapy
in patients with colorectal cancer, lung cancer, renal cell carcinoma, and some
aggressive brain tumors®3,

Targeting by specific antibodies is expanding from tumor-specific protein
expression to characteristic lipids and macromolecules found in tumor cells. One
such example is the cancer biomarker GD2, a specialized lipid expressed by tumors
of neuroendocrine origin (e.g., melanoma, ganglioneuroma, and
neuroblastoma)¥%. GD2 is a ganglioside composed of a glycosphingolipid
specifically modified with two sialic acid groups®. Gangliosides naturally are
expressed in all vertebrate tissues and are present on the surface of cell membranes
in which they are involved in multiple processes such as cell recognition and signal
transduction®”!. Gangliosides are abundantly present in the central and peripheral
nervous system where they interact with lectins and myelin-associated
glycoproteins thus ensuring optimal axon-myelin cell-cell interaction, long-term
axon-myelin stability, and inhibiting axon outgrowth after injury®>. The highest
levels of gangliosides expression are seen during the early stages of neurological
development®. Alterations in the gangliosides synthesis pathways in cancer can
result in high levels of gangliosides such as GD2, GD1, and GT1 in particular types

of cancer®4.
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Gangliosides GD2 and GD3 have been identified in the surface adhesion domains
of melanoma cells and contribute to mediate adhesion of melanoma. In NB tumor

cells, they interact and modulate receptors for the extracellular matrix®>°.

3.1 ANTIGD2 AND IMMUNOTHERAPY

Since the '70s and '80s antibodies have been studied and developed in the
oncological field by exploiting their binding to cancer cells, thus allowing white
blood cells to target tumor cells after activation with cytokines (e.g. interleukin-2,
IL-2)*7%8. Since then, in immunotherapy, monoclonal antibodies (mAbs) have been
intensively studied thanks to the simultaneous discovery of several biomarkers
associated with tumors®. The production of mAbs is due to the inventors Georges
J. F. Kohler and César Milstein in 1975 (Nobel Prize for Medicine and Physiology in
1984).

The monoclonal antibody, 3F8, which specifically binds GD2 glycolipid, was the
first to be isolated after immunization of mice with lysates of neuroblastoma cells
without showing cross-reactivity to other similar gangliosides such as GD1, GT1b,
or GM1a'®101, GD2 is uniformly expressed by neuroblastoma cells in high amounts.
In normal cells, its expression is limited to cells of neuroectodermal origin, including
the central nervous system and peripheral nerves!®,

When AntiGD2 binds to the GD2 antigen on the surface of tumor cells, it induces
cell lysis through antibody-dependent cell-mediated cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC). Because GD2 is found on some healthy

nerve cells, AntiGD2 binds to those cells, causing pain!®104,
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FIGURE 15. AntiGD2 monoclonal antibody that induces tumor cell lysis via multiple
mechanisms.

3F8 is the first antiGD2 mAb tested in humans and developed for the treatment of
neuroblastoma. A single-arm study showed that the use of 3F8 in combination with
IL-2 and cytokine granulocyte-macrophage colony-stimulating factor (GM-CSF) in
patients with stage 4 neuroblastoma increased 5-year progression-free survival of
62% compared to conventional treatments leading to less than 40% survival®1%,
Also, a phase II clinical trial combining 3F8 with GM-CSF showed complete
remission of bone marrow disease in 80% of 19 patients resistant to neuroblastoma
chemotherapy!®.

Despite encouraging clinical results, most successes with 3F8 immunotherapy were
observed as tertiary therapy in patients with the minimal residual disease compared
to bulky tumor masses'””. In addition, patients with repeated 3F8 therapies in short
periods of time develop human anti-mouse antibodies (HAMA) against 3F8
antibodies, causing a decrease in anti-tumor efficacy and limiting the frequency of
possible 3F8 doses!®.

Genetic techniques have been employed to humanize 3F8 antibodies and other
antiGD2 antibodies such as chl4.18 by replacing mouse-specific residues with
human antibodies'®. Humanized antibodies (prefixed "hu") such as hul4.18 and
hu3F8 were found to decrease the presence of HAMA, although HAMA still
interferes with repeated doses'”®. Dose limitation features of 3F8 include off-target
effects and inactivation by the patient's immune system. 3F8 immunotherapy is
associated with significant pain and pain-associated hypertension, probably due to

off-target effects due to the presence of GD2 on peripheral nerves!’. Vascular

36



problems have also been observed in which blood vessels temporarily lose the
ability to maintain volume, resulting in the inefficiency of gas exchange, or
hypoxia'®.

Basis on the side effects profile, the need to use additional immunomodulators, and
dose-limiting immune responses, there is a necessity to enhance antiGD2

immunotherapies more effectively at lower dosages.

4., NANOTECHNOLOGY IN MEDICINE

Medical nanotechnology is the use of several types of nanoscale-sized systems (1-
1000 nm), which are constructed on inorganic (e.g., gold, iron oxide, lanthanide
ions, and carbon nanotube) or organic materials (e.g., liposomes, micelles,
dendrimers, cyclodextrins) that have nanoscale properties for medical applications
and allow for encapsulation of multiple therapeutic agents (e.g., small molecules,
peptides, nucleic acids).

In chemotherapy very often there are problems of toxicity (due to poor selectivity
of the chemotherapeutic agent) and poor PK profiles or non-specific drug
distribution in tissues and organs. All these factors can lead to failure of the
treatment. Based on these considerations, the development of pharmaceutical
formulations, based on nanoparticles, has demonstrated many benefits by

enhancing drug delivery in the tumor site and reducing side effects.
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4.1 LIPOSOMES

Liposomes (discovered by Alec D. Bangham in 1963!'2), thanks to their ease of
preparation, versatility, and low cost, soon became the most used nanostructure in
drug delivery.

Liposomes are spherical vesicles prepared from phospholipids of both natural and
synthetic origin. They consist of one or more lipid bilayers enclosing an internal
aqueous space. They are used in various pharmaceutical applications thanks to their
ability to encapsulate both hydrophilic (in the aqueous core) and hydrophobic (in
the lipid bilayer) compounds. Also, liposomes are biodegradable, biocompatible,
and non-toxic, being made up of phospholipids. The main advantages of using
liposomes as drug delivery systems are: enhancing the solubility of drugs when
there are solubility problems and therefore, difficulties in administering a drug
systemically, functioning as a sustained release system, providing targeted drug
delivery, reducing drug side effects, providing protection against drug degradation,
enhancing the half-life of a drug when it shows rapid clearance or strong
metabolism and, also, being effective in overcoming drug resistance!''>. Several
factors define the liposome properties: lipid composition, number of lipid bilayers
(unilamellar or multilamellar), size (between 0.025 um and 2.5 pm), surface charge,
preparation method. It is also possible to use surface functionalization of liposomes
with a variety of agents to improve the system for specific aims. Liposomes can be
functionalized with polyethylene glycols (PEGs) to obtain so-called stealth
liposomes (long-circulation), aptamers, antibodies, proteins, peptides, ligands,

carbohydrates, or small molecules (ligand-targeted stealth liposomes)'* (Figure 16).
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FIGURE 16. Structure of liposomes''*: (a) conventional liposomes; (b) PEGylated/stealth
liposomes; (c) targeted liposomes containing a specific ligand to target a cancer site; and (d)

multifunctional liposomes, which can be used for diagnosis and treatment of solid tumor.

Doxil®, the first FDA-approved lipid vector of lipid vesicles, is the DNA
intercalating agent, doxorubicin, encapsulated within lipid vesicles of
approximately 100 nanometers in diameter'. It was introduced into the market in
1995 for the treatment of ovarian cancer and Kaposi's sarcoma. Subsequently, in
1996, DaunoXome® was introduced for the administration of daunorubicin and
FDA approved for the treatment of advanced HIV-associated Kaposi's sarcoma.
Over the years, several liposomal pharmaceutical products have been developed
and marketed such as Mepact® and Myocet®. Recently Onivyde™, a liposomal
product that carries fluorouracil and leucovorin for the treatment of metastatic
adenocarcinoma of the pancreas, has been approved.

Several liposomal formulations are in phase I/II/IIl clinical trials, such as

Lipoplatin™, containing Cis-platin and LEP-ETU, containing Paclitaxel''.
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4.1.1 STEALTH LIPOSOMES AND EPR EFFECT

One of the major drawbacks of conventional liposomes is their rapid elimination
from the bloodstream. This is due to the recognition of the "naked" phospholipid
membrane by plasma proteins (opsonins), triggering recognition and uptake of
liposomes by the mononuclear phagocyte system (MPS), also known as the
reticuloendothelial system (RES) (Figure 17). To overcome this limitation of
conventional liposomes, sterically stabilized liposomes (Stealth®) have been
developed through the conjugation of phospholipids (which make up the bilayer)
with polymers, such as PEG, allowing this new generation of liposomes to evade
MPS recognition. The inclusion of PEG or other hydrophilic polymers extends the
liposome half-life from less than a few minutes to several hours. This circulation
longevity is due to the ability of the hydrophilic chains of PEG to provide a “steric
stabilization”: PEG molecules enhance the repulsive capacity of polymer-coated
liposome surface to render them impermeable to large molecules or opsonins. This
effect is due not only to the molecular mass of the bound polymer and its uniformity

("molecular cloud") but also to its remarkable conformational flexibility!"”.
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FIGURE 17. Clearance of PEGylated and non-PEGylated liposomes via the MPS. Primarily they
are cleared via the monocytes, macrophages, and dendritic cells of the MPS located in the liver,
spleen, and blood (in the lung and bone marrow also seem to be involved). The tumor delivery

of liposomes is determined by the EPR effect and potentially MPS in tumors.

Through passive targeting, stealth liposomes can preferably be concentrated in the
tumor through the permeability and enhanced retention (EPR) effect of the
vasculature (Figure 17). The rapidly forming tumor blood vessels are characterized

by a highly chaotic organization to obtain large amounts of oxygen and nutrients
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necessary for survival and rapid proliferation. The tumor vessels have a pore size
between 100-780 nm; thus, the liposomes are small enough to pass from the
bloodstream to the interstitial space of the tumor. On the other hand, normal tissue
junctions are <6 nm!'® and are impermeable to liposomes and other particles of this
diameter. This differential accumulation of liposomal drugs in tumor tissue
compared to normal cells is the basis for the increased tumor specificity of liposomal
drugs. Besides, solid tumors lack adequate lymphatic drainage and therefore there
is low clearance of extravasated liposomes and tumor macromolecules, resulting in
the accumulation of nanoparticles in the tumor microenvironment. Passive
targeting may result in an increase in drug concentrations within solid tumors by

several times compared to those obtained with free drugs!12.
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4.1.2 LIGAND-TARGETED STEALTH LIPOSOMES

As previously mentioned, liposomes can be functionalized on their surface by
introducing specific ligands for antigens and tumor receptors and therefore, capable
of delivering the drug to the desired site of action (active targeting). In this way, it
is possible to obtain targeted liposomes that increase the specificity of the
interaction of liposomal drugs with the target cells and at the same time, reduce the
off-target effects of the drugs. Targeting molecules may include antibody molecules
or fragments, small molecules, peptides, carbohydrates, glycoproteins, or receptor
ligands (Figure 16); in other words, any molecule capable of selectively recognizing
and binding to over-expressed or expressed target antigens or receptors on cancer
cells. An example of this strategy is the use of liposomes conjugated with folic acid.
This exploits the high affinity for folate receptors (FRs) that are overexpressed in
cancer cells'2!.

A more common use concerns the conjugation of the liposomal surface with
antibodies, immunoliposomes (IL). ILs are obtained by chemical conjugation of
antibodies (or fragments) specific to a specific tumor antigen with the liposomal
surface. Promising uses of IL include antip1 integrin-liposomes for metastatic lung
cancer'??, anti-Her2 liposomes to target breast cancer cells'”, antiGD2 liposomes to
target neuroblastoma, or melanoma!*'», and anti-CD19 liposomes to target
malignant B cells'?.

Several strategies allow the conjugation of proteins on the surface of liposomes. Two
of the most used modalities are N-Hydroxysuccinimide (NHS)/ethyl
(dimethylaminopropyl) carbodiimide (EDC) and maleimide crosslinkers. Both
NHS/EDC and maleimide chemical reagents can be used in physiological
conditions to avoid disturbing the tertiary and quaternary structure of antibodies to
preserve targeting capabilities. NHS/EDC reactions activate carboxylates (-COOH)
for conjugation to primary amines (-NH2) but these reactions are difficult to control
in mAbs due to the presence of primary amines in antibodies. This lack of specificity

is overcome by using specific crosslinkers such as maleimide (Figure 18).
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FIGURE 18. DSPE-PEG2ao0-Maleimide crosslinker location and reaction.

Maleimide reaction chemistry involves the specific reaction of maleimide with
sulfhydryl groups (-SH). Sulfthydryl groups are located in the side chain of cysteine
(Cys, C) amino acids which are often unavailable for crosslinking due to their
activity in disulphide bonds (-S-S-). Hence, most cross-linking reactions first require
a controlled thiolation reaction at primary amine sites using thiolation agents such
as 2-iminothiolane. Traut's reagent (2-iminothiolane) is used to add sulthydryl

groups to the primary amines of lysine amino acids, found at the side chain.

4.1.3 METHODS OF PREPARATION

The most used method for the preparation of liposomal suspensions is named thin
layer evaporation method (Figure 19), in which the lipid components are dissolved
in an organic solvent, generally, a chloroform/methanol mixture is used. A
hydrophobic drug to be encapsulated can be added to the lipid mixture (the drug,
during the spontaneous formation of liposomes, intersperses between the
phospholipids that make up the bilayer). The organic solvent is evaporated under
vacuum, resulting in a dried lipid film. Subsequently, the lipid film is hydrated with
aqueous solutions, generally buffer solutions at physiological pH, under continuous
agitation at a temperature higher than the Tm (phase transition temperature; the

definition in the next paragraph) of the phospholipid having the highest Tm value
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(the hydrating solution can be added by a hydrophilic drug that is encapsulated in

the aqueous core of the liposome).
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FIGURE 19.

Thin layer evaporation technique passages: formation of the dry lipid film and

hydration. After, downsizing and purification can be performed to obtain the final liposomal

suspension.

Other methods of preparing liposomes include:

of phospholipids and buffer, in excess of organic solvent.

then dried.

Reverse phase evaporation: liposomes are formed by a water-in-oil emulsion

Lyophilization: liposomes are first cooled with the formation of ice crystals,

Injection of ethanol: the lipids are dissolved in ethanol and rapidly injected

into a buffer solution where they spontaneously form liposomes.

Techniques such as membrane extrusion, sonication, homogenization, and/or

freeze-thaw are used to control the average size and size distribution and to obtain

small or large single-lamellar vesicles (SUV or LUV, respectively) from multi-

lamellar vesicles (MLV). Purification from remained materials after drug

entrapment in liposomes can be performed using gel filtration chromatography,

centrifugation, and dialysis.
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4.1.4 POCKET-FORMING PHOSPHOLIPIDS

Physical features of liposomes depend largely on the nature of the lipids that make
them up. Lipids, to form a bilayer, must be able to move freely near each other, and
they must have the capacity to pack together to form a sphere.

A parameter that plays a key role in lipid movement and membrane flexibility is
called "transition temperature, Tm", defined as the minimum temperature for lipids
needed to induce a fluid-like state in which liposomes can self-assemble. This state
is called the disordered liquid-crystalline state, in contrast to the ordered gel phase
in which lipids are closely packed and lipid movement is limited'?”. This is
important for both liposome formation and drug loading because the liquid-
crystalline phase is required for liposome formation, but drug release is slower and
more controlled in the ordered gel phase.

The most used lipids are phosphatidylcholine (zwitterionic), phosphatidylglycerol
(negatively charged), phosphatidic acid, phosphatidylethanolamine (zwitterionic),
and phosphatidylserine (negatively charged).

Dipalmitoyl-phosphatidylcholine (DPPC) is commonly used because is a lipid with
a transition temperature (41°C) above that of the body’s temperature (37°C) and
thus DPPC liposomes would retain their loaded drugs during administration in
humans or animals. In addition to temperature requirements, lipids must be chosen
with volumetric properties that allow formation into small vesicles, as indicated by

their packing parameter.

45



Lysophospholipids

e =@

Conventional

|

2
@ Cis Unsaturated

(a) (b)

FIGURE 20. Various types of phospholipids and their packing structure (a); Representation of

Hydrophobic Drug

i PEGylated Phospholipids

4
?" Pocket-Forming
Phospholipids

cavities formed by pocket-forming lipids in a liposomal bilayer (b).

Phospholipids that possess cis-unsaturated fatty acid chains have an asymmetrical
shape that increases the fluidity of the bilayer (Figure 20). The cis configuration
forces the phospholipids to assume an angular structure of approximately 30°. Their
asymmetrical shape forms cavities in the liposomal bilayer, creating "pockets" in
which hydrophobic molecules can be accommodated (Figure 19). For this reason,
these lipids are often used in liposomal formulations for their ability to increase the
encapsulation of hydrophobic drugs'?#1?. POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine) represents an example of cis-unsaturated phospholipid used in the
liposomal formulation.

Another strategic component used in liposome formulations is represented by
cholesterol. It has a modulatory effect on the properties of the lipid bilayer of the
liposomes. It can increase the packing between the phospholipid molecules,
resulting in more ordered conformation in the aliphatic tail region, controlling the
stoutness in the liposome structure. Cholesterol is also crucial for the structural

stability of liposomal membranes against environmental stress.
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4.2 GOLD NANOPARTICLES

Among the different types of nanomaterials, metal nanoparticles, especially gold
nanoparticles (AuNPs), have shown strong interest in the different fields of science,
due to their special features: high X-ray absorption coefficient, easy synthesis
manipulation, precise control of the physicochemical properties of the particle,
strong binding affinity with thiols, disulphides, and amines!.

The anisotropy of these non-spherical, hollow, and nanoshell AuNP structures is
the source of plasmon absorption in the visible region as well as in the near-infrared
(NIR) region, which is especially sensitive to the AuNP shape. This property has
given rise to medical applications such as diagnostics and therapy™'.

Explicit physical and chemical properties make AuNPs prodigious scaffolds for
various applications in therapeutics, detection and diagnostics, drug delivery'® and
imaging'®. Also, other features of AuNPs include large surface-to-volume ratio,
excellent biocompatibility, and low toxicity. In aqueous solution, AuNPs appear in
a range of colors (orange, red to purple) as there is a growth of the core size from 1
to 100 nm with the exposure of the size relative absorption peak from 500 to 550
nm!',

Generally, procedures for the synthesis of AuNPs can be arranged into physical,
chemical, and biological methods.

Methods such as the y-irradiation method, ultraviolet (UV) radiation, microwave
(MW) irradiation, laser ablation, thermolytic process, and photochemical process
are categorized as physical procedures'®. The vy-irradiation method renders
controllable size and high purity of nanoparticles with a diameter of 5-40 nm. In the
microwave irradiation method, heating or photochemical reduction method was
utilized to form AuNPs'.

In chemical methods, chemical reactions are performed in an aqueous medium by
a reduction agent. Citrate and sodium borohydride are the common reducing
agents used. Among the conventional methods of chemical synthesis of colloidal

gold, the Turkevich procedure is highly utilized due to the simplicity and ease of
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synthesis, controllable size, and stability of colloidal nanoparticles'”. In the

standardized procedure, sodium citrate reduced and stabilized the solution. It

provides spherical AuNPs with a narrow size distribution.

Biological synthesis is another route of synthesis. Reducing hazardous generated

wastes and assisting “green chemistry” are the main objectives of biosynthesis.

Plant-based compounds and derivatives, bacteria, fungi, algae, yeast, and viruses

are employed as the common resources'?.

Gold nanoparticles of various shapes and sizes find different fields of application

such as:

Photodynamic therapy: Effective fluorescence quenching and surface
plasmon resonance (SPR) absorption are the significant features of AuNPs
that have been utilized in photodynamic therapy.

Photothermal therapy (PTT) known as thermal ablation is a highly applied
method in cancer therapy with minimal invasiveness. AuNPs with
maximum absorption in the visible or near IR region, receive light and
generate heat. The heat causes the death of malignant tumors'*.

AuNPs have attracted the main attention as an x-ray contrast agent because
it represents a high X-ray absorption coefficient, ease of synthetic
manipulation, nontoxicity, surface functionalization for colloidal stability
and targeted delivery.

Considerable features of AuNPs make them an efficient nanocarrier in drug
delivery systems. These effective nanocarriers are capable of transferring
various drugs such as peptides, proteins, and chemotherapeutic agents'.
Verigene (FDA-approved) and Aurimmune (Phase-II) are gold-based

nanomaterials for the application of therapeutics!4.
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SECTION 1

PRECLINICAL CHARACTERIZATION

OF SI1306-LOADED LIPOSOMES AND
ANTIGD2-DECORATED IMMUNOLIPOSOMES
FOR THE TREATMENT OF NEUROBLASTOMA
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STATE OF ART: S1306 AGAINST NB

Several members of the pyrazolo[3,4-d]pyrimidine family showed cytotoxic activity
against human NB cell lines. The compound that showed promising anticancer
activity is the compound Si306. Its activity was evaluated on SH-SY5Y NB cell line
showing an ICso value of 2.28 uM after 72 h of incubation'!. Moreover, the
compound Si306 was shown to be safe, exhibiting a value greater than 100 uM on
Wi38 cells (normal embryonic fibroblast cell line), and having a cytotoxic effect only
on cancer cells. Also, the action of Si306 on the cell cycle was evaluated; this showed
a significant and dose-dependent accumulation of cells in the G1 phase of the cell
cycle starting from 0.1 uM. In parallel, a progressive accumulation of hypodiploid
cells was observed, indicating the presence of apoptotic cells®.

Finally, in vivo studies using subcutaneous NB-xenografted mice models with NB
SH-SY5Y cells. Mice treated daily orally with a dosage of 50 mg/kg, showed a
reduction of more than 50% in the mean tumor volume compared to control. In
addition, a significant anti-angiogenic effect was observed (Figure 21a), further

demonstrated by a three-dimensional in vitro sprouting test on endothelial cells

(Figure 21b)*.
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FIGURE 21. Evaluation of the antitumoral effect of Si306 and dasatinib (reference compound)

(a); anti-angiogenic effect of Si306 by sprouting assay with endothelial cells (b).

Considering the problems in terms of aqueous solubility of the compound Si306,
preliminary studies of liposomal formulations have been conducted!*!. The
compound Si306 encapsulated in stealth liposomes resulting in homogeneous size

distribution and optimal C-potential value. Cytotoxicity studies on the SH-SY5Y cell
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line do not show a loss of activity compared to the free compound. Furthermore,

preliminary in vivo studies on healthy rats treated intraperitoneally at a dosage of

50 mg/kg of Si306 loaded in liposomes showed an increase in the concentration after

24 h compared to the free drug in all the organs analyzed (Figure 22).
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FIGURE 22. Concentration of compound Si306 determined 24 h after intraperitoneal

administration in healthy rats of the free drug (black bars) and Si306-liposomes (grey bars) at

a dosage of 50 mg/kg.

51



AIM OF THE PROJECT

In this project, the compound Si306 a pyrazolo[3,4-d]pyrimidine derivative, given
its promising anti-tumor activity on NB, has been selected to develop liposomal
formulations for its in vivo delivery and thus to overcome its solubility problems
that could be limiting its development. More specifically, long-circulation stealth
liposomes and liposomes decorated with the antiGD2 monoclonal antibody
(immunoliposomes) both loaded with Si306, were developed and fully
characterized in terms of morphology, stability, and physio-chemical properties.
Moreover, considerable efforts were required to ensure a reproducible and reliable
product before using these formulations for in vitro and in vivo biological testing.

The assumption of this work is to improve the solubility enhancing the PK
properties of Si306 through its encapsulation in (1) sterically stabilized liposomes
that allow a slower elimination of the drug from the systemic circulation and an
improvement of its release into the tumor area, thanks to the ERP effect, and (2)
liposomes conjugated with the antiGD2 monoclonal antibody which allows
obtaining an active-targeted delivery system by exploiting the expression of GD2

antigen on the surface of NB cells.
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RESULTS

1. WESTERN BLOT ON IMR-32-A-Luc CELL LINE

To confirm the overexpression/hyperactivation of c-Src (target of 5i306) in the NB
cell lines, a representative western blot analysis of phospho-c-Src and total c-Src in

IMR-32-A-Luc cell line treated with Si306 at 1 and 10 pM was performed.
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FIGURE 23. Determination of the c-Src and phospho-c-Src expression in IMR-32-A-Luc cell line
after treatment with 5i306 at 1 and 10 pM after 2 and 6 hours measured by Western blot
analysis.

As shown in Figure 23, a pronounced concentration- and time-dependent
inhibition of phospho-c-Src was observed after S5i306 treatment. This result
confirms the presence of c-Src in the cell line chosen for further in vivo

studies in NB mice models.
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2. SI306-LOADED STEALTH LIPOSOMES: PREPARATION AND
CHARACTERIZATION
Si306-loaded stealth liposomes (Si306-LP) have been prepared as described in the
materials and methods section, paragraph 2. Si306-LP have been characterized in
terms of mean diameter, C-potential, and polydispersity index (PDI) through the
use of Dynamic Light Scattering (DLS). The size and C-potential values were 126 nm
and -22.6 mV, respectively. The amount of phospholipids (PLs), determined as a
function of cholesterol levels detected, was 9.06 and 31.68 pumol/mL for the final
Si306 dosage formulations of 5 and 25 mg of Si306/Kg, respectively, and showed a
drug encapsulation efficiency percentage (EE%) equal to 76.91% and 86.23%,

respectively. Results are summarized in Table 2.

TABLE 2. Properties of Si306-LP.
Parameters Si306-LP

Amount of PLs (umol/mL)?

5 mg of Si306/kg 9.06 £ 0.65

25 mg of S5i306/kg 31.68 £7.01

EE%?
5 mg of Si306/kg 76.91 +£3.19
25 mg of Si306/kg 86.23 +£3.29
Size (nm)® 126 £ 15

C-potentials (mV)? -22.6£3.5

PDIP 0.121 £ 0.015
Thickness bilayer (nm)¢ 7.02+1.79

“Amount of PLs in the liposomal suspension at the dosage of Si306 used
for the in vivo experiments was measured by UV/LC-MS; *measured by
DLS (Dynamic Light Scattering); ‘measured by analysis of cryo-TEM
images by Image | Software. For all measurements the mean value +5.D.

is reported.

The morphology and particle size were also evaluated using Cryo Transmission
Electron Microscopy (Cryo-TEM). As shown in Figure 24, the Cryo-TEM analysis
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confirmed the presence of a homogeneous and unilamellar population of liposomal
nanoparticles with particle sizes ranging from 90 to 120 nm. The average thickness

of the phospholipidic bilayer was 7.02 nm (measured by Image ] software).

FIGURE 24. Image of Si306-LP obtained by Cryo-TEM analysis.
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3. ANTIGD2-DECORATED IMMUNOLIPOSOMES: PREPARATION
AND CHARACTERIZATION
AntiGD2-decorated stealth liposomes (S5i306-iLP) have been prepared as described
in the materials and methods section, paragraph 3. In the same manner as Si306-LP,
Si306-iLP have been characterized in terms of mean diameter, C-potential, and PDI
through the use of DLS showing values of 133 nm, -19.3 mV, and 0.120, respectively.
EE% values of 56.39% and 77.33% were estimated for the liposomal suspensions at
final Si306 dosages of 5 and 25 mg/kg, respectively, while the quantity of PLs was
10.80 and 20.98 umol/mL at the final dosages of 5 and 25 mg of Si306/Kg,

respectively. Results are shown in Table 3.

TABLE 3. Properties of Si306-iLP.
Parameters Si306-iLP

Amount of PLs (umol/mL)?

5 mg of Si306/Kg 10.80 = 1.84
25 mg of Si306/Kg 20.98 £2.94
EE%?

5 mg of Si306/Kg 56.39 +3.75

25 mg of Si306/Kg 77.33 £4.34
Size (nm)® 133 £ 16,4
C-potentials (mV)® -19.3 +1.56

PDI® 0.120 £ 0.003
Thickness bilayer (nm)¢ 721+1.13

@ Amount of PLs in the liposomal suspension at the dosage of Si306 used
for the in vivo experiments was measured by UV/LC-MS; *measured by
DLS (Dynamic Light Scattering); ‘measured by analysis of cryo-TEM
images by Image | Software; For all measurements the mean value +S.D.

is reported.

Cryo Transmission Electron Microscopy (Cryo-TEM) has been performed to
evaluate the morphology and particle size. As shown in Figure 25, the Cryo-TEM

analysis also for AntiGD2-decorated liposomes confirmed the presence of a
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unilamellar particle (SUV) with particle sizes ranging from 80 to 130 nm. The
average thickness of the phospholipidic bilayer was 7.21 nm (measured by Image ]
software). Moreover, surface roughness has been noted, which is evidence of the

presence of antibodies on their surface.

FIGURE 25. Image of Si306-iLP obtained by Cryo-TEM analysis.

Confirmation of the presence of the conjugated antibody on the liposomal surface
was obtained by colorimetric protein quantification assay (BCA assay, see materials
and methods section, paragraph 4.4.2). As shown in Table 4, for both
immunoliposome formulations, the levels of coupled-AntiGD2 were estimated in a
range of 8-14 pg/umol of PLs (25-27 pg/200 pL of injected volume per mouse for in

vivo experiments).

TABLE 4. Quantification of antiGD2 conjugated on S5i306-iLP nanoparticles.

Si306-iLP BCA Assay

Dosages pg mAb/umol PLs ng mAb/200uL injected
5 mglkg 14.44 + 4.64 25.71£5.63

25 mglkg 8.03+1.39 27.30+4.34

AntiGD2 quantified spectroscopically using BCA assay protein quantification kit,

mean value +S.D.
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4. STABILITY STUDIES AND IN VITRO RELEASE

To determine whether Si306-LP and Si306-iLP were stable, liposomal suspensions
were stored at 4°C over a period of 2 weeks and sampled periodically to measure
mean particle size, C-potential and PDI. The stability test for both Si306-LP and
Si306-iLP are summarized in Table 5. A slight change of 26 and 11 nm in mean
diameter was observed for Si306-LP and Si306-iLP respectively, during the period
of storage. Also, PDI increased from 0.121 to 0.300 for Si306-LP and 0.120 to 0.212
for Si306-iLP in 14 days.

TABLE 5. Stability of 5i306-LP and Si306-iLP over a period of 14 days.

Parameters Day 0 Day 3 Day 7 Day 14
Si306-LP
Size (nm)? 126 +15 126 +4 148.3 £ 11 152 +13
PDI- 0.121 +0.015 0.122 £ 0.011 0.176 + 0.032 0.300 £ 0.012
C-potential (mV)? -22.6 +£3.48 -22.9+3.12 -26.1£3.15 -23.1+2.6
Si306-iLP
Size (nm)? 133+ 16,4 134+ 14 137 +£12.7 144 +15.1
PDI- 0.120 + 0.003 0.121 +0.009 0.151 £ 0.012 0.212+0.019
C-potential (mV 2 -19.3£1.56 -18.7+1.34 -19.7 £ 1.66 -20.1+1.46

“Measured by DLS (Dynamic Light Scattering).

Furthermore, both liposomal formulations showed minimal drug leakage,
estimated using the dialysis bag method, over a period of 96 h (Figure 26).
Liposomes have proved to retain >95% of the encapsulated compound after the

incubation period.

0.20 —— S5i306-LP

—— 5i306-iLP
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0.104
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FIGURE 26. In vitro release of Si306-loaded liposomes (black curve) and immunoliposomes
(green curve).
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5. IN VITRO CYTOTOXICITY STUDIES

Si306 in DMSO solution, Si306-LP and Si306-iLP were evaluated for their
cytotoxicity against human NB cell lines (IMR-32-A-Luc, HTLA-230, and SH-SY5Y)
and human fibroblasts. Dose-dependent growth inhibition of cells by Si306-LP and
Si306-iLP or free Si306 was performed treating cells with different concentration
(0.1, 1, 10, and 100 pM) of each sample for 1, 6, and 24 h respectively, followed by
washing (at the end of each treatment time) and further incubation for 96 h. MTT
assay was assessed at the end of incubation and the cytotoxicity of Si306, either free

or encapsulated in Si306-LP and Si306-iLP, was compared as a function of time.

TABLE 6. Cytotoxicity of various formulations of Si306 against GD2-positive (IMR-32-A-Luc
HTLA-230, and SH-SY5Y) and GD2-negative (Fibroblasts) cell lines.

ICs0 (uM) £S.D.2
Cell Lines ) ) : .
S1306 in DMSO Si306-LP Si306-iLP
IMR-32-A-Luc
1h 409 +3.3 28.7+1.2 272 +15
6h 21.6+2.2 30.5+23 274 +1.1
24h 59+14 3.3+0.5 2.3+0.6
HTLA-230
1h 55.1+4.3 36.8+5.2 203+ 8.7
6h 28.1+2.7 44+09 32+1.1
24h 29+0.3 0.6+0.1 05+0.1
SH-SY5Y
1h 31.2+24 475+34 292+15
6h 23.7+2.6 46.7+5.3 272 +17
24h 19.6 +0.7 345+1.3 16.8 +0.2
Fibroblasts
1h 1579 +6.1 170.8 £ 5.2 125.0+ 3.4
6h 941+7.3 1274 + 3.1 111.7 £4.7
24h 26.6+2.7 649+27 464 +1.5

«]Cso was evaluated as dose-response inhibition of MTT assay. Data are means £ S.D. of three

independent experiments each done in triplicate.

As summarized in Table 6, the ICs has almost always decreased as the exposure of
cells to the drug increased from 1 h to 24 h. After 24 h of incubation Si306-iLP were
2-fold more cytotoxic than free drug against IMR-32-A-Luc and SH-SY5Y cell lines

and almost 6-fold more cytotoxic on HTLA-230 cells. While comparing the ICso
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values (after 24 hours) of Si306-iLP with S5i306-LP, it can be seen that both liposomal
formulations showed comparable ICso values against the IMR-32-A-Luc and HTLA-
230 cell lines. In contrast, AntiGD2-decorated immunoliposomes showed 2-fold
more cytotoxicity than naked liposomes against the SH-SY5Y cell line. Overall, both
liposomal formulations lead to higher cytotoxic activity than Si306 dissolved in
DMSO on all NB cell lines, except for 5i306-LP on the SH-SY5Y cell line.

Finally, both liposomal formulations proved to be safer than the free drug, showing

ICs0 values against fibroblasts ~2-fold more than free Si306.

6. CELLULAR ASSOCIATION AND UPTAKE OF SI1306-LOADED
LIPOSOMES

The levels of cellular association of Si306-iLP or non-targeted liposomes (Si306-LP)

were evaluated by Flow Cytometry (FACS). 0.1 mol% of PE-CF (1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine-N-(carboxyfluorescein) ammonium salt), a

fluorescent lipid, was added during the lipid thin layer preparation. The evaluation

was conducted on GD2-positive and GD2-negative cell lines summarized in Table

7.
TABLE 7. GD2 antigen expression in NB cell lines!42.
Cell line GD2 Expression
HTLA-230
IMR-32 High
IMR-32-A-Luc
SK-N-AS Medium
SH-SY5Y
SK-N-SH Low
NB-1
NK GD2-negative
B-16 Control

Each aliquot of cells was incubated for 1 h at 4°C or 37°C with different formulations
(5i306-LP and Si306-iLP, 400 nmol of phospholipid/mL). Then, cells were washed
subsequently with PBS and the binding (4°C) or both binding and cellular uptake
(37°C) were evaluated. As show in Figure 27, the cellular association after

incubation at 4°C reporting how the level of cellular binding of liposomes is
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dependent on GD2 expression in the different cell lines. Si306-iLP showed a 2-5
times higher cell association to all the GD2-positive cell lines compared to non-
targeted liposomes (Si306-LP). In contrast, GD2-negative cell lines showed low
levels of liposomes associated with cells for both targeted and non-targeted
liposomes. These results confirm the ability of mAb to bind to the antigen and
produce cellular internalization of liposomal particles.
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FIGURE 27. Binding evaluation at 4°C of Si306-LP (black bars) and Si306-iLP (grey bars) on
GD2-positive cell lines (HTLA-230, IMR-32-A-Luc, SK-N-AS, SH-S5Y5Y, SK-N-SH, and NB-1),
GD2-negative (NK), and control cell line (B-16). Liposomes were incubated with 1 x 106 cells
at 400 nmol phospholipid/mL.

Table 8 showed an illustrative example of the cellular association at 4°C and 37°C
using IMR-32-A-Luc as GD2-expressive, SH-SY5Y as GD2-low expressive, and NK

cell line as GD2-negative cells.
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TABLE 8. Cellular association of Si306-LP and Si306-iLP with GD2-positive and negative cell

lines.

Cell lines Binding (4°C) Uptake (37°C)

Si306-LP Si306-iLP Si306-LP Si306-iLP

IMR-32-A-Luc E

Counts
0 2 40 60 80 100

SH-SY5Y g
NK
(GD2-neg)
10 k] |FL'|J?H 10° 10’

Cellular association of liposomal formulations evaluated after incubation with cells for 1 h at 4°C and 1 h
at 37°C with Si306-LP and Si306-iLP respectively, followed by washing. The cells were enumerated by

FACS. Purple area: cells only, blue line: liposomes with cells.
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7. PHARMACOKINETIC STUDIES

PK and biodistribution (BD) studies were performed to evaluate the in vivo profile
of 5i306 dissolved in citric acid solution in presence of Tween80 and benzyl alcohol
as co-solvents, and both 5i306 liposomal formulations (Si306-LP and Si306-iLP) to
prove the development of a long circulation drug delivery system for Si306.
Experiments were conducted on BALB/c healthy male mice by intravenous (i.v.)
injection of two dosages of Si306 at a single dose of 5 and 25 mg/kg (for experimental
methodology, see Materials and Methods section, paragraph 6). After treatment, at
prefixed time points, mice were sacrificed and blood, lungs, kidneys, liver, and
spleen were collected and the concentration of Si306 was determined. LC-MS/MS
analysis was performed to the quantification of Si306 administered at the dosage of
5 mg/kg while, UV/LC-MS analysis was used for the quantification of 5i306 injected
at the dosage of 25 mg/kg.

7.1 DOSAGE OF 5 mg/kg IN HEALTHY MICE

Plasma concentration-time curves of Si306-Tween80 and both liposomal
formulations at the dosage of 5 mg/kg are shown in Figure 28 and corresponding
PK parameters are presented in Table 9. Organ biodistributions are shown in Figure
28. As can be observed from the plasma concentration-time curves, both liposomal
formulations have shown higher concentrations than Si306-Tween80 which results
in long circulation of the drug delivered by liposomes and slower elimination from
the bloodstream in a time-dependent manner, until 5i306 is eliminated from blood
at 48 h. 5i306 encapsulated in liposomes showed higher Cmax values (5.42 and 4.73
ug/mL for Si306-LP and Si306-iLP, respectively) than the free drug (3.42 pg/mL).
Both Si306-LP and Si306-iLP showed values of AUCos4sn twice higher than Si306-
Tween80 and the same is also true for the MRT parameter where Si306-LP showed
MRT value 2-fold higher while Si306-iLP is slightly higher than the free drug. Also,
plasma clearance values confirm the slower elimination of the drug from the

circulatory stream when it is delivered by liposomes.
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FIGURE 28. Plasma concentration-time curves (mean + S.E.M., n=5) after i.v. administration
of a single dose of Si306-Tween80 (black curve), Si306-LP (red curve) and Si306-iLP (blue
curve) at the dosage of 5 mg/kg. The plasma concentration in the y-axis is expressed as logio

scale.

TABLE 9. Plasma PK parameters? of free S5i306, Si306-LP and Si306-iLP evaluated after

injection of a single dose of 5 mg/kg.

Parameter Unit Plasma
Si306-Tween80 Si306-LP Si306-iLP

Dose mg/kg 5 5 5
t12P h 15.31 17.10 15.74
Tmax h 0.08 0.08 0.08
Cmaxd pg/mL 3.42 5.42 4.73
AUCo>48n° pg/mLxh 4.30 10.35 8.34
AUCo5x° pg/mLxh 4.59 11.73 9.05
MRTosof h 11.29 20.43 14.76
V.8 L/Kg 120.36 52.57 12.54
CLk L/h/Kg 5.45 2.13 0.55

“Calculated with PKSolver; tiz: half-life. “Tmax: time of maximum concentration observed. Cmax:

maximum concentration observed. ¢cAUC: area under the curve. IMRT: mean residence time sV: volume

of distribution. "CL: clearance. PK data were evaluated using a non-compartment model.

In all tissues analyzed, an immediate distribution followed by a concentration

decrease in a time-dependent manner was observed (Figure 29a, b and c). Si306-LP

showed the highest concentration of Si306 in the lungs (68.61 pg/g after 4 h)
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compared to Si306 free and Si306 encapsulated in liposome-AntiGD2 where the
highest tissue concentration was observed after 4 h (6.48 ng/g) and 15 minutes (39.40
ug/g), respectively. In contrast, Si306-iLP showed high drug concentration in the
liver after 15 minutes (17.49 ng/g) compared to Si306-LP (4.94 pg/g after 5 minutes)
and the free drug (4.69 ng/g after 5 minutes). In splenic tissue, however, the
maximum concentration of Si306 in free form was observed after 5 minutes (4.43
ug/g) while after 4 h comparable tissue concentrations for both liposomal

formulations were observed.
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FIGURE 29. Biodistribution of (a) Si306-Tween80, (b) Si306-LP and (c) Si306-iLP at the dosage
5 mg/kg over 48 h (mean + S.E.M., n=5) for the analyzed organs: liver, kidneys, lungs, and
spleen.

As shown in Table 10, both liposomal formulations showed higher values of
AUCos4n than Si306 administered in free form in liver, lungs, and spleen while
comparable values of AUCos4n in kidneys were obtained. In lungs, Si306-LP

showed an AUCos4n value more than 10-fold higher than Si306 delivered by
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immunoliposomes while comparable AUCos4sn values for other tissues were

obtained.

TABLE 10. AUCo_sh of liver, spleen, lungs, and kidneys after i.v. administration of Si306
formulated as Tween80 solution and both liposomal formulation at a single dose of 5 mg/kg.

AUCo>4sn? (ug/mLxh)
Tissue Si306-Tween80 Si306-LP Si306-iLP
Liver 8.05 43.04 4448
Spleen 29.28 67.04 60.43
Lungs 45.16 762.41 64.79
Kidneys 24.60 26.43 31.01

“Area Under the Curve evaluated using a non-compartment model (PKSolver Software).

This trend can be explained by the fact that splenic and hepatic tissue (RES-rich
organs) are the site of action of the mononuclear phagocyte system!®. The large
distribution in lungs is explained by the ability of the drug delivered by liposomes
to quickly reach lung tissue after intravenous administration and several studies
explain the affinity between liposomes and lung tissue!*1%. This might seem a
potential disadvantage of this drug delivery system in terms of lung toxicity, but it
has been seen that negatively charged liposomes showed no toxicity unlike cationic
liposomes causing inflammation and inducing lung cells to produce ROI (reactive

oxygen intermediates)!#147.,
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7.1.1 MATRIX EFFECT, RECOVERY AND PROCESS EFFICIENCY

EVALUATION

The matrix effect (%ME) during validation of analytical methods in biological
samples can best be examined by comparing the MS/MS response (peak areas) of
Si306 at a given concentration spiked post-extraction into plasma or tissue extract
(B, Eq. 1), with the MS/MS response (A, Eq. 1) of the same analyte in the "neat"
mobile phase (for more details see Paragraph 6.2 -Materials and Methods section).
The matrix effect values, evaluated using the ESI interface in plasma and tissue
extracts and calculated according to Eq. 1, are summarised in Table 11. A value of
100% indicates that the response in the mobile phase and in the plasma/tissue
extracts were the same and no absolute matrix effect was observed. A value of
>100% indicates an ionization enhancement and a value of <100% indicates
ionization suppression.

Besides, recovery (%RE) is determined using Eq. 2 as the ratio of mean peak areas
of Si306 spiked before extraction (C) and mean peak areas of Si306 spiked after
extraction into plasma/organ extracts (B) (for more details see Paragraph 6.2 -
Materials and Methods section). In this way, "true" recovery values that are not

affected by the matrix has been obtained.

TABLE 11. Matrix Effect and Recovery of Si306 in mice plasma, liver, kidneys, spleen, and
lungs.

pg/mL Matrix Effect (%) Recovery (%)

of
giz0e [lasma Liver Kidneys Spleen Lungs Plasma Liver Kidneys Spleen Lungs

0.1 62.77 - - - - 109.73 - - - -
1 73.75 112.03 132.08 131.62 117.84 106.50 11561  99.06 99.48 109.25
5 - - - - - - - - - -
10 83.62 133.89 130.83 132.18 104.99 104.76 9549 104.12 93.19 111.80
50 94.99 - - - - 100.42 - - - -
100 - 13599 135,50 106.09 118.69 - 97.12 97.05 86.27 91.18

%ME data suggest a moderate ionization enhancement for 5i306 in all tissues while
a very small ionization suppression for Si306 in plasma samples was observed.

Ultimately, %ME and %RE data suggest that the developed LC-MS/MS analysis
67



method can be successfully applied to the PK and BD studies for the determination
of 51306 in biological plasma and tissues. Furthermore, from the evaluation of %ME
and %RE it is possible to calculate the process efficiency (Table 12) which expresses
the trueness of the LC-MS/MS instrument applying Eq. 3 (see Paragraph 6.2 -

Materials and Methods section).

TABLE 12. Process Efficiency of LC-MS/MS using ESI interface.

ug/mL Process Efficiency (%)
of 5i306 Plasma Liver Kidneys Spleen Lungs
0.1 68.88 - - - -
1 78.55 129.52 130.84 130.93 128.75
10 87.60 127.85 136.22 123.18 117.39
50 95.30 - - - -
100 - 132.06 131.51 91.53 108.22

7.2 DOSAGE OF 25 mg/kg IN HEALTHY MICE

Regarding the plasma concentration-time curves and PK parameters of Si306-
Tween80 and liposomal formulations at the dosage of 25 mg/kg, as shown in Figure
30 and Table 13, a similar trend to that obtained for the 5 mg/kg dosage was
observed with higher plasma levels of Si306 and slower elimination from the
bloodstream in a time-dependent manner when it is delivered by stealth liposomes
compared to liposomes conjugated with AntiGD2 antibody. Si306 encapsulated in
immunoliposomes showed higher Cmax values (37.80 pg/mL) than the free drug and
stealth liposomes (25.45 and 14.43 ug/mL, respectively). Both Si306-LP and Si306-
iLP showed values of AUCos4sn higher than Si306-Tween80. Si306 delivered by
stealth liposomes showed an AUCos4sn value almost 4- and 3-fold higher than Si306
free and Si306-iLP. In contrast, MRT of values 2- and 7-fold higher were observed
for Si306-iLP compared to Si306-LP and Si306-Tween80, respectively. In addition,
as previously observed at a dosage of 5 mg/kg, the slow elimination of the drug
from the circulatory stream when it is administered by liposomes has been

confirmed by plasma clearance values.
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FIGURE 30. Plasma concentration-time curves (mean + S.E.M., n=5) after i.v. administration of
a single dose of Si306-Tween80 (black curve), Si306-LP (red curve) and Si306-iLP (blue curve)
at the dosage of 25 mg/kg. The plasma concentration in the y-axis is expressed as logio scale.
The previously published plasma concentration-time curve of Si306-Tween80'5? is shown for
comparison with those obtained from treatment with liposomal systems (except for the 48 h
experimental points).

TABLE 13. Plasma PK parameters® of free Si306, Si306-LP and Si306-iLP evaluated after
injection of a single dose of 25 mg/kg. The previously published PK parameters of Si306-
Tween80'52 is shown for comparison with those obtained after treatment with liposomal
systems.

Parameter Unit Plasma
Formulation Si306-Tween80 Si306-LP Si306-iLP
Dose mg/kg 25 25 25
t12P h 5.15 7.55 32.15
Tmax® h 0.08 0.08 0.08
Cmad ug/mL 25.45 14.43 37.80
AUCo>48n° pg/mLxh 22.30 83.06 29.65
AUCoso® pg/mLxh 22.75 83.67 37.48
MRTosof h 3.78 15.50 26.16
V.8 L/Kg 8.17 3.25 30.95
CLh L/h/Kg 1.10 0.30 0.67

“Calculated with PKSolver; btiz: half-life. <Tmax: time of maximum concentration observed. Cumax:
maximum concentration observed. ¢cAUC: area under the curve. IMRT: mean residence time sV: volume

of distribution. "CL: clearance. PK data were evaluated using a non-compartment model.
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By comparing the tissue distribution profiles obtained to the dosages of 5 and 25
mg/kg, a similar trend was observed for Si306 in free form as well as liposomal
formulations, with proportionally higher tissue concentrations corresponding to the
5-fold higher dosage. Similarly, a high distribution of S5i306 was observed in the
lungs, liver, and spleen when the drug is delivered by liposomes (Figure 31a, b and
c). In particular, for both liposomal formulations, the maximum tissue concentration
in lungs was obtained after 30 minutes (128.48 and 303.78 pg/g for Si306-LP and
Si306-iLP, respectively) while Si306 administered in free form reach its maximum
concentration after 15 minutes (21.07 ug/g). In hepatic tissue, Si306 free (13.41 ng/g
after 5 minutes) showed tissue concentrations 5- and 2.3-fold lower than Si306-LP
(68.30 ng/g after 2 h) and Si306-iLP (30.32 pg/g after 5 minutes), respectively. The

same trend is also observed in splenic tissue.
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FIGURE 31. Biodistribution of (a) Si306-Tween80, (b) Si306-LP and (c) Si306-iLP at the dosage
25 mg/kg over 48 h (mean + S.E.M., n=5) for the analyzed organs: liver, kidneys, lungs, and
spleen. The previously published liver and kidneys distribution of Si306-Tween80'52 is shown
for comparison with those obtained from treatment with liposomal systems (except for the 48
h experimental points).
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The AUCos4sn values reported in the Table 14 confirmed the higher tissue uptake of

Si306 when it is vehiculated by liposomes.

TABLE 14. AUCo_ush of liver, spleen, lungs, and kidneys after i.v. administration of Si306,
formulated as Tween80 solution and both liposomal formulations at a single dose of 25 mg/kg.

AUCo>4sn? (ug/mLxh)
Tissue Si306-Tween80 Si306-LP Si306-iLP
Liver 31.80 931.21 116.98
Spleen 35.88 698.58 105.42
Lungs 34.48 2314.30 1361.65
Kidneys 41.69 65.69 89.78

“Area Under the Curve evaluated using a non-compartment model (PKSolver Software).

As far as liposomal formulations are concerned, the main difference between the
two PK studies carried out is certainly the amount of phospholipids administered.
To reach a dosage 5-fold higher, it was necessary to increase the amount of lipids to
achieve an optimal encapsulation efficacy of the drug. Regarding the PK carried out
at a dosage of 5 mg/kg, liposomal suspensions with a mean phospholipid
concentration of 8-10 mg/mL were administered. On the contrary, for PK studies
carried out at the dosage of 25 mg/kg, the mean PLs concentration was 18-21
mg/mL. Apparently, this could be an indication of toxicity but, comparing these
liposomal formulations with the phospholipid concentrations of Doxil (the first
FDA-approved lipid vector encapsulating doxorubicin), it can be noted that the total
lipid content is approximately 16 mg/mL.

Moreover, the treatment of mice with 5i306 free and encapsulated in liposomes did
not produce treatment-related mortality at the doses of 5 and 25 mg/kg, and also,
throughout the observation period, there were no significant changes in behavior,
such as apathy, hyperactivity, vomiting, diarrhea, and morbidity, among the
animals tested. During the experiment, all animals treated and sacrificed after 24
and 48 h were examined for any clinical signs, and no behavioral changes such as

motor activity or posture were observed.
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7.3 PK AND TUMOR UPTAKE IN NEUROBLASTOMA ORTHOTOPIC
MICE MODEL

A preliminary evaluation of the PK and the distribution profile of Si306-Tween80
and S5i306 delivered by both liposomal formulations was performed in an orthotopic
mouse model of NB. Female athymic Nude-Foxnlnu mice (3 mice/group) were
housed under pathogen-free conditions and injected in the right adrenal gland with
1 x 10° IMR-32 cells. Mice were i.v. treated 1 week after NB cells challenge, with 5
mg/kg of 5i306 (5i306-Tween80, Si306-LP and Si306-iLP). Plasma concentration-
time curves and PK parameters are shown in Figure 32 and Table 15, respectively.
Plasma AUCos4sn values confirmed the results obtained in healthy mice: both
liposomal formulations allow for a longer plasma circulation of the Si306 with
AUCos4snvalues 5- and 7-fold (5i306-LP and Si306-iLP, respectively) higher than the

drug injected in free form.
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FIGURE 32. Plasma concentration-time curves (mean + S.E.M., n=3) after i.v. administration of
a single dose of Si306-Tween80 (black curve), Si306-LP (red curve) and Si306-iLP (blue curve)
at the dosage of 5 mg/kg in IMR-32 tumor-bearing female mice model. The plasma
concentration in the y-axis is expressed as logio scale.
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TABLE 15. Plasma PK parameters® of free Si306, Si306-LP and Si306-iLP evaluated after
injection of a single dose of 5 mg/kg in IMR-32 tumor-bearing female mice model.

Parameter Unit Plasma
Formulation Si306-Tween80 Si306-LP Si306-iLP
Dose mg/kg 5 5 5
ta2b h 8.83 6.63 9.29
Tmax h 0.08 0.08 0.08
Cmad ug/mL 1.98 5,95 9.11
AUCo>48n¢ pg/mLxh 6.27 31.32 45.06
AUCo5«¢  pg/mLxh 6.33 31.45 45.97
MRTosxf h 2.80 3.59 5.05
V28 L/Kg 10.06 1.52 1.45
CLr L/h/Kg 0.79 0.57 0.11

“Calculated with PKSolver; btiz: half-life. <Tmax: time of maximum concentration observed. Cuax:
maximum concentration observed. cAUC: area under the curve. IMRT: mean residence time §V: volume

of distribution. "CL: clearance. PK data were evaluated using a non-compartment model.

In tumor masses, a higher concentration of Si306 was detected when the drug is
delivered by liposomes (Figure 33). Mice treated with Si306-iLP showed drug
concentrations in tumor mass almost 2- and 4-fold higher than Si306-LP and Si306-
Tween80 for both experimental points (24 and 48h) due to the presence of AntiGD2

which ensures active targeting of the drug by directing it towards the tumour mass.
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FIGURE 33. Amount of Si306 detected in tumor mass (mean + S.E.M., n=3) at 24 and 48 h after
treatment with 5i306-Tween80, Si306-LP and Si306-iLP at the dosage of 5 mg/kg. A Tukey's
two-way multiple comparisons test (ANOVA) was performed to test the significance of the
observed differences. *indicates statistically significant differences between each treatment vs
CTRL (*p<0.05, **p<0.01 and ***p<0.001).
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8. IN VvIivO THERAPEUTIC STUDIES

In vivo preliminary therapeutic study was performed on female athymic Nude-
Foxnlnu mice [n=13 (CTR, n=12)] injected in the right adrenal gland with 1x10° IMR-
32-A-Luc cells on day 0, and treated on days 8, 14, 17, 21, and 24 post-inoculation of
cells at a dose of 5 mg Si306/kg in free form and encapsulated in both liposomal
formulations. The growth of the tumor masses was monitored daily by
bioluminescence imaging (BLI). As shown in Figure 34, on day 29 no significant
differences were observed for the treated mice groups compared to the controls
(Figures 33a and 33b). On day 50, only mice treated with Si306-iLP showed a
significant reduction (p<0.01) in tumor mass growth of approximately 50%

compared to controls (Figure 33c).
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FIGURE 34. In vivo preliminary therapeutic assay on female athymic Nude-Foxnlnu mice
[n=13 (CTR, n=12)]. Mice were injected into the right adrenal gland with 1x10¢ IMR-32-A-Luc
cells on day 0 and treated on days 8, 14, 17, 21, and 24 post-inoculation of cells at the dose of
5 mg S5i306/kg in free form (S5i306-Tween80, in red), encapsulated in stealth liposomes (5i306-
LP, in blue), encapsulated in immunoliposomes (Si306-iLP, in green) and Hepes buffer
(control, in black). (A) Tumor mass monitoring from day 0 to day 50 using BLI. (B) Tumor
masses collected and weighed 29 days post-inoculation of cells. (C) Si306-iLP showed a
significant reduction (**p<0.01) in tumor mass growth of approximately 50% compared to
controls.
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The results obtained from the preliminary in vivo therapeutic study performed on
tumor-bearing mice at the dosage of 5 mg Si306/Kg, led to the decision to proceed
with the survival study at the dosage of 25 mg/kg. In this study, female athymic
Nude-Foxnlnu mice (n=7/group) were injected into the right adrenal gland with
1.5x10° IMR-32 cells on day 0 and treated on days 6, 9, 13, 16, 20, 23, 27, and 30 post-
inoculation of cells. As shown in Figure 35 and Table 16, Si306 encapsulated in
stealth liposomes (Si306-LP) showed a significant 4-day increase in survival rate
compared with control; whereas mice treated with Si306 free (Si306-Tween80) did
not show an increase in survival. Instead, a significant median survival (11 days
longer) was obtained for mice treated with Si306-iLP compared to controls and mice

treated with Si306-Tween80.
Treatments i.v. (25 mg/Kg): d6, d9, d13, d16, d20, d23, d27 and d30
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FIGURE 35. Survival of tumor-bearing mice after various treatments. Treatment groups
(n=8/group) consisted of Si306-Tween80 (in red), Si306-LP (in blue) and Si306-iLP (in green),
and Hepes buffer (control in black). Mice were injected in the right adrenal gland with 1.5x10¢
IMR-32 cells on day 0 and treated on days 6, 9, 13, 16, 20, 23, 27, and 30 post-inoculation of
cells at a dose of 25 mg Si306/kg.

TABLE 16. Median survival days after treatments. P-values for significant differences
observed between the different experimental groups.

Treated group Median Survival Statistics (p- value?)
CTR 30 days CTR vs. S5i306-LP 0.0305 (*)
Si306-Tween80 30 days CTR vs. Si306-iLP 0.0029 (**)
Si306-LP 34 days Si306-Tween80 vs. Si306-iLP 0.0191 (*)
Si306-iLP 41 days

2Tukey's two-way multiple comparisons test (ANOVA) was performed to test the significance of the
observed differences (*p<0.05, **p<0.01 and **p<0.001).
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DISCUSSION AND CONCLUSIONS

Si306, a pyrazolo[3,4-d]pyrimidine derivative, has been identified as a very
promising agent for the treatment of neuroblastoma. This compound has shown a
favorable in vitro and in vivo activity profile against NB models. Nevertheless, the
good antitumor activity of 5i306 is associated with sub-optimal aqueous solubility,
which might hinder its further development. In this context, drug delivery systems
were developed to overcome the poor aqueous solubility obtaining suitable
formulations for their in vivo use in the treatment of neuroblastoma. Si306 was
encapsulated in I. Stealth liposomes (Si306-LP) and II. immunoliposomes decorated
with AntiGD2 monoclonal antibody (Si306-iLP), which specifically binds GD2
antigen expressed by NB cells. Liposome suspensions were prepared by the thin
layer evaporation method and were characterized in terms of encapsulation
efficiency (EE%), size, and C-potential. Si306-LP showed an EE% greater than 77%
while Si306-iLP showed EE% values in the range of 57-77%. Both liposomal
formulations were suitable for their in vivo use showing mean size and C-potential
of Si306-LP and Si306-iLP of 126 nm and -22.6 mV and, 133 nm and -19.3 mV,
respectively. Furthermore, Si306-LP and Si306-iLP were characterized by cryo-TEM
and images suggested the presence of a homogeneous population of unilamellar
liposomes with size around 100 nm, free from oversized or multilamellar liposomes
and free from drug crystals. Particle size has a significant impact on circulation time
in that, particle size affects cellular uptake and especially the rate of clearance by
the MPS (the larger the nanoparticles, the faster their recognition and consequently
elimination)'8. The optimal size to facilitate extravasation is about 150 nm or less.
In this context, this study has shown that both liposomal formulations represent a
suitable drug delivery system with optimal average size. Another important feature
for the stability of nanoparticle dispersion is the C-potential, which indicates the
degree of electrostatic repulsion between the particles. In detail, nanoparticles with
C-potential values greater than +25 mV or less than -25 mV typically have high

degrees of stability'®. Both liposomal formulations have been proved to be stable
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over a period of 14 days, with no significant increase in mean particle diameter and
PDI values. Also, liposomes showed very poor leakage, retaining >95% of
encapsulated drug, for 96 h. Confirmation of the presence of the conjugated
antibody on the liposomal surface (Si306-iLP) has been obtained by colorimetric
protein quantification (BCA assay). The levels of coupled-AntiGD2 were estimated
in a range of 8-14 ug/umol of PLs (25-27 pg/200 pL of injected volume per mouse for
in vivo experiments).

Liposomal suspensions showed enhanced cytotoxic activity against NB cell lines.
Si306-iLP showed higher cytotoxic activity than Si306 dissolved in DMSO in all NB
lines tested. In addition, both liposomal formulations were found to be safer, in
terms of cytotoxicity on human fibroblast cell line, showing a 2-fold higher ICso
values than the free drug. Taking into consideration the data obtained from stability
testing and in vitro release, it seems likely that the cytotoxicity results for liposomal
formulations (especially for Si306-iLP) are not attributable to the release of Si306
from the liposomal nanoparticle and subsequent cellular uptake of the drug
released in free form, but rather to their internalization and subsequent release of
Si306 at the intracellular level. This is particularly evident for Si306-iLP that thanks
to the presence of antiGD2, makes them able to bind to the cell membrane
facilitating the internalization. This aspect has been confirmed by cell association
assays where only liposomes decorated with AntiGD2, due to the interaction with
the antigen, showed the ability to bind and be internalized in different NB cells and
the cellular association increases proportionally with increasing GD2 antigen
expression.

The pharmacokinetic (PK) and tissue biodistribution (BD) profiles were evaluated
by treating BALB/c healthy mice intravenously at two dosages of 5 and 25 mg/kg.
Six groups of mice were treated with three formulations: I. 5i306 dissolved in citric
acid solution in presence of Tween80 and benzyl alcohol as co-solvents, II. Si306-LP
and III. Si306-iLP. By comparing the plasma concentration-time curves, a higher

plasma exposure of Si306 was observed with a slower elimination from the
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bloodstream of the drug when it is delivered by liposomes compared to Si306
administered in free form. This trend is also confirmed by comparison of PK
parameters obtained after administration at both dosages where MRT and CL
values confirm a higher permanence of Si306 when it is administered and delivered
by liposomes. This represents the achievement of one of the primary objectives of
this work: the development of a long-circulating drug delivery system, which
allows increased blood exposure to the drug. An immediate distribution of Si306
followed by a concentration decrease in a time-dependent manner was observed in
all organs analyzed. An increased concentration of Si306 was observed in the liver,
spleen, and lungs when it is delivered by liposomes, with a larger amount of 5i306
available for a more efficient target of the tumor area. This hypothesis was
confirmed by a preliminary evaluation of the PK and the tumor distribution profile
of 5i306-Tween80, Si306-LP, and Si306-iLP in an orthotopic mice model of NB. 24
and 48 hours post-treatment with Si306 5 mg/kg, blood and tumor masses were
collected from all mice and analyzed. Results showed an increased tumor uptake of
Si306 when it is encapsulated in liposomes compared to free drug, especially for
Si306-iLP which showed 2- and 4-fold higher drug concentration in tumor masses
than S5i306-LP and Si306-Tween80, respectively.

Finally, in vivo efficacy and survival studies were conducted on orthotopic NB mice
models. Si306-iLP showed a significant 50% reduction in tumor growth and more
importantly, showed an increased survival rate (by 11 days) compared to controls
and mice treated with Si306-Tween80.

In conclusion, a long-circulating liposomal drug delivery system for Si306 has been
developed, capable of high encapsulation efficiency and stability during the time.
The liposomal systems have been proved to reach the tumor in high concentration
and with a very slow clearance, exploiting not only passive targeting (EPR effect)
but especially active targeting mediated by AntiGD2 antibody. AntiGD2 decorated
immunoliposomes encapsulating Si306 led to a greater therapeutic response,

showing a reduction in tumor growth and a significant increase in survival rate.
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MATERIALS AND METHODS

1. DRUGS AND MATERIALS

Si306 was synthesized, characterized and published by our group'. AntiGD2
monoclonal antibody was purchase from Polo GGB - Siena, Italy. All reagents,
solvents and materials were purchased from Sigma Aldrich Srl (Milan, Italy).
Phospholipids used for the preparation of liposomes were purchased from Avanti

Polar Lipids (Alabama, USA).

2. PREPARATION OF S1306-LP

Stealth liposomes loaded with S5i306 were prepared using the thin layer evaporation
method.

Si306 and the phospholipids DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine),
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), DPPE-PEGao0 (N-
(Carbonyl-methoxypolyethylenglycol2000)-1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine sodium salt) (molar ratio 0.3:0.7:0.04, respectively) and
cholesterol (15% of the total moles of DPPC, POPC and DPPE-PEGzw) were
dissolved in a mixture of chloroform/methanol (3:1 v/v) and transferred into a
round-bottom flask. The organic solvents were removed by rotary evaporation
under vacuum at 37 °C and then under nitrogen flow to remove any remaining
solvent residues. The dried lipid film obtained was then hydrated in 25 mM HEPES
and 140 mM NaCl buffer (pH 7.4) under continuous mechanical agitation at 60 °C.
The liposomal suspension was extruded at a temperature of 60° C through
polycarbonate membranes with a pore size of 0.2 um (5 passages) first, and 0.1 um
(10 passages) then; mainly unilamellar vesicles were obtained. Residues of
unencapsulated Si306 were removed from the liposomes by size-exclusion
chromatography, passing the liposomal suspension through a Sephadex G-25
column in 25 mM HEPES and 140 mM NaCl buffer (HEPES buffer), pH 7.4. Finally,
drug encapsulation efficacy (%EE) and amount of cholesterol were determined by

UV/LC-MS analysis.
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3. PREPARATION OF S1306-ILP

AntiGD2-decorated immunoliposomes loaded with 5i306 composed by
phospholipids DPPC, POPC, DPPE-PEGzo0, DSPE-PEGz00-Maleimide (molar ratio
0.3:0.7:0.04:0.006 respectively) and cholesterol (15% of the total moles of DPPC,
POPC and DPPE-mPEG2o0) have been prepared in the same way described above
for the preparation of Si306-LP, obtaining unilamellar veshicles with maleimide-
terminated polyethylene glycol-DSPE chains. To obtain the coupling between
AntiGD2 and maleimide terminus, AntiGD2 molecules (previously concentrated
from 2.5 to 8-10 mg/mL, using Amicon filters 30K) are firstly functionalized via
Traut’s reagent (2-iminothiolane, 25mM) at a molar ratio of 20:1 (Traut’s: mAb) for
1 h at room temperature in HEPES buffer pH 8.0 (Figure 36). This takes advantage
of the selective reaction between the primary amine groups and 2-iminothiolane by
obtaining amidines with terminal sulthydryl groups. The use of this reagent is very
advantageous as it does not alter the charge properties of the protein and
consequently, its solubility. Unreacted Traut’s reagent was removed via size-
exclusion chromatography using Bio-Gel P-6 desalting Cartridge column. The
quantification of activated-AntiGD2 was performed by using Bradford protein
quantification assay (for more details see paragraph 4.4.1). In parallel, performing

Ellman assay (see paragraph 4.3), 1 free -SH group per antibody has been estimated.
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FIGURE 36. AntiGD2 activation via Traut’s reagent reaction. i) 1 h at room temperature in 25
mM HEPES and 140 mM NacCl buffer (pH 8.0).
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After that, the activated-AntiGD2 solution was concentrated using Amicon filters
30K. The rationale of this step is to obtain a smaller volume of activated antiGD2
solution to minimize the dilution of the Si306-loaded liposomal suspension for the
final coupling reaction.

Finally, the coupling reaction was run at a molar ratio of 1:4500 (AntiGD2: PLs), for

16 h at 5 °C in continuous slow magnetic stirring (Figure 37). Uncoupled mAb
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molecules were separated from the liposome suspension passing the coupling

mixture through a Sepharose CL-4B column in HEPES buffer (pH 7.4).
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FIGURE 37. Coupling reaction. ii) 16 h at 5 °C in 25 mM HEPES and 140 mM NaCl buffer (pH
7.4).

The quantification of the coupled AntiGD2 was performed by using bicinchoninic
acid assay (BCA assay, see paragraph 4.4.2), then quantification of Si306 and
cholesterol were determined by UV/LC-MS analysis by reference to the appropriate

calibration curve.

4. CHARACTERIZATION OF LIPOSOMAL FORMULATIONS

Both liposomal formulations have been fully characterized by evaluating their drug
encapsulation efficiency, amount of PLs (by quantifying cholesterol), morphology,
and physiochemical properties. For AntiGD2-decorated liposomes (Si306-iLP), the

quantification of liposome surface-conjugated mAb was also performed.

4.1 DRUG ENCAPSULATION EFFICIENCY

Encapsulation efficiency percentage (EE%) for both liposomal formulations was
determined by UV/LC-MS analysis. Liposomal suspension aliquots were treated
with ethanol in 1:10 v/v ratio to extract, which was quantified by UV/LC-MS by
reference to the appropriate calibration curve (for details regarding instrumentation
and analysis condition, see Paragraph 7. of the Materials and Methods section).
Liposomal encapsulation was measured with respect to the amount of compound

initially added to the organic solution, using the following equation:

Encapsulated Drug (mg)

EE% = 100

Total Drug (mg)

EE% is a measure of how much drug must be used to load a given amount of drug.
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4.2 PHYSIO-CHEMICAL PROPERTIES

Liposomes were analyzed by Zeta Sizer Nano ZS90 (Malvern Instruments) for mean
size (nm), PDI and C-potential (mV). The liposomal suspension was diluted with
ultrapure water to achieve the suitable scattering intensity to obtain optical density
(OD) of 0.1 unit of absorbance at 420 nm and then measured at 25° C with a
scattering angle of 90°. Z-potential measurements were carried out using folded
capillary cells (Malvern). Results are expressed as mean values + S.D. calculated
from three independent experiments (n=3).

Liposome morphology was also observed by cryo-TEM. Briefly, 3 puL of the sample
were applied on Quantifoil® holey carbon grids and then frozen in liquid ethane to
achieve sample vitrification. Frozen samples were stored in liquid nitrogen until EM
imaging. Vitrified samples were imaged using a CM200 FEG transmission EM. EM
images were acquired at 27,500x magnification (pixel size 0,602 nm) at -12, -18 pum

defocus.

4.3 ELLMAN ASSAY

Ellman's reagent is 5,5'-dithio-bis-(2-nitrobenzoic acid), also known as DTNB, has
been used to quantify the free sulfthydryl groups obtained following the activation
of AntiGD2 with Traut's reagent. A solution of this compound produces a yellow
product when reacting with the sulfthydryl groups. This yellow-colored product can
be quantified using a spectrophotometer based on its strong absorbance at 412 nm

(Figure 38).
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FIGURE 38. DTNB reaction with free sulfhydryl groups.

Briefly, in a 96-well plate, 25 uL of sample/standard solution in PBS 0.1 M pH 8.0

containing 1 mM EDTA were added to 50 uL of Ellman's 5 mM reagent solution in
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PBS 0.1 M pH 8.0. This was mixed and incubated for 15 min at room temperature.
At the end of the incubation period, quantification was performed by
spectrophotometry (Multiskan™ FC Microplate Photometer, Thermo Fisher
Scientific) by measuring the absorption at 412 nm. The -SH groups on the mAb were

quantified using an appropriate calibration curve prepared with L-cysteine.

4.4 ANTIGD2 QUANTIFICATION ASSAYS

4.4.1 BRADFORD ASSAY

The quantification of AntiGD2, after functionalization with Traut’s reagent, was
performed via colorimetric protein determination with Coomassie Brilliant Blue G-
250 (Bradford Assay, Figure 39). Briefly, in a 96-well plate, 10 pL of each
sample/standard solution was added to 200 pL of a solution composed by
Coomassie Brilliant Blue: ultrapure H20 (1:0.5 v/v). After 15 min of incubation, the
determination was performed spectrophotometrically by measuring the absorption

at 595 nm (Multiskan™ FC Microplate Photometer, Thermo Fisher Scientific).
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FIGURE 39. Absorbance shift of the dye Coomassie Brilliant Blue G-250 in which under acidic
conditions the red form of the dye is converted into its bluer form to bind to the protein being
assayed.

The quantifications were performed by reference to the appropriate calibration

curve freshly prepared using a generic rabbit IgG.
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4.42 BCA ASSAY

The Quantification of AntiGD2 conjugated on the liposome surfaces was performed
by using QuantiPro™ BCA Assay Kit. The principle of the bicinchoninic acid (BCA)
assay is relying on the formation of a Cu*-protein complex under alkaline
conditions, followed by reduction of the Cu?* to Cu'*. The amount of reduction is
proportional to the amount of protein present in the sample (Figure 40).

N7 N7
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FIGURE 40. Cu?-protein complex under alkaline conditions following reduction to Cu'*.

BCA forms a purple-blue complex with Cu' in alkaline environments, thus

providing a basis to monitor the reduction of alkaline Cu?* by proteins (Figure 41).
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FIGURE 41. BCA-Copper (I) complex.

The QuantiPro Working Reagent is prepared by mixing 1 part of Reagent QA
(Na2COs, sodium tartrate, and NaHCOs in 0.2 M NaOH, pH 11.25) with 1 part of
Reagent QB (bicinchoninic acid solution 4% w/v, pH 8.5). After QA and QB have
been combined, 0.04 parts of Reagent QC (copper (II) sulfate) were added and
mixed until a uniform color is obtained. Briefly, in a 96-well plate, 50 pL of
sample/standard solutions were mixed with 50 uL of QuantiPro Working Reagent
(1:1 v/v). After 2 h of incubation at 37 °C, the determination was carried out
spectrophotometrically by measuring the absorption at 562 nm (Multiskan™ FC
Microplate Photometer, Thermo Fisher Scientific) and the quantifications were
performed by reference to the appropriate calibration curve freshly prepared using
a generic rabbit IgG. The blank solution required for spectroscopic analysis (pre-
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coupling liposomal suspension) was diluted with HEPES buffer pH 7.4 according
to the amount of cholesterol in the sample (Si306-iLP) to obtain the same lipid
amount. Subsequently, both the blank and the sample were diluted 1:10 with

ultrapure H20O to obtain an antibody concentration not exceeding 0.5-30 mg/mL.

4.5 STABILITY STUDIES

Both liposomal formulations were stored at 4°C for 2 weeks. The samples were
analyzed for the changes in particle size, C potential, and PDI at fixed time intervals

by DLS measurements.

4.6 IN VITRO RELEASE

Si306 release from its liposomal formulations was evaluated by dialysis. The release
assay for 5i306 has been evaluated for both Si306-LP and Si306-iLP. Si306-loaded
liposomal samples have been sealed in a dialysis bag (cut off 10 kDa) and dialyzed
against 20 mL of PBS (pH 7.4), 50 mg/mL of BSA (Bovine serum albumin at
physiological plasma concentration). The entire release medium was gently stirred
at 37 °C. At predetermined time intervals (0, 1, 2, 4, 6, 24, 48, and 72 h), 0.5 mL of
release medium was collected and complemented with fresh PBS buffer at the same
temperature. The sample solution was treated with 1.5 mL of ACN and
centrifugated at 5000 rpm for 20 minutes. The supernatant obtained was dried
under nitrogen, resuspended in 0.1 mL of methanol, and analyzed by UV/LC-MS as

described in the Materials and Methods section, Paragraph 7.

5. ANIMALS FOR PK AND BD STUDIES

Naive BALB/C mice (aged 4-6 weeks, Charles Rivers - Milan, Italy) were maintained
under pathogen-free conditions and given food and water at libitum. The adaption
period to the environment was not less than seven days. All the procedures used on
animals in this study were approved by Institutional Animal Use and Care
Committee at Universita degli Studi di Siena and authorized by the Italian Ministry

of Health, according to Legislative Decree 116/92, which implemented the European
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Directive 86/609/EEC on laboratory animal protection in Italy. Methods for all the
conducted experiments were performed in accordance with regulations, standards,
and guidelines of the Animal Use and Care Committee of Universita degli Studi di

Siena.

6. IN vIivO ADMINISTRATION OF S1306

To compare the PK and BD profile of Si306-loaded stealth liposome and
immunoliposome formulations with its “free drug” profile, Si306 was dissolved in
a mixture of Tween80 (10% v/v), benzyl alcohol (1% v/v) and a 10 mM solution of
citric acid. For all formulations, the compound was administered intravenously
(caudal tail vein) as a single dose of 5 and 25 mg/kg in 200 pL of volume. At several
time points (0.08, 0.25, 0.5, 1, 2, 4, 8, 24 h, and 48 h), after drug administration, mice
were treated intraperitoneally with heparin (5000 U/kg) and sacrificed under COs.
Five animals were used for each time point. Blood, liver, lungs, spleen, and kidneys
were collected. Approximately 500-600 pL of blood was collected from each animal
and transferred to a tube containing 10 pL of heparin and mixed briefly. The
quantification of Si306 in blood and organs after treatment with a dosage of 5 mg/kg
was performed by LC-MS/MS, while for the dosage of 25 mg/kg the analyses were
carried out using LC-UV/MS. The PK parameters, including area under the
concentration-time curve (AUC), maximum plasma concentration (Cmax), half-life
(t12), apparent volume of distribution (V), clearance (CL) and mean residence time

(MRT), were calculated by non-compartmental analysis using PKSolver software?'.

6.1 SAMPLE PREPARATION

Blood samples were centrifuged at 5000 rpm for 20 min to separate the plasma
fraction, which was subsequently collected in a test tube. 1 mL of ACN solution
containing Si34'%2 (a pyrazolo[3,4-d]pyrimidine compound already used as internal
standard, IS) at the concentration of 5 pg/mL was added to each sample to denature
proteins. Samples were centrifuged at 5000 rpm for 20 min, and the supernatant was

recovered, dried un nitrogen flow, solubilized again in MeOH (100 pL), and
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analyzed. Organs (approx. 200 mg of tissue) were homogenized using a T10 basic
ULTRA-TURRAX® homogenizer; to extract the compound from the tissue, ACN IS
solution was added (1.5 mL at the concentration of 5 pg/mL), and the homogenate
was centrifuged at 5000 rpm for 20 min. The supernatant was recovered, filtered,
and analyzed. The quantification of each compound was performed by reference to

the appropriate calibration curve.

6.2 EVALUATION OF THE MATRIX EFFECT AND ASSAY VALIDATION

The evaluation of the possible absence or presence of matrix effect %ME (ionization
suppression or ionization enhancement) was evaluated by analyzing 3 sets of
solutions:

A. Si306 solutions present in the neat reconstitution solvent (LC mobile phase)
were directly analyzed at prefixed concentrations.

B. Mice plasma/organs samples were first extracted and spiked after extraction
with Si306 in the same solvent (mobile phase). Any additional variability of
the peak areas for Si306 than those observed in set A would be indicative of
an effect of sample matrix since 5i306 at the same concentrations were spiked
into plasma/organ extracts.

C. Si306 was spiked before extraction into plasma/organ samples as in set B.
Each concentration point for each set of solutions (A, B and C) was prepared in
triplicate.

By using the mean peak areas obtained in Si306 neat solution (A), the
corresponding mean peak areas for Si306 spiked after extraction into plasma/organ
extracts (B), and mean peak areas for Si306 spiked before extraction (C), the %ME,

recovery (%RE) and process efficiency (%PE) can be calculated as follows!:

B
%ME = — x 100 (1)
C
%RE = 7 X 100 (2)
%ME X %RE
owopE = L 100" ) 3)
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The matrix effect and recovery of the IS were evaluated in a similar manner.

7. UV/LC-MS AND LC-MS/MS METHODS

UV/LC-MS analyses were performed by using Agilent 1100 LC/MSD VL system
(G1946C) (Agilent Technologies, Palo Alto, CA) constituted by a vacuum solvent
degassing unit, a binary high-pressure gradient pump, an 1100 series UV detector,
and an 1100 MSD model VL benchtop mass spectrometer. MSD single-quadrupole
instrument was equipped with the orthogonal spray API-ES (Agilent Technologies,
Palo Alto, CA). The pressure of the nebulizing gas and the flow of the drying gas
(nitrogen used for both) were set at 40 psi, 9 L/min, respectively. The capillary
voltage, the fragmentor voltage, and the vaporization temperature were 3000 V, 70
V, and 350 °C, respectively. MSD was used in the positive and negative ion mode.
Spectra were acquired over the scan range m/z 50-1500 using a step size of 0.1.
Chromatographic analysis for drug encapsulation efficacy in the liposomal
formulation, in vivo studies (S5i306 and Si34 quantifications), and in general, the
quantifications of Si306 were performed using a Phenomenex Kinetex EVO C18-
100A (150 x 4.6 mm, 5 um particle size) at room temperature, at flow rate of 0.6
mL/min, and injection volume of 20 pL, operating with a gradient elution of A:
water (H20) and B: acetonitrile (ACN). Both solvents were acidified with 0.1% v/v
of formic acid. UV detection was monitored at 254 nm. Table 17 shows the gradient

elution condition used for all described analyses.

TABLE 17. LC gradient elution used for the quantification of 5i306.

LC Gradient Elution
Time %A %B
(min) (H2O/FA 0.1% v/v)  (ACN/FA 0.1% v/v)
0 95 5
1 95 5
10 5 95
19 5 95
20 95 5
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For cholesterol quantifications, required during the preparation of liposomal
formulations, were performed using the same chromatographic column and setting
instrumentation described above, operating with an isocratic elution of methanol
(MeOH) for 10 min. UV detection was monitored at 210 nm.

Analyses of blood samples and organs collected (PK at the dosage of 5 mg/kg),
recovery, and matrix effect determination were performed by LC-MS/MS system
consisted of HPLC Agilent 1200 Series (Agilent Technologies, Italy) coupled with a
mass spectrometer TSQ Quantum Access (Thermo Scientific, Italy), equipped with
electrospray ion source (ESI) and triple quadrupole analyzer. The Xcalibur software
(Thermo Scientific) was available for managing the instrument, collecting, and
analyzing data. The ESI-MS conditions were optimized through the direct injection
of a 51306 standard solution (as well as for Si34), in negative ion current mode, using
nitrogen as atomizing gas. The transitions as well as the capillary voltage and the
collision energy used are appropriated for each tested compound. Preliminarily, to
identify the analytes and relevant retention times, selected samples were analyzed
on TIC mode (Total Ion Current) in the range of 300-1000 m/z. Then the
quantification of selected species was carried out via SIM (single ion monitoring)
method. Chromatographic separation was obtained using a Phenomenex Kinetex
C18-100A column (30 x 2.1 mm) with 2.6 um particle size (bearing a guard column
Phenomenex SecurityGuard™ ULTRA Holder) and operating with the same
gradient elution described above. The flow rate was 0.2 mL/min and the injection
volume was 5 pL. The analytical quantifications were performed by comparison
with appropriate calibration curves using Si34 as internal standard, and calibration

curves were acquired daily (in duplicates).
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AUNP PYRAZOLO[3,4-d]PYRIMIDINE NANOSYSTEM
IN COMBINATION WITH RADIOTHERAPY AGAINST
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Alessio Molinari, Giulia Iovenitti, Arianna Mancini, Giovanni Luca Gravina, Monia Chebbi, Maura
Caruana, Giulia Vignaroli, Francesco Orofino, Enrico Rango, Adriano Angelucci, Elena Dreassi,
Silvia Schenone and Maurizio Botta. AuNP Pyrazolo[3,4-d]pyrimidine Nanosystem in Combination
with Radiotherapy Against Glioblastoma. Reprinted with permission from ACS Med. Chem. Lett.
2020, 11, 5, 664-670. Copyright 2020 American Chemical Society.

90



AIM OF THE PROJECT

Glioblastoma (GBM) is an aggressive intracranial tumor associated with high
morbidity and mortality. The major issues associated with therapeutic failure are
represented by the selection of an effective molecular target and the penetration of
the blood-brain barrier (BBB). For these reasons, novel therapeutic approaches are
needed to improve the prognosis of GBM patients, which still remains an unmet
medical need. In this context, aberrant regulation of tyrosine kinases (TKs)
associated with different types of cancer including GBM, may be exploited for the
development of novel therapeutic agents. One of the most studied and promising
targets in GBM is the protooncogene c-Src, a non-receptor tyrosine kinase whose
inhibition by several agents is currently being evaluated in the clinical phase.
Pyrazolo[3,4-d]pyrimidine derivatives, a promising class of c-Src TK inhibitors have
been extensively studied by our research group. They exhibited strong
antiproliferative and pro-apoptotic effects toward several cancer cell lines,
including neuroblastoma, chronic myeloid leukemia, and GBM. In particular,
compound Si306 has shown a very good activity profile against GBM, alone or in
combination with RT, both in vitro toward U87 cell line and in vivo in both
subcutaneous and intracranial GBM (U87 cells) models. Si306 was able to reduce
the tumor mass volume by 40% when used alone and by 80% in combination with
RT. Nevertheless, the good antitumor activity of these promising compounds is
usually associated with sub-optimal aqueous solubility, which might hinder their
further development. In this context, nanomedicine seems to be the most versatile
approach to design anticancer agent carriers, target delivery, and tumor imaging
systems, with the aim to overcome poor biodistribution characteristics and
therapeutic resistance issues. Nanometer-scale particles are able to better
extravasate into brain tumor tissue, due to the enhanced permeability and retention
(EPR) effect, allowing a more efficient uptake of therapeutic molecules across the
BBB. In particular, gold nanoparticles (AuNPs)-conjugated drugs represent a

promising and innovative antitumor therapeutic and diagnosis approach due to
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their low toxicity, ideal contrast agent properties for molecular Computed
Tomography imaging, the possibility of functionalization with various
chemotherapeutic agents or targeting ligands, and ability to enhance the efficacy of
RT in vitro and in vivo. In this regard, this study will focus on the design, synthesis,
preparation, and characterization of AuNPs conjugated to pyrazolo[3,4-
d]pyrimidine derivative 5i306. The loading efficiency and stability in polar media
and human plasma will be evaluated for AuNPs-5i306 nanoparticles. Besides, the
morphological profile in terms of size and C-potential will be evaluated. Finally, the
in vitro antitumor activity of AuNPs-5i306 in the glioblastoma (GBM) model, also in

combination with radiotherapy (RT), will be investigated.
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RESULTS

1. PREPARATION OF S1306-LINKER

Synthesis and characterization of Si306 were previously reported®. First of all, the
synthetic approach to prepare the Si306-linker/hydrolyzable function-derivative (5)

was set up and developed in good yield as summarized in Figure 42.
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FIGURE 42. Preparation of SI306-linker/hydrolyzable function. Reagents and Conditions: i) 1-
(2-hydroxyethyl)piperazine, HOBt, EDC.HCI, CH2CI2, r.t, 12 h. ii) NaHCO3, triphosgene,
CH2CI2 dry, from 0 °C tor.t., 6 h. iii) linker 2, CH2CI2 dry, r.t., 72 h. Reprinted with permission
from ACS Med. Chem. Lett. 2020, 11, 5, 664—670. Copyright 2020 American Chemical Society.
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00538.

Linker 2 was synthesized by a coupling reaction between the a-lipoic acid and 1-(2-
hydroxyethyl)piperazine using HOBt and EDC as activating agents. The
preparation of 5 was performed applying the one-pot two-step synthetic approach
previously developed in our laboratory®. The reaction of compound 3 (5i306) with
triphosgene generated intermediate 4, bearing the carbonyl-chloride group on the
secondary amine at C4. The displacement of the chlorine using the appropriate

alcohol (linker 2) afforded the final product 5.
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2. PREPARATION OF AUNPS-S1306 NANOSYSTEM

Different methodologies for preparing AuNPs are widely reported in
literature!®41%451% and provide the use of different procedures and reagents.
Turkevich and Frens method!” was chosen because of its compatibility with the

pyrazolo[3,4-d]pyrimidine core (Figure 43; see Materials and Methods for details).

HAuCl, - 3H,0 + NayCgHs0- - 2H,0 —1R0mil-Q o AyNPs
FIGURE 43. Preparation of AuNPs.

The procedure used encompassed the use of water as the solvent and trisodium
citrate as reducing and stabilizing agent. Furthermore, the selected procedure
allowed the preparation of AuNPs with the right size (< 30 nm).

After, the following reaction of functionalization was performed in H.O: DMSO

90:10 to guarantee the disulfide bridge formation between AuNPs and 5 (Figure 44).

= Disulfide linker
— Piperazino moiety
— Hydrolizable linker

Drug Si306

FIGURE 44. Si306-AuNPs nanosystem. Reprinted with permission from ACS Med. Chem. Lett.
2020, 11, 5, 664-670. Copyright 2020 American Chemical Society.
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00538.
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3. PURIFICATION AND CHARACTERIZATION OF AUNPS-S1306

To eliminate and quantify the unbound 5, the AuNPs suspension was
ultracentrifuged (BeckMan Coulter Optima L-90 K, see Materials and Methods for
details); after three ultracentrifugation cycles, the AuNPs-5i306 pellet was
resuspended in water. The concentration of the compound in the supernatant
solution was determined by UV/LC-MS and the amount of AuNPs-bound 5 was
determined by the difference between the total amount of initial 5 added and the
amount of 5 in the supernatants obtained during the purification step. Results
showed a good loading efficacy % (LE%) with a value of 65%.

The successful functionalization was further confirmed by spectrophotometric UV-
vis analysis (Figure 45): a red shift of about 3 nm'>” of the maximum absorption
wavelength between AuNPs (530.78 nm) and AuNPs-5i306 nanosystem (533.01 nm)
was recorded. In addition, usually, absorption maximum around 530 nm indicates

a nanoparticle size of 40 nm!%,
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FIGURE 45. Spectrophotometric analysis in the UV-vis range (900-400 nm) of AuNPs (red line)
and AuNPs-5i306 nanosystem (blue line). Reprinted with permission from ACS Med. Chem.
Lett. 2020, 11, 5, 664-670. Copyright 2020 American Chemical Society.
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00538.

Moreover, the absence of peaks for high wavelengths suggested that no

agglomeration of particles takes place in normal conditions.

95



With the aim to further confirm the successful functionalization of AuNPs by 5, UV-
Vis absorption measurements have been performed for three samples and are
reported in Figure 46:
1. the free prodrug (5) spectrum which shows a maximum of absorption
around 250 nm (Figure 46a);
2. the AuNPs-Si306 nanosystem spectrum which shows an absorption peak
attributable to the prodrug (350-250 nm) and an absorption peak attributable
to gold nanoparticles (530 nm) (Figure 46b);

3. The AuNPs and 5 were mixed and immediately measured (Figure 46c¢).
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FIGURE 46. UV-vis absorption measurements. (a) Free prodrug (5) UV-Vis spectrum
(concentration 0.012 pg/mL); (b) AuNPs-5i306 nanosystem UV-vis spectrum and (c) AuNPs
and ProSi306 mixed together and immediately measured UV-vis spectrum. Reprinted with
permission from ACS Med. Chem. Lett. 2020, 11, 5, 664—670. Copyright 2020 American Chemical
Society. https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00538.

When measured as free or immediately after the mix with AuNPs, 5 showed a
maximum of absorption around 250 nm. After the functionalization, the maximum
of absorption changed to around 300 nm. This is a further confirmation of the

successful functionalization of gold nanoparticles by 5.
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3.1 SizE, Z-POTENTIAL AND PDI

Once determined the LE%, bare AuNPs and AuNPs-5i306 nanosystems were
characterized for mean diameter, PDI and C-potential by Dynamic Light Scattering
(DLS, Zeta Sizer Nano ZS90, Malvern Instruments Ltd, Malvern, UK).
Nanoparticles were dispersed in water and measured at 24 °C with a scattering
angle of 90°. Particle diameter should be in the 50-70 nm range to enhance the
diffusion and transport through the BBB and allow the nanosystem to reach the
brain'®, improving tumor penetration and retention!®®. Moreover, this diameter
range strengthens the radiosensitization effects of gold nanoparticles'®. Z-potential
is a stability indicator and offers prediction about the tendency of nanoparticles to
form aggregates over time: values greater than +25 mV or less than -25 mV are
considered to be ideal's2.

TABLE 18. DLS Characterization of AuNPs-5i306 and bare AuNPs. Mean values £ S.D.
calculated from three independent experiments (n=3).

Sample Z-pot. (mV)? Size (nm)? PDI-
AuNPs-Si306 439+ 0.4 486+13 0.441 + 0.02
Bare 415+1.1 418+09 0.637 +0.05

AunDs 5+1. 8+0. 637 +0.

“Measured by DLS (Dynamic Light Scattering).

DLS measurements showed optimal results for AuNPs-5i306 nanosystem, with no
remarkable differences with bare AuNPs and revealing size and C-potential values
of 48.6 nm and -43.9 mV, respectively. Moreover, the PDI value of 0.441
demonstrated a relatively monodispersed particle population (Table 18). These
results suggest that the obtained nanosystem could represent a promising anti-GBM

platform, especially in association with RT163164165,
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3.2 STABILITY EVALUATION OF AUNPS-Si306 IN SALTS AND

PROTEIN SOLUTIONS
To probe the nanoparticles agglomeration state in presence of salts and proteins,
UV-Vis spectra have been recorded upon the addition of NaCl or KC1 (0.01-0.1 M
concentration range, Table 19 and 20) or human serum albumin (HSA, 12.5, 25, 50
mg/mL, Table 21) to the AuNPs suspension. HSA and salts at lower concentrations
did not affect the stability of AuNPs and no agglomeration took place. On the other
hand, AuNPs showed a visible color change from red to blue upon addition of salts
at higher concentrations, due to the formation of aggregates, highlighted also by a

red-shift and broadening of the band.
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TABLE 19. Time-resolved UV-Vis spectra of NaCl upon interaction with AuNPs and picture of
the NaCl-AuNPs mixture immediately after salt addition. Reprinted with permission from
ACS Med. Chem. Lett. 2020, 11, 5, 664-670. Copyright 2020 American Chemical Society.
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00538.

AuNPs + NaCl spectra
Final AuNPs (Blue); ) Aspect immediately
concentration AuNPs + NaCl after 1 min (Red); after salt addition
AuNPs/NaCl after 5 min (Green);
AuNPs/NaCl after 10 min (Pink)
NaCl0.01 M
NaCl 0.05 M
NaCl 0.07 M
NaCl 0.1 M
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TABLE 20. Time-resolved UV-vis spectra of KCl upon interaction with AuNPs and picture of
the KCl-AuNPs mixture immediately after salt addition. Reprinted with permission from ACS
Med. Chem. Lett. 2020, 11, 5, 664-670. Copyright 2020 American Chemical Society.
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00538.

AuNPs + KCl spectra
KCl final AuNPs (Blue); ) Aspect immediately
concentration AuNPs +KCl after 1 min (Red); after salt addition
AuNPs + KCl after 5 min (Green);
AuNPs + KCl after 10 min (Pink)
KCl0.01M |
KC10.05 M
KC10.07M
KCl10.1 M
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TABLE 21. Time-resolved UV-vis spectra of HSA upon interaction with AuNPs. Reprinted with
permission from ACS Med. Chem. Lett. 2020, 11, 5, 664-670. Copyright 2020 American Chemical
Society. https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00538.

AuNPs + HSA Spectra
HSA AuNPs (Blue); AuNPs + HSA immediantly (Red);
final AuNPs + HSA after: 10 min (Green), AuNPs + HSA 20 min (Pink),
conc. AuNPs + HSA 40 min (Aquamarine) AuNPs + HSA 60 min (Bordeaux).
12.5
mg/mL
25
mg/mL
50
mg/mL =

4000 450 S00 S50 B00 BS0 Foo 750 800 =) 900.0
nm
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3.3 STABILITY IN POLAR MEDIA AND HUMAN PLASMA

To avoid potential side effects as well as guaranteeing the highest efficacy, the active
compound Si306 should be released from AuNPs-5i306 nanosystem. In order to
investigate this aspect, the rate of plasma hydrolysis was evaluated in vitro. First,
stability in polar media such as H-O, ACN, methanol, DMSO and PBS was
evaluated by UV/LC-MS. The determined half-lives (ti2) resulted to be greater than
48h, confirming good stability of AuNPs-5i306 nanosystem. This good stability
allowed running the subsequent studies. The nanosystem was then incubated in
human plasma at 37°C and the release rate of 51306 was monitored by UV/LC-MS
at different time points over 24 hours. As expected, good plasma hydrolysis of the
carbamate-linker after 24 hours was found (76%), indicating the release of the

antitumor compound by plasma esterases via enzymatic hydrolysis.
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4. INVITRO CYTOTOXICITY ASSAY

The antiproliferative effects of AuNPs-Si306 nanosystem, the respective not
functionalized AuNPs, and free Si306 dissolved in DMSO evaluated alone (orange
bars) and in combination with RT (blue bars) at two different final concentrations
of Si306 (1 and 10 uM) by cell low density growth assay using U87 GBM cell line'®

has been shown in Figure 47.
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FIGURE 47. The in vitro antiproliferative effect of AuNPs, 5i306 and AuNPs-5i306 nanosystem.
Results are expressed as percentage mean = S.D. (n=3). A Bonferroni's one-way multiple
comparisons test (ANOVA) was performed to test the significance of the observed differences.
*indicates statistically significant differences in group “RT” (blue bars) vs CNTRL RT
(**p<0.01, ****p<0.0001); § indicates statistically significant differences in group “NO RT”
(orange bars) vs CNTRL NO RT (58p<0.001, 558p<0.0001). Reprinted with permission from ACS
Med. Chem. Lett. 2020, 11, 5, 664-670. Copyright 2020 American Chemical Society.
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00538.

In table 22, reduction in cell viability % in respect to corresponding control (vehicle
associated or not with RT, CNTRL) has been reported for all the tested formulations.
As expected, not functionalized AuNPs, when not associated with RT, did not
provoke any mortality in cells, proving to be safe. Besides, not irradiated cell growth

was inhibited exclusively by free Si306 (10 uM) and AuNPs-5i306 (10 puM).
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TABLE 22. Mean reduction % in cell viability + S5.D. in respect to corresponding CNTRL (RT

or NO RT).
Samples RT NORT
AuNPs 12.60 + 7.88 0
Si306 1 uM 12.35+7.23 14.96 £ 3.60
5i306 10 pM 40.62 £11.07 47.32 £ 4.47
AuNPs-5i306 1 uM 22.57 £12.07 # 0
AuNPs-5i306 10 uM 68.65 + 7.51 ##* 39.02 + 3.68

Bonferroni's one-way multiple comparisons test (ANOVA) was
performed. Values marked with asterisks represent significantly
different between RT and NO RT in the row (## p<0.01; ### p<0.001).

However, since not functionalized AuNPs did not show any effect, it is likely that
the inhibitory activity of AulNPs- 5i306 is due to Si306 portion and not to AuNPs
system. On the other hand, when combined with RT, not functionalized AuNPs was
able to slightly reduce the proliferation of U87 cells in respect to its corresponding
control (about 13% of reduction). Free Si306 has been proved to be active in reducing
GBM cell viability but RT did not enhance its antiproliferative effect. Indeed, from
statistical analysis, reported in Table 22, significant differences between free Si306
with or without RT have not been observed for both the concentrations 1 uM (12
and 15%, respectively) and 10 uM (40 and 47%, respectively). However, the highest
antiproliferative effect was achieved by the combination treatment with AuNPs-
Si306 (10 uM) and RT. This combination resulted in a significant decrease in the

number of viable cells of about 70% in respect to RT alone.
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DISCUSSION AND CONCLUSIONS

In conclusion, in this work, we have reported the design, preparation and
characterization of AuNPs-5i306 nanosystem as a novel potential anticancer agent
toward GBM. AuNPs were prepared using the Turkevich and Frens method, while
key compound 5 was synthesized in good yield exploiting a one-pot two-step
approach developed in our laboratories.

The functionalization of AuNPs with compound 5 was achieved (qualitatively
confirmed by spectrophotometric analysis) with a 65% loading efficacy
(quantitively confirmed by UV/LC-MS analysis) after the disulfide bridge formation
between gold nanoparticles and 5. The characterization of the nanosystem showed
optimal stability and morphology profile: ti2 in polar media greater of 48 h, release
of 76% of the active compound Si306 when incubated with human plasma, C-
potential of -43.9 mV, nanoparticle diameter of 48.6 nm and 0.441 PDI value.
Moreover, biological assay with US87 cell line has proved an effective
antiproliferative activity of the association between AuNPs-5i306 nanosystem and
RT that resulted significantly higher than the effect of Si306, AuNPs and RT alone.
Taken together, the results described in this work reflect the promising properties
of the molecule Si306 when developed as AuNPs nanosystem toward GBM. This
strategy might allow, not only to exploit the synergy of RT with both gold platform
and the pyrazolo[3,4-d]pyrimidine compound but also to overcome problems
related to tumor localization and pharmacokinetic issues related to the poor
solubility of Si306.

These results offer a promising rationale for further development of AuNPs-5i306

nanosystem and experimental confirmation in different cancer models.
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MATERIALS AND METHODS

1. DRUGS AND MATERIALS

All commercially available chemicals and solvents were used as purchased from
Sigma Aldrich Srl (Milan, Italy). The human plasma for plasma stability was
obtained by volunteers” donors. Milli-Q quality water (Millipore, Milford, MA,

USA) was used. Synthesis and characterization of Si306 were previously reported®.

2. SYNTHESIS OF AUNPS

To a solution of HAuCls- 3H20 (7.88 mg, 0.02 mmol) in 20.00 mL of H-0 Milli-Q
heated upon boiling, was added a solution of sodium citrate dehydrate 1% prepared
with 2.00 mL of H20 Milli-Q (19.97 mg, 0.0679 mmol). The reaction mixture was
stirred until the appearance of red color. The resulting solution was cooled at room

temperature and stored in the dark.

3. FUNCTIONALIZATION OF AUNPS

2.79 mL of AuNPs was diluted with 8.00 mL of H-O Milli-Q. A solution of 5 (3.00
mg, 0.0033 mol) solubilized in 0.20 mL of DMSO and diluted with 2.00 mL of H-0
Milli-Q was added dropwise to obtain a dark pink solution. The solution was stirred

at room temperature for 8 hours. After, the solution was stored in the dark.

4. DRUG FUNCTIONALIZATION EFFICACY AND PURIFICATION

To determine the loading efficacy (LE%) of Si306 for AuNPs and to remove the
unreacted compound, the AuNPs-5i306 suspension was ultracentrifuged by three
repeated cycles at 13.000 rpm for 90 min at 24 °C each (BeckMan Coulter Optima L-
90 K). Washing waters (H2O: DMSO 1.5:2 v/v) were collected at the end of each
cycle for the UV/LC-MS determination of free Si306. Finally, after the third
ultracentrifugation cycle, the AuNPs-5i306 pellet was resuspended in water.

LE% was calculated with the following Equation:
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Amount of total drug — Amount of drug in the supernatant
LE% = 10

Amount of total drug

The experiments were repeated in triplicate and results compared with the standard

curve.

5. DLS MEASUREMENTS

Mean particle size, polydispersity index (PDI) and C-potential were determined by
Dynamic Light Scattering (DLS) (Zeta Sizer Nano Z590, Malvern Instruments Ltd,
Malvern, UK). AuNPs-SI306 nanosystem was diluted in water to give an optical
density (OD) of 0.1 unit of absorbance at 420 nm and then measured at 24° C with a
scattering angle of 90°. Z-potential measurements were carried out using folded
capillary cells (Malvern). Results are expressed as mean values + S.D. calculated

from three independent experiments (n=3).

6. INTERACTION OF AUNPS WITH SALTS AND HSA

The interaction of AuNPs versus salts (NaCl and KCl) and proteins (HSA, human
serum albumin) and the state of nanoparticle aggregation have been investigated
by UV-Vis absorption measurements performed by  UV-VISIBLE
spectrophotometer Lambda 2 (Perkin Elmer).
AuNPs suspension (200 uL) was added with:

e GSalt solution 0.02 M, 200 pL (final concentration 0.01 M)

e Salt solution 0.1 M, 200 pL (final concentration 0.05 M)

e Salt solution 0.14 M, 200 uL (final concentration 0.07 M)

e Salt solution 0.2 M, 200 pL (final concentration 0.1 M)
For each mixture, the UV-Vis absorption was measured at 1, 5, 10 minutes.
Regarding the evaluation of the interaction with HSA, AuNPs suspension (200 pL)
was added with:

e HSA solution 25 mg/mL, 200 uL (final concentration 12.5 mg/mL)

e HSA solution 50 mg/mL, 200 pL (final concentration 25 mg/mL)

e HSA solution 100 mg/mL, 200 uL (final concentration 50 mg/mL)
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For each mixture, the UV-Vis absorption was measured immediately, at 10, 20, 40,

60 minutes.

7. STABILITY IN POLAR MEDIA AND HUMAN PLASMA

AuNPs-5i306 nanosystem was dissolved at room temperature in H-O, ACN,
methanol, DMSO, or phosphate buffer (25 mM, pH 7.4) up to a final concentration
of 51306 equal to 100 uM. Aliquot samples (20 uL) were taken at fixed time points
(0.25, 0.50, 0.75, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 24.0 and 48 h), ultracentrifuged
(BeckMan Coulter Optima L-90 K, 13000 rpm for 90 min at 25 °C) and the
supernatant was analyzed by UV/LC-MS. The experiments were repeated in
triplicate and results were compared with the standard curve.

Pooled human plasma (1.50 mL, 55.70 ug protein/mL), phosphate buffer (1.40 mL,
pH 7.4, 25 mM), and a solution of AuNPs-5i306 nanosystem (100 uL, 5i306 3.0 mM)
were mixed in a test tube that was incubated at 37 °C. At set time points (0.25, 0.50,
1.0, 3.0, 7.0, and 24.0 h), samples of 150 pL were taken, mixed with 600 uL of cold
acetonitrile and ultracentrifuged (BeckMan Coulter Optima L-90 K, 13000 rpm for
90 min at 25 °C). The supernatant was removed and analyzed by UV/LC-MS to
monitor the hydrolysis process. The experiments were repeated in triplicate and

results were compared with the standard curve.

8. STATISTICAL ANALYSIS

Bonferroni’s Multiple Comparison Test (One-way ANOVA) was performed by
Software GraphPad Prism 6.0.
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SECTION 3

TYROSINE KINASE INHIBITOR Si409 HAS IN VITRO
AND IN VIVO ANTI-TUMOR ACTIVITY AGAINST

DIFFUSE LARGE B-CELL LYMPHOMA

Subcutaneous ABC-DLBCL-xenografted o 800
mice model
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AIM OF THE PROJECT

The abnormal activation of Src family kinases (SFKs), due to the deregulation of the
B-cell receptor (BCR) signaling pathway, in diffuse large B-cell lymphoma (DLBCL)
represents a promising target for the development of a novel pharmacological
strategy to overcome the ibrutinib-resistance. Data reported with the two SFK
inhibitors dasatinib and masitinib suggest the possibility to overcome these
resistances. The reason of the anti-tumor activities observed with dasatinib and
masitinib may reside in the role of SFKs, such as the specific lymphocyte protein
kinase Lyn, Blk, and Fyn, as effectors of BCR-triggered multi-enzymatic cascade.
Hence, the inhibition of these SFKs would represent a rational pharmacological
target in the treatment of different DLBCL subtypes. In this context, tyrosine kinase
inhibitors, pyrazolo[3,4-d]pyrimidine derivatives showed antiproliferative activity
in several ibrutinib-resistant lymphoma cell lines. Among these derivatives, Si409
emerged for its favorable aqueous solubility (134.2 pg/mL) and high in vitro
metabolic stability (99.4 %). The low Ki value for c-Src (300 nM) and the ligand-site
similarity in key SFK members involved in BCR lymphoma pathways, such as Fyn,
Lyn, and Blk, prompted us to further investigate the role of Si409 as anti-lymphoma
agent. In this regard, preclinical toxicity profile, in vivo pharmacokinetic properties,
and therapeutic efficacy in the subcutaneous murine DLBCL model will be
evaluated in order to fully characterize the promising role of Si409 as anticancer

agent for the treatment of DLBCL.
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RESULTS

1. IN VITRO KINASE INHIBITION ASSAY

The inhibitory activity of Si409 was first analyzed against several SFKs involved in
BCR signaling pathway of DLBCL (Table 23). An important enzymatic inhibition of
Fyn was observed obtaining Ki value equal to 0.18 uM, in contrast to Lyn and Blk
for which Ki values above 1 uM were obtained. Moreover, significant enzymatic

inhibition of c-Src was observed with Ki value of 0.30 uM¥.

TABLE 23. Inhibitory constant (Ki) values of Si409 against c-Src, Fyn, Lyn and Blk.

Target Ki +S.D. (uM)?
c-Src 0.30 +0.04
Fyn 0.18 +0.03
Lyn 1.17 +0.50
Blk 11.97 +3.35

aValues are the mean of at least two independent experiments.
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2. CELL VIABILITY ASSAY

Antiproliferative activity on different lymphoma cell lines derived from both ABC-
and GCB-DLBCL and expressing these SFKs members was assessed (Table 24).
5i409 showed concentration-dependent antitumor activity in all cell lines analyzed
with a median ICso value of 1.70 uM (95% CI, 0.30 - 2.50 uM), and no significant
difference between GCB- and ABC-DLBCL lines. Besides, low cytotoxic activity of
S5i409 (ICso = 52 uM) was measured on healthy human peripheral blood
mononuclear cells (PBMCs), revealing a selectivity index of over 25-fold as

calculated in comparison with SU-DHL10 cells.

TABLE 24. In vitro cytotoxicity activity on DLBCL cell lines (ICso0 values after 72h of

incubation).

Cell line ICs0+ S.D. (LM)?
U2932° 2.50+0.13
SU-DHL2¢b 2.50+0.13
TMD8&P 0.90 +0.05
WSU-DLCL2¢ 1.50 £ 0.08
VALe 2.50+0.12
SU-DHL10¢ 0.30 £ 0.02
PBMCsd 51.80+4.70

aValues are the mean of at least three independent experiments;
»ABC-DLBCL cell line; <GCB-DLBCL cell lines; ¢PBMCs, peripheral
blood mononuclear cells from healthy individuals.
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3. EFFECT OF Si409 ON hERG CURRENT

Considering the potential hERG liability for several tyrosine kinase inhibitors!®” 16,
the effect of 5i409 on hERG currents recorded in hERG-HEK293 recombinant cells
was investigated by using the patch-clamp technique. Disruption of hERG channel
can result in long QT syndrome and the fatal arrhythmia Torsades de Pointes. Thus,
identifying the potential hERG channel off-target interaction is an essential step
during the early stages of drug discovery'®. S5i409 induced a significant reduction
of hERG current but only at concentrations at least 10-fold higher than the median
ICso value recorded in tumoral cell lines, thus proving to be reasonably safe at the

latter concentration (Figure 48).
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FIGURE 48. (a) Time course of hERG current (KV11.1) inhibition induced by cumulative
concentrations of Si409. The drug was applied at the time indicated by the arrows, and peak
tail currents were recorded and subsequently normalized according to the current recorded
just prior to Si409 addition. E-4031 (1 pM) suppressed current amplitude. Data points are the
mean = SEM (n=3). (b) Concentration-dependent inhibition by Si409 of hERG tail currents. On
the ordinate scale, current amplitude is reported as percentage of that recorded prior to the
addition of the first concentration of the drug. Data are mean + S.E.M. (n=3). Inset: Average
traces (recorded from 3 cells) of hERG channel currents measured in hERG-HEK?293 cells under
control conditions (black trace) and after the addition of cumulative concentrations (uM) of
5i409. The effect of the specific blocker E-4031 (1 uM; grey trace) is also shown. Current was
elicited from a Vh of -80 mV with a step to 20 mV (4 s), followed by a return to -50 mV (4 s) to
elicit the tail current. This protocol was repeated every 20 s.
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4. IN vivO PHARMACOKINETIC STUDIES

A proof-of-concept PK study was designed to give preliminary indications of Si409's
in vivo fate. In this regard, healthy BALB/C mice were treated intravenously with
5i409 at a single dose of 25 mg/kg and sacrificed at defined time points. The plasma
analyses revealed the presence of 5i409 and a metabolite that was characterized as
glucuronic acid conjugate by mass spectrometry studies (See Paragraph 5. for more
details). After i.v. administration, the compound did not reach maximum plasma
concentrations due to the metabolic transformation into its glucuronic acid
conjugate, which was rapidly excreted (Figure 49a). Nevertheless, it was possible to
calculate the pharmacokinetic parameters of Si409 showing a ti2value of 3.12 h and
a Cmax of 12.13 ug/mL (Table 25). Based on these observations, it was decided to
carry out further PK studies at an eight-fold higher dosage (200 mg/kg). For this
dosage, the oral route was chosen because Si409 has poor water solubility at high
concentration and a suitable formulation for intravenous use was more difficult to
obtain. As expected, even for oral administration of Si409 an acute metabolism led
to low plasma concentrations (Figure 49b) of the drug (Cmax equal to 0.68 pg/mL),
with a half-life of 10.25 h (Table 25).

100-
100 —~ Si409 ]

—=— Si409-glucuronate
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FIGURE 49. Si409 in vivo pharmacokinetic profile in healthy mice. (a) Plasma concentration-
time curves of Si409 and its metabolite (mean + S.E.M.) during 24 h after i.v. injection (25
mg/kg, n=2) and (b) oral by gavage (200mg/kg, n=5). The plasma concentration in the y-axis is
expressed as log10 scale.

In addition, the MRT value is more than 10-fold higher than that observed

intravenously. This indicates that, following absorption of S5i409 at the
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gastrointestinal tract, the amount of compound in the circulatory bloodstream is
eliminated more slowly than by intravenous administration, although it cannot

achieve high plasma concentration values.

TABLE 25. The plasma pharmacokinetic parameters were calculated by non-compartmental
analysis using PKSolver software.

Si409
Parameters Unit

Intravenous Per os

Dose mg/kg 25 200
t122 h 3.12 10.25

Tmax? h 0.08 0.50

Crmax® ug/mL 12.13 0.68

AUCo524nd ug /mL-h 4.39 2.33

AUCosqe ug /mL-h 4.39 2.73
MRTosf h 0.67 11.75

V.8 L/Kg 25.64 1084.89

CLh L/h/Kg 5.69 73.34

“Elimination half-life, ‘time of maximum plasma concentration, ‘maximum plasma
concentration, ‘area under the plasma concentration versus time curve, ‘area under the
plasma concentration versus time curve extrapolated to infinity, fmean residence time,
sapparent volume of distribution during the terminal phase, "clearance.

Results of liver distribution, after oral administration, showed the presence of 51409
which is converted/eliminated already after 30 minutes and therefore decreased
during the 24 h (Figure 50). On the contrary, the presence of the glucuronate
increased over time and reached the maximum concentration after 4 h.

Subsequently, the metabolite was eliminated and almost disappeared at 24 h.
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FIGURE 50. Hepatic distribution of Si409 and its metabolite (mean + S.E.M., n=5) after oral
administration (200 mg/kg).
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Moreover, it is interesting to note that all treated animals survived during the
experiments until the final sacrifice at 24 h, suggesting no systemic toxicity after

both oral and i.v. administration of a single exposure to Si409.

5. UV/ILC-MS AND MS/MS CHARACTERIZATION OF Si409-
GLUCURONATE

UV/LC-MS analysis performed on plasma samples revealed the presence of a
metabolite of Si409 with extract ion signal corresponding to the pseudo-molecular
ion of 581 m/z (Figure 51 and 52). This suggests that Si409 underwent phase II
metabolism in particular, the compound was involved in a glucuronidation reaction
mediated by UDP-glucuronosyltransferase (UGT) which catalyzes the addition of

glucuronic acid moiety (MW: 194.13 g/mol) at one of the two -OH groups present.
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FIGURE 51. Chromatographic analysis of a mouse plasma extract; UV trace of S5i409 (A), S5i409-
glucuronate (B) and Si34 used as internal standard (C) with extract ion signals corresponding
to the pseudo-molecular ions (m/z: 405, 581 and 410, respectively).
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FIGURE 52. Mass spectra obtained after chromatographic separation with a single quadrupole

detector of (a) Si409, (b) Si409-glucuronate and (c) internal standard Si34. Ionization was
performed in positive mode.

To confirm the position in which conjugation with glucuronic acid occurred, MS/MS
analysis was performed. Si409-glucuronate was ionized and fragmented by LC-
MS/MS with progressively higher collision energy (from -10 V to -50 V) to produce

spectra that were used for its identification and characterization. The optimal
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collision energy was -25 V. In Figure 53, a schematic representation of the Si409 (A)

and its metabolite Si409-glucuronate (B) sites that undergo MS/MS fragmentation,

and the MS spectra are shown (collision energy equal to -25 V). Based on the analysis

of the content of the spectra and fragments obtained, it is believed that the

glucuronidation reaction on Si409 occurs on the phenolic portion.
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FIGURE 53. M5/MS spectra obtained in the MS/MS fragmentation experiments (collision energy

-25 V). (A) Si409 and (B) Si409-glucuronate.
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6. INvivo EFFICACY ON ABC-DLBCL MICE MODEL

Despite the PK results obtained, to prove that Si409 could be considered a good
drug candidate, in vivo study on ABC-DLBCL xenograft model was performed.
Mice inoculated subcutaneously with the ABC-DLBCL TMDS cell line were divided
into two groups (ten animals for each group) as soon as the average volume of 220-
240 mm?® was reached. Treatment started with 51409 (200 mg/kg per os, 5 days/week)
or with vehicle only (30% PEGaw in water) on day 1. The treatment significantly
delayed tumor growth (p < 0.05) starting from day 6 (Figure 54). At the end point,
mice treated with Si409 had tumor masses up to two-fold smaller than vehicle-
treated controls. Also, the administration of 5i409 did not cause any loss of body

weight or any other signs of suffering.
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FIGURE 54. 5i409 in vivo anti-lymphoma activity in subcutaneous ABC-DLBCL-xenografted
mice model. Tumor volume reduction evaluated on TMD8 model after oral administration of
5i409 at the dosage of 200 mg/kg (mean + S.E.M., n=10).
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DISCUSSION AND CONCLUSIONS

Recent works have shown the possibility of using dasatinib and other similar TKIs
in DLBCL cases with primary resistance to the BTK inhibitor ibrutinib®17°. Here, we
have analyzed several pharmacological properties of the pyrazolo[3,4-d]pyrimidine
Si409 as a drug candidate for DLBCL. Si409 presented sub-micromolar Ki values
against Src and Fyn kinases, and anti-lymphoma activity at low- and sub-
micromolar concentrations, in both GCB- and ABC-DLBCL lines. The in vitro
activity of 5i409 in both DLBCL main subtypes was comparable or even higher to
that reported for dasatinib and masitinib®1”°. Moreover, important safety
parameters were gathered from cytotoxicity assays performed on PBMCs and from
hERG channel recordings, discriminating factors in the development of TKIs. PK
studies showed high phase II metabolism caused by glucuronide conjugation,
which reduces plasma levels and increases the clearance of Si409. Despite the low
plasma levels, the treatment with Si409 of an ABC-DLBCL xenograft model
revealed a considerable volumetric reduction of the tumor mass suggesting an
interesting in vivo pharmacological potency of this compound. Although specific
experiments have not been performed yet, the formation of 51409 glucuronide could
underestimate the therapeutic potential of Si409. Thus, starting from these
promising results, the design of prodrug or the use of drug delivery systems could
be an effective strategy to overcome pharmacokinetic obstacles and to candidate
Si409 as a possible alternative to commercially available TKIs employed in the

treatment of DLBCL.
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MATERIALS AND METHODS

1. DRUGS AND MATERIALS

All commercially available chemicals and solvents were used as purchased from
Sigma Aldrich Srl (Milan, Italy). Synthesis and characterization of Si409 were

previously reported?.

2. INVIVO PHARMACOKINETIC ASSAYS

Naive male BALB/c mice (Charles River, Wilmington, Massachusetts, USA) were
used. All animals were maintained under pathogen-free conditions and
approximately 4-6 weeks old when they arrived. The adaption period to the
environment was not less than seven days. All the procedures used on animals in
this study were approved by Institutional Animal Use and Care Committee at
Universita degli Studi di Siena and authorized by the Italian Ministry of Health,
according to Legislative Decree 116/92, which implemented the European Directive

86/609/EEC on laboratory animal protection in Italy.

2.1 IN VvIivO ADMINISTRATION OF S1409

For intravenous administration, Si409 was dissolved in a mixture of 10 mM solution
of citric acid in presence of tween80 (10% v/v) and benzyl alcohol (1% v/v) as co-
solvents. The compound was administered intravenously (caudal tail vein) as a
single dose of 25 mg/kg in 200 pL of volume. At several time points (0.08, 0.25, 0.5,
1, 2, and 24h), after drug administration, mice were treated i.p. with heparin (5000
U/kg) and sacrificed under CO:. Three animals were used for each time point.
Orally, mice received a single dose of 200 mg/kg of Si409 (dissolved in the same
vehicle used for i.v. studies) in 400 pL of final volume by gavage. At several time-
points (0.5, 1, 2, 4, 8, and 24 h) after administration, mice were sacrificed under COx.
Five animals were used for each time point.

For both administration routes, blood and organs were collected for the following

quantitative analysis by UV/LC-MS. Approximately 500-600 uL of blood was
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collected from each animal and transferred to a tube containing 10 puL of heparin
and mixed briefly. The pharmacokinetic parameters were calculated by non-

compartmental analysis using PKSolver software!!.

2.2 SAMPLE PREPARATION

The same procedures described in Section 1 - Materials and Methods, Paragraph 6.1
were used for the extraction of Si409 from biological samples (blood and liver
tissue). All quantifications were performed by reference to the appropriate

calibration curve.

3. UV/LC-MS INSTRUMENTATION AND ANALYSIS CONDITION

LC analyses were performed with the instrumentation described in Section 1 -
Materials and Methods, Paragraph 7. The same experimental conditions for the

determination of Si409 and IS were used.

4., MS/MS CHARACTERIZATION OF Si409-GLUCURONATE

The characterization of Si409-glucuronate was performed by LC-MS/MS system
consisted of a Varian apparatus (Varian Inc.) including a vacuum solvent degassing
unit, two pumps (212-LC), a Triple Quadrupole MSD (Mod. 320-LC) mass
spectrometer with ES interface, and Varian MS Workstation System Control Vers.
6.9 software. The instrument operated in positive mode and parameters were:
detector 1850 V, drying gas pressure 25.0 psi, desolvation temperature 300.0 °C,
nebulizing gas 45.0 psi, needle 5000 V and shield 25 V. Nitrogen was used as
nebulizer gas and drying gas. Collision induced dissociation was performed using
argon as the collision gas at a pressure of 1.8 mTorr in the collision cell. The capillary
voltage was set at 125.0 V and, for the fragmentation studies, the collision energy

was progressively increased (from -10 V to -50 V).
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